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Zusammenfassung

GTPasen der RAS-Superfamilie, zu der die RAS-, RHO- und ARF-Familien gehoéren, fungieren als zentrale
molekulare Schalter. Sie koordinieren wichtige zelluldre Prozesse wie Proliferation, Migration, Differenzierung
und intrazelluldren Transport. Eine Fehlregulation dieser Proteine kann zu Krebs, Entwicklungsstérung und
Infektionskrankheiten fiihren. In dieser Arbeit wird eine umfassende biochemische Untersuchung ausgewabhlter
kleiner GTPasen, ihrer Modulatoren, Effektoren und pathogenen Mimikry in menschlichen, pflanzlichen und
bakteriellen Systemen prasentiert. Der Schwerpunkt liegt auf der Aufklarung molekularer Mechanismen. Auf der
Ebene einzelner GTPasen wurde zunachst das onkogene Potenzial der RAC1-P29S-Hotspot-Mutation
untersucht, die haufig bei Melanomen auftritt. Detaillierte biochemische Analysen zeigten, dass RAC1-P29S
einen beschleunigten intrinsischen Nukleotidaustausch aufweist und aufgrund einer starken Beeintrachtigung der
GAP-vermittelten GTP-Hydrolyse Uberwiegend in seinem aktiven, GTP-gebundenen Zustand verbleibt. DOCK2
aktiviert es in erster Linie, wahrend kanonische GEFs der DBL-Familie nur eine minimale Aktivitat gegentber
dem Mutanten zeigen. Eine verstarkte Bindung an IQGAP1 anstelle von PAK1 férdert eine anhaltende onkogene
Signallubertragung. Dies unterstreicht die Rolle von RAC1P29S als Melanomtreiber und zeigt potenzielle
therapeutische Ansatzpunkte auf. Zweitens wurde TITAN5 (TTN5), eine pflanzenspezifische, ARF-ahnliche
GTPase aus Arabidopsis thaliana, als nichtklassische kleine GTPase charakterisiert. Aufgrund seines schnellen
Nukleotidaustauschs und seiner langsamen GTP-Hydrolyse reichert sich TTN5 im aktiven GTP-gebundenen
Zustand an und ist an wichtigen Vesikeltransportprozessen beteiligt. Diese Ergebnisse deuten auf die
evolutionare Relevanz der Diversifizierung der GTPase-Funktion hin und unterstreichen deren Bedeutung fur die
Pflanzenentwicklung und -signallibertragung. Darlber hinaus hat diese Arbeit die einzigartige Regulation und
Membrandynamik von RIT-GTPasen aufgeklart, die fur Krebs und RASopathien relevant sind. RIT1 weist einen
sehr langsamen intrinsischen Nukleotidaustausch und eine sehr langsame GTP-Hydrolyse auf. Zudem ist es
unempfindlich gegenliber SOS1-GEF und p120RASGAP. Aufgrund seiner geringen Affinitat zu den meisten
bekannten RAS-Effektoren besteht das Potenzial, neue GEFs, GAPs und Effektoren zu erforschen und somit die
Aktivierungs- und Funktionsmechanismen von RIT besser zu verstehen. Zusammen mit seiner ausgepragten
Membranassoziation Uber eine basische C-terminale Region stltzen diese Eigenschaften seine Einstufung als
strukturell kanonisches, aber funktionell unterschiedliches Mitglied der RAS-Familie. In hepatischen Sternzellen
wurde wahrend der Ruhephase und Aktivierung ein reziprokes Regulationsmodell zwischen RAS- und RHO-
GTPasen entdeckt. ERAS und RND3 definieren den Ruhezustand, wahrend MRAS und RHOC die fibrogene
Aktivierung fordern. Dies erdffnet neue therapeutische Ansatze fir die Leberfibrose. In dieser Arbeit wurde
daruber hinaus die regulatorische Komplexitat kleiner GTPasen durch Modulatoren wie akzessorische Proteine
und lange nichtkodierende RNAs (IncRNAs) untersucht. Dabei wurden die Proteine IQGAP1, Galectin-3, PDESJ,
SHOC2 und NPM1 in der KRAS-gesteuerten Signaliibertragung experimentell untersucht. Mithilfe einer
systematischen Literaturanalyse haben wir jene IncRNAs Uberprift und kategorisiert, die an der KRAS- und
RHOA-Signalibertragung beteiligt sind. Dabei haben wir ihre neuen Funktionen in der transkriptionellen und
posttranskriptionellen Regulation, der Sequestrierung von microRNAs (miRNAs) sowie der Gerlstbildung von
Signalkomplexen hervorgehoben. Darliber hinaus haben wir eine literaturbasierte Ubersicht tber PAK1-
Modulatoren erstellt, wobei der Schwerpunkt auf akzessorischen Proteinen lag, die deren raumliche und zeitliche
Aktivierung steuern. Darliber hinaus ergab die Untersuchung der mit dem Noonan-Syndrom assoziierten LZTR1-
L580P-Mutation, dass die LZTR1-Polymerisation die Ubiquitinierung von MRAS und RIT1 beeintrachtigt. Dies
fuhrt zu einer Hyperaktivierung von MAPK und einer Hypertrophie der Kardiomyozyten. In Kardiomyozyten von
Patienten konnten die molekularen und phanotypischen Effekte bestatigt werden, und die Korrektur eines Allels
stellte die normale Signallibertragung wieder her. SchlieRlich konnte gezeigt werden, dass der Chlamydia-
pneumoniae-Effektor SemD strukturell und funktionell CDC42 nachahmt, indem er den CDC42-Effektor N-WASP
direkt aktiviert. Dies fordert die Aktinpolymerisation und die Internalisierung von Pathogenen. Dies unterstreicht
die evolutionaren Strategien von Pathogenen und zeigt neue therapeutische Ansatzpunkte auf, die
Infektionsmechanismen stéren kénnten. Zusammenfassend lasst sich sagen, dass diese Arbeit verschiedene
experimentelle und literaturbasierte Ansatze integriert, um die Funktion und Regulation kleiner GTPasen in
evolutionaren Kontexten zu beleuchten. Sie betont sowohl konservierte Mechanismen als auch nicht-kanonische
Modulatoren, um therapeutische Schwachstellen aufzudecken und unser Verstandnis grundlegender
biologischer Prinzipien zu vertiefen.



Summary

GTPases of the RAS superfamily, including the RAS, RHO, and ARF families, act as central
molecular switches coordinating critical cellular processes such as proliferation, migration,
differentiation, and intracellular trafficking. Dysregulation of these proteins contributes to cancer,
developmental disorders, and infectious diseases. This thesis presents a comprehensive biochemical
investigation of selected small GTPases, their modulators, effectors, and pathogen-derived mimics in human,
plant, and bacterial systems. The focus is on elucidating molecular mechanisms. At the level of individual
GTPases, the oncogenic potential of the RAC1 P29S hotspot mutation, prevalent in melanoma, was first
addressed. Detailed biochemical analyses revealed that RAC1 P29S exhibits accelerated intrinsic nucleotide
exchange and predominantly remains in its active GTP-bound state due to severe impairment in GAP-
mediated GTP hydrolysis. DOCK2 primarily activates it, while canonical DBL family GEFs display minimal
activity toward the mutant. Enhanced binding to IQGAP1 rather than to PAK1 promotes sustained oncogenic
signaling, reinforcing the role of RAC1P29S as a melanoma driver and highlighting potential therapeutic
targets. Second, TITAN5 (TTN5), a plant-specific ARF-like GTPase from Arabidopsis thaliana, was
characterized as a non-classical small GTPase. TTN5 accumulates in the active GTP-bound state due to its
rapid nucleotide exchange and slow GTP hydrolysis, and it is involved in key vesicle trafficking processes.
These findings suggest the evolutionary relevance of GTPase function diversification and underscore its
significance in plant development and signaling. Third, this thesis elucidated the unique regulation and
membrane dynamics of RIT GTPases relevant to cancer and RASopathies. RIT1 exhibits very slow intrinsic
nucleotide exchange and GTP hydrolysis, and it is insensitive to SOS1 GEF and p120RASGAP. Its low
affinity for most known RAS effectors highlights the potential to explore novel GEFs, GAPs, and effectors to
better understand RIT activation and function mechanisms. Together with its distinct membrane association
via a basic C-terminal region, these characteristics support its classification as a structurally canonical but
functionally distinct RAS family member. In hepatic stellate cells, a reciprocal regulatory model between RAS
and RHO GTPases was uncovered during quiescence and activation. ERAS and RND3 define the quiescent
state, whereas MRAS and RHOC promote fibrogenic activation, offering new therapeutic avenues for liver
fibrosis. Furthermore, this work has explored the regulatory complexity of small GTPases through
modulators such as accessory proteins and long noncoding RNAs (IncRNAs). This work experimentally
investigates IQGAP1, galectin-3, PDED, SHOC2, and NPM1 in KRAS-driven signaling. Through systematic
literature analysis, we reviewed and categorized IncRNAs involved in KRAS and RHOA signaling,
highlighting their emerging roles in transcriptional and post-transcriptional regulation, microRNA (miRNA)
sequestration, and scaffolding of signaling complexes. A literature-based review was conducted for PAK1
modulators, emphasizing accessory proteins that govern its spatial and temporal activation. Additionally,
investigating the LZTR1 L580P mutation associated with Noonan syndrome revealed that LZTR1
polymerization impairs the ubiquitination of MRAS and RIT1. This leads to MAPK hyperactivation and
cardiomyocyte hypertrophy. Patient-derived cardiomyocytes validated the molecular and phenotypic effects,
and correcting one allele restored normal signaling. Finally, the Chlamydia pneumoniae effector SemD was
shown to structurally and functionally mimic CDC42 by directly activating the CDC42 effector N-WASP, which
promotes actin polymerization and pathogen intemalization. This highlights the evolutionary strategies
employed by pathogens and reveals novel therapeutic targets that could disrupt infection mechanisms. In
conclusion, this thesis integrates diverse experimental and literature-based approaches to illuminate the
function and regulation of small GTPases across evolutionary contexts. This work emphasizes both
conserved mechanisms and noncanonical modulators to reveal therapeutic vulnerabilities and deepen our
understanding of fundamental biological principles.
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1 Introduction
1.1 RAS Superfamily of Small GTPases

The discovery of RAS oncogenes over 30 years ago prompted extensive research into small
GTPases, leading to the identification of the RAS superfamily [1]. This superfamily comprises 167
human proteins and is evolutionarily conserved across diverse species, including plants, bacteria,
Drosophila, Caenorhabditis elegans, Saccharomyces cerevisiae, and Dictyostelium [2]. It is
divided into six major families: RAS, RHO, RAB, ARF, RAN, and RAG. Each family is associated
with distinct cellular functions. The RAS family itself is further subdivided into groups, including
RAL, RAP, RAD, RHEB, and RIT [1] (Figure 1A).

B

A RAS superfamily of small GTPases

P loop Switch | Switch Il G bindin.
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RIF

For RHO

Figure 1. The RAS superfamily of small GTPases: classification, domain organization, and
regulatory mechanism. (A) Overview of the six major subfamilies, including RAS (general signaling), RHO
(cytoskeletal organization), ARF and RAB (vesicular trafficking), RAN (nuclear—cytoplasmic transport), and
RAG (nutrient sensing), along with representative members of each group. (B) Schematic representation of
the conserved domain architecture of RAS proteins. The core G domain includes five conserved sequence
motifs (G1-G5), comprising the phosphate-binding loop (P-loop) and switch | and |l regions, which undergo
conformational changes during nucleotide exchange. This is followed by a hypervariable region (HVR), often
modified post-translationally (e.g., prenylation at the CAAX motif) to promote membrane association. (C)
General mechanism of small GTPase regulation. These proteins act as molecular switches, cycling between
an inactive GDP-bound state and an active GTP-bound state. Activation is promoted by guanine nucleotide
exchange factors (GEFs), while inactivation occurs through GTPase-activating proteins (GAPs), which
stimulate GTP hydrolysis. Guanine nucleotide dissociation inhibitors (GDIs), specific to RHO and RAB family
members, control the switch between the membrane-associated state of GTPases and their cytosolic pool.
In the GTP-bound active state, small GTPases engage downstream effectors to induce signals to diverse
cellular pathways.

Small GTPases are central regulators of signaling pathways controlling development, proliferation,
differentiation, survival, and intracellular trafficking [1]. For example, RAS influences gene
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expression and cell growth; RHO mediates actin cytoskeleton remodeling; RAB and ARF regulate
vesicular transport; RAN governs nucleocytoplasmic trafficking; and RAG is involved in nutrient
sensing and the recruitment of mMTORC1 to lysosomes [1-4].

Typically ranging from 21 to 25 kDa, small GTPases share a conserved G domain of
approximately 170 amino acids that allows them to function as molecular switches, cycling
between an inactive GDP-bound state and an active GTP-bound state [1, 5]. This domain contains
five conserved motifs (G1-G5), including the P-loop and switch | and Il regions, which undergo
conformational rearrangements upon nucleotide exchange to facilitate interaction with
downstream effectors. The C-terminal HVR often undergoes post-translational modification, such
as prenylation at the CAAX motif, to support subcellular targeting and membrane association [4]
(Figure 1B).

Small GTPase activation is mediated by GEFs, which promote GDP-GTP exchange [6], while
inactivation is facilitated by GAPs, which accelerate GTP hydrolysis. Inactivation is regulated by
GTPase-activating proteins (GAPs), which accelerate GTP hydrolysis [7]. Additionally, guanine
nucleotide dissociation inhibitors (GDIs) contribute to cytosolic sequestration and recycling of
membrane-associated GTPases, particularly within the RHO and RAB families [8] (Figure 1C).

In their active, GTP-bound state, small GTPases bind specific effectors to initiate downstream
signaling cascades [4, 9]. These pathways are tightly regulated in space and time to ensure
precise cellular responses to internal and external cues [10].

1.1.1 RAS Family

The RAS protein family was first identified in the 1960s through the discovery of the oncogenic
Harvey and Kirsten murine sarcoma viruses (Ha-MSV and Ki-MSV), which induced rapid tumor
formation in rats [4, 11]. These viral oncogenes, HRAS, KRAS, and NRAS, encode 21-kDa
proteins with guanine nucleotide-binding and GTPase activity. Subsequent studies revealed the
importance of regulatory and effector proteins in RAS-mediated signaling [11].

As the founding members of the superfamily, HRAS, KRAS, and NRAS have been extensively
studied for their roles in cell signaling and oncogenesis [11]. Phylogenetic analyses have identified
25 RAS family members, although some, such as RASL, RERG, and NKIRAS, are excluded due
to significant sequence divergence [1]. Their tissue-specific functions are shaped by differences
in the C-terminal hypervariable region, subcellular localization, and responsiveness to external
stimuli, which collectively contribute to their functional diversity in both physiological and
pathological contexts [1, 4].

Structural transitions during activation involve two flexible regions, switch | (residues 28—-39) and
switch Il (residues 59-74), which mediate effector interactions. In the GTP-bound state, residues
such as Tyr-32 and Thr-35 (switch I) and Gly-60 (switch Il) form hydrogen bonds with the y-
phosphate of GTP. GTP hydrolysis triggers rearrangements that return RAS to the inactive state.
The G domain contains five conserved motifs (G1-G5), responsible for nucleotide and magnesium
binding [12]. Mutations at key residues like Gly-12 and GIn-61 impair GTP hydrolysis, leading to
constitutive activation, a common feature in cancer [1, 4].

RAS proteins operate within intricate signaling networks shaped by regulatory proteins, effectors,
and scaffolds [4]. GEFs and GAPs control the activation state of RAS with high precision. Certain
RAS family members, including ERAS, DIRAS3, and RASD1/2, possess structural deviations that
render them insensitive to GAP-mediated inactivation, resulting in persistent GTP-bound states
and alternative regulatory mechanisms [13]. RAS proteins interact with a wide range of effectors,
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including kinases, phospholipases, and scaffolding molecules, propagating signals through key
pathways such as MAPK/ERK and PI3K/AKT (Figure 2A) [14]. Variations within the switch regions
contribute to effector selectivity and functional specificity. Scaffold proteins like IQGAP1, SHOC2,
and GAL1 further fine-tune signaling by stabilizing interactions or controlling subcellular
distribution [10] (Figure 2A). For example, IQGAP1 amplifies BRAF and ERK1/2 activation, while
SHOC2 promotes CRAF signaling in the MAPK cascade [10]. These complex networks
underscore the central role of RAS in coordinating cellular processes such as proliferation,
differentiation, and migration [4].

Cell Growth
Survival
> Proliferation

- 3 \ !
. D A ») \‘\)\ I
@ = Cytoskeletal
LZTRA1 g > N remodeling

@ Endocytosis . Migration

Cell Growth 1223 Transcription

Proteasomal J —>  Survival Cell cycle regulation
Degradation Proliferation Survival

=

Figure 2. RAS signaling pathways from upstream activators to downstream effectors. (A) Schematic
representation of canonical RAS signaling initiated by receptor tyrosine kinases (RTKs). Upon RTK
phosphorylation, GRB2 recruits the GEF SOS1 to activate RAS. Activated RAS engages downstream
pathways, including the RAF-MEK-ERK cascade and the PISK-PDK1-AKT axis, the latter involving the
conversion of PIP2 to PIP3. These cascades promote cell growth, survival, and proliferation. Additionally,
the MRAS-SHOC2-PP1C complex facilitates RAF activation by dephosphorylating inhibitory serine
residues on RAF kinases (e.g., p-CRAF S259 and p-BRAF S365), thereby enhancing MAPK signaling. (B)
Overview of RIT1 signaling, a non-canonical RAS family GTPase. RIT1 is activated by SOS1 and degraded
via the LZTR1-CUL3 complex through a proteasome-dependent mechanism. Active RIT1 initiates RAF-
MEK-ERK and RGL3-RALA/B signaling, supporting endocytosis, proliferation, and survival. RIT1 also
cooperates with RAC1 and CDC42 to stabilize PAK1 recruitment at the membrane, promoting PAK1
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activation and downstream pathways involved in cytoskeletal remodeling, migration, transcription, and cell
cycle regulation.

RAS family proteins function as essential molecular connectors that translate extracellular signals
into precise intracellular responses [4]. Each paralog exhibits unique properties defined by
upstream stimuli, subcellular localization, regulatory protein interactions, and downstream
effectors. RAS activation is initiated by transmembrane receptors, including receptor tyrosine
kinases (RTKs), G-protein-coupled receptors (GPCRs), ion channels, cytokine receptors, and
adhesion molecules, which activate specific GEFs [15]. For example, KRAS4B and RRAS3
respond to IL3 and EGF in lymphocytes, while RIT1 and RIT2 are activated by NGF and PACAP38
in neuronal tissues [4, 15, 16]. GEFs such as SOS1/2 and EPAC1 help tailor the signaling
response, while GAPs like p120RASGAP and NF1 ensure its timely termination [17, 18]. These
regulatory layers provide precise spatiotemporal control over RAS activity [4].

By selectively engaging downstream effectors, RAS proteins direct distinct signaling pathways [4].
RAF kinases (ARAF, BRAF, and CRAF) are among the most studied RAS effectors, initiating the
MAPK cascade that regulates gene expression, proliferation, apoptosis, and differentiation [19].
RAF activates MEK, which phosphorylates ERK, resulting in the induction of target genes such as
ELK1, ETS1, MYC, and FOS [4, 20]. PI3K catalyzes the conversion of PIP2 to PIP3, activating
AKT and regulating cellular metabolism, survival, and growth [21]. Other effectors, including
RALGDS, PLCeg, and RASSF, extend RAS signaling to processes such as vesicular trafficking,
cytoskeletal organization, and apoptosis [4, 22]. Isoform-specific differences add further
complexity: HRAS preferentially activates CRAF to promote proliferation, while KRAS4B interacts
with calmodulin to modulate tumorigenic signaling [23]. These differences highlight the versatility
and specificity of RAS signaling networks [4].

Aberrant RAS activity contributes to a broad spectrum of diseases, including cancer,
developmental syndromes, metabolic disorders, and neurodegenerative conditions [4]. Somatic
gain-of-function mutations in KRAS4B, HRAS, NRAS, and RIT1 lead to constitutive activation of
MAPK and PI3K—AKT signaling, promoting unchecked cell proliferation and survival [24, 25].
Conversely, loss-of-function mutations in tumor suppressors such as DIRAS and NF1 impair RAS
regulation and contribute to diseases such as neurofibromatosis [26, 27]. Germline mutations with
partial gain-of-function are associated with RASopathies, developmental syndromes
characterized by facial dysmorphisms, cognitive impairment, and congenital heart defects.
Beyond these, RAS family proteins have been linked to neurological disorders such as Parkinson’s
disease, Huntington’s disease, and schizophrenia [4]. For instance, RIT2 regulates dopamine
signaling, while RASD2 modulates neurotoxicity in Huntington’s disease by promoting
SUMOylation of mutant huntingtin protein [28, 29]. These findings emphasize the importance of
finely tuned RAS signaling and highlight its therapeutic potential [4].

1.1.1.1 RITI

RIT1 is a unique member of the RAS family of small GTPases that regulates diverse cellular
responses through tightly coordinated signaling networks [4]. While canonical RAS proteins such
as HRAS, NRAS, and KRAS are established regulators of the RAF-MEK-ERK pathway and are
implicated in cancer and RASopathies, RIT1 has emerged as an important contributor in similar
contexts [30] (Figure 2B). Germline mutations in RIT1 are associated with Noonan syndrome (NS),
a RASopathy characterized by developmental abnormalities and congenital heart defects.
Somatic RIT1 mutations are increasingly linked to malignancies, including lung adenocarcinoma
and myeloid cancers [31, 32]. Although initially studied in the context of neuronal differentiation
and survival, RIT1 is now recognized for its broader roles in various tissues and disease states. A



deeper understanding of its biochemical properties, signaling mechanisms, and pathological
associations is critical for the development of targeted therapies [33].

Structural and biochemical studies reveal distinct features that differentiate RIT1 from other RAS
family members [33]. Structural and biochemical studies reveal distinct features that differentiate
RIT1 from other RAS family members [33]. Its GDP-bound crystal structure shows a globular G-
domain architecture with conserved G motifs required for nucleotide binding and hydrolysis. Unlike
canonical RAS proteins, RIT1 lacks a CAAX box motif in its hypervariable region. Instead,
membrane association is mediated by positively charged residues that interact with negatively
charged phospholipids, and this interaction is influenced by the local lipid environment [34, 35].
Alternative splicing gives rise to three RIT1 isoforms, which may vary in localization and binding
partners [36]. Specific substitutions in the effector-binding domain, including F82 and S43, limit
RIT1's interaction with certain effectors such as PI3K isoforms [37]. These features underscore
the specialization of RIT1 in cellular signaling and membrane dynamics [33].

RIT1 responds to upstream inputs such as growth factors, reactive oxygen species (ROS), and
pathogenic mutations to modulate key signaling pathways [33]. In neuronal cells, it promotes
differentiation and survival via the p38 MAPK and MEK/ERK pathways. Constitutively active RIT1
mutants enhance p38y activation through MKK3, facilitating neurite initiation and branching [38].
Beyond neuronal contexts, RIT1 regulates cytoskeletal dynamics by interacting with actin-
associated proteins such as PAR6, CDC42, RAC1, and PAK1, influencing morphology and motility
[39, 40]. Notably, NS-associated RIT1 mutations enhance binding to the CRIB domain of PAK1,
driving actin rearrangement and stress fiber dissolution [40]. RIT1 activity is also modulated by
the LZTR1-CUL3 complex, which ubiquitinates and degrades RIT1 [41]. Pathogenic mutations
impair LZTR1 interaction, stabilizing RIT1 and enhancing MEK/ERK signaling, a hallmark of
Noonan syndrome and certain cancers [33, 41] (Figure 2B).

RIT1 mutations are implicated in NS and diverse cancers [32, 33, 35, 42]. In NS, mutations such
as A57G, F82L, and G95A cluster near the switch Il region, disrupting the GTPase cycle by
increasing nucleotide exchange or reducing GTP hydrolysis. NS patients with RIT1 mutations
exhibit distinctive phenotypes, including perinatal lymphatic abnormalities, congenital heart
defects, and a high prevalence of hypertrophic cardiomyopathy (HCM). HCM is linked to MAPK
hyperactivation, with MEK inhibitors like trametinib showing therapeutic promise [32]. In cancers,
RIT1 mutations and amplifications drive oncogenesis [31]. RIT1 amplification correlates with poor
prognosis in hepatocellular carcinoma and glioblastoma, promoting proliferation and metastasis
[43, 44]. Conversely, reduced RIT1 expression in esophageal squamous cell carcinoma is
associated with epithelial-to-mesenchymal transition (EMT) and poorer outcomes, reflecting
tissue-specific roles [45]. These findings underscore RIT1’s complex contributions to
pathophysiology and highlight its therapeutic potential [33].

While RIT1’s role in regulating neuronal growth, differentiation, and stress responses is
established, its broader physiological and pathological functions remain incompletely understood.
Its regulation of the RAF-MEK-ERK pathway and involvement in transient pro-survival responses
suggest context-dependent functions. Future studies should focus on elucidating its regulatory
mechanisms, identifying its GEFs and GAPs, and understanding its broader roles in cellular
physiology and disease [33, 35, 46].

1.1.2 RHO Family

The RHO family of small GTPases is a subfamily within the Ras superfamily, comprising 20
canonical members classified into six subgroups based on sequence homology: RHO (RHOA,
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RHOB, RHOC), RAC (RAC1, RAC1B, RAC2, RAC3, RHOG), CDC42 (CDC42, G25K, TC10, TCL,
WRCH1, WRCH2), RHOD (RHOD, RIF), RND (RND1, RND2, RND3), and RHOH [9]. These
proteins regulate critical cellular processes, including actin cytoskeleton remodeling, microtubule
dynamics, gene expression, and enzymatic activity [9]. These proteins regulate critical cellular
processes, including actin cytoskeleton remodeling, microtubule dynamics, gene expression, and
enzymatic activity [9]. Among them, RHOA, RAC1, and CDC42 are the most extensively studied.
They are key regulators of cell polarity, motility, proliferation, and adhesion. Their roles in actin
remodeling, particularly in lamellipodia and filopodia formation and stress fiber assembly, are
fundamental to many dynamic cellular functions [1, 2, 47] (Figure 3).

CDC42-GTP 1(RH/O-%’/ RAC-GTP
N/WASP PAK mDIA ROCK WRC PAK
Arp2/3 LITK LIJI\_AK MI:I/CP Arp2/3 Llr\l/IK
l Cofilin 7 Cofilin M*LC Cofilin
Actin turnover Actin turnover Actin turnover
Actin polimerization Actin polimerization Actin polimerization

Filopodia . V% stress fibers Lamellipodia

Figure 3. RHO family GTPases and their roles in actin cytoskeletal regulation. Schematic
representation of the three major Rho GTPases: CDC42, RHOA, and RAC1, and their distinct signaling
cascades involved in cytoskeletal dynamics. The central panel illustrates RHOA signaling through its
effectors ROCK and mDIA, promoting actin polymerization and stress fiber formation. The right panel
depicts RAC1 signaling via PAK1 and the WAVE regulatory complex (WRC), facilitating lamellipodia
formation through branched actin polymerization and cofilin inactivation. The left panel shows CDC42
signaling via N-WASP and PAK1, which activate the Arp2/3 complex and LIMK to induce filopodia formation
and regulate actin turnover. Electron microscopy images of filopodia, stress fibers, and lamellipodia were
adapted from Hall (Science, 1998).

Rho GTPases are distinguished from other Ras superfamily members by a unique insert helix
(residues 122-135, CDC42 numbering), a highly variable region that is critical for selective effector
interactions. In addition to this structural feature, they undergo extensive post-translational
modifications such as prenylation, palmitoylation, phosphorylation, and ubiquitylation, which
collectively influence their membrane localization, subcellular distribution, and turnover [1].

Beyond their roles in cytoskeletal architecture, Rho GTPases also participate in complex signaling
networks that influence cell cycle progression, hematopoiesis, vesicle trafficking, and
noncanonical Wnt signaling. For instance, CDC42 contributes to microspike and filopodia
formation; RAC1 promotes membrane ruffling and lamellipodia extension; and RHOA governs
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stress fiber formation and focal adhesion assembly. These diverse roles have been explored
through genetic, biochemical, and cell biological approaches, revealing the central importance of
Rho GTPases in cellular plasticity, tissue morphogenesis, and disease progression [1, 47] (Figure
3).

1.1.2.1 RHO GTPases

Among Rho family GTPases, RHOA, RHOB, and RHOC exhibit functional specificity despite their
high sequence similarity. RHOA is central to actomyosin contractility, facilitating stress fiber
formation and focal adhesion turnover during cell migration. RHOB, primarily localized on
endosomes, regulates receptor trafficking, cellular stress responses, and survival. In contrast,
RHOC promotes cell motility and invasion, particularly in metastatic cancer cells, where its
expression is frequently elevated. These isoforms achieve functional diversity through differences
in subcellular localization, regulatory inputs, and effector interactions [48, 49].

Key downstream effectors include ROCK1 and ROCK2, which bind RHOA through C-terminal
Rho-binding regions, driving actomyosin contractility and cytoskeletal reorganization [50]. Another
effector, mDia, a diaphanous-related formin, stabilizes microtubules and contributes to
cytoskeletal dynamics, particularly at the leading edge of migrating cells [51]. Additional effectors
such as PRKs (also known as PKNs), Rhoteckin, and Rhophilin interact with RHOA via HR1
domains near their N-termini, influencing stress fiber assembly and focal adhesion turnover [52].
Citron kinase, with its unique Rho-binding domain, is essential for cytokinesis [53].

RHOB interacts with PRK1 on endosomal membranes to modulate growth factor receptor
trafficking, while RHOC preferentially engages ROCK and Citron kinase to regulate cytoskeletal
rearrangements critical for invasion and metastasis [48].

Post-translational modifications, such as differential prenylation, further regulate their membrane
association and activity. Collectively, these distinct roles highlight the importance of RhoA, RhoB,
and RhoC in cytoskeletal reorganization, cell migration, and cancer metastasis [48].

1.1.2.2 RAC GTPases

RAC GTPases, including RAC1, RAC2, RAC3, and RHOG, regulate a wide range of cellular
processes such as cytoskeletal organization, cell migration, gene expression, and immune
responses [49, 54]. While RAC1 and RHOG are widely expressed, RAC2 and RAC3 are
predominantly found in hematopoietic and neural tissues, respectively. Despite sharing 89-93%
sequence identity, these isoforms exhibit distinct biochemical properties and tissue-specific
functions [49, 54].

RAC1, the best-characterized isoform, orchestrates actin remodeling, cell cycle progression, and
transcriptional regulation. RAC2 contributes to oxidative bursts in hematopoietic cells [55], while
RAC3 is involved in neural development and has been associated with tumor proliferation [56, 57].
RHOG, although less well-characterized, shares some effectors with RAC1 and can activate both
RAC1 and CDC42, broadening its signaling potential [49]. | Unlike other RAC isoforms, RHOG
shares only ~70% sequence identity with RAC1 and has been linked to cell growth and motility
during the G1 phase [54, 58].

Biochemical studies reveal isoform-specific properties. For example, RAC2 shows distinct
nucleotide-binding characteristics and enhanced activation by the RAC-specific GEF Tiam1
compared to RAC1 and RAC3 [59]. RAC1B, a splice variant of RAC1 containing a 19-amino-acid
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insertion near the switch Il region, exhibits impaired GTP hydrolysis and GEF-independent
activation, linking it to tumorigenesis [54].

The functional diversity of RAC proteins underpins their involvement in various physiological and
pathological processes. Their regulation of actin dynamics and interaction with effectors such as
PAKs, IQGAP1/2, Ajuba, IRSp53, PI4P5K, CYFIP1/2, and WAVE regulatory complex positions
them as central coordinators of lamellipodia formation, cell-cell and cell-matrix adhesion,
cytoskeletal remodeling, immune responses, and tumor progression [9]. Among them, RAC1 has
received particular attention due to its prominent role in cancer, especially through its oncogenic
P29S hotspot mutation in melanoma [60, 61].

1.1.2.2.1 RAC1 P29S Hotspot Mutation in Melanoma

The proline 29 to serine (P29S) mutation in RAC1 is the third most frequent hotspot mutation in
melanoma, following BRAFV600E and NRAS®'R [62, 63]. Despite its prevalence, the mechanistic
details of how RAC1P29S drives melanoma progression remain an active area of
investigation[61]. The mutation has been associated with altered protein structure, enhanced
effector interactions, immune evasion, resistance to targeted therapies, and tumorigenesis [63].

RAC1P2% is classified as a spontaneously activating GTPase. Structural studies, including those
by Shimada and colleagues and Boggon and colleagues, have shown that the mutation increases
GDP dissociation, elevates GTP-bound state levels, and retains GTP hydrolysis capability [64-
66]. It induces conformational changes in the switch | region, increasing flexibility and accelerating
nucleotide exchange. Shimada and colleagues also identified reduced Mg?** affinity, shifting
RAC1P?°S toward an active state [65]. Gursoy and colleagues, through molecular dynamics
simulations, demonstrated that RAC1P2%S adopts an open GTP-bound conformation that enhances
effector interactions [67] (Figure 4).

Functional studies have shown elevated binding of RAC1P?%S to effectors such as PAK1 and
MLKS3. These findings were demonstrated in melanoma lysates and HEK293FT cells by Halaban
and colleagues and Chin and colleagues [62, 68]. The resulting activation of downstream signaling
promotes actin cytoskeletal remodeling, cell motility, and melanocyte proliferation. Danuser and
colleagues further observed that RAC1P?°S enhances lamellipodia formation and inactivates
NF2/Merlin, enabling proliferation under growth-restrictive conditions [69]. The PAK1 axis also
supports immune evasion and cell cycle progression through phosphorylation of Aurora A and
PLK1 and inhibition of NF2/Merlin, contributing to metastasis and therapy resistance [69, 70]
(Figure 4).

RAC1P2%S has also been implicated in resistance to RAF inhibitors such as vemurafenib and
dabrafenib, as shown by Chin and colleagues and Downward and colleagues [71, 72]. This
resistance involves cytoskeletal remodeling and dedifferentiation of melanoma cells. This
resistance is driven by cytoskeletal remodeling and dedifferentiation of melanoma cells. Dupuy
and colleagues, using the Sleeping Beauty transposon system, found that RAC17?°S promotes
resistance to MAPK inhibitors via transcriptional reprogramming through VAV1 [73].

Immune evasion is another hallmark of RAC1P2°S activity. Aplin and colleagues reported that
melanoma patients harboring this mutation exhibit higher PD-L1 expression compared to RAC1WT
patients [74]. The RAC1P?S—PAK1 signaling axis contributes to immune suppression by
upregulating PD-L1, thereby reducing T cell-mediated antitumor responses [74]. Chernoff and
colleagues demonstrated that CDK9 inhibition in RAC1P2°S-mutant melanoma reduces tumor
growth and improves the efficacy of anti-PD-1 therapy [70].
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Figure 4. RAC1 signaling and oncogenic activation by the P29S hotspot mutation. (A) In resting cells,
RAC1 is maintained in an inactive state through its association with RHO-GDI in the cytoplasm. Upon
stimulation, RAC1 translocates to the membrane, dissociates from GDI, and is activated by RHO-specific
GEFs. Active RAC1 binds downstream effectors, and its signaling is downregulated by RHO-GAPs that
promote GTP hydrolysis. (B) In migrating cells, GTP-bound RAC1 localizes at the leading edge, where it
activates PAK1 and the WAVE regulatory complex (WRC), inducing actin polymerization, lamellipodia
formation, and cytoskeletal remodeling. PAK1 also phosphorylates LIMK, which inhibits cofilin to support
actin turnover and regulate epithelial-to-mesenchymal transition (EMT). (C) In RAC17?°S-expressing
melanoma cells, the active P29S variant hyperactivates effectors such as MLK3, PAK1, and WRC. This
hyperactivation disrupts feedback regulation, enhances cell motility and survival, and promotes
oncogenesis, especially in cells co-harboring BRAFV600E,

Although RAC1P2°S s traditionally considered "undruggable," promising therapeutic strategies are
emerging [75, 76]. Gomez and colleagues identified Rac1 inhibitor 1A-116, which binds RAC1P2%S
and inhibits its activity in silico and in SRE-luciferase assays [77]. Chernoff and colleagues
demonstrated the efficacy of Group A PAK inhibitors, pan-PI3K inhibitors, and PI3KB-selective
inhibitors in blocking RAC1P?S-driven melanoma proliferation [75, 78]. Additional studies have
shown that inhibitors of CDK9 and DOCK1 reduce invasion and growth in RAC1P2%S-positive
cancers [79]. Willimsky and colleagues successfully employed adoptive T cell therapy targeting
the RAC1P2% neoepitope. They also demonstrated that cross-reactive peptides such as RAC2P2°%-
enhance therapeutic efficacy, resulting in tumor regression [80].

RAC1P?°S has emerged as a key driver mutation in melanoma, influencing proliferation, motility,
immune evasion, and drug resistance [61-63]. Its distinct structural and functional properties have
made it a priority target for mechanistic studies and drug development [63]. Continued exploration
of RAC1P29S-specific signaling and vulnerabilities may offer new opportunities for effective
melanoma therapies [63].



1.1.2.3 CDC42 GTPases

CDC42, a member of the RHO family of small GTPases, is a master regulator of cell polarity and
an integrator of cytoskeletal dynamics, vesicle trafficking, and signaling. It transitions between
inactive GDP-bound and active GTP-bound states and interacts with downstream effectors to
coordinate processes such as growth, division, and migration. Its role in establishing polarity is
conserved across eukaryotes, from budding yeast to mammals, highlighting its importance in
development and spatial organization [81-83].

In yeast, CDC42 localizes to the budding site, directing cytoskeletal reorganization and vesicle
transport, with feedback mechanisms ensuring precise spatiotemporal activity during asymmetric
division [81-83]. In multicellular organisms, CDC42 plays essential roles in epithelial polarity,
immune cell chemotaxis, and neuronal pathfinding. It interacts with polarity complexes such as
Par6—aPKC and CRB3 to establish apical-basal polarity in epithelial cells [81]. In immune cells,
CDC42 governs leading-edge actin filament organization, coordinating chemotaxis and migration
[83].

GTP binding induces conformational changes in CDC42, enabling interaction with numerous
effectors. These include WASP/N-WASP, which promote Arp2/3-mediated actin nucleation;
IQGAP1, a scaffolding protein linking CDC42 to cytoskeletal regulators; mDia, which regulates
actin filament elongation; and PAK1 [9, 84-86]. Through these interactions, CDC42 integrates
cytoskeletal remodeling with polarity and signal transduction.

The CDC42-like GTPases, including TC10, TCL, WRCH1, and CHP/WRCH2, share the ability to
induce filopodia by binding WASP or N-WASP, although their broader roles remain less defined
[49]. While CDC42 is essential for cell polarization, it remains unclear whether its subfamily
members share this function. TC10 and TCL are implicated in insulin-mediated metabolic events
[49]. TC10 and TCL are implicated in insulin signaling and membrane trafficking. WRCH1 is linked
to Wnt signaling, while CHP/WRCH2 lacks a canonical prenylation signal yet still localizes to
membranes via its C-terminal tail, reflecting functional diversity within this subfamily [49].

Aberrant CDC42 activity contributes to cancer progression, immune dysregulation, and
neurological disease. In cancer, CDC42 promotes EMT, cell migration, and invasion by enhancing
actin remodeling and enabling metastasis [83, 85]. IQGAP1 amplifies these oncogenic effects by
stabilizing signaling complexes that promote MAPK pathway activation and therapeutic resistance
[85, 86].

CDC42 is also exploited by pathogens. Chlamydia pneumoniae, for instance, uses the effector
protein SemD to mimic active CDC42, thereby activating N-WASP and inducing actin
polymerization to facilitate host cell entry [87]. This highlights the importance of CDC42 in host—
pathogen interactions and its potential as a therapeutic target.

CDCA42 serves as a central coordinator of polarity, cytoskeletal architecture, and signal integration.
Although it represents a promising target in cancer and infectious diseases, the challenge lies in
selectively modulating its activity without disrupting essential physiological functions. Future
research into CDC42-specific effectors and regulatory mechanisms may enable more targeted
and effective therapeutic approaches [83, 85].
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1.1.2.4 RHO GTPases Signaling and Their Downstream Effectors

RHO family GTPases serve as essential molecular switches that coordinate an extensive array of
intracellular signaling cascades [1]. Upon activation by extracellular stimuli, these proteins adopt
a GTP-bound conformation and engage specific downstream effectors to precisely regulate key
cellular processes, including actin cytoskeletal remodeling, polarity establishment, migration,
proliferation, and differentiation [1, 9, 88, 89]. Among them, RHOA, RAC1, and CDC42 are the
most studied, owing to their central roles in cytoskeletal regulation and cellular architecture [9, 89,
90].

Effector specificity is largely dictated by the GTP-bound state of each GTPase and the structural
compatibility of effector-binding motifs, particularly within the switch | and Il regions [9, 89, 90].
Downstream effectors fall into two major categories: serine/threonine kinases and scaffolding
proteins [9]. Key kinases include ROCK [91], PAK [92], LIMK [93], CITRON [53], MLK1 [94], and
PKN [95], while prominent scaffolding proteins include DIA [96], WASP/N-WASP [97], IRSp53
[98], Rhotekin [99], and IQGAP family members [9, 100, 101] .

RHOA primarily regulates actomyosin contractility and stress fiber formation through effectors
such as ROCK[89, 91], DIA[96], CITRON kinase [53], and LIMK [9, 102]. ROCK increases myosin
light chain (MLC) phosphorylation by inhibiting MLC phosphatase, thereby promoting contractile
force generation [103]. It also activates LIMK, which phosphorylates and inhibits cofilin, stabilizing
actin filaments [102]. DIA promotes linear actin polymerization and facilitates focal adhesion
maturation, contributing to polarity and migration [96]. CITRON kinase plays a critical role in
cytokinesis and cytoskeletal stabilization during cell division [53].

RAC1 controls membrane ruffling and lamellipodia extension via effectors such as PAK [92], the
WAVE regulatory complex (WRC) [104], IRSp53 [98], IQGAP [100], PI4P5K [105], and MLK1 [9,
89, 94]. PAK activation through the CRIB motif leads to phosphorylation of LIMK and MLCK,
enhancing local actin polymerization while modulating contractility [106]. WRC links RAC1
signaling to the Arp2/3 complex for branched actin nucleation [104]. IRSp53 facilitates membrane
curvature and actin assembly [98], IQGAPs integrate polarity and adhesion signals [100]. PI4P5K
modulates phosphoinositide levels at the membrane, supporting cytoskeletal remodeling [105].
MLK1 connects cytoskeletal remodeling to JNK-mediated stress responses and transcriptional
regulation [94].

CDC42 promotes filopodia formation, cell polarity, and directional migration via its interactions with
effectors such as N-WASP [97], PARG6 [107], CIP4 [108], ACK1 [109], and IQGAPs [9, 86, 89,
101]. N-WASP is activated through a conformational change induced by CDC42, enabling Arp2/3
complex recruitment for actin nucleation [97]. The PARG6-PAR3-aPKC polarity complex
orchestrates microtubule orientation during asymmetric division and front-rear polarity [107].
CDCA42 also engages CIP4 and intersectin to regulate N-WASP activity at membrane-cortical sites
[108]. IQGAPs further integrate CDC42 signals with adhesion, trafficking, and morphogenesis [86,
100, 101].

Beyond actin regulation, Rho GTPases influence additional pathways. [9, 89]. For instance, RAC1
activates NADPH oxidase via p67phox, promoting ROS production for immune defense and
signaling [110]. Both CDC42 and RAC1 regulate transcriptional responses through the JNK, p38
MAPK, SRF, and NF-kB pathways [111, 112]. Structural studies reveal that CRIB-containing
effectors typically interact with conserved switch regions, while other effectors like ROCK and PKN
engage additional surfaces, supporting effector diversity and spatial regulation [9, 113].
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Together, these effectors form a highly adaptable and dynamic signaling network that enables
Rho GTPases to orchestrate cell behavior with spatial and temporal precision [9, 89].
Understanding these modules not only enhances fundamental cell biology but also provides
insight into therapeutic targets for diseases involving cytoskeletal dysfunction, such as cancer,
fibrosis, and immune disorders.

1.1.2.5 The Mimicry Behavior of the Chlamydia pneumoniae Effector SemD to CDC42

Chlamydia pneumoniae is an obligate intracellular pathogen that initiates infection by invading
non-phagocytic epithelial cells of the respiratory tract [114, 115]. This entry process is mediated
by bacterial effector proteins that manipulate host signaling pathways and membrane structures
[87]. One such early effector, SemD, anchors to the host plasma membrane through an N-terminal
amphipathic helix with high specificity for phosphatidylserine, a phospholipid enriched in the inner
leaflet of the membrane. This localization enables SemD to coordinate the recruitment and
activation of host endocytic machinery involved in bacterial internalization [87].

SemD consists of multiple functional domains that engage distinct host targets. A central proline-
rich region interacts with the SH3 domain of SNX9 [116], a membrane-remodeling protein involved
in endocytic vesicle formation [87]. Two WH2 domains bind monomeric actin, while the C-terminal
region interacts with the GTPase-binding domain (GBD) of N-WASP [97], a key actin nucleation-
promoting factor [87]. Under normal conditions, N-WASP is activated by GTP-loaded CDC42,
which relieves autoinhibition and exposes its VCA domain, leading to Arp2/3 complex activation
and branched actin polymerization [117]. SemD mimics this mechanism by directly binding to the
GBD of N-WASP, thereby inducing its activation in the absence of CDC42-GTP [87].

This structural mimicry is both functional and selective. SemD does not bind other CDC42
effectors, such as FMNL2 [118], highlighting its specific engagement of the N-WASP signaling
axis [87]. Moreover, the modular structure of SemD, connected by flexible linker regions, allows it
to simultaneously interact with the plasma membrane, SNX9 [116], and N-WASP [87]. This
coordinated engagement integrates membrane curvature and localized actin polymerization,
facilitating the rapid formation of a large endocytic vesicle that enables efficient internalization of
the infectious elementary body into host cells [87].

1.1.3 ARF Family

The ARF (ADP-ribosylation factor) family of small GTPases, a subgroup of the RAS superfamily,
regulates membrane trafficking, organelle identity, and lipid homeostasis. These proteins contain
a conserved myristoylated N-terminal amphipathic helix that mediates membrane association.
Like other GTPases, ARFs cycle between GDP- and GTP-bound states. Their activity is controlled
by GEFs such as BIG1/2, GBF, Cytohesins, BRAGs, and EFAG6, and by GAPs including
ARFGAP1-3, ADAP1/2, ASAP1-3, ACAP1-3, and ARAP1-3, ensuring spatial and temporal
regulation [119-121] (Figure 5A).
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Figure 5. ARF GTPases: structure, localization, and functional diversity. (A) Schematic of ARF
GTPase structure, highlighting the N-terminal myristoylated amphipathic helix responsible for membrane
association. GTP binding promotes effector recruitment, membrane curvature, and vesicle budding. (B)
Overview of ARF and ARL family members and their subcellular localization, including the ER-Golgi
intermediate compartment (ERGIC), Golgi, plasma membrane, endosomes, and lysosomes, along with
associated functions such as lipid transport, cargo sorting, endocytosis, vesicle formation, and cytoskeletal
regulation. (C) TTN5 (TITANS), a plant-specific ARL-like GTPase, is depicted as a non-classical member
with reduced GDP affinity, accelerated nucleotide exchange, and delayed GTP hydrolysis, resulting in a
predominantly active GTP-bound state. TTN5 localizes to the plasma membrane, Golgi stacks,
multivesicular bodies, and vesicular membranes, linking its activity to plant-specific intracellular trafficking
and membrane dynamics.

The ARF family includes six canonical members (ARF1-ARF6) and a structurally related group of
ARF-like (ARL) GTPases. ARF1 and ARF3 function at the Golgi apparatus, where they recruit
COPI and clathrin adaptor complexes (AP-1 and AP-3) to drive vesicle formation[120, 121]. ARF6,
on the other hand, localizes to the plasma membrane, where it regulates endocytosis, cytoskeletal
remodeling, and recycling of membrane components during cell migration and division [122, 123]
(Figure 5B).

Although ARLs share structural homology with ARFs, their functions extend beyond classical
vesicle trafficking. ARL1 promotes vesicle tethering at the trans-Golgi network through interactions
with proteins such as Golgin-97. ARL2 contributes to microtubule organization, mitochondrial
stability, and ciliary transport. ARL8 regulates lysosomal positioning and transport, supporting
autophagy and innate immunity [119, 121, 122] (Figure 5B).

Beyond their roles in cellular physiology, ARF GTPases are also implicated in disease. ARF1
overactivation has been linked to cancer through the promotion of extracellular matrix remodeling
and angiogenesis, while ARF6 enhances tumor invasiveness via cytoskeletal and trafficking
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regulation [121, 122]. Pathogens such as Legionella pneumophila and Salmonella hijack ARF
signaling to reprogram host cells during infection [119, 120, 123, 124]. ARL8 dysregulation has
been associated with lysosomal defects in neurodegenerative disorders [119, 121, 123].

In plants, ARF and ARL proteins have evolved additional roles related to development, stress
adaptation, and growth. For example, SAR1 and ARF1 facilitate ER-to-Golgi trafficking, while
ARL1 regulates endosomal recycling to the Golgi. These adaptations underscore the versatility of
ARF-family GTPases in coordinating membrane systems under diverse biological conditions [119,
121, 123, 125].

The next section introduces TITAN5 (TTNS5), a plant-specific ARL protein in Arabidopsis thaliana,
which illustrates this functional diversification. TTN5 exhibits distinctive localization and
biochemical features, supporting its role in intracellular trafficking and plant development [125].

1.1.3.1 TITANS GTPase

TITANS (TTNS), also known as HALLIMASCH (HAL), ARL2, or ARLC1, is an essential ARL-type
small GTPase in Arabidopsis thaliana. It was identified through genetic screens for embryo-
defective mutants, where ttn5 loss-of-function alleles caused early embryonic arrest, indicating its
fundamental role in plant viability and development [125-128].

TTN5 shares significant sequence similarity with human ARL2 (hsARL2), a GTPase involved in
microtubule dynamics, mitochondrial function, and intracellular signaling. While hsARL2 performs
diverse cellular roles, TTN5 has diverged to fulfill plant-specific functions, particularly in vesicle
trafficking and cytoskeletal organization [125, 127, 129] (Figure 5C).

Subcellular localization studies place TTNS at the plasma membrane and throughout the
endomembrane system, supporting its role in membrane remodeling and trafficking [125] (Figure
5C). These observations are consistent with the general functions of ARL proteins but highlight
TTNS's specialization in plant developmental processes.

As arepresentative plant-specific ARL, TTN5 illustrates the functional expansion of the ARF family
to meet the unique demands of plant cell architecture and growth. Its biochemical properties and
developmental importance make TTN5 a valuable model for studying intracellular transport and
cytoskeletal regulation in plants [125].

1.1.4 The Reciprocal Regulation of RAS and RHO Signaling

Hepatic stellate cells (HSCs) are liver-resident pericytes located in the space of Disse and play
essential roles in liver development, immunoregulation, and tissue regeneration [130, 131]. In a
healthy liver, HSCs remain in a quiescent state, storing vitamin A in lipid droplets and expressing
ectodermal and mesodermal markers such as glial fibrillary acidic protein (GFAP) and desmin
[130]. Upon liver injury, HSCs become activated, losing their quiescent phenotype and acquiring
a contractile, myofibroblast-like state characterized by a-smooth muscle actin (a-SMA) expression
and excessive extracellular matrix (ECM) production, which drive fibrosis progression [130, 132,
133]. This phenotypic switch is governed by multiple signaling pathways, including RAS-MAPK,
PIBK-AKT, WNT, Hedgehog, NOTCH, and RHO-ROCK cascades [132, 134-138], with RAS and
RHO GTPases acting as central regulators of HSC fate [4, 131, 132, 139, 140].
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Figure 6. Reciprocal regulation of RAS and RHO signaling during hepatic stellate cell activation. This
schematic illustrates the dynamic signaling transitions between quiescent and activated states of HSCs,
emphasizing the context-dependent and reciprocal roles of RAS and RHO family members. In quiescent
cells, ERAS signaling activates mTORC2 and the PI3BK-PDK1-AKT axis, leading to FOXO1 inhibition and
supporting immune modulation, vitamin A storage, and stem cell niche maintenance. RND3 and the
NOTCH1-HES1 axis also contribute to maintaining quiescence. Upon activation, MRAS initiates RAF—
MEK-ERK signaling, promoting proliferation and differentiation. Concurrently, PDGF-SHP2-SRC signaling
activates p190GAP to suppress RHOC. However, RHOC-mediated ROCK activation drives cytoskeletal
remodeling, COL1A2 and a-SMA expression, and downregulation of GFAP, contributing to fibrogenesis.
The MST-LATS-YAP axis further activates NOTCHZ2, supporting HSC differentiation and organogenesis.

Recent studies have described a reciprocal regulatory network involving specific RAS and RHO
family members that controls the transition between HSC quiescence and activation [131, 132,
140]. In quiescent HSCs, embryonic stem cell-expressed RAS (ERAS) is highly expressed and
supports homeostasis by activating AKT, STAT3, mTORC2, and HIPPO pathways, while inhibiting
FOXO1 and YAP [132, 141-143]. This signaling network maintains a non-fibrogenic phenotype by
regulating metabolism, proliferation, and differentiation. Upon activation, ERAS expression is
suppressed through promoter methylation, redirecting RAS signaling toward the RAF-MEK-ERK
pathway, which promotes HSC proliferation and trans-differentiation into a-SMA-positive
myofibroblasts [132]. MRAS expression is upregulated during this transition and contributes to the
fibrogenic phenotype [131, 132] (Figure 6).

A similar regulatory switch occurs within the RHO family. In quiescent HSCs, RND3 (RHOE) is
strongly expressed and acts as a negative regulator of cytoskeletal remodeling and contractility,
limiting fibrotic activity [131]. However, upon activation, RND3 levels decrease, while RHOC
expression is upregulated, promoting cytoskeletal reorganization, a-SMA expression, ECM
deposition, and myofibroblast differentiation [131]. This functional switch is coupled to downstream
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changes in signaling balance, particularly between NOTCH1 and RHO-ROCK activity, further
modulating HSC activation and fibrotic progression [131, 134] (Figure 6).

The dynamic interplay between these signaling pathways underscores the complexity of HSC
regulation and reveals potential therapeutic opportunities for antifibrotic intervention [131].
Strategies that preserve ERAS expression or block MRAS signaling may help maintain
quiescence and prevent fibrotic activation [132]. Similarly, modulating RND3 levels or inhibiting
RHOC activity could suppress a-SMA expression and limit HSC trans-differentiation [131]. Given
the intricate crosstalk between these signaling modules, further research is needed to elucidate
their roles in chronic liver disease and to evaluate their potential as therapeutic targets.

1.2 Modulators of Small GTPases

Small GTPases function as molecular switches that regulate critical cellular processes such as
growth, differentiation, and migration. Their classical regulation involves GEFs, GAPs, and GDls,
which control nucleotide exchange, GTP hydrolysis, and membrane sequestration. These factors
ensure proper cycling between active and inactive states, maintaining signaling fidelity [144].

Beyond these canonical regulators, a broader range of modulators has emerged. These
modulators do not necessarily bind the switch regions but influence GTPase function by affecting
expression, localization, turnover, or interaction networks. They include accessory proteins,
scaffolding molecules, and long noncoding RNAs (IncRNAs), which regulate small GTPase
signaling indirectly [10, 145-147].

Accessory proteins such as IQGAP1 and LZTR1 play important roles in fine-tuning GTPase
pathways. IQGAP1 acts as a scaffold stabilizing GTPase-effector complexes, while LZTR1
controls GTPase stability through ubiquitination and proteasomal degradation [10, 147]. IncRNAs
modulate the expression of small GTPases, influencing their downstream functions [145, 146].
These modulators add a further layer of regulation, coordinating spatiotemporal GTPase signaling
in various cellular contexts.

This section focuses on such modulators, with particular attention to IncRNAs and accessory
proteins. Their relevance in disease, especially cancer, highlights their potential as therapeutic
targets.

1.2.1 Long Noncoding RNAs

Long noncoding RNAs (IncRNAs), transcripts longer than 200 nucleotides, contribute to the
regulation of differentiation, gene expression, and chromatin architecture. Their structural diversity
and cell type—specific expression enable functions in both the nucleus and cytoplasm. In the
nucleus, INcRNAs interact with chromatin-modifying complexes and influence gene expression
and nuclear compartmentalization. In the cytoplasm, they regulate translation, signaling, and
metabolic activity [148, 149].

LncRNAs arise from diverse genomic sources, including intergenic, antisense, pseudogenes, and
circular transcripts. Despite the annotation of over 100,000 IncRNAs, most remain functionally
uncharacterized. Single-cell sequencing and spatial transcriptomics have uncovered their
dynamic expression across tissues and conditions [148-150].
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Through interactions with RNA, DNA, and proteins, IncRNAs regulate chromatin structure, histone
modification, and transcription. Many associate with Polycomb repressive complexes or contribute
to nuclear architecture by localizing to phase-separated compartments such as speckles and
paraspeckles [148, 151].

5 )
/ miRNA sponging \ / miRNA-mediated RAS mRNA repression \

Perfect
\ LncRNA complementary, mRNA ég
=  E— *» degradation v
RAS mRNA
J — — |upregu T

MIiRNATITTI RISC upregulation
\ s/ MRNA LU
miRNA | 3 Translational
Partial — repression .
\_ncRNAsasceRNA / complementary Rly
./
B KRAS-related IncRNAs in human cancers CRHO GTPases-related IncRNAs in human cancers
MALAT1
MALAT1 MIR31HG RMRP 'RAC1. cbcaz
NUTF2P3-001 - .
MALAT1 GASS TDRG1 XIST MALAT1
KRAS1P . BCYRN1 ZFAS1 PCA3 LCAT1 ZFAS1
! NORAD gt H19
LINC02381 fINDAR Bat
H19 LINCO1133 AURKAPS1
SLCO4A1-AS1 - PCGEM1 TP73-AS1 SNHG1
lon PCAT6 LSINCT5 SNHG15
Groth Survival Proliferation Cytoskeletal dynamics Migration Invasion Metastasis

Figure 7. Regulatory roles of long noncoding RNAs (IncRNAs) in modulating RAS and RHO GTPase
signaling via competing endogenous RNA (ceRNA) mechanisms. (A) Schematic representation of the
ceRNA hypothesis, in which IncRNAs act as molecular sponges that bind and sequester microRNAs
(miRNAs), thereby preventing them from targeting specific mMRNAs. This interaction occurs through the
RNA-induced silencing complex (RISC), which mediates either mRNA degradation or translational
repression, depending on the degree of complementarity. Through this mechanism, IncRNAs can indirectly
upregulate RAS mRNA expression by limiting miRNA-mediated repression. (B) Overview of KRAS-
associated IncRNAs implicated in various human cancers, which have been shown to promote cancer cell
growth, survival, and proliferation across different tissue types. (C) Summary of RHO GTPase-related
IncRNAs, categorized by specific GTPase targets such as RHOA, RHOB, RHOC, RAC1, and CDC42.
These IncRNAs regulate a range of cellular functions, including cytoskeletal dynamics, migration, invasion,
and metastasis, thereby contributing to cancer progression.

LncRNAs also scaffold membraneless condensates like stress granules and paraspeckles by
recruiting RNA-binding proteins (RBPs). Their dysregulation can disrupt phase separation, linking
them to diseases including cancer and neurodegeneration [148, 152, 153]. Though nuclear
functions are well documented, cytoplasmic IncRNA mechanisms, especially in signaling and
translation regulation, require further investigation [149-152].
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Among their mechanisms, IncRNAs can function as ceRNAs, regulating gene expression by
sequestering miRNAs. This role is particularly significant in GTPase-driven signaling pathways
such as KRAS and RHO GTPases [145, 146].

1.2.1.1 KRAS-Related Long Noncoding RNAs in Human Cancers

KRAS, a proto-oncogene frequently mutated in human cancers, promotes tumor progression
primarily through MAPK and AKT pathways activation [11]. LncRNAs regulate KRAS at multiple
levels, including miRNA sponging, mRNA stabilization, and transcriptional enhancement [145].
Some, like KRASIM, encode microproteins that suppress KRAS activity, while others harbor G-
quadruplex structures that enhance KRAS transcription [154] (Figure 7A).

LncRNAs such as MALAT1 and MIR31HG promote KRAS expression by sponging miR-217,
contributing to tumorigenesis in lung and pancreatic cancers [155, 156]. KRAS1P protects KRAS
transcripts from degradation by sequestering miR-143 and let-7, while BCYRN1 and NUTF2P3-
001 regulate KRAS through other miRNAs, enhancing metastatic behavior [157-159]. H19 also
promotes KRAS-driven tumorigenesis by sponging let-7 miRNAs [145, 160] (Figure 7B).

In leukemia, KRAS mutations correlate with poor prognosis and altered transcriptional regulation.
LncRNAs such as Inc-ACOT9-1 and MORRBID are differentially expressed in juvenile
myelomonocytic leukemia and contribute to disease progression [161, 162]. Therapeutic
strategies targeting IncRNAs include antisense oligonucleotides (ASOs), CRISPR/Cas9, and
small-molecule inhibitors aimed at modulating IncRNA expression or structure. These approaches
highlight the therapeutic relevance of IncRNAs in KRAS-driven cancers [145].

1.2.1.2 RHO GTPase-Related Long Noncoding RNAs in Human Cancers

RHO GTPases regulate adhesion, polarity, and migration. Although mutations are rare, aberrant
activation and expression are common in cancer [9, 146]. LncRNAs influence RHO GTPase
signaling by acting as ceRNAs that sequester miRNAs targeting GTPase transcripts such as
RHOA, RHOB, RHOC, RAC1, and CDCA42, thereby stabilizing expression in cancer cells[146].

Specific IncRNAs modulate individual RHO GTPase members. MALAT1 sponges miR-429 to
elevate RHOA levels, promoting migration and invasion [163]. NORAD and ZFAS1 enhance
RHOA signaling by binding miR-125a-3p and miR-3924, respectively [164, 165]. GASS5, a tumor-
suppressive INcCRNA, targets RHOB through miR-663a and inhibits proliferation [166]. TDRG1 and
PCA3 promote RHOC-driven metastasis [167, 168]. RAC1 is regulated by CDKN2B-AS1 and
AURKAPS1, while CDC42 is modulated by IncRNAs such as H19, which impact cytoskeletal
remodeling and invasiveness [146, 169, 170] (Figure 7C).

Epigenetic modifications further contribute to IncRNA-mediated RHO GTPase regulation. TUG1
recruits EZH2 to the RND3 promoter, inducing H3K27me3-mediated repression [171]. RNA
methylation (m6A) also affects IncRNA stability; for example, m6A-modified GAS5 enhances YAP
degradation, while degradation via YTHDF3 promotes tumor progression [172].

Therapeutic targeting of IncRNAs regulating RHO GTPase signaling is an emerging strategy.
Tools such as siRNAs, ASOs, and CRISPR/Cas9 offer promising avenues. MALAT1-targeting
ASOs have demonstrated clinical efficacy, highlighting their translational potential [173]. Future
efforts should aim to define tissue-specific INcRNA profiles and clarify their roles in spatial and
temporal GTPase regulation, potentially leading to novel interventions for RHO GTPase-driven
cancers [146].
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1.2.2 Accessory Proteins

Accessory proteins regulate the spatiotemporal dynamics of signal transduction, ensuring
efficiency, specificity, and strength in pathway activation. This group includes adaptors, anchors,
docking proteins, and scaffolds, which assemble signaling components through modular
multivalent interactions [174]. By facilitating physical interactions and promoting processes such
as liquid—liquid phase separation (LLPS), they increase local concentrations of signaling
molecules and enhance pathway efficiency. LLPS-driven condensates, for instance, can
concentrate kinases while excluding phosphatases, enabling selective signal propagation. Though
accessory proteins typically lack enzymatic activity, their protein—protein interaction domains,
intrinsically disordered regions (IDRs), and lipid-binding motifs enable them to form
macromolecular complexes essential for pathways such as RTK-RAS-MAPK and RAC1/CDC42-
PAK1 [174, 175]. Targeting these proteins may allow modulation of signaling networks while
preserving core physiological functions, making them promising therapeutic candidates [10].

Structurally and functionally diverse, accessory proteins include scaffold proteins like IQGAP1,
KSR1, and FHL1, which coordinate multiple signaling elements; adaptor proteins such as GRB2,
which link RTKs to downstream effectors like SOS1 [176-179] ; anchoring proteins such as CNK1
and flotillins, which localize signaling molecules to membranes; and docking proteins that stabilize
RTK-effector interactions [180-182]. These proteins are involved in processes such as the
organization of RAS nanoclusters at the plasma membrane and stabilization of RAF-MEK-ERK
complexes, and they can influence RAS activation cycles [10]. Dysregulation of accessory proteins
has been implicated in cancer, developmental disorders, and cardiovascular diseases, reinforcing
their importance as therapeutic targets [10] (Figure 8A).

In cancer, accessory protein mutations and alterations can drive tumor growth and metastasis.
[10]. For example, paxillin mutations enhance focal adhesion complex activity in non-small cell
lung cancer, while SPRED1/2 downregulation in hepatocellular carcinoma contributes to
hyperactive RAS signaling [183, 184]. IQGAP1 supports tumor progression by stabilizing RAS—
MAPK complexes [185]. In RASopathies, mild gain-of-function mutations in SHOC2 cause
Noonan-like and Mazzanti syndromes [186], germline mutations in CBL and SPRED1 are linked
to Legius syndrome and juvenile myelomonocytic leukemia [187, 188]. Additionally, SHP2 inhibits
T-cell receptor (TCR) signaling, contributing to immune evasion, while FHL1/2 mutations are
associated with hypertrophic cardiomyopathy [178, 189].

Targeting accessory proteins offers a compelling alternative to direct inhibition of core signaling
molecules, which often leads to toxicity or resistance [10]. Examples include SHOC2, GIT1, CNK1,
GRB2, and IQGAP1, which serve as therapeutic entry points by modulating signaling architecture
[174]. SHOC2 knockout sensitizes RAS-mutant cancers to MEK inhibition, while CNK1 inhibitors
such as PHT-7.3 block KRAS-driven tumor growth [190]. GRB2-targeted antisense
oligonucleotides (ASOs) suppress oncogenic signaling in BCR-ABL—positive malignancies [191,
192]. Other strategies include APS-2-79, an inhibitor of KSR-mediated MEK phosphorylation, and
SHP099, which stabilizes SHP2 in an inactive conformation to counteract resistance and promote
anti-tumor immunity [193, 194].

Although promising, accessory proteins remain underexplored, and identifying context-specific
modulators using technologies like CRISPR/Cas9 and live-cell imaging is essential to uncover
their full therapeutic potential. Of particular interest is PAK1, whose modulation by accessory
proteins governs cytoskeletal dynamics, migration, and oncogenic signaling [10, 174, 195].
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Figure 8. Classification and regulatory functions of accessory proteins in RAS and PAK1 signaling.
(A) Schematic representation of accessory proteins classified based on their function within the KRAS
signaling pathway. These include adaptor proteins (e.g., GRB2, SHP2, SHC), which link activated receptor
tyrosine kinases (RTKs) to downstream signaling components via Src homology 2 (SH2) and typically SH3
domains; scaffold proteins (e.g., IQGAP1, GAL1/3, SHOCZ2), which organize signaling complexes to ensure
spatial and temporal specificity; anchoring proteins (e.g., GAB1/2, CNK1, PAQR10/11), which tether
signaling molecules to specific cellular compartments through pleckstrin homology (PH), prohibitin
homology (PHB), or transmembrane (TM) domains; and docking proteins (e.g., FRS2, DOC1, IRS2), which
facilitate the recruitment of effectors to activated receptors, often containing phosphotyrosine-binding (PTB)
and membrane-targeting domains. (B) Schematic illustration of accessory modulators of PAK1 activity.
Positive regulators of PAK1 activation include a/BPIX, GRB2, GIT1/2, RIT1/2, CKIP1, NCK, and paxillin,
which collectively contribute to focal adhesion complex formation and membrane localization of PAK1.
Negative modulators, including CRIPAK, SKIP, PAK1IP1, Merlin, and Nischarin, suppress PAK1 activity.
This finely tuned balance regulates PAK1-dependent signaling pathways involved in cytoskeletal
remodeling, cell cycle progression, and cellular migration.

1.2.2.1 Accessory Modulator of PAK 1

PAK1 is a serine/threonine kinase that regulates cytoskeletal remodeling, adhesion, motility, and
transcription [106, 196]. Activated by RHO GTPases, primarily RAC1 and CDC42, PAK1 is
recruited to specific subcellular sites where it integrates signaling inputs. Its dysregulation is
associated with tumor progression, therapy resistance, and poor outcomes in cancer [106].
Accessory proteins that modulate the spatiotemporal activity of PAK1 thus represent important
therapeutic targets [106].
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Positive regulators of PAK1 include scaffolds such as aPIX and BPIX, which interact with its
proline-rich domain and guide localization to focal adhesions [197]. In complex with GIT1 and
GIT2, these proteins stabilize PAK1 and promote cytoskeletal signaling [198]. CKIP1 enhances
Ser223 phosphorylation in a PI3K-dependent manner, increasing kinase activity and promoting
actin remodeling [199]. Adaptor proteins such as GRB2 and NCK1 connect PAK1 to RTKs and
active RAC1/CDC42, facilitating migration and adhesion remodeling [200, 201]. Paxllin
coordinates PAK1 with GIT1 and PIX in focal adhesion complexes [202], while RIT1 binds PAK1’s
CRIB domain, stabilizing interactions with RAC1 and CDC42 and promoting actin-driven motility
[40] (Figure 8B).

Negative regulation is equally crucial to prevent aberrant signaling. CRIPAK binds PAK1’s
autoinhibitory domain, stabilizing its inactive state and blocking upstream activation [203]. Merlin
inhibits PAK1 recruitment to focal adhesions and interferes with RAC1 and paxillin binding [204].
Nischarin binds the PAK1 kinase domain, suppressing downstream effectors such as LIMK [205].
Other inhibitory modulators, including PAK1IP1 and SKIP, act through distinct interference
mechanisms to restrain PAK1 signaling [106, 206, 207] (Figure 8B).

In cancer, PAK1 hyperactivation promotes tumor invasiveness and therapeutic resistance [106].
Targeting accessory proteins offers a strategy to modulate PAK1 activity while preserving its
physiological roles. Inhibiting GRB2, NCK1, or paxillin may limit PAK1 localization, while stabilizing
its interactions with CRIPAK or Merlin could suppress hyperactivation [106]. Small molecules such
as AX-024, which block NCK1-PAK1 interactions, exemplify this strategy [208]. Additionally,
IncRNAs like H19 and MALAT1 regulate PAK1 pathways and represent emerging therapeutic
targets [170, 209].

Further research is needed to clarify the dynamic regulation of PAK1 by accessory proteins.
Advancing targeted approaches may enable the development of precise therapies that restore
balance in PAK1-dependent pathways, minimizing off-target effects and improving outcomes in
PAK1-driven diseases [1006].

1.2.2.2 IQGAPI1: A Versatile Scaffolding Protein

IQGAP1 is a multifunctional scaffolding protein that integrates diverse signaling pathways to
regulate cytoskeletal organization, cell adhesion, and intracellular communication. Identified in
1994, IQGAP1 is widely expressed and structurally resembles RASGAPs but lacks intrinsic GAP
activity. Instead, it binds and stabilizes RAC1 and CDC42 in their active GTP-bound states,
thereby facilitating actin cytoskeletal remodeling, cell-cell adhesion, and signaling cascades,
including the MAPK pathway [100].

IQGAP1 contains multiple domains critical for its regulatory roles. The calponin homology domain
(CHD) binds F-actin, while the RasGAP-related domain (GRD) interacts with RAC1 and CDC42.
This interaction is reinforced by the RASGAP C-terminal (RGCT) domain and further stabilized by
the very C-terminal (CT) domain. Unlike classical GAPs that promote GTP hydrolysis and
inactivation of small GTPases, IQGAP1 functions as a scaffold that maintains RAC1 and CDC42
in their active conformations, enhancing downstream signaling [210].

In cell adhesion, IQGAP1 localizes to junctional complexes where it modulates E-cadherin-
mediated adhesion through interactions with 3-catenin. This regulation is GTPase-dependent.
When RAC1 and CDC42 are active, they inhibit IQGAP1-B-catenin binding, stabilizing adhesion.
When inactive, IQGAP1 binds B-catenin, disrupting a-catenin interactions and weakening
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adhesion, thereby promoting cell migration [210, 211]. This dual mechanism contributes to EMT
and tumor cell invasion [212].

IQGAP1 is also essential for cytoskeletal remodeling. It crosslinks actin filaments and coordinates
regulators such as N-WASP and Diaphanous-related formins to promote directional cell
movement. At the leading edge of migrating cells, IQGAP1 connects actin and microtubule
networks, ensuring coordinated cytoskeletal rearrangement [210, 213].

Beyond cytoskeletal regulation, IQGAP1 is a key component of the RAS-MAPK and Wnt/B-
catenin pathways [185, 212]. It facilitates MAPK signaling by interacting with MEK and ERK,
enhancing signal transduction in response to growth factors (Figure 8A). In Wnt signaling, IQGAP1
modulates B-catenin nuclear translocation and transcriptional activity, contributing to proliferation,
differentiation, and oncogenesis [185, 210, 212].

Recent findings propose a multi-step mechanism for IQGAP1’s interaction with RAC1 and CDC42.
The RGCT domain initially binds the switch regions of GTP-bound GTPases, followed by GRD-
mediated stabilization through adjacent residues, and further association via the CT domain.
Interestingly, CDC42 binding promotes IQGAP1 dimerization and actin crosslinking, whereas
RAC1 may interact through a distinct mechanism [86].

IQGAP1 is frequently overexpressed in various cancers, including glioblastoma, breast, colorectal,
and gastric cancers, where it enhances proliferation, migration, and invasion [210]. High IQGAP1
expression correlates with aggressive tumor phenotypes, particularly in glioblastoma, breast,
colorectal, and gastric cancers [214]. Functional studies show that silencing IQGAP1 reduces
invasiveness, while overexpression enhances malignancy. IQGAP1 also contributes to
invadopodia formation and extracellular matrix degradation, promoting metastasis [215]. Its
interaction with RAC1/CDC42, the exocyst complex, and MT1-MMP trafficking underscores its
role in cancer propagation [210, 216].

Overall, IQGAP1 serves as a central scaffolding protein coordinating cytoskeletal dynamics,
adhesion, and signal transduction. Its interactions with RAC1 and CDC42 are fundamental to its
role in cell migration and invasion. Through its integration into MAPK and Wnt signaling pathways,
IQGAP1 contributes to tumor progression and represents a compelling target for therapeutic
intervention [100, 210].

1.2.2.3 LZTRI1: A Negative Modulator of the RAS-MAPK Signaling Pathway

Leucine zipper-like transcription regulator 1 (LZTR1) is a key modulator of the RAS—-MAPK
signaling pathway. It functions as a substrate-specific adaptor of the CUL3 (Cullin 3) E3 ubiquitin
ligase complex and promotes the ubiquitination and degradation of RAS proteins, including KRAS,
NRAS, HRAS, RIT1, and MRAS [217]. Through this regulatory mechanism, LZTR1 maintains
balanced RAS signaling. Loss-of-function mutations in LZTR1 impair its ability to promote RAS
turnover, resulting in RAS accumulation and sustained MAPK activation, which contributes to
developmental disorders and malignancies [41, 218] (Figure 2B).

LZTR1 contains six N-terminal Kelch repeats responsible for substrate recognition and two C-
terminal BTB-BACK domains required for dimerization and CUL3 interaction. Unlike other BTB-
Kelch proteins, LZTR1 localizes to the Golgi complex, indicating potential roles in intracellular
trafficking. Recent studies show that LZTR1 mediates MRAS degradation through non-
proteasomal mechanisms, while RIT1 is degraded via both LZTR1-dependent and independent
pathways [41, 218, 219].
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Mutations in LZTR1 have been implicated in Noonan syndrome (NS), glioblastoma (GBM), chronic
myeloid leukemia (CML), and schwannomatosis [217]. n NS, dominant mutations within the Kelch
domains hinder substrate recognition, leading to hyperactivation of MAPK signaling. A
homozygous L580P mutation in LZTR1 has been identified as a causative variant in early-onset
hypertrophic cardiomyopathy. This mutation disrupts dimerization, induces linear polymerization
of the protein, and results in accumulation of RAS GTPases [218]. In GBM, loss of LZTR1 prevents
degradation of RIT1, contributing to tumor growth. In CML, LZTR1 inactivation is associated with
MAPK hyperactivation and resistance to tyrosine kinase inhibitors [217]. Mutations linked to
schwannomatosis are distributed more broadly across the protein and affect both substrate
binding and interaction with CUL3 [217, 219].

Given its central role in negatively regulating RAS—-MAPK signaling, LZTR1 represents a
promising therapeutic target. Strategies aimed at restoring its function, stabilizing its interaction
with CUL3, or suppressing downstream effectors may provide new treatment options for
RASopathies and RAS-driven cancers [217]. Understanding the effects of specific pathogenic
variants, such as L580P, is essential for advancing precision medicine approaches. Emerging
technologies, including CRISPR-based therapies, offer potential for correcting LZTR1-associated
disease phenotypes [218].
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2 Aims and Objectives

This thesis primarily aims to elucidate the molecular mechanisms that regulate small GTPases of
the RAS superfamily, including the RAS, RHO, and ARF families. These proteins act as molecular
switches that control critical cellular processes, such as proliferation, migration, differentiation, and
intracellular transport. Dysregulation of these proteins has been associated with various
pathological conditions, including cancer, developmental disorders, and infections. This work
integrates detailed biochemical characterization with cellular and interaction analyses to deepen
our understanding of small GTPase regulation and identify novel modulators and interaction
partners with therapeutic potential. A key objective is to define the oncogenic behavior of the
melanoma-associated RAC1 P29S hotspot mutation. Through biochemical assays, effector
binding studies, and regulatory profiling, this study aims to clarify how the mutation drives
constitutive signaling and malignancy by elucidating its underlying molecular mechanisms. These
insights will provide a mechanistic basis for developing targeted therapies. Another objective is to
characterize the non-classical ARF-like GTPase TITANS (TTN5) in Arabidopsis thaliana. The
study explores TTN5’s atypical kinetic properties, membrane localization, and role in vesicular
trafficking. This highlights the evolutionary adaptation of small GTPase functions in plants and
their potential relevance to plant development and productivity. This thesis further investigates the
regulatory and biochemical features of RIT GTPases. These are structurally canonical, yet
functionally distinct, RAS-family members. Through the assessment of nucleotide exchange and
hydrolysis rates, effector binding, and membrane interactions, the study aims to clarify the unique
signaling roles of RIT GTPases in cancer and RASopathies while identifying candidate regulatory
factors for further investigation. Additionally, the research explores the reciprocal regulation of
RAS and RHO signaling in hepatic stellate cells to understand how specific GTPase members,
including ERAS, RND3, MRAS, and RHOC, control the transition between quiescent and activated
states. This analysis advances our understanding of liver fibrosis and opens opportunities for the
therapeutic modulation of fibrogenic signaling. A key objective is to expand the current
understanding of small GTPase regulation by investigating noncanonical modulators.
Experimentally, the study assesses the influence of accessory proteins, such as IQGAP1,
galectin-3, PDES, SHOC2, and NPM1, on KRAS-driven signaling and downstream pathway
engagement. Concurrently, systematic literature-based reviews identify and classify long
noncoding RNAs (IncRNAs) associated with KRAS and RHOA signaling and accessory
modulators of PAK1. These reviews emphasize the roles of these modulators in spatial, temporal,
and post-transcriptional regulation. This thesis investigates the pathogenic LZTR1 L580P mutation
and its impact on RIT1 and MRAS degradation via the CUL3-LZTR1 complex. The study aims to
clarify how LZTR1 polymerization impairs proteasomal targeting, leading to MAPK hyperactivation
in Noonan syndrome-related cardiac pathology. This hypothesis is validated using patient-derived
cardiomyocyte models. Lastly, the study examines the effect of the Chlamydia pneumoniae
effector SemD as a structural and functional mimic of human CDC42. By analyzing SemD's
selective activation of N-WASP and its interactions with host membrane-remodeling machinery,
this research highlights a sophisticated pathogenic strategy and reveals novel intervention points
in bacterial infection. Together, these objectives address conserved and context-specific
principles of small GTPase signaling, providing an integrated framework for understanding their
regulation and functional diversity across biological systems.
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Abstract

The RAC1"2% hotspot mutation, prevalent in melanoma, drives tumorigenesis by enhancing
molecular interactions and hyperactivating key signaling pathways, making it a compelling
target for cancer therapy. This study provides a comprehensive biochemical characterizaticn
of RAC1P?°% compared to wild-type RAC1 and mutations T17N and F28L. The P29S mutation
significantly impairs nucleotide binding to guanosine triphosphate (GTP) and guanosine
diphosphate, accelerating intrinsic nucleotide exchange. While minimally affecting regulation
by guanosine dissociation inhibitor 1, RAC1F?%S exhibits reduced activation via diffuse B-cell
lymphoma family guanine nuclectide exchange factors but retains effective activation by
dedicator of cytokinesis 2. Critically, the P29S mutation severely impairs GTPase-activating
protein-stimulated GTP hydrolysis, most likely contributing to RAC1P?%° hyperactivation by
prolonging its GTP-bound form. RAC1F?%S displays a stronger binding affinity for 1Q motif-
containing GTPase-activating protein 1 than for p21-activated kinase 1, highlighting the role of
the former in scaffolding RAC1P?5.driven signaling. In serum-starved cells, RAC1P2%
predominantly adopts an active GTP-bound state. RAC1P2°% overexpression activates key
cancer-associated pathways, including extracellular signal-regulated kinase and p38 mitogen-
activated protein kinase, reinforcing its role as an oncogenic driver in melanoma. These
insights suggest potential therapeutic targets for melanoma treatment, including RAC1
regulators and modulators.

Keywords: Small GTPases, RAC1, P29S mutation, oncogene, gain of function, melanoma,
drug resistance, DOCK2, pS0GAP, IQGAP1
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Graphical abstract. A model of RAC17?° activation and signaling in cancer cells. RAC1P2%%
remains in an inactive GDP-bound state in the cytoplasm where GDI1 prevents its membrane
association. Upon stimulation, GEFs, primarily DOCK2, activate RAC17?%S by promoting GDP-
GTP exchange, facilitating its transition to the active GTP-bound state and initiating
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downstream signaling. RAC1P2%® binds preferentially to IQGAP1 over PAK1, reflecting a shift
in effector interactions. IQGAP1 acts as a scaffolding protein, spatially modulating RAC1P2%¢-
driven signaling and amplifying its effects. Under normal conditions, GAPs such as p5S0GAP
regulate RAC1 by accelerating GTP hydrolysis, thereby maintaining its dynamic activation
cycle. However, the P29S mutation severely impairs p50GAP-mediated hydrolysis, leading to
accumulation of RAC1P#% in its GTP-bound state and loss of temporal regulation. This
persistent activation hyperactivates downstream effectors and promotes cancer-associated
pathways, including ERK and p38 MAPK, which drive cell growth, survival, invasion and
metastasis.

Introduction

As a key member of the RHO guanosine triphosphatase (GTPase) family, RAC1 functions as
a molecular switch, cycling between an inactive guanosine diphosphate (GDP)-bound form
and an active guanosine triphosphate (GTP)-bound form (1). This switch relies on two essential
processes—GDP/GTP exchange and GTP hydrolysis—which induce structural changes in the
switch | (amino acids 29—42) and switch Il (amino acids 62-68) regions (2). These functions
are regulated by guanine nucleotide exchange factors (GEFs) and GTPase-activating proteins
(GAPs) (3-5). The RHO GEF family includes the structurally distinct dedicator of cytokinesis
(DOCK) and diffuse B-cell lymphoma (DBL) subfamilies (1, 6, 7). In addition, guanine
nucleotide dissociation inhibitors (GDIs) selectively bind geranylgeranylated RAC1, controlling
its membrane localization (8).

RAC1 and its isoform RAC1B (9) and paralogs RAC2 and RAC3 (10) activate diverse signaling
pathways through direct interaction with effector proteins (1). These interactions regulate
essential cellular processes, including motility, oxidative stress, and inflammation (11). GTP-
bound RAC1 binds effectors, activating kinases like p21-activated kinase 1 (PAK1) and
scaffolding proteins like IQ motif-containing GTPase-activating protein 1 (IQGAP1) (1).
Dysregulation (12, 13) or gain-of-function mutations in RAC genes (14, 15) can hyperactivate
RAC signaling, altering cellular responses and contributing to cancer. This dysregulation
contributes to various pathological conditions, including cancer (16) , and other pathological
conditions, including metabolic, neurodegenerative, cardiovascular, inflammatory, and
infectious diseases (11).

The proline 29 to serine (P29S) mutation in RAC1 is the third most common hotspot mutation
in melanoma, following BRAF VB00E and NRAS Q61R (17). Despite its prevalence, the
regulatory functions driving RAC172* pro-tumorigenic effects remain poorly understood (18).
Functional studies show that RAC12%S enhances effector binding, including PAK1 and mixed
lineage kinase 3 (MLK3), promoting melanocyte proliferation and migration (19, 20).
Additionally, RAC1P?*S inhibits invadopodia function (21), abolishes haptotaxis (22), drives
dedifferentiation in melanoma, contributes to BRAF inhibitor resistance (23-25), and facilitates
immune evasion via programmed death-ligand 1 (PD-L1) upregulation through the RAC1P2%-
PAK1 axis (17). This immune evasion is mediated by the RAC1F?3-PAK1 axis, which promotes
the G2/M cell cycle transition through phosphorylation of Aurora kinase A and polo-like kinase
1 (PLK1) (26) and inactivates neurofibromin 2 (NF2)/Merlin, promoting proliferation,
metastasis, and drug resistance (27). Furthermore, while BRAFYS9%€ suppresses cell migration,
extracellular signal-regulated kinase (ERK) pathway inhibition accelerates migration and
invasion in BRAFY®E. and mutant RAS-driven tumors (28). Although RAC1 is a critical
therapeutic target in melanoma, its undruggable nature poses a significant challenge for
targeting RAC 17295 (11, 29-35),

Initial studies using radiolabeled nucleotide filter binding assays or thin-layer chromatography
compared the basal GDP/GTP exchange and GTP hydrolysis of RAC172%S with RAC1WT. Davis
et al. reported increased GTP dissociation for RAC1P2°S (36), while Kawazu et al. observed
increased GDP dissociation but not GTP dissociation (37). Both studies concluded that GTP
hydrolysis remained unchanged. However, these and other overexpression studies alone
cannot classify RAC1P?*® as spontaneously activating, self-activating, fast cycling,
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constitutively active, or oncogenic (Box 1) (20, 21, 36, 38, 39). Some of these classifications
are derived from assumptions about the phenylalanine 28 to leucine (F28L) mutant of RACA.
Although RAC1F2L js not extensively studied, it is described as a fast-cycling mutant,
analogous to CDC42F%- capable of spontaneous nucleotide exchange without GEF activation
while retaining full GTPase activity (40). Another widely studied mutant, threonine 17 to
aspargine (T17N), is a dominant negative mutant with T17 in the phosphate-binding loop (P-
loop), a region critical for nucleotide binding, while F28 and P29 reside at the N-terminus of
switch |. The P-loop and switch | are essential for RAC1 nucleotide binding and hydrolysis (1).
Biophysical and biochemical studies, supported by molecular dynamics simulations, indicate
that the P29S mutation increases switch | flexibility, adopting an open conformation that
facilitates rapid GDP/GTP exchange in RAC1 (20, 36, 41, 42).

This study comprehensively characterizes RAC1P¥*® at three levels: intrinsic properties,
regulation, and effector interaction. At the intrinsic level, we analyzed its nucleotide exchange,
GTP hydrolysis, and binding affinities for GDP and GTP. Studies on regulatory mechanisms
examined its interaction with DBL and DOCK family GEFs, p50 Rho GTPase-activating protein
(p50GAP)-mediated GTP hydrolysis, and GDI1-mediated regulation. Effector interactions
focused on key proteins, including PAK1, a kinase, and IQGAP1, a scaffolding protein
modulating RAC1 signaling. Active GTPase pull-down experiments under serum-stimulated
and serum-starved conditions provided further insights into the GTP-bound state of RAC1F2%8
in cells. Comparative analyses with RAC1"T, RAC1™™, and RAC17%" revealed distinct
properties of RAC1P28 including a fast intrinsic nucleotide exchange rate, DOCK2-mediated
exchange facilitation, and severely impaired p50GAP-stimulated GTP hydrolysis. These
biochemical and functional differences result in hyperactivation and preferential signaling
through IQGAP1 rather than PAK1. Taken together, these findings highlight potential
therapeutic targets in melanoma, including DOCK2, pS0GAP, and IQGAP1.

Material and Methods

Constructs. Human RAC1 wild-type (RAC1WT; accession no. P63000) and its mutants T17N,
F28L, and P29S were expressed as N-terminal glutathione S-transferase (GST)-tagged fusion
proteins using pGEX vectors (pGEX-2T and pGEX-4T-1). The same system was used to
express regulators and effectors, including full-length GDI1, the Dbl homology-pleckstrin
homology (DH-PH) tandem domains of T-lymphoma invasion and metastasis-inducing protein
1 (TIAM1), vav guanine nucleotide exchange factor 2 (VAV2), son of sevenless homolog 1
(SOS1), and phosphatidylinositol-3,4,5-trisphosphate-dependent Rac exchanger 1 (PREX1);
the GAP domain of p50GAP; the C-terminal 784-amino acid region of IQGAP1; and the RAC1
binding domain (RBD) of PAK1. Additional constructs included His-tagged IQGAP1 (pET-23b+
vector) and His6-small ubiquitin-like modifier (SUMO)-tagged DOCK2 Dock homology region
2 (DHR2) domain (pOPINS vector). RAC1 constructs with N-terminal tandem decahistidine
triple-flag tags were cloned into the pcDNA-3.1 vector for eukaryotic expression. Detailed
deconstructs description including accession numbers and amino acid sequences, are
available in the Supplementary information.

Proteins. All proteins were purified as described previously (3, 5, 9, 10, 43). Briefly,
Escherichia coli strains were transformed for protein expression, lysed, and subjected to
affinity purification using GST or His tags. GST tags were cleaved when necessary, and
proteins were buffer-exchanged into optimized storage buffers. Purity was confirmed by SDS-
PAGE and Coomassie staining (Supplementary Fig. S1), which shows the purified proteins
used in this study. Proteins were stored at -80 °C. Detailed procedures are available in the
Supplementary Materials.

Preparation of nucleotide-free and fluorescent nucleotide-bound GTPases. As previously
described, nucleotide-free GTPases were prepared through sequential treatment with alkaline
phosphatase and snake venom phosphodiesterase (44, 45). Fluorescent GDP- and GppNHp-
bound GTPases were generated by incubating nucleotide-free proteins with mant-labeled
nucleotides (mdGDP and mGppNHp). Protein concentrations were quantified by HPLC using
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NAP-5 buffer exchange columns. Samples were stored at —80 °C. Detailed procedures are
provided in the Supplementary Materials.

Fluorescence kinetic measurements. Fluorescence-based kinetic measurements for long-
term and rapid reactions were performed using a Horiba Fluoromax-4 fluorimeter and a
stopped-flow spectrophotometer (Applied Photophysics S$X20), as described (43-46).
Excitation and emission wavelengths were set according to the fluorophore-specific properties
of mant- and tamra-labeled nucleotides. Detailed experimental conditions are provided in the
Supplementary Materials.

Nucleotide-binding assay. The nucleotide-binding properties of RAC1 GTPases were
assessed by stopped-flow fluorimetry, as described (47). Nucleotide association and
dissociation rates were measured using fluorescent nucleotides (mdGDP and mGppNHp) and
varying RAC1 concentrations. Association (kon) and dissociation (ko) rate constants were
determined, and equilibrium dissociation constants (Kg) were calculated as described in Box
2. Detailed procedures are provided in the Supplementary Materials.

GEF-catalyzed nucleotide dissociation assay. The GEF-catalyzed nucleotide exchange
reaction was monitored by stopped-flow fluorimetry, as described (45). Reactions were
performed with mGDP-bound RAC1 and excess non-fluorescent nucleotide in the presence of
GEFs from the DBL and DOCK families. Observed rate constants were analyzed using a
single-exponential model in Origin software. Detailed procedures are provided in the
Supplementary Materials.

Intrinsic and GAP-stimulated GTP-hydrolysis assays. The intrinsic GTP hydrolysis rate of
RAC1 proteins was determined by high-performance liquid chromatography (HPLC), as
described (45). Reactions were performed with nucleotide-free RAC1 and GTP in buffer C at
25 °C, and catalytic rate constants (kca) were calculated using Origin software. GAP-stimulated
hydrolysis rates were measured by stopped-flow fluorimetry using tamra-GTP, as described
(48). Detailed procedures are provided in the Supplementary Materials.

Protein-protein interaction kinetics. The interaction of RAC1 with GST-GDI1, GST-PAK1
RBD, and His-IQGAP1 C794 was analyzed by stopped-flow fluorimetry to determine kon, Ko,
and Kg values, as described (43). Binding assays were performed using mdGDP- and
mGppNHp-bound RAC1 with varying protein concentrations, and rate constants were
calculated using linear regression and single-exponential fits. Detailed procedures are
provided in the Supplementary Materials.

Fluorescence polarization. Fluorescence polarization was used to determine the binding
affinity between RAC1 and effector proteins, as described (43). Assays were performed with
mGppNHp-bound RAC1 (1 uM) and titrated effectors in buffer containing 30 mM Tris-HCI (pH
7.5), 50 mM NaCl, 5 mM MgClz, and 3 mM DTT at 25 °C. K4 values were calculated by fitting
binding curves to a quadratic ligand binding equation. Detailed procedures are provided in the
Supplementary Materials.

Cell culture and transfection. HEK-293T cells were cultured under serum-stimulated and
serum-starved conditions in DMEM supplemented with 10% FBS and 1%
penicillin/streptomycin. RAC1 constructs with N-terminal 10 His-triple flag tags were
transfected using TurboFect™ (Thermo Fisher Scientific) according to the manufacturer's
protocol. Cells were harvested and lysed, and protein concentrations were measured using
the Bradford assay. Detailed protocols, including buffer compositions, are provided in the
supplementary information.

In vitro pull-down assays. Pull-down assays were conducted to assess RAC1 binding to
PAK1 RBD and IQGAP1 C794. GST-PAK1 RBD and His-IQGAP1 C794 were immobilized on
glutathione-agarose and His-Mag Sepharose Ni beads, respectively. RAC1 proteins were
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incubated with the beads, washed, eluted, and analyzed by SDS-PAGE followed by
immunoblotting. Detailed protocols are provided in the Supplementary Materials.

Active GTPase pull-down assay. A pull-down assay was performed to assess GTP-bound
active RAC1 levels in transiently transfected HEK-293T cells under serum-stimulated and
serum-starved conditions, as described (49). GST-PAK1 RBD- and GST-IQGAP1 C794-
coupled beads were prepared, incubated with lysates, washed, and analyzed by SDS-PAGE
and immunoblotting. Detailed protocols are provided in the Supplementary Materials.

Antibodies and Immunoblotting. Primary and secondary antibodies were diluted in TBST
with a blocking buffer. The antibodies included a-RAC1, a-6x-His, a-flag, a-y-tubulin, a-p-
ERK1/2, a-t+-ERK1/2, a-p-AKT, a-t-AKT, a-p-p38 MAPK, a-p38 MAPK, a-p-STAT1, a-STAT1,
a-GAPDH, and o-GST. Immunoblots were visualized using the Odyssey® XF Imaging System.
Detailed antibody lists and protocols are provided in the Supplementary Materials.

Statistical Analysis. Data in bar graphs represent mean + S.D., with replicate numbers
detailed in figure legends. Immunoblot intensities were quantified using Image Studio Lite 5.2.
For pull-down assays, data were normalized based on RAC1-to-effector ratios, and active
RAC1 levels were calculated as described in Fig. 4B. Downstream signaling data were
normalized to phosphorylated-to-total protein ratios and adjusted to GAPDH levels as a loading
control. Statistical significance was determined using one-way ANOVA followed by Tukey’s
test (*P =0.05, **P = 0.01, ***P = 0.001, ****P = 0.0001). Detailed normalization methods and
calculations are provided in the Supplementary Materials.

Results

P29S significantly impairs the nucleotide binding of RAC1. Two sets of real-time kinetic
measurements were performed to investigate the impact of the P29S mutation on nuclectide
binding affinity. The first measured the association of mdGDP and mGppNHp with nucleotide-
free (n.f.) RAC1 (Fig. 1A), while the second analyzed the dissociation of these nucleotides from
RAC1 (Fig. 1B). The fluorescent analog mdGDP was used as a substitute for GDP, and the
non-hydrolyzable mGppNHp replaced GTP. The RAC1 variants included WT, T17N, F28L,
and P29S.

Binding of nucleotides to n.f. RAC1 induced a rapid fluorescence increase, with kes values
rising proportionally with n.f. RAC1 concentrations (supplementary Fig. S2 and S3, left panels),
which depict the interaction of mdGDP and mGppNHp with RAC1 at increasing concentrations.
The kon values for mdGDP and mGppNHp binding were derived from linear fits of kobs values
across protein concentrations (supplementary Fig. S2 and S3, middle panels), where k_on
was determined by plotting observed rate constants from exponential fits of association data
against the corresponding RAC1 concentrations. A bar graph of kon values showed significant
differences in nuclecotide association among RAC1 variants (Fig. 1C). The P29S mutation
notably reduced the association of mdGDP and mGppNHp with RAC1 by 14-fold and 27-fold,
respectively, compared to RAC1WT,

A decrease in fluorescence was cbserved during nuclectide dissociation from RAC1 proteins
in the presence of excess free GDP (supplementary Fig. S2 and S3, right panels), which depict
the dissociation kinetics of mdGDP and mGppNHp from RAC1 proteins. The ko values,
derived from single exponential fits of the dissociation data, are shown as bar graphs (Fig. 1C).
RAC1P?% and RAC1728 exhibited intrinsic nucleotide dissociation rates 10- and 20-fold faster
than RACAMT, respectively. RAC1T'™ showed the fastest mdGDP dissociation rate, 410-fold
higher than RAC1"T, resulting in a significantly reduced K4 and a 1346-fold decrease in binding
affinity, highlighting its dominant-negative effect (see Box1 for Definitions). Additionally, due to
extremely rapid association and dissociation rates, mGppNHp kinetics for RAC1™T™ could not
be determined using stopped-flow fluorimetry (supplementary Fig. S3, lower panel), which
presents fluorescence spectrophotometry-based measurements confirming its rapid
nucleotide exchange properties.
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Nucleotide-binding affinity (K4) was calculated using kinetic parameters for dissociation and
association reactions. RAC1"T displayed tight binding affinities for mdGDP and mGppNHp,
with Kd values of 0.3 nM and 0.6 nM, respectively. These affinities were significantly reduced
for RAC1T'™, followed by RAC1P?S and RAC1F?® (Fig. 1C). Due to rapid kinetics, the
mGppNHp binding affinity for RAC17'™ could not be determined (supplementary Fig. S3, lower
panel), where fluorescence measurements demonstrated its inability to be analyzed via
standard stopped-flow techniques. RAC172*® showed markedly impaired nucleotide binding,
with 147-fold and 289-fold lower affinities for mdGDP and mGppNHp, respectively. These
findings suggest that RAC1P®5's impaired binding properties likely drive its accelerated
intrinsic nucleotide exchange, although further structural studies on its interactions with
regulators and effectors are needed to elucidate its aberrant behavior.

Only the T17N mutation significantly impairs GDI1 activity. We recently developed a
fluorescence-based method to monitor RAC1-GDI1 interactions (8). Our results showed that
GDI1 binding, essential for GDI-mediated membrane translocation, does not differentiate
between non-prenylated and prenylated RAC1. Real-time kinetic measurements evaluated the
association and dissociation kinetics of GDI1 with mdGDP-bound RAC1 (Fig. 2A, left panel,
supplementary Fig. S4), which presents the binding of RAC1 to GST-GDI1 across increasing
concentrations, followed by kinetic analysis. Corresponding rate constants are shown in Figure
2A, right panel. RAC178- and RAC17?% exhibited ken and ke values comparable to RAC1™T,
with slightly reduced GDI1 binding affinity for RAC172%_ In contrast, RAC1T'"N displayed a 439-
fold decrease in GDI association and an 18-fold reduction in dissociation, leading to a
significantly decreased binding affinity compared to RAC1WT,

RAC1P?®S js mainly activated by DOCK2 and not by DBL family GEFs. To assess GEF-
mediated nucleotide exchange, we evaluated mdGDP dissociation from RAC1WT, RAC1T'™,
RAC1F2L and RAC1P?°% in the presence of various RAC1-selective GEFs, including DBL
family members (TIAM1, VAV2, SOS1, PREX1) (3, 4) and DOCK family member DOCK2 (7,
50) (Fig. 2B, left panel; supplementary Fig. S5), which presents kinetic measurements of GEF-
catalyzed mdGDP dissociation from RAC1 proteins. Fluorescence decay curves were fitted to
a single exponential function to determine ko« values in the presence of each GEF. Substantial
GEF activity against RAC1"T was observed for the DH-PH domains of TIAM1, PREX1, and
VAV2, but not SOS1, consistent with prior reports (3). This lack of SOS1 activity extended to
RAC1 mutants. Our findings indicate that RAC1°2% has slow basal nucleotide exchange with
DBL proteins and is primarily activated by DOCK2. The DHR2 domain of DOCK2 exhibited 40-
fold greater activity than TIAM1 against RAC1%T and showed significant GEF activity for
RAC172% and other mutants (Fig. 2B). This evidence positions DOCK2 as the primary potential
activator of RAC17%% in cancer cells, particularly in melanoma.

The P29S mutation significantly impairs the GAP activity. GTP hydrolysis was evaluated
using HPLC for intrinsic hydrolysis and stopped-flow flucrimetry for GAP-stimulated hydrolysis
(Fig. 2C; supplementary Fig. S6), which presents measurements of both basal and GAP-
stimulated GTP hydrolysis of RAC1 proteins. Intrinsic hydrolysis was assessed by quantifying
relative GTP content via HPLC, while real-time hydrolysis in the presence of p50GAP was
analyzed using stopped-flow fluorescence. RAC1WT exhibited slow intrinsic GTP hydrolysis
(keat = 0.001 577), consistent across RAC1 mutants, including RAC1P%®S (Fig. 2C). In contrast,
RAC1P?S showed a dramatic reduction in GAP-stimulated hydrolysis, with ket dropping from
2.03 57" for RAC1WT to 0.0087 s™", a 233-fold decrease (Fig. 2C, right panel). T17N and F28L
mutations also reduced GAP activity but to a lesser extent (14.5-fold and 50-fold, respectively).
These results underscore the critical role of GAP in the temporal regulation of RAC1 activity,
with diminished pSOGAP activity prolonging RAC1P#*$'s GTP-bound state and enhancing its
signaling capacity.

RAC1P#*S shows a significantly stronger binding affinity to IQGAP1 compared to PAK1.
The diverse signaling activities of RAC1 in human cells and cancers are primarily mediated
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through its interactions with downstream effectors. To evaluate the impact of the P29S
mutation on effector binding under cell-free conditions, we examined its interaction with two
well-characterized RAC1 effectors: the RAC1 binding domain (RBD) of the serine/threonine
kinase PAK1, a key downstream kinase, and the C-terminal 794 amino acids (C794) of the
scaffolding protein IQGAP1, a critical accessory protein (9, 10, 51, 52).

The binding properties of RAC1 mutants to PAK1 RBD were assessed using a GST pull-down
assay (Fig. 3A), revealing differential binding compared to RAC1WT: weaker binding for
RAC1P#5 modestly stronger binding for RAC17?®-, and no binding for RAC1™™ (Fig. 3B, 3C;
supplementary Fig. S7A), which presents representative blots from the GST pull-down assay
showing RAC1-PAK1 interactions, with statistical analyses displayed in Figure 3C.
Fluorescence polarization further quantified these interactions, confirming no binding for
RAC1™™ a modest increase in affinity for RAC1F?8- and a 7.5-fold decrease in binding affinity
for RAC1P?*S relative to RAC1WT (Fig. 3D, 3E; supplementary Fig. S7B), which displays
dissociation constants (Kq) derived from titrations of RAC1 mutants with GST-PAK1 RBD. The
slightly enhanced affinity of RAC17- was attributed to its slower dissociation rate. Stopped-
flow fluorimetry revealed that RAC172%*® and RAC17% exhibited 10- and 40-fold slower
association rates, respectively, compared to RAC1WT, while RAC17% displayed a 66-fold and
34-fold slower dissociation rate compared to RACT"T and RAC172%, respectively (Fig. 3F, 3G;
supplementary Fig. S7C), which provides kinetic analyses of RAC1-PAK1 interactions,
including association and dissociation rate constants. Overall, the binding affinity to PAK1 RBD
increased slightly for RAC1F28- and decreased 5-fold for RAC172% compared to RAC1WT (Fig.
3G), consistent with the results of GST pull-down and fluorescence polarization assays (Fig.
3C, 3E).

The interaction of IQGAP1 C794 with RAC1 variants was assessed using a His-tag pull-down
assay (Fig. 3A). Binding progressively increased in the order of RAC1WT, RAC1T"™ RAC1F28,
and RAC1°2°8 (Fig. 3H; supplementary Fig. S8A), which presents representative blots from the
pull-down assay showing RAC1-IQGAP1 interactions, with statistical analyses displayed in
Figure 3l. This trend was confirmed by data from four independent pull-down experiments (Fig.
31). Stopped-flow experiments further corroborated these findings, revealing a gradual
increase in IQGAP1 binding affinity across the RAC1 variants in the same order (Fig. 3J;
Supplementary Fig. S8B), which provides kinetic analyses of RAC1-IQGAP1 interactions,
including association and dissociation rate constants. Notably, RAC172%® exhibited significantly
higher affinity for IQGAP1 C794 compared to PAK1 RBD, and IQGAP1 C794 bound more
tightly to RAC1™™ than to RAC1W', providing new insights into the differential binding
properties of RAC1 effectors.

RAC1P?8 js found in its GTP-bound state in serum-starved cells. To evaluate active RAC1
levels under serum stimulation and starvation, RAC1WT and mutants were overexpressed in
HEK-293T cells and pulled down in their GTP-bound states using GST-PAK1 RBD, GST-
IQGAP1 C794, and GST as a negative control (supplementary Fig. S9), which provides a
schematic representation of the pull-down assay used to determine the level of active, GTP-
bound RAC1 from HEK-293T cell lysates.

The results showed significantly stronger binding of GTP-bound RAC1 proteins to IQGAP1
C794 compared to PAK1 RBD under serum-stimulated conditions (Fig. 4A, upper panel).
RAC1P#S and RAC1F% displayed stronger binding to GST-PAK1 RBD, while RAC1T'™
exhibited minimal binding relative to RAC1WT In contrast, all RAC1 variants showed
significantly higher binding to GST-IQGAP1 C794. Under serum starvation, high levels of
RAC1P2%5.GTP were pulled down with GST-PAK1 RBD, corroborating in vitro findings and
indicating temporal accumulation of RAC17?*S in its GTP-bound state (Fig. 4A, lower panel).
Similarly, much higher levels of RAC1P2%5.GTP and RAC1™™.GTP were pulled down with
GST-IQGAP1 C794. These findings were reproduced in triplicate, with no interaction observed
for GST alone (supplementary Fig. S10), which presents western blot analyses of active
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GTPase pull-down assays quantifying GTP-bound RAC1 in HEK-293T cell lysates under both
serum-stimulated and serum-starved conditions.

Quantification of active, GTP-bound RAC1 levels was performed in three independent
experiments for each condition (n = 3; supplementary Fig. S10A and S10B), where separate
panels show pull-down results for GST-PAK1 RBD and GST-IQGAP1 C794 in both conditions.
Results are presented as bar graphs (Fig. 4B). Under serum stimulation, in set 1 analysis,
RAC172L and RAC1P2%¢ displayed stronger binding to PAK1 RBD compared to RAC1YT, which
showed baseline interaction, whereas RAC1™'™ demonstrated very weak binding, consistent
with its Ky values. In set 2, RAC1T'™ and RAC172%8 exhibited significantly stronger binding to
IQGAP1 C794 compared to RAC1WT, which showed baseline interaction, with RAC1F2L
demonstrating intermediate binding. Notably, RAC1™'™M exhibited binding levels to IQGAP1
C794 similar to RAC172%_ In set 3, all RAC1 variants bound more strongly to IQGAP1 C794
than PAK1 RBD, with RAC17?*¢ and RAC1™™ showing the highest binding levels.

Under serum starvation, set 4 showed that only RAC17?°% remained active and bound to PAK1
RBD, while RAC1WT RAC1™N, and RAC 178 showed no significant binding. In set 5, RAC1%T
completely lost activity, while RAC17'™ and RAC17%® remained active and strongly interacted
with IQGAP1 C794, although RAC1F28 activity was insufficient to achieve significance. In set
8, RAC1WT |ost all activity, failing to bind either PAK1 RBD or IQGAP1 C794. RAC1™'™ did not
bind PAK1 RBD but bound strongly to IQGAP1 C794, while RAC17- showed no significant
binding to either effector. RAC1P#S, however, is bound more strongly to IQGAP1 C794 than
to PAK1 RBD.

Sets 7 and 8 compared RAC1 activity between serum-stimulated and serum-starved
conditions. RAC1YWT lost all activity under serum starvation, failing to bind either effector.
RAC1™™ retained tight binding to IQGAP1 C794 under both conditions, though binding
strength decreased by 33.6% under starvation. RAC178L Jost 93-97% of its binding to PAK1
RBD and IQGAP1 C794, reflecting its fast-cycling nature. In contrast, RAC172% retained 59%
of its activity under serum starvation, binding strongly to PAK1 RBD and IQGAP1 C794,
highlighting its constitutive gain-of-function properties.

RAC1P#S geccumulates in its GTP-bound state in cells and hyperactivates cancer-related
signaling pathways. To investigate the impact of RAC1 variants on key signaling pathways,
HEK-293T cells were transiently transfected with constructs encoding Flag-tagged RAC1
variants. Western blot analysis revealed a significant increase in ERK1/2 phosphorylation (p-
ERK1/2) in cells overexpressing RAC1P2%5 (p < 0.001, ***) and RAC1T17N (p < 0.05, *) (Figure
5). This increase was consistently observed across triplicate experiments (supplementary Fig.
S11), which presents western blot analyses of phosphorylation levels of ERK1/2, AKT(S473),
AKT(T308), p38 MAPK, and STAT1 a/p in serum-stimulated HEK-293T cells overexpressing
RAC1 variants. The observed ERK hyperactivation aligns with its established role in promoting
tumor growth and proliferation. RAC1P*% also significantly elevated p38 MAPK
phosphorylation (p < 0.01, **) (Figure 5). Phosphorylation of AKT at serine 473 (S473), a target
of MTORCZ2, and STAT1 a/p phosphorylation were statistically significant (p < 0.05, *) but less
pronounced compared to ERK and p38 MAPK. AKT phosphorylation at threonine 308 (T308),
a PDK1 target, remained non-significant (n.s.).

Discussion

This study provides a detailed biochemical characterization of RAC172% in comparison to
RACIWT, RAC1™™ and RAC1™® (Fig. 6). Qur findings reveal that () RAC1P?®% exhibits
impaired nucleotide binding and accelerated intrinsic nucleotide exchange; (ii) its activation is
primarily mediated by DOCK2 rather than DBL family GEFs; (iiij GAP-stimulated GTP
hydrolysis is significantly impaired, enabling temporal accumulation of RAC1P2% in its GTP-
bound active state; (iv) RAC17?%S exhibits a stronger binding affinity for IQGAP1 compared to
PAK1, highlighting IQGAP1 as a spatial modulator of downstream activation; and (v) the
accumulation of GTP-bound RAC1P?*S |eads to hyperactivation of key cancer-associated
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signaling pathways, including ERK1/2, p38 MAPK. Taken together, these results classify
RAC1P?% as a constitutively active mutant and an oncogene (Box 1) that transduces upstream
signals to effectors such as IQGAP1, thereby driving processes such as proliferation, invasion,
and epithelial-mesenchymal transition (53, 54).

Our biochemical data confirm that the P29S mutation increases the intrinsic nucleotide
exchange rate, consistent with previous reports (36, 37). The slower GDP/GTP association
rate results in reduced nucleotide binding affinity despite accelerated exchange. Shimada et
al. demonstrated that RAC1P29S enhances GDP dissociation, favoring a GTP-bound state
that drives oncogenic activity (55). Similarly, Gursoy et al. used molecular dynamics to show
that this mutation increases switch | flexibility, facilitating rapid GDP/GTP exchange (20). Our
findings suggest that the elevated exchange rate and activation of RAC1P29S arise from
impaired nucleotide-binding affinity due to conformational changes induced by the P29S
substitution. However, the intrinsic exchange rate of RAC172% remains insufficient for many
cellular processes, emphasizing the importance of GEF-mediated exchange in its activation in
cancer cells.

RHO-specific GDIs regulate RHO GTPase dynamics by extracting them from membranes,
maintaining their inactive state, and preventing degradation through specific interactions (1).
Despite progress in understanding GDI-mediated shuttling, some mechanisms remain unclear.
We previously showed that GDI1 binds RAC1 regardless of its prenylation state (8). Our data
suggest that RAC1"""Nhas impaired GDI1 activity, with decreased binding affinity, which may
suggest persistent plasma membrane association. In contrast, RAC172%S shows only a slight
reduction in GDI1 affinity, indicating that GDI1 can still modulate its localization and
translocation.

RAC1P?* | like most oncogenes, requires repeated activation by RAC1-specific GEFs. Our
data demonstrate that RAC1 mutants exhibit minimal activation by DBL family GEFs, such as
TIAM1, PREX1, and VAV2, while DOCK2 significantly enhances the exchange rate for all
RAC1 variants, including P29S. This observation aligns with the distinct mechanistic roles of
the P-loop and switch | in RAC1, particularly in the functions of DBL and DOCK GEF families
(7, 41, 56, 57). However, further analysis is needed to fully understand RAC17?% activation in
cancer cells. Uruno et al. showed that DOCK1 inhibition suppresses cancer cell invasion and
macropinocytosis induced by RAC1P?® in melanoma and breast cancer cells (57). Notably,
DOCK2 is a potent RAC1 activator in cancers, including melanoma and chronic lymphocytic
leukemia (58-60), and regulates critical processes such as lymphocyte migration, T-cell
differentiation, cell-cell adhesion, and bone marrow heming of immune cells (61). Although
slight increases in TIAM1 activity were observed in our study, the TIAM1-RAC1 axis cannot be
entirely excluded from RAC1P?S activation in cancers, including melanoma (62).

RAC1™™ did not show increased GEF-mediated nucleotide exchange via DBL proteins,
consistent with its dominant-negative behavior. Overexpression of RAC1T'™ in HEK-293T cells
significantly increased ERK phosphorylation, though less than RAC172S. Cool et al. showed
that HRASP!'®N exhibits dose-dependent dominant-negative and constitutively active effects
by reducing nucleotide affinity, sequestering GEFs, binding GTP independently of GEFs, and
activating downstream pathways at high concentrations (63). Similarly, RAC17?*® signaling
may partially result from overexpression. RAC1728- shares a GEF activity profile similar to
RAC1P2S suggesting both mutations may similarly alter the RAC1 GEF-binding site. This
hypothesis requires further structural investigation.

Among the analyzed DBL proteins, SOS1 showed no activity. Other DBL proteins, such as
ABR, a-PIX, B-PIX, BCR, FGD4, and FGD8, contain pseudo-DH domains with functions yet to
be determined (3). These domains, defined as globular structures performing specific roles like
binding or catalysis independent of full-length protein context, may require posttranslational
modifications (64-66) or interactions with specific binding partners (67) to become active.
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RAC1 signaling is terminated by GTP hydrolysis to GDP, deactivating the protein (5). The
intrinsic GTP hydrolysis rate of RACIWT and its mutants is slow (~9,000 seconds),
necessitating GAPs to catalyze hydrolysis and reduce deactivation time to just a second (48).
Our findings confirm that RAC1P?°% retains a similar intrinsic hydrolysis rate to RAC1YT (38,
37). However, this study reveals for the first time that the P29S mutation severely impairs GAP-
mediated hydrolysis, with pS0GAP activity reducing the inactivation time of RAC1°**¢to ~1,000
seconds, a 233-fold decrease compared to RAC1YT,

Previous studies have classified RAC17?® as a spontaneously activating, self-activating, fast-
cycling mutant (19, 36, 37) or an oncogenic driver (68) due to its rapid nucleotide exchange
that maintains RAC1 in an active state (Box 1). due to its rapid nucleotide exchange that keeps
RAC1 active. Our findings align with the latter, highlighting the critical role of pS0GAP in
regulating RAC1P¥S activity. The severe impairment of GAP-stimulated GTP hydrolysis
supports its classification as a constitutive gain-of-function mutant and oncogene, driven by
defective GAP-mediated deactivation rather than just increased nucleotide exchange. This
disruption in temporal regulation leads to the accumulation of active RAC1F?S.GTP, as
confirmed by its persistence in the GTP-bound state under serum-starved conditions, where
most GTPases are typically inactive due to GAP sensitivity and lack of upstream GEF
activation. As supported by prior studies, the sustained activation of RAC17%%% |ikely drives
cancer-related processes, including proliferation, survival, invasion, metastasis, and therapy
resistance (19, 23-25, 27, 36, 69-71).

The diverse signaling activities of RAC1 are mediated through interactions with specific
effectors, which require RAC1 to adopt distinct conformations to function (1). RAC1 effectors
include kinases such as PAK1/2/3, MLK1, PI4P5Ks, and accessory proteins like IQGAP1/2,
IRSP53, AJUBA, p67phox, and CYFIP1/2 (1). This study examined the binding properties of
PAK1, a major kinase, and IQGAP1, a critical scaffolding protein. IQGAP1 is involved in
cytoskeletal reorganization processes, including polarity, adhesion, and migration (72, 73), and
links RAC1 to the actin cytoskeleton via filamentous actin binding (74). Previous studies
showed |QGAP1 interacts with RAC1 and CDC42 via switch regions and effector binding sites,
with slight differences in mechanisms (2, 43, 51, 52) . Malliri et al. demonstrated that IQGAP1
exhibits increased RAC1 binding specifically upon TIAM1 expression but not other DBL GEFs,
including PREX1 (75).

Our findings reveal that RAC172%S interacts significantly more strongly with IQGAP1 than with
PAK1, exhibiting a 30-fold higher binding affinity as measured by stopped-flow fluorimetry. This
enhanced interaction was corroborated by a statistically significant increase in RAC1°23.GTP
binding to IQGAP1 under both serum-stimulated and serum-starved conditions. In contrast,
the stronger binding of RAC17?°S to GST-PAK1 RBD observed in human cell lysates, compared
to in vitro pull-down assays using purified proteins, may be attributed to the presence of
accessory proteins, modulaters, and other cellular components that facilitate protein complex
formation in the native environment. These findings suggest that IQGAP1 is a key effector
downstream of RAC1P?®S acting as an activated scaffolding protein to modulate pathways
such as RAF/MEK/ERK (76-78). This underscores the pivotal role of scaffolding proteins,
particularly IQGAP1, as spatial modulators facilitating RAC172%-driven signaling and its
downstream effects.

Hyperactivation of signaling pathways downstream of RAC1P%® highlights its oncogenic
potential. Accumulated GTP-bound RAC1P2%8 robustly enhances ERK1/2 and p38 MAPK
phosphorylation, suggesting these pathways play significant roles in RAC1P?*S-driven
oncogenic transformation. ERK hyperactivation, a hallmark of uncontrolled tumor growth and
proliferation, promotes unregulated cell cycle progression. Concurrently, p38 MAPK
hyperactivation supports cellular adaptation to oxidative and inflammatory stress, contributing
to tumor progression, invasion, and therapeutic resistance. These findings highlight ERK and
p38 MAPK as important mediators of RAC1°2*S-driven oncogenic signaling, while
acknowledging additional pathways may also contribute. Phosphorylation of AKTS473,
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mediated by mTORC2, and STAT1 a/B, while statistically significant, was less pronounced and
may represent secondary or context-specific effects. Selective AKTS473 activation could
support cancer cell survival and metabolic adaptation, while STAT1 hyperactivation might
facilitate immune evasion and survival under inflammatory conditions. This study focused on
these pathways to illustrate GTP-bound RAC172%S hyperactivation and validate cell-free data
highlighting its constitutive activation. However, many other signaling events remain
unexplored, underscoring the need for future studies to fully elucidate RAC172%3-driven cancer
mechanisms.

Conclusion

This study highlights the oncogenic potential of RAC1P?%S by demonstrating its accumulation
in the GTP-bound state and the resulting hyperactivation of downstream signaling pathways
(Fig. 6). The P29S mutation significantly impairs nucleotide binding, leading to accelerated
intrinsic nucleotide exchange. It is primarily activated by DOCK2 and not by DBL family GEFs.
The hyperactivation of RAC1P?% is driven by severely impaired p50GAP-mediated GTP
hydrolysis, which serves as a temporal regulatory mechanism facilitating the accumulation of
GTP-bound RAC1P2%%. This accumulation enhances the activation of key cancer-associated
signaling pathways, including ERK and p38 MAPK. RAC1P¥S exhibits altered binding
characteristics that favor IQGAP1 as a critical scaffolding protein in the spatial modulation of
downstream signaling. These findings position RAC17?%¢ as a critical driver of tumorigenesis
and suggest that targeting its regulators (DOCK2, pS0GAP) and effectors (IQGAP1) may
provide promising therapeutic strategies for melanoma.
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AKT — Protein kinase B
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DBL - Diffuse B-cell lymphoma
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DHR2 - Dock homology region 2

DOCK - Dedicator of cytokinesis

ERK - Extracellular signal-regulated kinase

GAP — GTPase-activating protein

GDP - Guanosine diphosphate

GEF - Guanine nucleotide exchange factor

GDI — Guanine nucleotide dissociation inhibitor

GSH - Glutathione

GS8T - Glutathione S-transferase

GTP - Guanosine triphosphate

IQGAP1 — IQ motif-containing GTPase-activating protein 1
MAPK — Mitogen-activated protein kinase

MLK3 — Mixed lineage kinase 3

NRAS — Neuroblastoma RAS viral oncogene homolog
PAK1 — p21-activated kinase 1

pS0GAP — p50 Rho GTPase-activating protein

PD-L1 — Programmed death-ligand 1

PLK1 - Polo-like kinase 1

PREX1 - Phosphatidylinositol-3,4,5-trisphosphate-dependent Rac exchanger 1
RAC1 — Ras-related C3 botulinum toxin substrate 1

RBD — RAC1 binding domain

S0S1 - Son of sevenless homolog 1

STATS3 — Signal transducer and activator of transcription 3
SUMO - Small ubiguitin-like modifier

TIAM1 — T-lymphoma invasion and metastasis-inducing protein 1
VAV2 - Vav guanine nucleotide exchange factor 2
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Box 1
The terminologies of the mutations and their effects on the intracellular regulation and function
of small GTPases, using the example of RAC1:

»« Dominant negative mutations impair nucleotide binding affinity to the extent that
RAC1 forms a non-functional complex with its cognate GEFs in a nucleotide-free state.
A dominant negative RAC1 prevents the activation of wild-type RAC1 when both are
present in the same cell, leading to a loss of RAC1 activity and disruption of its
downstream signaling pathways.

« Spontaneous activation mutations affect the basal activities of RAC1, including
enhanced GDP/GTP exchange and reduced GTP hydrolysis. A spontaneously
activated RAC1 bypasses normal regulatory mechanisms (without typical regulatory
input from other cellular components) and initiates its function independently, leading
to unregulated signaling and potentially contributing to cellular dysfunction and disease.

« Self-activating mutations refer to the ability of RAC1 to autonomously initiate its
signaling functicn without requiring the usual activation by other cellular components
or regulatory proteins. A self-activating RAC1 spontaneously binds GTP and
hydrolyzes it to GDP without external regulatory input. This autonomous activation can
lead to uncontrolled signaling pathways, potentially contributing to cellular dysfunctions
and diseases such as cancer.

e Fast cycling mutations lead to the rapid turnover rates of the GDP/GTP exchange
and GTP hydrolysis of RAC1. A fast-cycling GTPase rapidly cycles between the
inactive, GDP-bound state and the active, GTP-bound state, allowing for quick and
dynamic regulation of cellular processes.

= Constitutively active mutations affect the GTP hydrolysis reaction of RAC1, resulting
in an increased proportion of its active, GTP-bound state, regardless of cellular
signaling cues. A constitutively active RAC1 continuously promotes downstream
signaling pathways, even when the cell is quiescent or upstream signaling is blocked.

+« Oncogenic mutations lead to overactivation/hyperactivation of RAC1 and drive
oncogenesis. The accumulation of oncogenic RAC1 in its GTP-bound state leads to
uncontrolled cellular activities that may contribute to the initiation and progression of
various types of cancer.
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Box 2
The definition of various kinetic and equilibrium constants in the context of protein-ligand or
protein-protein interactions are described as fallow:

» Observed rate constants: The observed rate constant (kews) reflects the overall rate
at which the interaction occurs, taking into account both the association of the proteins
or the protein and ligand, as well as any potential subsequent reactions such as
conformational changes or product formation. This is often used in cases where the
binding is not at equilibrium and may vary with the concentration of the interacting
partners.

» Association rate constant: The association rate constant (kon) measures the rate at
which a protein and a ligand or two proteins come together to interact with each other
and form a complex. It is defined as: koo = [PL] / [P][L], Where [PL] is the concentration
of the protein-ligand or protein-protein complex, and [P] and [L] are the concentration
of free protein and free ligand. A higher ko, indicates a faster rate of complex formation.

+ Dissociation rate constant: The dissociation rate constant (ko) quantifies how
quickly the protein-ligand or protein-protein complex dissociates back into the free
components. This constant It is important in determining the stability of the interaction;
a higher kor indicates a less stable complex. It can be measured experimentally by
monitoring the concentration of the complex or over time after dilution or removal of the
ligand.

o Catalytic rate constant: In the context of enzyme-ligand interactions, the catalytic rate
constant (Keat) refers to the maximum rate of product formation for an enzyme when it
is saturated with substrate. For protein-protein interactions, this term may not apply
unless there is a specific enzymatic function associated with the interaction, such as in
signaling complexes. This constant indicates how efficiently the enzyme catalyzes the
reaction after the binding event.

» Dissociation constants: The dissociation constant (Kq) is critical for understanding
the affinity between a protein and its ligand or between two interacting proteins. It is
defined as Kq = Korf / Kon. A lower Ky indicates a higher affinity between the protein and
its partner, meaning they bind more tightly. It is often used to assess the strength of the
interaction and is expressed in molar concentration units (M).

e Equilibrium dissociation constants: The equilibrium dissociation constant (eKa)
measures the affinity between a protein and a ligand or between two proteins in a more
complex or biochemical context. It represents the equilibrium state of a reversible
binding interaction and is defined as the ratio of the rate constants of dissociation and
association. This constant is particularly relevant when considering interactions that
occur in environments where factors such as concentration, binding site availability, or
the presence of other interacting partners may influence the overall binding dynamics.
In a binding reaction where a ligand (L) binds to a protein (P) to form a complex (PL),
It is given by the formula eKq = [R][L] / [RL]. A low eKas value indicates a high affinity
between the proteins and its ligand, meaning they bind tightly, while a high eKy value
indicates low affinity, meaning they bind weakly.
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Figure 1. Severe impairment of the GDP/GTP binding properties of RAC17?%S, The kinetics
of association (A) and dissociation (B) of fluorescent mdGDP and mGppNHp with RAC1
proteins were measured as illustrated. (C) Kinetic rate constants for association (k.n) and
dissociation (kor), as well as the dissociation constant (Kg), calculated from the Kefifkon ratio,
reveal substantial effects of the P29S mutation on the binding of mdGDP and mGppNHp to
RAC1. These effects differ markedly from those observed for the T17N and F28L substitutions.
This impaired binding may contribute to the accelerated intrinsic nucleotide exchange
observed in RAC1P?, All Kon, ko, and Kq values, presented as bar graphs, represent the
average of three to six measurements and are reported as means + SD.
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Figure 2. Effects of mutations on the regulation of RAC1 by GDI1, various GEFs, and
p5S0GAP. (A) Minimal effect of the P29S mutation on the RAC1-GDI1 interaction. The principle
behind the kinetic measurements of the association of GST-GDI1 with RAC1 proteins and its
dissociation is illustrated using a stopped-flow instrument. In these experiments, 0.1 pM
mdGDP-bound RAC1 was rapidly mixed with increasing concentrations of GST-GDI1 to
monitor the associaticn kinetics. Dissociation kinetics were measured by rapidly mixing a
complex of RAC1-mdGDP-GST-GDI1 with excess GDP-bound RAC1. Bar graphs from the
stopped-flow analysis depict the association rates (kon) and dissociation rates (ko) of the GDI1
interaction from/with RAC1 proteins, as well as the dissociation constant (Kg), calculated from
the kow'kon ratio. The analysis revealed a substantial reduction in GDI1 binding affinity for
RAC1™™ and a slight reduction for RAC1P2%5_ All kinetic data are based on the average of
three to six measurements and are presented as mean + SD. (B) Impairment of the catalyzed
nucleotide exchange of RAC1P2%° by DBL proteins but not by DOCK2. The mdGDP-to-GDP
exchange of RAC1 proteins was measured in the absence and presence of the DH-PH tandem
of various DBL family members (TIAM1, SOS1, PREX1, and VAV2) and the DHR2 domain of
DOCK2, a member of the DOCK family. The observed rate constants (kows), shown as bar
graphs, represent the average of three to six measurements and are displayed as means *
SD. (C) Severely impaired GAP-stimulated GTP hydrolysis reaction of RAC1F?°3. The basal
and pS0GAP-stimulated GTP hydrolysis reactions were measured using HPLC and stopped-
flow instruments, respectively. The determined catalytic rate constants (kcai), presented as bar
graphs, are based on duplicate measurements for HPLC data and three to six measurements
for stopped-flow data and are reported as means £ SD.
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Figure 3. Reduced binding affinity of RAC1°2° for PAK1 but increased for IQGAP1. (A)
GST and His pull-down assays were performed to evaluate the binding strength of RAC1
variants to GST-PAK1 RBD and His-IQGAP1 C794, respectively. For each reaction, 50 L of
beads were incubated with 400 yM RAC1 proteins and 400 uM GST-PAK1 RBD or His-
IQGAP1 C794. Input samples consisted of the protein mixtures before incubation, while output
samples were the eluted fractions. (B) Western blot analysis of RAC1-PAK1 pull-down (output)
was performed using anti-GST antibodies for GST-PAK1 and anti-RAC1 antibodies, with
molecular weights indicated in kilodaltons (kDa). The input represents total protein mixtures
before pull-down experiments. (C) Bar graphs quantify RAC1-PAK1 RBD interactions from 3
independent pull-down experiments analyzed using one-way ANOVA, with P values (* < 0.05;
** < 0.01; *** < 0.001; **** < 0.0001) and data expressed as means x* SD. (D) The principle
behind the flucrescence polarization measurements for the interaction between GST-PAK1
RBD and RAC1 proteins is illustrated. Accordingly, 1 UM mGppNHp-bound RAC1 was titrated
with increasing concentrations of GST-PAK1 RBD. (E) Bar graphs from fluorescence
polarization analysis represent the dissociation constants (Kq) for PAK1 RBD binding to RAC1
proteins, with “n.b.o” indicating no binding observed and data expressed as means + SD. (F)
The principle behind the kinetic measurements of GST-PAK1 RBD associaticn with and
dissociation from RAC1 proteins is shown using a stopped-flow instrument. In these
experiments, 0.1 pM mGppNHp-bound RAC1 was rapidly mixed with increasing
concentrations of GST-PAK1 RBD to monitor association kinetics. Dissociation kinetics were
measured by rapidly mixing a complex of RAC1-mGppNHp-GST-PAK1 RBD with excess
GppNHp-bound RAC1. (G) Bar graphs from the stopped-flow analysis display the evaluated
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association rates (kon), dissociation rates (ker), and dissociation constants (Kqy, calculated as
keri/kon) for the PAK1 RBD interaction with RAC1 proteins, with data presented as means + SD.
(H) Western blot analysis of RAC1-IQGAP1 pull-down (output) was performed using anti-His
antibodies for His-IQGAP1 and anti-RAC1 antibodies, with malecular weights indicated in
kilodaltons (kDa). The Input represents total protein mixtures before pull-down experiments.
(I) Bar graphs quantify RAC1-IQGAP1 C794 interactions from 4 independent pull-down
experiments analyzed using one-way ANOVA, with P values (* < 0.05; ** < 0.01; *** < 0.001;
**** < 0.0001), and data expressed as mean + SD. (J) Bar graphs from the stopped-flow
analysis depict the ko, and the ke values for the interaction between IQGAP1 C794 and RAC1
proteins, with Kq values calculated as the ratio of ko to kon @nd all kinetic data presented as
means + SD.
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Figure 4. RAC1P?®S accumulates in its active, GTP-bound state in HEK-293T cells under
serum-starved conditions. Active GTPase pull-down assays were performed to quantify
GTP-bound RAC1 proteins (Supplementary Fig. $9). Lysis solutions from E. colfi containing
GST-PAK1 RBD or GST-IQGAP1 C794 were incubated with prewashed glutathione agarose
beads to prepare bait-bound beads. Simultaneously, HEK-293T cells were transfected with
Flag-RAC1 constructs and cultured under either serum-stimulated or serum-starved conditions
for 24 hours. After harvesting, the cells were lysed, and the supernatants containing GTP-
bound Flag-RAC1 proteins were collected. Equal amounts of HEK cell lysates were incubated
with the bait-bound beads to facilitate protein-protein interactions. After three washes to
remove unbound proteins, active GTP-loaded Flag-RAC1 proteins bound to GST-PAK1 RBD
or GST-IQGAP1 C794 were eluted and analyzed by SDS-PAGE and Western blotting. (A)
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Western blots of active GTPase pull-down assays were probed with anti-Flag, anti-GST, and
anti-y-tubulin antibodies to detect GTP-bound Flag-RAC1, GST-PAK1 RBD or GST-IQGAP1
C794, and y-tubulin, respectively. Analyses were performed under serum-stimulated and
serum-starved conditions using GST-PAK1 RBD, GST-IQGAP1 C794, and GST as negative
controls. Molecular weights (in kDa) are indicated for each band corresponding to the target
proteins. The pull-down (PD) lanes show the output signal representing the amount of GTP-
bound Flag-RAC1 proteins captured by the bait-bound beads. GST-PAK1 RBD or GST-
IQGAP1 C794 bands reflect the amount of bait protein available for RAC1 binding. Total cell
lysate (TCL) lanes show Flag-RAC1 expression with y-tubulin as a loading control. The figure
consists of six Western blot panels: the first blot shows the levels of active RAC1YT, RAC1T'™,
RAC172: and RAC172%, with EV indicating the empty vector control. The upper panels show
the serum-stimulated condition with GST-PAK1 RBD as bait protein (left panel), GST-IQGAP1
C794 (middle panel), and GST (right panel). The lower panels show the amount of active RAC1
after 24 hours of serum starvation with GST-PAK1 RBD, GST-IQGAP1 C794, and GST from
left to right. (B) Bar graphs of normalized values from three independent experiments (n = 3),
analyzed by one-way ANOVA, were used to quantify active RAC1 proteins. P values are
indicated as follows: * < 0.05; ** < 0.01; *** < 0.001; **** < 0.0001, and ns = not significant.
Data are expressed as mean + SD, as detailed in Supplementary Figure 8 (A) and (B). Values
for RACTWT, RAC1™™ RAC1F8 and RAC1P? were compared and analyzed in eight
different sets: Set 1 [GST-PAK1 RBD (+serum)], Set 2 [(GST-IQGAP1 C794 (+serum)], Set 3
[(GST-PAK1 RBD (+serum)) vs. (GST-IQGAP1 C794 (+serum))], Set 4 [GST-PAK1 RBD (-
serum)], Set 5 [GST-IQGAP1 C794 (-serum)], Set 6 [(GST-PAK1 RBD (-serum)) vs (GST-
IQGAP1 C794 (-serum))], Set 7 [(GST-PAK1 RBD (+serum) vs (-serum))], and Set 8 [(GST-
IQGAP1 C794 (+serum) vs (-serum))], with the last two sets reporting the percentage of active
GTP-loaded RAC1 proteins remaining from serum-stimulated to serum-starved conditions.
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Figure 5. Accumulated GTP-bound RAC1P?S hyperactivates various cancer signaling
pathways. Immunoblot analysis was performed to evaluate the phosphorylation levels of
several kinases, associated with the hallmarks of oncogenic transformation. Serum-stimulated
HEK-293T cells transiently overexpressing Flag-tagged RAC1WT, RAC1™'™, RAC17® and
RAC1P?5  along with an empty vector (EV) control, were analyzed. The phosphorylation levels
of ERK1/2 and AKT (at T308 and S473) were evaluated first. Additionally, the phosphorylation
of p38 MAPK was examined as a marker of cellular adaptations that enhance survival under
oxidative or inflammatory stress. Finally, the phosphorylation levels of STAT1 a/f, a
transcription factor downstream of p38 that may promote immune evasion and support survival
under inflammatory conditions, were assessed. Phosphorylation levels were quantified by
calculating the ratio of phosphorylated target proteins to total proteins (e.g., p-ERK/t-ERK) and
normalizing them to GAPDH as a loading control. Flag tag detection confirmed the expression
of each RAC1 variant. Representative results were obtained from three independent
experiments (Supplementary Fig. S11), and statistical significance was determined using one-
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way ANOVA with P values (* P <0.05; ** P < 0.01; and *** P < 0.001; **** P < 0.0001). Data
are expressed as mean + SD.
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Figure 6. This schematic summarizes the findings of this study, which focuses on the
biochemical characterization of RAC1™'™, RAC17% and RAC1P?®* mutants in comparison to
RACT™T. The middle section of the figure includes key guides illustrating the strength of
GDP/GTP binding, impaired versus enhanced activity or binding to regulators and effectors,
and the distinction between the normal GDP/GTP cycle and cumulative activation. Compared
to RAC1WT, the RAC1F?%% mutant significantly impairs nuclectide binding and exhibits a rapid
intrinsic nucleotide exchange rate, while the RAC1™T"N mutant shows the most impaired
nuclectide binding overall. The P29S mutaticn has a minimal effect on RAC1-GDI1 interaction,
whereas the T17N mutation severely impairs GDI1 activity. The P29S mutation is
predominantly activated by DOCK2 rather than DBL family GEFs, with GEF-mediated
nuclectide exchange being impaired. A key finding of this study is that the P29S mutation
significantly impairs GAP-stimulated GTP hydrolysis of RAC1, providing a temporal
mechanism for the accumulation of RAC17%S in its GTP-bound active form and driving its
hyperactivation. While the T17N variant shows no binding affinity for PAK1, the P29S mutation
demonstrates a dual effect in vitro: reduced binding affinity for PAK1 but enhanced affinity for
IQGAP1. This highlights the pivotal role of accessory proteins, particularly IQGAP1, in driving
RAC1P2%.mediated downstream activation. The rightmost section of the figure provides a
detailed summary of the bicchemical properties of the RAC1 proteins analyzed in this study.
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Detailed Material and Methods

Constructs. Different pGEX vectors (pGEX-2-T and pGEX-4T-1), encoding an N-terminal
glutathione S-transferase (GST) fusion protein, were used to overexpress human RAC1 wild-
type (RAC1WT: accession number or acc. no. of P63000) and its mutants, including RAC1™'™,
RAC17L and RAC1P?S, in Escherichia coli. The same expression system was also used to
overexpress various regulators and effectors, including human guanosine dissociation inhibitor
1 (GDI1: acc. no. D13989), the Dbl homology-pleckstrin homology (DH-PH) tandem domains
of T-lymphoma invasion and metastasis-inducing protein 1 (TIAM1: acc. no. Q13009; amino
acids or aa 1033-1404), human vav guanine nucleotide exchange factor 2 (VAV2: acc. no.
P52735; aa 168-543), human son of sevenless homolog 1 (S0S1: acc. no. Q07889; aa 189—
551), and human phosphatidylinositol-3,4,5-trisphosphate-dependent Rac exchanger 1
(PREX1: acc. no. Q8TCUSB; aa 34-415), as well as the GTPase-activating protein (GAP)
domain of human p50GAP (acc. no. P85298; aa 198-439), the C-terminal part of human 1Q
motif-containing GTPase-activating protein 1 (IQGAP1: acc. no. P46940; C794,; aa 863-1657),
and the CDC42/RAC binding domains (RBD) of human p21-activated kinase 1 (PAK1: acc.
no. Q13153; RBD, aa 57-141). In addition, the pET-23b(+) vector was used to overexpress
human IQGAP1 (acc. no. P46940; C794; aa 863-1657) as a hexahistidine-tagged protein, and
the pOPINS vector was used to express the Dock homology region 2 (DHR2) domain of human
dedicator of cytokinesis 2 (DOCK2: acc. no. Q92608; aa 1211-1624) as an N-terminal His6-
small ubiquitin-like medifier (SUMO)-tagged protein (1). For eukaryotic expression, all RAC1
constructs with N-terminal tandem decahistidine triple-flag tags were cloned into the pcDNA-
3.1 vector.

Proteins. All proteins were purified according to previously described protocols (2-6). Briefly,
Escherichia coli strains, including pLysS BL21(DE3), CodonPlusRIL, and BL21(Rosetta) were
transformed to express the target proteins. For protein extraction, cells were incubated at 4 °C
with DNase | (10 pg/mL), lysozyme (2 pg/mL), 1% Triton X-100, and a protease inhibitor
cocktail (Roche) followed by sonication using a Branson Sonifier S-450A with a 3- to 19-mm
titanium probe. Bacterial lysates were centrifuged at 20,000 g for 30 minutes and filtered to
obtain soluble fractions. Tagged proteins were purified from the supernatant either as GST
fusion proteins using a glutathione-Sepharose column or as His-tagged proteins using Talon
cobalt affinity resin. If necessary, the GST tag was cleaved with thrombin (2 units/mg) overnight
at 4 °C, followed by a second round of affinity chromatography to remove residual tags. The
proteins were then concentrated and pooled after buffer exchange in a buffer containing 30
mM Tris-HCI or HEPES (adjusted to pH 1 unit above or below the isoelectric points of the
proteins), 150-250 mM NaCl, 5-10 mM MgClz, 3 mM DTT, and 0.1 mM GDP for GTPases.
Purified proteins were analyzed by SDS-PAGE and Coomassie staining (Supplementary Fig.
S1) and stored at -80 °C.

Preparation of nucleotide-free and fluorescent nucleotide-bound GTPases. The
preparation of nucleotide-free GTPase was performed in two steps, as described (7, 8). Free
and bound GDP was degraded using alkaline phosphatase coupled to agarose beads (0.1-1
U per mg of GTPases) in the presence of a 1.5 molar excess of Gpp(CHz)p, a non-hydrolyzable
GTP analog that is resistant to alkaline phosphatase but sensitive to phosphodiesterase. After
GDP was completely degraded and replaced by Gpp(CHz)p, snake venom phosphodiesterase
(0.002 U per mg of GTPases) was introduced to cleave the nucleotide into GMP, guanosine
(@), and inorganic phosphate (Pi). The progress of the reaction was monitored by HPLC using
a Beckman Gold instrument equipped with a C18 reversed-phase column and a buffer
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consisting of 100 mM potassium phosphate (pH 6.5), 10 mM tetrabutylammonium bromide,
and 7.5% acetonitrile. After complete degradation of Gpp(CH:)p, the sample was centrifuged
to remove the beads, snap frozen in liquid nitrogen, and immediately thawed to inactivate the
phosphodiesterase. The nuclectide-free GTPases were then aliquoted and stored at —-80 °C
for subsequent analyses. Fluorescent GDP-bound (inactive) and GppNHp-bound (active)
GTPases were prepared by incubating nucleotide-free proteins with a 1.2-fold molar excess of
fluorescently labeled nucleotides (methylanthraniloyl or mant-labeled nucleotides: mdGDP and
mGppNHp). mdGDP (methylanthraniloyl-2'-deoxy-guanosine 5-diphosphate) was used
instead of mGDP because of its simple monoexponential fluorescence signal, since mGDP
equilibrates between the two 2'- and 3-methylanthraniloyl isomers, resulting in a biphasic
fluorescence  signal. mGppNHp  (methylanthraniloyl guanosine  5'-[beta,gamma-
imido]triphosphate) is a non-hydrolyzable analog of GTP. Samples were passed through
prepacked NAP-5 columns to exchange the buffer with one free of unbound nucleotides. In
addition, GppNHp-bound GTPases were prepared by performing only the first step using
alkaline phosphatase and GppNHp, eliminating the need for phosphodiesterase. The
concentrations of the nucleotide-bound GTPases were quantified by HPLC under identical
buffer conditions, with 25% acetonitrile for the fluorescently labeled nucleotides. The proteins
were then stored at -80 °C. The nucleotides were purchased from Jena Bioscience Co.

Fluorescence kinetic measurements. Fluorescence-based kinetic measurements, including
both long-term and rapid reactions, were performed using a Horiba Fluoromax-4 fluorimeter
and a Hi-Tech Scientific stopped-flow spectrophotometer (Applied Photophysics SX20),
respectively, as described (6-9). Excitation wavelengths of 355 nm for mdGDP/mGppNHp and
546 nm for tetramethylrhodamine-labeled GTP (tamra-GTP: tGTP) were used for the stopped-
flow analysis. Fluorescence detection was facilitated by a photomultiplier equipped with cut-off
filters that allowed the detection of wavelengths above 408 nm for mdGDP/mGppNHp and
above 580 nm for tGTP. In addition, slow reactions were monitored using the Horiba fluorimeter
in combination with quartz cuvettes (Hellma), with an excitation wavelength of 355 nm and an
emission wavelength of 446 nm for mant labeled nucleotides.

Nucleotide-binding assay. The nucleotide-binding properties of the RAC1 GTPases were
assessed using a stopped-flow fluorimetry approach, as described (10). ucleotide association
was measured with 0.1 uM fluorescently labeled nucleotides, such as mdGDP and mGppNHp,
and varying concentrations of nucleotide-free RAC1 proteins (0.25-5 pM). Measurements
were conducted in a buffer containing 30 mM Tris-HCI, pH 7.5, 10 mM KH2PO4/K2HPQ4, 5 mM
MgClz, and 3 mM DTT, at 25 °C. The association rate constant (kon) was determined by
plotting the observed rate constants (kobs) against the concentration of nucleotide-free RAC1
and analyzing the slope via linear regression using Origin software. The dissociation rate
constant (koff) of the fluorescent nucleotide from RAC1 proteins (0.1 pM) was measured by
adding a 200-fold excess of the non-fluorescent nuclectide (20 pM). The affinity of RACA1
proteins for GDP and GppNHp was calculated by dividing koff by kon, yielding the equilibrium
dissociation constants (Kd), as defined in Box 2 of the main text.

GEF-catalyzed nucleotide dissociation assay. The rapid GEF-catalyzed nucleotide
exchange reaction was monitored by stopped-flow fluorimetry, as described (8). In this assay,
0.1 pM mGDP-bound RAC1 protein in syringe 1 was rapidly mixed with 200-fold excess of
non-fluorescent nuclectide (20 uM) and 10 pM of each GEF, including the DH-PH tandem
domains of several DBL family members (TIAM1, SOS1, PREX1, and VAV2) and the DHR2
domain of DOCK2, a member of the DOCK family, separately, in syringe 2. The reactions were
performed in a buffer containing 30 mM Tris-HCI, pH 7.5, 10 mM KH:PQO4/K:HPO4, 5 mM
MgClz, and 3 mM DTT, at 25 °C. The observed rate constants were determined by fitting the
data to a single-exponential model using Origin software.

Intrinsic and GAP-stimulated GTP-hydrolysis assays. The intrinsic GTP hydrolysis rate of
RAC1 proteins was determined by HPLC, a reliable method that has been successfully applied
to various GTPases, as noted by Eberth and Ahmadian (8). Briefly, the GTPase reaction was
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initiated by mixing 100 uM nucleotide-free RAC1 with 90 uM GTP in a GAP buffer containing
30 mM Tris-HCI (pH 7.5), 10 mM KH:PO4«#/K2HpO4, 10 mM MgCl, and 3 mM DTT at 25 °C.
Nucleotide contents were monitored by injecting 30 pL of the reaction mixture onto a reverse
phase column, with the total volume adjusted to allow for at least seven injections. The reaction
was stopped when no further changes in GTP content were observed. The relative GTP
content, determined as the ratio [GTP)/([GTP] + [GDP)), was plotted against time, and the data
were fitted to a single exponential function using Origin software to calculate the catalytic rate
constant (Keat) for GTP hydrolysis. GAP-stimulated GTP hydrolysis rates of different RAC1
proteins were determined by stopped-flow fluorimetry using Tamra-GTP, as described (11). A
1 UM solution of nuclectide-free RAC1 was rapidly mixed with 0.8 uM Tamra-GTP in syringe
1, while 1 uM of the catalytic domains of p50 RhoGAP was added in syringe 2, all in the GAP
buffer at 25 °C. After reaction initiation, real-time data were recorded and fitted to an
exponential function to calculate keat.

Protein-protein interaction kinetics. The interaction of RAC1 with GST-GDI1, GST-PAK1
RBD, and His-IQGAP1 C794 was analyzed by stopped-flow fluorimetry to determine kon, Kor,
and Kq values, where Kq was calculated by dividing ke by ken, as described (6). For the GDI-
binding assay, mdGDP-bound inactive RAC1 (0.1 uM) was incubated with varying
concentrations of GST-GDI1 (0.25-2 pM). kon values were determined by plotting kobs
versus GST-GDI1 concentrations and applying linear regression. koff values were measured
by monitoring the release of GST-GDI1 (0.1 uM) from mdGDP-bound RAC1 in the presence
of excess non-fluorescent GDP-bound RAC1 (10 uM) using a single-exponential fit. Similarly,
mGppNHp-bound active RAC1 (0.1 uM) was used to study interactions with GST-PAK1 RBD
and His-IQGAP1 C794. kon values were derived from kobs plots, and koff values were
determined in the presence of excess non-fluorescent GppNHp-bound RAC1 (10 puM).

Fluorescence polarization. Fluorescence polarization was used to determine the binding
affinity between RAC1 and various effector proteins in their three-dimensional state.
Experiments were performed using a Fluoromax 4 fluorimeter in polarization mode according
to a predefined protocol (6). Gradually increasing concentrations of different effectors were
titrated against mGppNHp-bound RAC1 proteins (1 uM) in a buffer containing 30 mM Tris-HCI
(pH 7.5), 50 mM NaCl, 5 mM MgClz, and 3 mM DTT. The total reaction volume was 200 pL,
and assays were performed at a constant temperature of 25 °C. Dissociation constants (Ka)
were determined by fitting the concentration-dependent binding curves to a quadratic ligand
binding equation.

Cell culture and transfection. HEK-293T cells were cultured in DMEM supplemented with
10% fetal bovine serum (FBS) and 1% penicillin/streptomycin to support optimal growth and
prevent contamination. For transfection, RAC1 constructs containing an N-terminal tandem 10
His-triple flag tag were introduced into the cells using TurboFect™ Transfection Reagent
(Thermo Fisher Scientific) according to the manufacturer’'s protocol. After transfection, cells
were harvested under both serum-stimulated and serum-starved conditions. Cell lysis was
performed using FISH buffer (50 mM Tris-HCI, pH 7.5; 100 mM NaCl; 2 mM MgClz; 20 mM B-
glycerophosphate; 1 mM NaszVOs; 10% glycerol; 1x protease inhibitor cocktail (Roche); and
1% IGEPAL (Thermo Fisher Scientific)). Lysis was performed on ice for 10 minutes, followed
by centrifugation at 20,000 g for 5 minutes to remove debris. The resulting clear supernatants
were used for subsequent analysis, and protein concentrations were determined using the
Bradford assay.

In vitro pull-down assays. Pull-down assays were performed to evaluate the ability and
strength of RAC1 proteins to bind to PAK1 RBD and IQGAP1 C794. According to the
manufacturer's protocols, these assays utilized GST-fused PAK1 RBD with glutathione
agarose beads (Macherey-Nagel) and His-IQGAP1 C794 and His Mag Sepharose Ni beads
(Cytiva). Briefly, 50 pL of beads per reaction were washed three times and equilibrated in an
ice-cold pull-down buffer consisting 50 mM Tris/HCI (pH 7.5), 150 mM NaCl, 10 mM MgCl, 3
mM DTT, and 5% glycerol. Equimolar ratios of RAC1 protein to GST-PAK1 RBD and His-
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IQGAP1 C794 were prepared in separate experiments, with small aliquots used as input
controls. The remaining mixtures were incubated with the respective beads for 30 minutes at
4°C under gentle rotation. After three washes with ice-cold buffer, the glutathione-agarose
beads were centrifuged at 700 g, while the His-Mag Sepharose Ni beads were magnetically
separated using the MagRac6 device (Cytiva). Proteins were eluted from the His Mag pull-
down using the buffer supplemented with 500 mM imidazole. The eluates from the His pull-
down and protein-bound agarose beads from the GST pull-down were mixed with Laemmli
loading buffer (100 mM Tris-HCI, pH 6.8; 33% glycerol; 300 mM dithiothreitol, 6.7% SDS; and
0.01% bromophenol blue), heated at 95°C to denature the proteins, and analyzed for protein-
protein interactions using SDS-PAGE and immunoblotting.

Active GTPase pull-down assay. A GTPase pull-down assay was performed to assess GTP-
bound active RAC1 levels under serum-stimulated and serum-starved conditions in transiently
transfected HEK-293T cells (Supplementary Fig. S9), as described (12). Bacterial lysates
containing GST-PAK1 RBD and GST-IQGAP1 C794 were prepared separately in 1 mL
aliquots, snap frozen, and stored at -80°C. For bead coupling, based on the results of this pre-
test, 25 uL of GST-PAK1 RBD lysate and 50 uL of GST-IQGAP1 C794 lysate were incubated
with 50 uL of glutathione agarose beads in a total volume of 500 uL of an ice-cold pull-down
buffer consisting 50 mM Tris/HCI (pH 7.5), 150 mM NaCl, 10 mM MgClz, 3 mM DTT, and 5%
glyceroat 4°C. After 30 minutes, the beads were washed three times with the buffer and
subsequently used for the assay (Supplementary Fig. S10C). HEK-293T lysates were clarified
by centrifugation, normalized to equal protein concentrations, and incubated with GST-PAK1
RBD- and GST-IQGAP1 C794- coupled beads in a buffer containing 50 mM Tris-HCI, pH 7.5;
150 mM NaCl; 10 mM MgClz; 20 mM B-glycerophosphate; 1 mM NazVOs; 3 mM DTT; 10%
glycerol; protease inhibitor cocktail at 4°C for 20 minutes. The beads were washed three times,
resuspended with SDS-Laemmli loading buffer, and heated at 95°C for 7 minutes. Samples
were analyzed by SDS-PAGE and immunoblotting

Antibodies and Immunoblotting. Primary antibodies were diluted 1:1000 in TBST containing
0.2% Tween-20 and 30% Intercept® (TBS) blocking buffer (Li-Cor). The following antibodies
in this study were as followa: a-RAC1 (Merck Millipore, Cat# 05-389), a-6x-His (Thermo Fisher
Scientific, Cat# MA5-33032), a-flag (Sigma Aldrich, Cat# F3165), a-y-tubulin (Sigma Aldrich,
Cat# T5326), a-p-ERK1/2 (Thr202/Tyr204) (Cell Signaling Technology, Cat# 4370), ao-t-
ERK1/2 (Cell Signaling Technology, Cat# 4696), a-p-AKT(S473) (Cell Signaling Technology,
Cat# 4060), a-p-AKT(T308) (Cell Signaling Technology, Cat# 2965), a-t-AKT (Cell Signaling
Technology, Cat# 2920), a-p-p38 MAPK (Cell Signaling Technology, Cat# 9211), a-p38 MAPK
(Cell Signaling Technology, Cat# 8690), a-p-STAT1 (Cell Signaling Technology, Cat# 8826),
a-STAT1 (Cell Signaling Technology, Cat# 9176), and a-GAPDH (Cell Signaling Technology,
Cat# 2118), a-GST (Cell Signaling Technology #2624). Secondary antibodies, IRDye® 680RD
and 800CW donkey anti-rabbit 1gG (Cat# 926-68073, 926-32213) and anti-mouse 1gG (Cat#
926-68072, 926-32212), were purchased from Li-Cor. Immunoblots were visualized using the
Odyssey® XF Imaging System.

Statistical Analysis. Data presented in bar graphs of Figures 1, 2, and 3 for all stopped-flow
fluorescence measurements represent the average of 3-8 experiments and are expressed as
the mean %= S.D. Intrinsic GTP hydrolysis assays (HPLC) and fluorescence polarization
experiments were performed in duplicate, with results also expressed as the mean + S.D.
Immunoblot data were analyzed by quantifying the intensities of specific protein bands using
Image Studio Lite version 5.2 software. For in vitro pull-down assays, data normalization was
performed by dividing the output RAC1 protein by the output effector protein and then dividing
this value by the corresponding input RAC 1/effector ratio. Input bands were included to ensure
the accuracy of the reaction setup. Representative images were obtained from three
(supplementary Fig. S7A) or four (supplementary Fig. S8A) experiments. Data for pull-down
assays are expressed as mean + S.D. For active GTPase pull-down assays, normalization
was performed according to the equation shown in Fig. 4B. Flag-RAC1 pull-down (PD) values
were normalized to the beads-bound GST effector, while overexpressed Flag-RAC1 levels in
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lysates were normalized to total cell lysate (TCL) levels using y-tubulin as a loading control.
Active RAC1 levels were calculated by dividing the PD values by the corresponding TCL
values. Representative images were obtained from three independent experiments
(Supplementary Fig. S10A and S10B). Data are expressed as mean + S.D. For downstream
signaling analyses using lysates from transfected HEK-293T cells, data were normalized by
calculating the ratio of phosphorylated target proteins to total proteins (e.g., p-ERK/t-ERK), and
further normalized to GAPDH signal as a loading control. To avoid false positives, Flag-RAC1
expression levels were excluded from normalization in these experiments. Data were analyzed
by one-way ANOVA followed by Tukey's test, with results considered statistically significant at
P<005(*P=<0.05 *™P=<0.01, and *™* P <0.001; *** P <0.0001), Data are expressed as
mean + S.D.
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Figure S1. Purified proteins. SDS -PAGE gel stained with Coomassie Brilliant Blue (CBB)
shows the purified proteins used in this study. For further details, please refer to the Materials
and Metheds section.
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Figure S2. Kinetic measurements of mdGDP interaction with RAC1 proteins. The left
panels show the interaction of mdGDP (0.1 uM) to RAC1 at increasing concentrations (0.25 to
5 uM). The middle panels illustrate the calculation of the association rate constant (kon), derived
by plotting the observed rate constants (kqs) obtained from the exponential fits of the
association data in the left panels against the corresponding RAC1 concentrations, followed
by linear fitting. The right panels show the dissociation of mdGDP from RAC1 proteins (0.1
HM) in the presence of excess unlabeled GDP (10 pM). The dissociation rate constants (Kor)
were determined using a single exponential fit. These results are presented as bar graphs in
Figure 1.
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Figure $3. Kinetic measurements of mGppNHp interaction with RAC1 proteins. The left
panels show the binding of mGppNHp (0.1 uM) to RAC1 over a range of concentrations (0.25-
5 uM). In the middle panels, the association rate constant (ko) is calculated by plotting the
observed rate constants (kews) derived from the exponential fit of the association data in the left
panels against the respective concentrations of RAC1, followed by a linear fit. The right panels
show the dissociation of mGppNHp from RAC1 proteins (0.1 uM) in the presence of excess
unlabeled GppNHp (10 pM). Dissociation rate constants (ki) were calculated using a single
exponential fit. The data are visually presented as bar graphs in Figure 1. The final lower panel
shows fluorescence measurements taken using a standard fluorescence spectrophotometer
to investigate the potential association and dissociation kinetics of the mGppNHp interaction
with RAC1™"™N. These measurements could not be performed using stopped-flow fluorimetry.
The experiment began with buffer alone, followed by the addition of 1 uM fluorescent
mGppNHp, which caused an immediate increase in fluorescence intensity. The association
was then assessed by sequentially adding nuclectide-free RAC17"™N in concentrations ranging
from 0.05 pM to 1 pM and observing the increases in fluorescence signal. The potential
dissociation of mGppNHp from the RAC1T™ was then examined by adding an excess of
unlabeled nuclectide (200 uM GDP), which resulted in a rapid drop in signal intensity,
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indicating dissociation of mGppNHp from nucleotide-free RAC1T'N  This experiment
demonstrated that the nucleotide-free RAC1T"N can bind to and dissociate from mGppNHp.
However, kon and ko values could not be determined using stopped-flow fluorimetry because
the association and dissociation rates of nucleotide-free RAC1™'™™ with mGppNHp were too
fast, exceeding the detection capability of stopped-flow fluorescence measurement.
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Figure S4. Kinetic measurements of GDI1 interaction with RAC1 proteins. The interaction
between RAC1 and GST-GDI1 was examined using stopped-flow fluorimetry to determine the
association (kon) and dissociation (k) rate constants, as well as the dissociation constants
(Kq) representing the affinity. The left panels show RAC1 binding (0.1 pM) to GST-GDI1 across
concentrations ranging from 0.25 to 2 yM. The middle panels illustrate the calculation of kon
values, derived by plotting the observed rate constants (kass), obtained from exponential fits of
the association data in the left panels, against GST-GDI1 concentrations, followed by linear
regression. The right panels depict the disscciation of GST-GDI1 (0.1 pM) from RAC1 proteins
(0.1 uM) in the presence of excess non-fluorescent GDP-bound RAC1 (10 uM). kor values
were determined through single-exponential fitting. The results are displayed as bar graphs in

Figure 2A.
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Figure S5. Kinetic measurements of GEF-catalyzed mdGDP dissociation from RAC1
proteins. The dissociation of mdGDP from RAC1 proteins (0.1 uM) was measured in the
presence of 10 uM GEFs (DH-PH domains of TIAM1, SO81, PREX1, and VAV2; DHR2
domain of DOCK2) and excess unlabeled GDP (10 pM). The inset show the full kinetics over
time. All fluorescence decays were fitted tc a single exponential function tc calculate the
dissociation rate constants (kew). The results are presented as bar graphs in Figure 2B.
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Figure S6. Measurements of the basal and GAP-stimulated GTP hydrolysis of RAC1
proteins. (A) The basal GTP hydrolysis of the RAC1 proteins was measured using GTP-bound
RAC1 proteins and the HPLC method. The relative GTP content, determined as the ratio
[GTPY/([GTP] + [GDP)), was used to describe the progress of the reaction. (B) Hydrolysis of
tGTP (0.8 uM) by RAC1 proteins (0.1 uM) was measured in real-time in the presence of 1 uM
p50GAP. All data sets, including HPLC and fluorescence curves, were fitted with a single
exponential function to calculate the observed rate constants (kobs), which reflect the catalytic
rate constants (keat). The results are presented as bar graphs in Figure 2C.
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Figure S7. Measurements of PAK1 interaction with the RAC1 proteins. (A) A GST pull-
down assay was performed in triplicate to assess the interaction between RAC1 mutants and
GST-PAK1 RBD. The top blots show the pull-down signals (cutput), while the bottom blots
show the input samples before bead incubation. GST-PAK1 RBD was detected with an anti-
GST antibody, and RAC1 proteins were visualized with an anti-RAC1 antibody. The input blots
confirm that identical amounts of protein were used before bead incubation, ensuring
experiment accuracy. A cropped version of experiment 1 is shown in Figure 3B, with data
points and statistical analyses displayed as bar graphs in Figure 3C. (B) Fluorescence
polarization was used to calculate the dissociation constants (K4} for each RAC1 mutant
interacting with GST-PAK1 RBD. The mGppNHp-bound RAC1 proteins at 1 uM were titrated
with increasing concentrations of GST-PAK1 RBD. Data are shown as bar graphs in Figure
3E. "n.b.0." indicates no binding was observed. (C) Stopped-flow fluorimetry was used to
assess the affinity of the RAC1 proteins for GST-PAK1 RBD and to provide additional insight
into the association (kon) and dissociation (ker) rate constants, complementing the data from
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pull-down assays and fluocrescence polarization. The left panels show the binding of RAC1 (0.1
uM) to GST-PAK1 RBD at different concentrations (uM). The middle panels show the
calculation of the association rate constant (kon) by plotting the observed rate constants (kops),
derived from the exponential fits of the association data in the left panels, against GST-PAK1
concentrations, followed by linear regression. The right panels illustrate the dissociation of
GST-PAK1 RBD (0.1 pM) from RAC1 proteins (0.1 pyM) in the presence of excess non-
fluorescent GppNHp-bound RAC1 (10 uM). Dissociation rate constants (k) were determined
by single-exponential fitting. The results are plotted as bar graphs in Figure 3G.
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Figure S8. Measurements of IQGAP1 interaction with the RAC1 proteins. (A) The His pull-
down assay was performed in quadruplicate to investigate the interaction between RACA
mutants and His-IQGAP1 C794. The top blots show the pull-down signals (output), while the
bottem blots show the input samples before incubation with His-Mag-Sepharose Ni beads. His-
IQGAP1 C794 was detected with an anti-His antibody, and RAC1 proteins were visualized with
an anti-RAC1 antibody. The input blots confirm that identical amounts of proteins were used
before bead incubation, ensuring the reliability of the results. A cropped version of Experiment
1 is shown in Figure 3H, with data points and statistical analyses presented as bar graphs in
Figure 3l. (B) Stopped-flow fluorimetry was used to study the interaction between RAC1 and
His-IQGAP1 C794 to determine the association (kon) and dissociation (ko) rate constants, as
well as the affinity represented by the dissociation constants (Kg). This analysis complements
the data obtained from pull-down assays. The left panels show the binding of RAC1 (0.1 pM)
to His-IQGAP1 C794 at varying concentrations in uM. The middle panels show the calculation
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of the ko, values, derived by plotting the observed rate constants (keps), obtained from
exponential fits of the association data in the left panels, against the concentrations of His-
IQGAP1 C794, followed by linear regression. The right panels show the dissociation of His-
IQGAP1 C794 (0.1 puM) from RAC1 proteins (0.1 pM) in the presence of excess non-
fluorescent GppNHp-bound RAC1 (10 pM). The kex values were determined using single-
exponential fitting. The results are plotted as bar graphs in Figure 3J.
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Figure $9. Schematic representation of the pull-down assay of active, GTP-bound RAC1
from HEK-293T cell lysates. See the Materials and Methods section for more details. This
schematic was created in BioRender.

17

69



A + Serum: Flag-RAC1 pull-down from cell lysates using GST-PAK1 RBD
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Figure S10. Active GTPase pull-down assays using GTP-bound Flag-RAC1 from HEK-
293T cell lysates. Active GTPase pull-down assays were performed to quantify GTP-bound
Flag-RAC1 from HEK-293T cell lysates with GST-PAK1 RBD, GST-IQGAP1 C794, and GST
as negative controls. The assays were conducted under both serum-stimulated (A) and serum-
starved (B) conditions. HEK-293T cells were transfected with RAC1 constructs, serum
stimulated or starved for 24 hours, and then harvested and lysed for the pull-down assays. (A)
shows three panels under serum-stimulated conditions (from top to bottom): the top panel
represents GTP-bound Flag-RAC1 pull-down using GST-PAK1 RBD (performed in triplicate),
the middle panel represents GST-IQGAP1 C794 (also in triplicate), and the bottom panel
shows the negative control, GST, with no interaction observed with Flag-RAC1. (B) shows the
same three panels under serum-starved conditions. Western blots were probed with anti-Flag,
anti-GST, and anti-y-tubulin antibodies to detect GTP-bound Flag-RAC1, the GST fusion
proteins, and y-tubulin, respectively. Molecular weights (in kDa) are indicated for each protein
band. Pull-down (PD) lanes show GTP-bound Flag-RAC1 captured by the bait-bound beads,
while total cell lysate (TCL) lanes show Flag-RAC1 expression levels, with y-tubulin as a
loading control. Each membrane contains samples from three independent experiments,
labeled Exp1-3, with antibody incubations indicated by red dashed boxes. Membranes 1-3
represent GST-PAK1 RBD under serum stimulation; membranes 4-6, GST-IQGAP1 C794
under serum stimulation; membrane 7, GST under serum stimulation; membranes 8-10, GST-
PAK1 RBD under serum starvation; membranes 11-13, GST-IQGAP1 under serum starvation;
and membrane 14, GST under serum starvation. (C) Coomassie-stained SDS-PAGE Gels
showing the bead saturation assay for GST-PAK1 RBD (left) and GST-IQGAP1 C794 (right).
After IPTG induction and protein expression, varying amounts of bacterial lysate (25-350 pL)
were incubated with 50 pL of GSH beads for one hour and washed three times. The beads
were then mixed with SDS-Laemmli sample buffer, heated to 95°C, and analyzed by SDS-
PAGE fallowed by Coomassie Brilliant Blue staining. Based on this pre-test, 25 yL of GST-
PAK1 RBD lysate and 50 pL of GST-IQGAP1 C794 lysate were used for the active GTPase
pull-down assays.
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Figure S11. Western blotting and phosphorylation analysis of ERK1/2, AKT(S473),
AKT(T308), p38 MAPK, and STAT1 a/p in HEK-293T cells overexpressing RAC1 variants.
Western blot analysis was performed on serum-stimulated HEK-293T cells transiently
transfected with pcDNA3.1 constructs encoding Flag-tagged RAC1 variants (WT, T17N, F28L,
and P29S) alongside an empty vector (EV) control. Experiments were performed in triplicate,
with each experiment visualized on nitrocellulose membranes and labeled as follows: (A)
phospho-ERK1/2 to total ERK1/2 (membranes 1-3); (B) phospho-AKT (S473) to total AKT
(membranes 4-8); (C) phospho-AKT (T308) to total AKT (membranes 7-9); (D) phospho-p38
MAPK to total p38 MAPK (membranes 10-15); and (E) phospho-STAT1 o/ to total STAT1 o/
(membranes 16-18). Cropped sections of the membrane shewn in Figure 5 are as follows:
Exp1 for AKT(T308), p38 MAPK, and STAT1 a/B; Exp2 for AKT(S473); Exp3 for ERK. Each
membrane was probed sequentially, starting with the respective anti-phospho antibodies,
followed by antibodies against ERK, AKT, p38 MAPK, STAT1 a/B, and GAPDH as loading
controls, and the flag antibody to validate RAC1 variant expression. For p38 MAPK, separate
membranes were used to detect phosphorylated and total form, as both antibodies are derived
from the same host species. Detected protein bands are highlighted with dashed red boxes,
and arrows indicate the corresponding molecular weight in kDa for each protein. Abbreviations:
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TCL = total cell lysate; Serum+ = serum-stimulated HEK-293T cells. See the Materials and
Methods section for further details.

26

78



References

1.

10.

1.

12.

Kulkarni K, Yang J, Zhang Z, Barford D. Multiple factors confer specific Cdc42 and Rac
protein activation by dedicator of cytokinesis (DOCK) nucleotide exchange factors.
Journal of Biological Chemistry. 2011;286(28):25341-51.

Haeusler LC, Blumenstein L, Stege P, Dvorsky R, Ahmadian MR. Comparative
functional analysis of the Rac GTPases. FEBS letters. 2003;555(3):556-60.

Fiegen D, Haeusler L-C, Blumenstein L, Herbrand U, Dvorsky R, Vetter IR, et al.
Alternative splicing of Rac1 generates Rac1b, a self-activating GTPase. Journal of
Biological Chemistry. 2004;279(6):4743-9.

Jaiswal M, Dvorsky R, Ahmadian MR. Deciphering the Molecular and Functional Basis
of Dbl Family Proteins: A NOVEL SYSTEMATIC APPROACH TOWARD
CLASSIFICATION OF SELECTIVE ACTIVATION OF THE Rho FAMILY PROTEINS*s.
Journal of Biological Chemistry. 2013;288(6):4486-500.

Amin E, Jaiswal M, Derewenda U, Reis K, Nouri K, Koessmeier KT, et al. Deciphering
the molecular and functional basis of RHOGAP family proteins: a systematic approach
toward selective inactivation of RHO family proteins. Journal of Biological Chemistry.
2016;291(39):20353-71.

Nouri K, Fansa EK, Amin E, Dvorsky R, Gremer L, Willbold D, et al. IQGAP1
interaction with RHO family proteins revisited: kinetic and equilibrium evidence for
multiple distinct binding sites. Journal of Biclogical Chemistry. 2016;291(51):26364-76.
Hemsath L, Ahmadian MR. Fluorescence approaches for manitoring interactions of
Rho GTPases with nucleotides, regulators, and effectors. Methods. 2005;37(2):173-82.
Eberth A, Ahmadian MR. In vitro GEF and GAP assays. Current protocols in cell
biology. 2009;43(1):14.9. 1-.9. 25.

Haeusler LC, Hemsath L, Fiegen D, Blumenstein L, Herbrand U, Stege P, et al.
Purification and biochemical properties of Rac1, 2, 3 and the splice variant Rac1b.
Methods in enzymology. 2006;406:1-11.

Mohr |, Mirzaiebadizi A, Sanyal SK, Chuenban P, Ahmadian MR, Ivanov R, et al.
Characterization of the small Arabidopsis thaliana GTPase and ADP-ribosylation
factor-like 2 protein TITAN 5. Journal of Cell Science. 2024;137(15).

Eberth A, Dvorsky R, Becker CF, Beste A, Goody RS, Ahmadian MR. Monitoring the
real-time kinetics of the hydrolysis reaction of guanine nucleotide-binding proteins.
Biological Chemistry. 2005;386(11):1105-1114.

Herbrand U, Reza Ahmadian M. p190-RhoGAP as an integral component of the
Tiam1/Rac1-induced downregulation of Rho. Biological Chemistry. 2006;387(3):311-
317.

27

79



Chapter II. Characterization of the small Arabidopsis thaliana GTPase and
ADP-ribosylation factor-like 2 protein TITAN 5

Authors: Inga Mohr, Amin Mirzaiebadizi, Sibaji K Sanyal, Pichaporn Chuenban, Mohammad R
Ahmadian, Rumen Ivanov, Petra Bauer

DOI: 10.1242/jcs.262315

Status:

Journal:
JIF:
Contribution:

“oc\eotide e’“?h.;

Qm

e
S
8-Fold Sloy W 9-Fold
faster FETR Iy higher
nucleotide exchange to Affinity to
slower GTP hydrolysis mGppNHp

TTNS5: A Non-classical GTPase in Its Predominantly Active Form

membrane

Vesicle

membranes

Published

Journal of Cell Science
3.3
=30%

A.M. expressed and purified wild-type and mutant TTN5 proteins and
generated both unlabeled and fluorescently labeled versions. He
performed HPLC-based GTP hydrolysis experiments and conducted
kinetic nucleotide-binding analyses using stopped-flow fluorimetry. He
designed and carried out GST pull-down experiments, and addressed
stability challenges of TTNS variants by optimizing expression and
purification conditions. A.M. analyzed the biochemical data, visualized
the results, authored the corresponding Materials and Methods section,
and contributed to interpreting and discussing the findings.

80



© 2024, Published by The Company of Biclogists Ltd | Journal of Cell Science (2024) 137, jcs262315. doi:10.1242/jcs.262315

‘mB Comparn o

RESEARCH ARTICLE

Characterization of the small Arabidopsis thaliana GTPase and
ADP-ribosylation factor-like 2 protein TITAN 5

Inga Mohr', Amin Mirzaiebadizi?, Sibaji K. Sanyal’, Pichaporn Chuenban’#, Mohammad R. Ahmadian?,

Rumen lvanov'* and Petra Bauer!>*

ABSTRACT

Small GTPases switch between GDP- and GTP-bound states during
cell signaling. The ADP-ribosylation factor (ARF) family of small
GTPases is involved in vesicle trafficking. Although evolutionarily well
conserved, little is known about ARF and ARFHike GTPases in plants.
We characterized biochemical properties and cellular localization of the
essential small ARFHike GTPase TITAN & (TTN5; also known as
HALLIMASCH, ARL2 and ARLC1} from Arabidopsis thaliana, and two
TTNS5 proteins with point mutants in conserved residues, TTN5T2N and
TTN5®70L, that were expected to be unable to perform nucleotide
exchange and GTP hydrolysis, respectively. TTNS exhibited very rapid
intrinsic nucleotide exchange and remarkably low GTP hydrolysis
activity, functioning as a non-classical small GTPase being likely
present in a GTP-loaded active form. We analyzed signals from YFP—
TTNS and HA3-TTNS by in sifu immunolocalization in Arabidopsis
seedlings and through use of a ftransient expression system.
Colocalization with endomembrane markers and pharmacological
treatments suggests that TTN5 can be present at the plasma
membrane and that it dynamically associates with membranes of
vesicles, Golgi stacks and multivesicular bodies. Although TTN59™-
mirrored wild-type TTN5 behavior, the TTN5™3N mutant differed in
some aspects, Hence, the unusual rapid nucleotide exchange activity of
TTN5 is linked with its membrane dynamics, and TTNS likely has a role
in vesicle transport within the endomembrane system.

KEY WORDS: TTN5, ARL2, Endomembrane, GTPase, Plasma
membrane, Vesicle

INTRODUCTION

Regulatory processes in signal transduction rely heavily on guanine
nucleotide-binding proteins of the GTPase family. After identitying
oncogenes (HRAS, KRAS and NRAS), the RAS supertamily of small
GTPases emerged, encompassing conserved members —across
eukaryotes. This family is divided into five mammalian subfamilies:
the Rat sarcoma (RAS), RAS homologs (RHO), RAS-like proteins in
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the brain (RAB), Ras-related nuclear protems (RAN) and ADP-
tibosylation factor (ARF) subfamilies (Bos, 1988; Kahn et al., 1992;
Ahmadi et al., 2017). In Arabidopsis thaliana, only four families exist,
the Rho of plants (ROP), RAB, RAN and ARF subfamilies (Vernoud
et al, 2003). These subfamilies are classified by sequence identity,
with conserved sequence motifs playing essential regulatory roles in
cells (Kahn et al,, 1992). Many mammalian small GTPases act as
molecular switches in signal transductien, switching from inactive
GDP-loaded to active G'TP-loaded forms, enabling differential protein
complex formations or acting in tethering complexes to target
membranes. With typically low intrinsic GDP-to-G'TP exchange and
GTP hydrolysis activity, small GTPases require guanine nucleotide
exchange factors (GEFs) and GTPase-activating proteins (GAPs) for
regulation. GEFs are potentially recruited to inactive GTPases to their
site of action and accelerate GDP-GTP exchange leading to GTPase
activation. The GTP-leaded GiTPases exert their function via direct
cffector interaction (Sztul et al., 2019; Niclsen, 2020; Adarska ct al.,
2021) until inactivation occurs through GAP-stimulated GTP
hydrolysis,. ARF GTPases arc often involved in vesicle-mediated
endomembrane trafficking in mammalian cells and yeast (Just and
Periinen, 2016). In plants, small GTPase activities and their cellular
functions are not well understood. Although Arabidopsis has 12 ARTF
and seven ARI-like (ARL) and associated SAR1 proteins, plant ART
proteing are poorly described (Singh et al., 2018). The best-studied
plant ARF GTPascs, SAR] and ARFI, act in antcrograde and
retrograde vesicle transport between the endoplasmic reticulum (ER})
and the Golgl. SAR1 1s involved in COPII-mediated trafficking from
the ER to Golgi, whereas ARF1 participates in the COPI pathway
(Singh et al., 2018; Nielsen, 2020). Another ARF-like protein, ARLI,
might function in endosome-to-Golgi trafficking (Latynhouwers et al.,
2005; Stefano et al., 2006). These roles of ARF1 and SAR1 in vesicle
formation are well conserved in eukaryotes, suggesting that other plant
ARF members might also function in the endomembrane system, A
recent study has shown Golgi-related localization for some ARF and
ARF-like proteins (Niu et al., 2022}, promoting a general involvement
of ART proteins in the endomembrane system.

TITAN 5 [TINS5; also known as HALLIMASCIH (HAL), ARL2
and ARLCI] is essential for plant development, and was initially
identified in two independent screens for abnormal embryo mutants.
i loss-of-function mutants arrest soon after cell division of the
fertilized egg cell, indicating a fundamental, potentially housckeeping,
role in cellular activities (Mayer et al., 1999; McElver et al., 2000;
Lloyd and Meinke, 2012). The TTNS sequence is closely related to
that of human ARL2 (hsARL2), which has high nucleotide
dissociation rates, up to 4000-fold faster than RAS (Hanzal-Bayer
et al., 2005; Veltel et al., 2008). HsARL2 is associated with
various eellular functions, including microtubule development
(Bhamidipati et al., 2000; Fleming et al., 2000; Radcliffe et al.,
2000; Antoshechkin and Han, 2002; Tzafrir et al,, 2002; Mori and
Toda, 2013), adenine nucleotide transport in mitochondria (Sharer
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ct al,, 2002) and control of phosphodicsterase activity in cilia
(Ismail et al., 2011; Fansa and Wittinghofer, 2016), and yeast and
Caenorhabditis homologs have been identified (Radcliffe et al.,
2000; Antoshechkin and ITan, 2002). With regard to TIN5, the
cellular roles remain unknown. Its molecular function and the
GTPase characteristics of TTN5 have not yet been demonstrated.

Ilere, we show, by means of stopped-flow fluorimetry kinetic
assays, that TTNS is a functional small GTPase with conserved
GTP hydrolysis and rapid nucleotide exchange characteristics.
Fluorescence microscopy combined with pharmacological treatments
suggests that TTNS might be located at the plasma membrane (PM)
and within the endomembrane system. Our study enables future
investigation of cellular and physiological functions of this small
GTPase,

RESULTS

TTNS exhibits the atypical characteristics of rapid
nucleotide exchange and slow GTP hydrolysis

TTNS5 has higher sequence similarity with HSARL2 than it does
with Arabidopsis ARF or ARL proteins (Fig. 1A) (McElver et al.,

A
rﬁ‘a

2000; Vernoud ct al., 2003). Its ubiquitous gene expression and
regulation during plant development, particularly in the root
epidermis, as revealed in public RNA-seq datasets of organ and
single cell analysis of roots (Fig. SIAB, and see Materials and
Methods), reflect its crucial role. TTNS is strongly expressed during
carly embryo development where cell division, elongation and
differentiation take place (Fig. S1C), suggesting that it has function
in fundamental processes, especially when cells grow and divide.
Based on sequence similarity and structural predictions, TTNS is
presumed to function as a molecular switch. (Fig. 1B,C). Although
HsARL? shows fast GDP-GTP exchange charactenistics (Hanzal-
Bayer et al., 2005; Veltel et al., 2008), it was unclear whether plant
TINS5 shared these characteristics. We here characterized the
nucleotide binding and GTP hydrolysis properties of TTNS™! and
two mutants, TINS5 and TTNS?™ using hctemlogously

expressed proteins and in vitro biochemical assays (experimental
workflow illustrated in Fig, S2A-E), as previously established for
human GTPases (Eberth and Ahmadian, 2009). TIN5 was
chosen because it is assumed to preferentially bind GEFs, sequestering
them from their proper context, whereas TTNS

QML was chosen
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Fig. 1. TTN5 a predicted functional small ARF-like GTPase with nucleotide exchange capacity. (A) Sequence alignment of TTN5 with HSARL2,
HsARF1, HsHRAS and AIARF1 created with Jalview (Waterhouse et al., 2009). Conserved G-motifs (G1-G5; red lines) are defined for TTN5 and HRAS.
The TTN5S secondary structure is depicted by black lines and corresponding cartoon (a-helix green; B-sheet arange). Conserved residues in ARF and ARL
prateins are highlighted by boxes (G2, and mutated T30 and Q70). TTN5* is expected to have a low nucleotide exchange capacity, whereas TTN597% is
expected to have a low GTPase hydrolysis activity. (B) Model of the predicted GTPase nucleotide exchange and hydrolysis cycle of TTN5. TTN5 switches
from an inactive GDP-loaded to an active GTP-loaded form. GDP to GTP nucleofide exchange and GTP hydrolysis might be aided by GEFs and GAPs.

(C) Predicted protein structural model of TTNS; GTP-binding pocket (magenta); N-terminal amphipathic helix (orange); conserved G2 (green); mutagenized
T30 and Q70 (sticks). The model was generated with AlphaFold (Jumper et al., 2021), and adapted with UCSF ChimeraX 1.2.5 (Goddard et al., 2018).
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because it is thought to be defective in hydrolyzing GTP; equivalent
mutants have been frequently used and characterized dominant-
negative and constitutively active (Scheftzek et al., 1997; Zhou et al.,
2006; Newman et al., 2014). We monitored the real-time kinetics of
interactions of fluorescent guanine nucleotides using stopped-flow
fluorimetry suited for very rapid enzymatic reactions (g, 2A-C).
2-deoxy-3-0-N-methylanthraniloyl-deoxy-GDP  (mdGDP)  and
GppNHp (mGppNHp), a non-hydrolyzable GTP analog, were used
to mimic GDP’ and GTP binding to TTNS. This approach allowed us to
monitor real-time kinetics and determine and quantify nucleotide
association (k,,) and dissociation (k) characteristics of small
GTPases, such as has been done for HSARL2 and HsARL3 (Hillig
et al., 2000; Hanzal-Bayer et al., 2005; Veltel et al., 2008; Zhang etal.,
2018). The k,, value is defined as the rate of nucleotide binding to
GTPases, to form the GTPase nucleotide complex (Fig. 2B), whereas
the k. value describes the rate of nucleotide dissociation from
GTPases (Fig. 2C). TTNS proteins were able to bind both nucleotides,
except for mGppNHp binding by TIN5 (Figs S3A-F, S4A-E).
TIN5 revealed the highest k,, value for mGDP binding
(0.401 uM~'s7"), being 9-fold higher compared to that of TTNS™
(0.044 pM~Ts™1) and TINSTN (0,048 pM~Ts71), respectively
(Fig. 2D, Fig. S3D F). k,, values for mGppNHp binding were
about half for TTNSYT (0.029 pM~'s™!) and TINSYL
(0.222 uM~'s7Y) compared to those for mGDP binding (Fig. 2E;
Fig. 54C.D). The differences in k,, for the respective nucleotide
binding were small. However, TTN597% showed a 7.5-fold faster
mGppNHp binding than TTNSW!, Remarkably, we were not able to
monitor mGppNIHp association with TIN5 but observed its
dissociation (k,y=0.026 s~!; Fig. 2E). To confirm the binding
capability of TTNSTN with mGppNHp, we measured the
mGppNHp fluorescence in real-time before and afier titration of
nucleotide-free TTNST™ and binding occurred too fast to resolve the
association rate (Fig. S413).

We next measured the dissociation (k) of mdGDP and
mGppNIIp from TTNS proteins with excess amounts of GDP and
GppNHp, respectively (Fig. 2C) with interesting  differences
(Fig. 2D,Li; Figs S3G 1,841 H). First, TTNSYT showed a 100-
fold faster kg value (mGDP, 0.012 s~') (Fig. 2D; Fig. S3G),
compared to classical small GTPases, including RACI (Iaeusler
et al., 2006) and HRAS (Gremer et al., 201 1), but very simular to the
ko value of HIsSARE3 (Fasano et al, 2022). Second, kg values for
mGDP and mGppNIIp were in a similar range for TTN5™! (mGDP,
0.012s™"; mGppNIIp, 0.001 57" and TINSY™ (mGDP, 0.02557";
mGppNHp, 0.006 57'), but kg values differed 10-fold between the
two nucleotides in TTNSW' (Fig. 2D,E; Figs S3G.1, S4F,H). Thus,
mGDP dissociated from proteins 10-fold faster than mGppNHp.
Third, mGDP dissociation from TTNS 3N (0.149 s~') was 12.5-
fold faster than that of TTNS™"! and 37-fold faster than mGppNIp
dissociation of TTN53™ (0.004 s~'; Fig. 2D,E; Figs S3H, S4G).
Mutants of CDC42, RACI, RIIOA, ARF6, RAD, GEM and
RAS GTPases that are equivalent to TTNS"**N display decreased
nucleotide binding affinity and therefore tend to remain in a
nucleotide-free state, complexed with their cognate GEFs (Erickson
et al., 1997; Ghosh et al., 1999; Radhakrishna et al., 1999; Jung and
Résner, 2002; Kuemmerle and Zhou, 2002; Wittmann et al., 2003;
Nassar et al., 2010; Huang et al., 2013; Chang and Colecratt, 2015;
Fisher et al., 2020; Shirazi et al., 2020). Given that TTN5'308
exhibited fast nucleotide dissociation, these results suggest that
TTNSTN might act in either a dominant-negative or fast-cycling
manner as reported for other GTPase mutants (Fiegen et al., 2004;
Wang et al., 2005; Fidyk et al., 2006; Klein et al., 2006; Soh and
Low, 2008; Sugawara et al., 2019; Aspenstrom, 2020).

The dissociation constant (K,) is calculated from the ratio &, 'k,
which inversely indicates the affinity of inferactions between
proteins and nucleotides (higher Ky=lower affinity). Interestingly,
TTINSY" binds mGppNIp (0.029 uM) 10-fold tighter than mGDP
(0.267 pM), a difference, which was not observed for TTN5?70
(mGppNIIp, 0.026 pM; mGDP, 0.061 uM; Iig. 2D,E). The lower
affinity of TTN5™" for mdGDP compared to mGppNIIp brings us
closer to the hypothesis that classifies TTNS as a non-classical
GTPase prone to remain in the active, GTP-bound state (Jaiswal
et al., 2013). The K4 value for the TTN5""™_mGDP interaction
was 11.5-fold higher (3.091 uM) than for TTN5™', suggesting that
this mutant exhibited faster nucleotide exchange and lower affinity
for nucleotides and might behave in a dominant-negative manner in
signal transduction, similar to what occurs with other (GTPases with
a T30N exchange (Vanoni et al., 1999).

To get hints on TTNS functionalities during the GTPase cycle, it is
crucial to determine its ability to hydrolyze GTP. Accordingly, the
catalytic rate of intrinsic GTP hydrolysis (k.,), was detenmined by
incubating GTP-bound TTNS5 proteins and analyzing the samples at
various time points (Fig. 2F; Fig. S5). Determined k. values were
quite remarkable in two respects (Fig, 2G). First, all T'I'NS proteins,
TTINSYE TTNSYON and TTNS™™ showed quite similar 4., values
(0.0015s71,0.0012 57, 0.0007 s~; Fig. 2G; Fig, $5). TINSYL GTP
hydrolysis activity was unexpectedly high given that such glutamine
mutations typically impair hydrolysis and result in constitutively active
GTPases (Hodge etal., 2020; Matsumoto et al., 2021). Second, the k.,
value of TTNSWT (0.0015 s7') although comparatively low to other
GTPases (Jian etal., 2012; Esposito etal., 2019), was 8-fold lower than
the determined &, value for mGDP dissociation (0.012 s7l Fig. 2E).
“This means that a fast intrinsic GDP/GTP exchange versus a slow G'TP
hydrolysis can have drastic effects on TIN5 activity in resting cells,
given that T'INS can accumulate in its GTP-bound form, unlike
classical GTPases (Jaiswal et al., 2013). To investigate this scenario,
we pulled down GST-TTNS protein in the presence of an excess
amount of GppNIlp and measured the nucleotide-bound form of
GST-TTNS. Isolated GST-TTNS bound to increasing amounts of
GppNHp, indicating that the bound nucleotide is rapidly exchanged for
free nucleotide (here GppNHp; Fig. 2H), which is in contrast to what is
seen for classical GTPases, which remain in their inactive GDP-bound
forms under the same experimental conditions (Walsh et al., 2019;
[Todge et al., 2020).

In summary, TIN5 contains conserved regions required for
nucleotide binding and binds nucleotides. Interestingly, the slow
intrinsic GTP hydrolysis rates in combination with high GDP
dissociation rates indicates that TTNS tends to exist in a GTP-loaded
form, as opposed to the classical GTPases. This might have drastic
effects on TTNS5 activity in cells under resting conditions (Jaiswal
etal., 2013). By contrast, the TTN5" mutant, which we originally
suspected would be constitutively active, still has intninsic GTPase
activity, whereas the T30N variant exhibits a low affinity for mGDP.
Therefore, we propose that TTNS exhibits typical functions of a small
GTPase based on in vitro biochemical activity studies, including
guanine nucleotide association and dissociation, and emphasize its
divergence among the ARF GTPases because of its kinetics.

TTNS5 may be a highly dynamic protein and localize to
different intracellular compartments

Several cukaryotic ARF (i'TPases function in vesicle transport and are
located at various membranous sites linked with the endomembrane
compartments (Vemoud et al., 2003). Localization had not been
comprehensively studied for TTN5. To obtain hints as to where in a
cell TTNS localizes to, we first created transgenic Arabidopsis lines
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Fig. 2. See next page for legend.

constitutively expressing YFP-tagged TTNS (pro358:YFP TTNS)  the epidermis of cotyledons, hypocotyls, root hair zone and in root tips
and its two mutant forms (pro35S:YIP-TINSTN, pro358:YIFP- (Fig. 3A; Fig. $6A). Microscopy observations were made in different
TTN597L) and investigated the localization in 6-day-old seedlingsin  planes of the tissues, for example, inside the cells across the vacuoles

L]
(3
c
o
v
v
@
o
Y
(e}
©
(=
o
>
o
—_

4

84



RESEARCH ARTICLE

Journal of Cell Science (2024) 137, jes262315. doi:10.1242/jcs.262315

Fig. 2. Biochemical properties of TTN5 suggest its presence in a
GTP-loaded active form in cells. (A) Schematic illustration of the stopped-
flow fluorescence device for monitoring nuclectide-binding kinetics of
heterologously expressed and purified TTNS protein (Fig. S2A-D). It
consists of wo motorized thermostated syringes, a mixing chamber and
fluorescence detector. Two different reagents, 1 and 2, with one containing a
fluorescent reporter group (MdGDP or mGppNHp to mimic GDP and GTP)
are rapidly mixed and transferred to a fluorescence detection cell.

(B) Schematic illustration of nucleotide association. Nucleotide-free TTNS
(for preparation see Fig. S2E) was rapidly mixed with mdGDP. A
fluorescence increase is expected upon association of mdGDP with TTNS.
Similar measurements were performed with mGppNHp. (C) Schematic
illustration of intrinsic nucleotide dissociation. mdGDP-bound TTN5 is mixed
with a malar excess of GDP. A fluorescence decrease is expected upon
mdGDP dissociation from TTNS and binding of free unlabeled GDP. Similar
measurements were performed with mGppNHp. (D.E) Kinetics of
association and dissociation of fluorescent nucleotides mdGDP (D) or
mGppNHp (E) with TTNS proteins (WT, TTNST°N TTNSY7%). Assaciation
rate constants (Ko, in UM 's ") were determined from the plot of increasing
observed rate constants (K, in 5=') against corresponding TTN5 protein
concentrations (as denoted in A,B; for full data, see Figs S3A-F, S4A-E).
Intrinsic dissociation rates (k. in s~ ') were determined from the plot of
fluorescent decrease upon exchange from mdGDP-bound or mGppMNHp-
bound TTN5 to GDP-bound TTN5 (as denoted in A,C; for full data, see
Figs S3G-1, S4F-H). The nucleotide affinity (dissociation constant Ky in pM)
of the corresponding TTN5 proteins was calculated from the ko/ko, ratio.
When mixing mGppNHp with nucleatide-free TTNST°N, no binding was
observed (n.b.o.) under these experimental conditions. k., and ko values
presented as bar graphs are calculated from the average of four to six
measurements and presented as meanzs.d. (F,G} GTP hydrolysis of TTNS
proteins determined by HPLC. (F) Schematic illustration of GTP hydrolysis
measurement. (G} GTP-bound TTNS proteins incubated at different time
points before injecting them on a reversed-phase HPLC system. Evaluated
data (Fig. S5) resulted in determination of GTP hydrolysis rates (K ins ).
Each bar represents the k. value obtained from a single experiment per
condition, comprising six data points. Error bars indicate the standard emors
of the fitted values as determined by Origin software. (H) TTNS accumulation
in a GTP-loaded form by HPLC values and Coomassie Blue-stained SDS-
PAGE. GST-TTNSWT (46.5 kDa) was purified from bacterial cell lysates at
three different volumes in the presence of free GppNHp. Presence of much
higher amounts of GppNHp-bound versus GDP-bound GST-TTNS protein
indicates that TTNS5 rapidly exchanged bound nuclectide and accumulated in
this state. This was a confirmatory experiment performed once.

(Fig. S6) and undemeath the PM at the cell peripheries (Fig. 3). We
chose to investigate YFP-TTNS in the epidennis, as TTNS ranscripts
were detected there in plants (Fig. SIB). YFP signals in epidermal
cotyledon cells of YFP-TTIN5 seedlings were detected in nuclei and
cytoplasm and/or in close proximity to the PM (Fig. S6B). Similar
localization patterns were found for mutant YFP-TTNS signals
(Fig. S6C,D). YFP signals in YFP-TTNS, YFP-TTN5 "™ and YFP-
TINS5 seedlings were also present in a similar pattemn in stomata
(Fig. 3B-D). In hypocotyls, an intracellular YFP signal was observed
in nuclei and in close proximity to or at the PM with all three YFP—
TTNS forms (Fig. S6E- (). Investigation of the root hair zone showed
YFP signals in the cytoplasm and at the PM of root hairs (Fig. S6H-T).
In the root tip, YFI* signal was detectable inside the cytoplasm and in
nuclei (Fig. S6K). The pattem was similar for YFP-TTNST™ and
YFP-TTN5%" (Fig. S6L,M). Fluorescence signal in YFP-TTN5,
YFP-TTN5"™ and YFP-TTN5?7"- seedlings inside the cytoplasm
was confined to punctate structures, indicating that fluorcscence was
present in vesicle-like structures together with free signal. This
localization pattern was also present in leaf cpidermal cells of the
cotyledons (Fig. 3B D), in the hypocotyls (Fig. 3E (i) and in cells of
the root hair zones and in root hairs (Fig. 3H-J). These observed
structures point to an association of TTN5 with vesicle and
endomembrane trafficking. A closer inspection of the dynamics of

these structures in the leaf epidermis of cotyledons showed high
mobility of fluorescent signals (Movies 1-3) as well as in hypocotyl
cells (Movie 4). Interestingly, the mobility of these punctate structures
differed within the YFP-TTNS5 "> hypocotyl cells, but not in the leaf
epidermis cells (Movie 5, compare with I'ig. S2), which was not the
case forthe YFP-TTN59™" mutant (Movie 6, compare with Fig, $5).
We detected that movement of YFP-TTN5"*™ was slow or
completely arrested for approximately half of the cells within the
hypocotyl epidermis compared to movements for YFP-TTNS and
YFP-TTN5?7 (Movies 4-6). This loss of fluorescence signal
mobility in YFP-TTN5"*" seedlings might be a consequence of a
missing effector interaction. We did not observe the blocked mobility
for fluorescence signals in cells expressing YFP-TTN5, YFP-
TTNSPON or  YFP-TTNSQ?™- in the root elongation zone
(Movies 7-9). No mobility of YFP fluorescence signal was visible
in root tip cells for any YFP-TTNS form (Movies 10-12).

To evaluate the Arabidopsis data and to better visualize YFP-
TTNS, we expressed YFP-TTNS constructs transiently in Nicotiana
benthamiana leat epidennis cells. Fluorescence signals in YFP-
TTNS-, YEP-TTN5"*_ and YFP-TTN5?""—expressing cells were
all localized at or in close proximity to the PM and in several
cytosolic punctate structures, apart from nuclei, similar to what was
seen in Arabidopsis cotyledons, hypocotyls and root hair zones
(Fig. 3K N; Fig. S6N Q). Additionally, YFP signals were detected
in a net-like pattern typical for ER localization (Fig. 3M,N). This
indicates that the fluorescent signal localization is similar in both
Arabidopsis cpidermis cells and N. benthamiana lcaf epidermis.

It should be noted that the 358 promoter-driven YFP TTNS
constructs did not complement the ttn3-/ embryo-lethal phenotype
(Fig. S7TA.B). Western blot analysis with anti-GIP antibody using
YFP TTNS Arabidopsis scedlings revealed three weak YFP bands
ranging between 26 and 35 kDa, besides the expected and strong
48 kDa YFP-TTNS band (Fig. S7C). We cannot explain the presence
of these small protein bands. They might comespond to free YFP,
proteolytic products or potentially to proteins produced from aberrant
transcripts with perhaps alternative translation start or stop sites. On
the other hand, a 35S promoter-driven triple hemagglutinin-tagged
HA;-TTN5 did complement the fm5-1 embryo-lethal phenotype
(Fig. S7D,L). Western blot analysis with anti-ILA antibody performed
with HA;-TTNS seedlings showed a single, comrectly sized band, but
no band that was 13 to 18 kDa smaller (I'ig. S7D). Ience, the inability
of YFP-TTNS5 te complement the embryo-lethal phenotype is
presumably due to the relatively large YI'P tag in comparison with
the small GTPase and smaller HA, tag. Interestingly, HA;-TTNS 30N
seedlings presented a shorter root length phenotype, which might be
due to the atypical biochemical TIN5 characteristics, whereas
HA;-TTNS and HA;-TTNSQ70L seedlings had no obvious
phenotypic difference from wild-type (Fig. 30).

To verify that the localization patterns observed with YFP-TTNS
constructs are representative of a functional TTNS, we performed
immunofluorescence staining against the HA; tag in HA;-TTNS
roots and compared the localization patterns (Fig. 31). Alexa Fluor
488-labeled anti-HA antibody staining reflected HA;-TTNS
localization, and signals were visible in root cells and root hairs
as expected. Signals were mostly present in punctate structures close
to the PM and in the cytosol (Fig. 3P), fitting the fluorescence
signals obtained with YFP TTNS.

For a more detailed investigation of the HA; TTNS5 subcellular
localization, we performed co-immunofluorescence staining with an
Alexa Fluor 488-labeled anti-ARF1 antibody, which recognizes the
Golgi and trans-Golgi network (TGN), together with Alexa Fluor 555-
labeled HA;-TTNS5 (Robinson et al, 2011; Singh et al., 2018)
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A B-D B AT (0] vFP-TTNSATOL
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5.0 [ HA-TTNS
[ HA-TTNSTON

[ HA-TTNSA™

ab  gpe

Root length [cm]

Alexa 488

Fig. 3. TTNS might be present in punctate
structures in seedlings. Microscopy observations
of YFP fluarescence were made in a plane
underneath the PM at the cell peripheries.

(A) Schematic representation of an Arabidopsis
seedling with indicated imaged positions (red
rectangle). (B—J) Analysis of YFP-TTNS, YFP—
TTN5™%N and YFP-TTN5?%- Arabidopsis seedlings
via fluorescent confocal microscopy. (B-D)
Fluorescence signals observed in stomata (empty
white arrowhead) and in the epidermis of cotyledons
in punctate structures (filled white arrowhead). (E-G)
Localization in hypocotyls showed a similar pattern
of punctate structures. (H—J) Signals were present in
punctate structures in the root hair zone and root
hairs (filled magenta arrowhead). (K) Schematic
representation of a N. bentharniana plant, used for
transient expression with indicated imaged position
(red rectangle). (L—N} YFP signals in .
benthamiana leaf epidermal cells expressing YFP—
TTN5, YFP=TTN5™N and YFP-TTN5%7 Signals
were present in punctate structures (white
arrowheads) and in nuclei (empty magenta
arrowheads). Experiments were repeated twice with
two seedlings (n=2) or one plant (n=1). (O) Root
length measurement of 10-day-old HA;—TTN5, HA;—
TTN5T3N and HA;-TTN597CL Arabidopsis seedlings
in comparison with wild-type (WT). Only HAz—
TTN5T2ON showed slightly reduced root length
compared to WT. Analysis was conducted in
replicates (n=14). The box represents the 25-75th
percentiles, and the median is indicated. The
whiskers show the 5-85th percentiles. One-way
ANOVA with Tukey post-hoc test was performed.
Different letters indicate groups that have a statistical
significance difference at £<0.05. (P) Maximum
intensity projection of whole-mount immunostaining
of HAs—TTN5 roots in the differentiation zone (anti-
HA primary antibody, Alexa-488-labeled secondary
antibody). Alexa Fluor 488 signals were present in
punctate structures in root cells (filled white
arrowhead) and root hairs (filled magenta
arrowhead), which is comparable to what was seen
for YFP signals (H-J). Experiment was repeated
three times with two seedlings (n=2). Scale bars:

50 pm.

(Fig. 4A). ARF1-Alexa Fluor 488 staining was clearly visible in  ARF1-labeled structures, although they were in close proximity to
punctate structures representing presumably Golgi stacks (Fig. 4A)  each other (Fig. 4A). We hypothesized that the HA; TTNS structures
(Singh ct al.,, 2018). Similar structures were seen with [TA;- TIN5~ might be connected to intracellular trafficking steps and performed
Alexa Fluor 555 staining, but these did not colocalize with the brefeldin A (BFA) treatment, a commonly used tool in cell biology for
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preventing dynamic membrane trafficking cvents and vesicle transport
mvolving the Golgi. BFA 1s a fungal macrocyclic lactone that leads to a
loss of cis-cisternae and accumulation of Golgi stacks, known as BFA-
induced compartments, and Golgi-ER fusion (Ritzenthaler et al,
2002; Wang et al., 2016). For better BFA body identification, we
simultancously used the membrane dye FM4-64, which can emit
fluorescence in a lipophilic membrane environment. FM4-64 marks
the PM only a few minutes after application to the cell, and can then be
endocytesed; in the presence of BFA, accumulates in BFA bodies
(Bolte et al., 2004). We observed BFA bodies positive for both HA—
TIN5-Alexa Fluor 488 and FM4-64 signals (Fig. 4B). Similar
patterns were observed for YFP-TTN5-derived signals in YFP-
TTNS5-expressing roots (Fig. 4C). Hence, HA;-TIN5 and YFP-
TTNS are present in similar subcellular membrane compartments,

In HA,-TTNS immunostaining, we did not observe any staining
in nuclei or ER (Figs 3P, 4A.B), in contrast to the fluorescence
signals in YFP-TTNS-expressing cells. This might indicate that
either the nuclear and ER signals seen with YFP-TTNS correspond
to the smaller proteins detected, or that immunostaining was not
suited to detect this localization. Hence, we focused on analysis
of the area where there were overlapping localization patterns
between fluorescence with YFP-labeled TTNS and HA;-TTNS
immunostaining, such as the specific signal patterns seen for
punctate membrane structures.

Taken together, our results show that signals of YFP-TTNS and
HA3;-TTNS were located in multiple membrane compartments
in the epidermis of different Arabidopsis organs and of
N. benthamiana lcaves, including particular ring-like punctate

Alexa 488

c YFP-TTN5 FM4-64
A A A A
(

structures and vesicles. Fluorescence signals in YFP- TTNS- and
YFP-TTNS5?7 L expressing seedlings displayed high mobility in
cells, as expected from an active GTPase functioning in dynamic
processes, such as vesicle trafficking. In contrast, fluorescence
signals for YFP-TTN5"™ were less mobile, consistent with
the root length phenotype conferred by ITA;-TTN5"**™ speaking
in favor of the observed TIN5 kinetics, with a very fast
nucleotide exchange rate and nucleotide atfinity loss. Altogether,
the TTNS5 intracellular localization indicates that TTNS
might have multiple cellular functions as an active GTPase
as 1t can associate with different intracellular structures of the
endomembrane system.

TTNS might associate with components of the cellular
endomembrane system

The overlapping localization of HA;-TTNS and YFP-TTNS
signals prompted us to better resolve the membrane structures
and compartments of the highly dynamic endomembrane system.
‘Well-established  fluorescent markers and pharmacological
treatments help to determine the nature of individual components
in cells in parallel to colocalization studies with proteins of interest,
such as TTNS. We conducted colocalization experiments in
N. benthamiana leaf epidermis as the fluorescence signals were
comparable to those for Arabidopsis cotyledons and root epidermis.
Moreover, it represents an established system for functional
association of fluorescent proteins with multiple endomembrane
components and optimal identification of membrane structures
(Brandizzi ct al., 2002; Hanton ct al., 2009),

Alexa 555
HA,-TTNS

+ BFA

Fig. 4. Whoele-mount immunolocalization hints at TTN5 presence in BFA bodies. (A,B) Colocalization of HA;—TTNS seedlings by whole-mount
immunostaining. (A) Detection of HAz—TTN5 (anti-HA primary antibody, Alexa Fluor 555-labeled secondary antibody) with Golgi and TGN marker ARF1
(anti-ARF1 primary antibody, Alexa Fluor 488-labeled secondary antibody}. Both fluorescence signals were detected in vesicle-like structures in root cells in
close proximity to each other but mostly not colocalizing. The experiment was repeated twice with three seedlings (n=3). (B) Detection of HAz—TTN5 (anti-HA
primary antibody, Alexa Fluor 488-labeled secondary antibody) and staining with membrane dye FM4-84 after BFA treatment (10 mM FM4-84 FX and 72 pM
BFA for 1 h). Alexa Fluor 488 signals colocalized with FM4-84 in BFA bodies in root cells. The experiment was repeated three times with three seedlings
(n=3). (C) YFP fluorescence in YFP—TTNS seedlings, co-analyzed with FM4-84 after BFA treatment. YFP fluorescence signals colocalized with FM4-64 in
BFA bodies similar to what was seen in B. The experiment was performed once with three independent YFP—TTNS5 lines (n=3). Colocalization indicated by
filled white arrowheads, non-colocalized HAz—TTNS Alexa Fluor 488-labeled signals is indicated with empty white arrowheads. Scale bars: 50 um (overview

images on left), 10 pm (magnifications).
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At first, we further investigated the ER Golgi connection as a
characteristic site of assoctation with small GTPases, like the tested
ARF1, invelved in COPI vesicle transport (Just and Peréinen, 2016).
We used the soybean (Glycine max) protein v-1,2 mannosidase 1
(GmManl) as a marker; this protein is a glycosidase that acts on

Fig. 5. See next page for legend.

glycoproteins at the cis-Golgi, facing the ER (IFig. 5A) and is visible
as nearly round punctuate structures throughout the whole cell
(Nelson et al., 2007; Wang et al., 2016). Fluorescence signals in leat’
discs transiently expressing YFP-TTNS and its mutant variants
partially colocalized with GmManl-mCherry signals at Golgi
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Fig. 5. TTN5 might be associated with the endomembrane system in N.
benthamiana pavement cells. YFP signals were defected in N.
benthamiana pavement cells transiently expressing YFP-TTNS, YFP—
TTNST¥N and YFP-TTNS27% with specific endomembrane markers via
fluorescence confocal microscopy. (A) Schematic representation of
GmMan1 localization at the cis-Golgi site. (B—D) Partial colocalization of the
YFP signal with the Golgi marker GmMan1-mCherry at cis-Golgi stacks
(filled white arrowheads). Additionally, YFP fluorescence signals were
detected in non-colocalizing punctate structures with depleted fluorescence
in the center (empty white arrowheads). (E) Schematic representation of
GmMan1 localization at the ER upan BFA treatment. BFA blocks ARF GEF
proteins, leading to a loss of Golgi cis-cisternae and formation of BFA-
induced compartments due to an accumulation of Golgi stacks up to
redistribution of the Golgi to the ER by fusion (Renna and Brandizzi, 2020).
(F—H) GmMan1-mCherry and YFP fluorescence were present in the ER and
in colacalizing punctate structures upon BFA treatment (36 pM for ~30-60
min). (1) Schematic representation of ARA7 localization at the TGN and
MVBs. (J-L) Colocalization of YFP signals with the MVB marker RFP—
ARAT. (M) Schematic representation of ARAT localization in swollen MVBs
upon wortmannin treatment. Wortmannin inhibits PI3K function leading to
TGN/EE fusion to swollen MVBs (Renna and Brandizzi, 2020). (N-P) ARA7-
RFP colocalized with YFP signal in swollen MVBs upon wortmannin
treatment (10 pM for ~30-10 min}. Colocalization indicated with filled
arrowheads; non-colocalized YFP signal is indicated with with empty
arrowheads. Corresponding colocalization analysis data is presented in

Fig. S8. Experiments were repeated three times with two plants (n=2).
Scale bars: 10 ym.

stacks (I'ig. 5B D). We also observed YI'P fluorescence in form of
circularly shaped ring structures with a fluorcscence-depleted
center; such structures can be of vacuolar origin as described
for similar fluorescent rings for ANNI GFP (Ticha ct al., 2020).
Furthermore,  quantitative  analysis  reflected  the  visible
colocalization of (GmManl marker and YFP fluorescence with
Pearson coefficients 0.63 (YFP TTNS), 0.65 (YFP TTNST30N)
and 0.68 (YFP-TTNS7L) (Fig. S8A; similar obtained overlap
coefficients), indicating a strong correlation between the signals.
We performed an additional object-based analysis to compare
overlapping YFP fluorescence in YFP-TTNS5-cxpressing leaves
with GmManl mCherry signals (YFP/mCherry ratio) and vice
versa (mCherry/YFP ratio). We detected 24% overlapping YFP
fluorescence signals for TINS5 with Golgi stacks, whereas in YIP-
TTN5"N and YFP-TTN597""expressing leaves, signals only
shared 16 and 15% overlap with GmManl-mCherry-positive
Golgi stacks (Fig. SEB). Some YFP signals did not colocalize
with the GmManl marker; these signals were more prominent in
leaves expressing YFP-TTN5 ™% and less prominent for leaves
expressing YFP-TTNS?7" compared to YFP-TTNS expression
(Fig. 5B-D). Indeed, we identitied 48% GmMan l-mCherry signal
overlapping with YFP-positive structures in  YFP-TTN597C
leaves, whereas this was 43% and 31% for YFP fluorescence
signals in YFP-TTNS and YFP-TTN5'3"™_expressing leaves,
respectively (Fig. S8B), indicating a smaller amount of GGimMan]1-
positive Golgi stacks colocalizing with YFP signals for YFD-
TTNSTN, Hence, the GTPase-active TTNS forms are likely
present at cis-Golgi stacks at higher levels compared to TTNS T30,

Next, we evaluated the Golgi localization by BFA treatment,
resulting in a corresponding redistribution of GmMan 1-mCherry
(Ritzenthaler ct al., 2002; Wang ct al., 2016) (Fig. 5E). We found
thatupon BFA treatment, the GmMan1 mCherry signal was present
in the ER and in BFA-induced compartments with partially
matching localization of YFP signal of YFP TIN5 constructs,
suggesting a connection of TTNS to Golgi localization (Fig. 5F-H).
Ilence, colocalization with GmMan 1-mCherry and BFA treatment
is indicative of YI'P signals localizing to Golgi stacks upon

YEP TTNS expression, whercas there was lower association of the
YFP-TTNS5"™" mutant form with this membrane compartment.

Second, we investigated localization to the endocytic
compartments, endosomes of the TGN and multivesicular bodies
(MVBs) using RFP-ARA7 (RABI2B), a small RAB-GTPase present
there (Kotzer et al,, 2004; Lee et al,, 2004; Stierhof and Ll Kasmi,
2010: Ito et al., 2016) (I'ig. 5I). These compartments play a role in
sorting proteins between the endocytic and secretory pathways, with
MVBs developing from the TGN and representing the final stage in
transport to the vacuole (Valencia et al., 2016; Heucken and Ivanov,
2018). Colocalization studies revealed that the YFP signal in YFP-
TTNS-expressing leaves was present at RFP-ARAT7-positive MVBs
(Fig. 5I). Noticeably, overlaps between RFP-ARA7 and YFP
fluorescence signals upon TINS5 expression were lower than for
the other TTNS forms (Fig. 5J L; Fig. S8C,D). We obtained a Pearson
coefficient for YFP fluorescence from YFP-TTNS or YFP-TTNS?7
expression with RFP-ARA7 of 0.78, whereas a coefficient of only
0.59 was obtained with YFP-TTN5™N confirming the visual
observation (Fig. S8C; similar obtained overlap coefficients). Object-
based analysis showed that, RFP-ARA7-positive structures had an
overlap with YFP fluorescence in YFP TTNS-expressing leaves of
29%, and even more with YFP TTNS?7 (75%) unlike with YFP
TTNSTN (21%) (Fig. S8D). Based on this, signals of YFP
TTNS?L and YFP TTNS tended to colocalize better with ARA7-
positive compartments than YFP-TTNST¥N,

To test MVB localization, we treated plant cells with wortmannin,
a fungal metabolite that inhibits phosphoinositide 3-kinase (PI3K)
function and thereby causes swelling of the MVBs (Cui et al., 2016),
a common approach to study endocytosis cvents (Fig. 5SM). RFP
ARAT-expressing cells showed the typical wortmannin-induced
formation of doughnut-like shaped MV Bs (laillais et al., 2008). YFP
fluorescence in YFPT'TNS-expressing leaves partially colocalized
with these structures (Fig. 5N-P) indicating that fluorescence signals
from expression of YFP-TTNS and its two mutants are present in
MVBs. YIP signals in YFP-TTN59""_expressing leaf discs were
located even to a greater extent to MVBs than for YFP-TTNS and
much more than for YFP- TINS5 _cxpressing cells, suggesting an
active role for YFP-TTN5%™" in MVBs, for example in the lytic
degradation pathway or the recycling of proteins, similar to the role
of ARA7 (Kotzer et al., 2004).

Finally, to investigate a possible connection of TTN5 with the
PM, we determined the colocalization of YFP signals from YFP-
TTNS5 constructs with FM4-64 (Fig. 6A). Fluorescence signals for
all three YFP-TTNS forms colocalized with FM4-64 at the PM in a
similar manner (Fig. 6B-D). To further investigate PM localization,
we performed mannitol-induced plasmolysis. YFP signals for all
YFP-TTNS5 constructs were located similarly to FM4-64-stained
Hechtian strands, thread-like structures attached to the apoplast
visible upon plasmolysis and surrounded by PM (Fig. 6E-G).

In summary, these colocalization experiments show that YIFP
signals upon YFP-TTNS expression are found in different
membrane sites of the endomembrane system, including the Golgi,
MVBs and PM. We hypothesize that, similar to other ARF proteins,
this pattem indicates that TTNS participates in a highly dynamic
vesicle trafficking process. Indeed, recorded dynamic YFP signal
movement of YFP-TTNS and YFP-TTN5 in N. henthamiana
pavement cells colocalized with GmManl mCherry signals, and
revealed high motion over time, whereas this was less the case forthe
YEP-TTNST% construct (Movies 13-15).

One potential cellular trafficking route is the degradation pathway
to the vacuole. We, therefore, investigated fluorescence localization
upon transient expression of YFP-TTNS together with FM4-64 in
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Fig. 6. TTN5 might colocalize with endocytosed PM material. (A) Schematic representation of the progressive stages of lipophilic membrane dye FM4-64
localization and internalization in cells. After infiltration, it first localizes in the PM, and later in intracellular vesicles and membrane compartments, reflecting
the endocytosis process (Bolte et al., 2004). (B—J) YFP fluorescence colocalized with FM4-84 in N. benthamiana leaf epidermal cells as observed by
confocal microscopy, following transient expression of YFP-TTNS, YFP-TTN5STN and YFP-TTN5Q™L (B-D) YFP signals colocalized with FM4-64 at the
PM. (E-G) PM localization of YFP fluorescence was evaluated after mannitol-induced plasmolysis (1 M for ~15-30 min). Formation of Hechtian strands is a
sign of PM material and fluorescence staining there (filled arrowheads). (H—J) Internalized FIM4-64 was present in vesicle-like structures that showed YFP
signals. Colocalization indicated with filled arrowheads. Experiments were repeated three times with two plants (n=2). Scale bars: 10 pm.

late endosomal compartments, which might be involved in vacuolar
targeting. FM4-64 is used as a marker for membranes of late
endosomal compartment and vacuole targeting, because following
PM  visualization FM4-64-stained endocytic vesicles become
apparent at later stages, as well as tonoplast staining (Ueda et al.,
2001; Emans et al., 2002; Dhonukshe et al., 2007; Ivanov and Vert,
2021). Next to YEP colocalization in YFP-TTNS-expressing leaves
with FM4-64 at the PM, we detected colocalization with
intracellular fluorescent compartments; a similar expression was
seen for both mutant forms (Fig. 6H-J). This indicates that YFP
TTNS might be involved in targeting of endocytosed PM material,
irrespective of the mutations.

In summary, YFP signals upon YFP-TTNS and YFP-TTN57-
expression were dynamic and colocalized with endomembrane
structures, wherecas fluorescence  signal in YFP TTNS'3ON-
expressing leaf discs tended to be less mobile and dynamic and
calocalized less with such structures.

DISCUSSION
This work provides evidence that the small ARF-like GTPase TTNS
has very rapid intrinsic nucleotide exchange capacity with a

conserved nucleotide-switching mechanism. TIN5 nught primarily
be present in a GTP-loaded active form in cells as a dynamic protein
with respect to its localization to membrane structures, potentially
associating it with vesicle transport and different endomembrane
processes (Fig. 7). The active TIN5 mutant was capable of
nucleotide switching and appeared to be mostly similarly localized
to wild-type TINS. The TIN5~ mutant, on the other hand, has a
lower nucleotide exchange capacity, and differed significantly in
localization properties and its dynamics, albeit depending on cell
types, and conferred a root length phenotype. Therefore, the GTP-
bound state that we presume for TTNS is most likely crucial for
correct protein localization and dynamics.

TTNS exhibits characteristic GTPase functions

TTNS3 is classified as an ARL2 homolog based on its high sequence
identity with human HsARL2 (McElver et al., 2000), which is
reinforced by structural prediction of a nucleotide-binding pocket.
TTNS, TIN5 and TTN5? can all bind guanine nucleotides.
kon values for TTNST*N and TTNS were nearly identical, indicating
that the mutation has no effect on GDP-binding characteristics,
as would usually expected in the absence of a GEF. The TTN5?7L
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Fig. 7. Schematic models summarizing TTNS5 kinetic GTPase activities and potential localization within cells. (A) Model of the predicted GTPase
nucleotide exchange and hydrolysis cycle of TTN5 based on the biochemical investigation. The TTN5 affinity for mGppNHp is 9.2-fold higher than it is for
mGDP resulting in fast switching from inactive GDP-loaded to active GTP-loaded form. mGppNHp dissociation is 8-fold faster than GTP hydrolysis, but both
processes were much slower than nucleotide association. TTN5 kinetics identified TTNS as a non-classical GTPase that tends to stay in a GTP-loaded form
even under resting conditions. (B) Presumed TTNS locations within the cell. TTN5 (green square) can be present at the PM similar as FM4-64 (red circle) or
in the endomembrane compartments of the TGN or MVB as found by ARAT7-colocalization (red hexagon). Additionally, TTN5 might colocalize with GmMan1-

positive (red square) Golgi stacks.

ken value was clearly higher compared to that of the wild type,
indicating that this mutant can bind GDP faster. Compared to other
Ras superfamily members, these values are in the range of HRAS
(Hanzal-Bayer et al., 2005) and around ten times slower than the fast
association of RACL (Jaiswal et al., 2013). Well-studied RAS
proteins, like RACT, RAC2 and RAC3, have an intrinsic nucleotide
exchange reaction rates of ~40,000 s~' (Hacusler et al., 2006),
whereas TTNS has a remarkably fast rate of nucleotide exchange
that is very similar to that of HsARL2 (Hanzal-Bayer et al., 2005;
Veltel et al., 2008). This suggests that TTNS quickly replaces GDP
for GTP and transforms from an inactive to an active state
presumably without the need of GEF interaction. This could also

be an explanation for what is seen with TIN5 Small GTPases
with mutations in the glutamine residue of switch [Tregion (e.g. Q71
for HSARF1 and ARL1, and Q61 for HRAS) are constitutively
active (Zhang et al., 1994; Van Valkenburgh et al., 2001; Karnoub
and Weinberg, 2008). Accordingly, TTNS?7" is likely to exchange
GDP rapidly to GTP and switch itself to stay in an active form, as
suggested by the fast-intrinsic nucleotide exchange rate.
Interestingly, TTNST3Y resulted in an even higher dissociation
rate constant (k,g). The calculated Ky confirmed the higher
nucleotide-binding affinity for GDP of TTNS and TTN597L
compared with TTNST3 N, Reports on IISARL2, [ISARF6 and
IHsARL4D show that their corresponding T30N mutants led to a
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similar decreased affinity for GDP (Macia et al., 2004; Hanzal-
Bayer et al., 2005; Li et al., 2012).

Interestingly, a comparison of mdGDP with mGppNIHp revealed
that all three versions had higher GTP affinity than with GDP, with
the highest for TTN597"" These high GTP affinities in combination
with fast GDP exchange rates and extremely slow hydrolysis
pinpoint TTNS as being GTP-loaded, even in resting conditions,
which is very unusual. This atypical behavior has already been
reported for a few non-classical RHO GTPases like RHOD and RIF
(Jaiswal et al., 2013). This unusual GTP-bound active state along
with it lacking N-myristoylation and the phylogenetic distance
(Boisson et al., 2003; Vernoud et al., 2003) strengthens that there are
major differences between TTNS5 and other ARF proteins. The
similarity in binding affinity between wild-type and TTNS97 ig
consistent with a previous report on HsARL2 (Hanzal-Bayer et al.,
2005). Additionally, an equivalent ratio of nucleotide affinity was
found between HRAS and HRAS?'" but with a much higher
affinity, more typical for small GTPases (Der et al., 1986). Given
that Q70 is important for GAP-stimulated GTP hydrolysis (Cherfils
and Zeghout, 2013), we assume nucleotide exchange activity is
unaffected.

The Arabidopsis genome encodes only the two large of five
mammalian ARF-GEF subgroups, BEA-inhibited GEF (BIG) and
the Golgi BFA-resistance factor 1 (GBF/GNOM) family (Memon,
2004; Wright et al., 2014; Brandizzi, 2018), but no TTN5 GEF
protein has been reported. Potential interactions with GEFs are of
high interest given the potential role of TTNS as a co-GEL, similar to
what is scen for HsARL3 and HsARL2, where their effector BART
stabilizes the active G'TPase (ElMaghloob et al., 2021). Especially,
interactions at the nucleotide-binding site, which are prevented in
the TTNST*N mutant, will be of great interest to study further for
TTNS,

Taken together, the categorization as a non-classical GTPase has
three implications. First, very slow hydrolysis rates predict the
existence of a TTNS GAP. Second, TIN5 might function as a
dominant-negative mutant and, in the presence of a GEF, it cannot
bind GDP. Third, the TIN5 hydrolysis rate is not decreased.
TTN5 might act in the end mbrane syst
The localization data on YFP- and HA;-TTNS5 suggest that it might be
localized at different cellular membrane compartments, typical for the
ART-ike family (Memon, 2004; Szwl et al., 2019), and supports
potential involvement of TTN5 in endomembrane trafficking. Even
though YFP-TTNS did not complement the #m3-1 embryonic
lethality, we made several observations that suggest that the YFP—
TTNS5 signals seen at various membrane sites are meaningtul, YFP—
TTNS might not complement due to differences in TTNS levels and
inferactions in some cell types, which were hindered specifically for
YFP-TTNS5 but not HA;-TTNS5. In a previous study, overexpression
of ART1 did not affect the intacellular localization compared to
endogenous tagged-ARF1 but did cause the formation of tubulated
structures (Bottanelh et al., 2017). Alhough constitutively driven,
YFP-TTN5 expression might be delayed or insufficient at early
embryonic stages resulting in the lack of embryonic lethal
complementation. On the other hand, the fast nucleotide exchange
activity might be hindered by the large YFP compared to the small
HA; tag, given that HA; 'TTNS rescued the embryo lethality. The lack
of complementation represents a challenge for determining the
localization of small G'TPases with rapid nucleotide exchange in
plants. Despite these limitations, we made relevant observations that
made us believe that YFP signals in YFP-TTN5-expressing cells at
membrane sites are meaningful. First, using pharmacological

treatments and colocalization with organcllar markers, we noted that
various particular membrane compartments showed YFP signals, such
as the punctate small ring-like structures, resembling previously
reported ANNI-GFP staining (Tichd et al., 2020), the large
wortmannin-induced ring-like structures and the BFA bodies, all of
which are meaningful for vesicle transport and PM protein regulation
processes (Wang et al., 2009; Suo et al, 2021). Furthermore,
flucrescence signals obtained with YFP-TTN5 constructs also
depended on T30 and Q70 residues; particularly YFP-TTNS" 3™
had partly quite distinct fluorescence localization patterns, reduced
mobility in certain cells and diftering degrees of colocalization with the
utilized markers. Next to this, HA;-TTN5"" seedlings showed
reduced root growth which might be due to similar reasons. Given that
TTNS'*™ has a very fast nucleotide exchange rate and less affinity to
nucleotides compared to TTNS, these differing YFP fluorescence
patterns of YFP-TTNS"*N at membrane sites and the effect on root
growth are not unexpected. Hence, we considered these specific YFP
localizations at membrane sites as valid, especially when supported by
HA;-TTNS immunodetection.

Following up, colocalization analysis showed that both cis-Golgi
and MVB-positive structures colocalized with a higher proportion
with YFP signals from YFP TTNS?7" than from YFP TTNS™0N,
This could indicate the site of TTNS5 action, considering our
knowledge of ARF family activation in other organisms with high
TTNS5 sequence similarity. Small (GTPases are usually recruited or
move to their place of action upen interaction with their specific GEF
and nucleotide cxchange-dependent activation (Sztul ct al., 2019;
Nielsen, 2020; Adarska ct al., 2021). Although our biochemical data
implies no need for a typical G'TPase GEF intcraction for activation, it
can be still important for localization, Most of effector G'TPase
interactions take place with (G Pases in their G'TP-bound form (Sharer
and Kahn, 1999; Hanzal-Bayer et al., 2005). One exception is the role
of ARL2-Alp41-GDP in microtubule dynamics by interaction with
Cofactor D-Alp1P (Bhamidipati et al., 2000; Mori and Toda, 2013).
Another possibility is a hindrance of dimerization by the T30N
mutation. ARF1 protein dimer formation is important for the
formation of free vesicles (Beck ct al., 2009; Beck et al., 2011) and
is associated with cell mobility, which was disturbed in YFP-
TTNSTN expressing cells. Colocalization of YFP fluorescence upon
YFP-TTNS expression with ARA7-positive structures, even in the
wortmannin-induced swollen state, might indicate that TTN5 has
similar functions to ARA7. ARA7 is involved in endocytic cargo
transport to the vacuole, for example, endocytosis of PM material
(Ueda et al., 2001; Sohn et al., 2003; Kotzer et al., 2004; Ebine et al.,
2011). Colocalization of FM4-64-labeled intracellular structures with
fluorescence in YFP-TTN5-expressing cells might indicate the TTNS
has a role in endocytosis and the possible degradation pathway into the
vacuole, Our data on colocalization with the different markers support
the hypothesis that TTN5 might have functions in vesicle trafficking.

A potential explanation of YFP localization to similar compartments
upon YFP-TTN5 and YFP-TTNSY™ expression compared to
fluorescence signal of YFP-TTNS'™N expression can be made
based on a special feature of TTN5 in the ARF family. ARF GTPases
are mostly myristoylated on G2, which is essential for their membrane
binding. TTN5, as well as HsARL2 and HsARL3, lack this
myristoylation, although G2 is present (Boisson et al., 2003; Kahn
etal., 2006). HSARL2 and HsARL3 are still able to bind membranes,
probably only through their N-terminal amphipathic helix, as was
established for SAR1, with HSARL2 membrane binding efficiency
being nucleotide independent (Lee et al., 2005; Kapoor et al., 2015).
We suggest similar behavior for TTNS, as detected YFP signals
localized to membranous compartments. Based on the varying
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colocalization degrees, with signals of YFP TTNS™N construct
being less prominent at the Golgi and MVBs compared to YFP-TTNS5
and YFP-TTNSY™L we hypothesize that different membrane
localization could be associated with a nucleotide- or nucleotide
exchange-dependent process. In a nucleotide-free or GDP-bound state,
TTNS might be predominantly present close to the PM, whereas in an
active GTP-bound state, which according to enzyme kinetics is
expected to be predominant, it would be dynamically linked with the
endomembrane system. Interestingly, with respect to the intracellular
dynamics, we observed that the TIN5 mutant had a different
behavior in ditferent organ types. This could be due to differing GEFs.
Likewise, it is conceivable that constitutively expressed TTNS has
different effector binding partners.

The broad diversity of biological functions for proteins that have
related sequences to TTNS, such that they are associated with a
variety of signaling cascades, is also reflected by these related
proteins having very different protein partners. Few orthologs of
HsARL2 interaction partners are present in Arabidopsis. It 1s
therefore exceedingly interesting to identify interacting proteins to
determine whether TTNS performs similar functions to HsARL2 or
what other role it might play, especially with regard to the potential
GTP dependence of T'TNS essential function, which fits with already
known functions of other ARF G'T'Pases (Sztul et al., 2019; Nielsen,
2020; Adarska et al., 2021). In addition, ARF proteins are affected
by a similar set of GEFs and GAPs, indicating an interconnected
network of ARF signaling. ARF double knockdowns have revealed
specific phenotypes, suggesting redundancy in the ARF family
(Volpicelli-Daley et al., 2005: Kondo et al., 2012; Nakai ctal., 2013;
Adarska et al., 2021). Investigation of the role of TTNS within the
ARF family might reveal a missing link in ARF signaling and cell
traffic.

Conclusion

In this study, we identified TTNS as a functional ARI-like GTPase
that not only shares sequence similarity with [ISARL2, but also
the very fast nucleotide exchange capacity, in contrast to other
characterized ARF and ARL proteins. TTNS5 has a fast nucleotide
dissociation and a slow GTP hydrolysis rate, and a higher affinity for
GTP than GDP. Thus, TTNS is a non-classical GTPase that most
likely accumulates in a GTP-bound state in cells in line with certain
cellular phenotypes and protein localization data. The nucleotide
exchange capacity affected the localization and dynamics of
YIP-tagged TTN5 forms, and the association of TTN5 with the
endomembrane system. In the future, identification of a potential
TTNS GEF, GAP and effector proteins as well as other interaction
partners, and particularly potential PM target proteins as cargo
for vesicle transport, will be of great interest to clarify potential
les of TIN5 in endomembrane trafficking and whole-plant
physiological contexts.

MATERIALS AND METHODS

Arabidopsis plant material and plant growth conditions

The Arabidopsis tm5-1 (Stock Number: CS16077) mutant was previously
described (McElver et al,, 2000). Heterozygous seedlings were selected by
genotyping using the primers TTNS intron] fwd and pDAP10]1 LBI
{Table S1). For pro355::YFP-TTNS and pro3sS:HA;-TTNS constructs,
TTN5 coding sequences was amplitied with B1 and B2 attachment sites for
Gateway cloning (Life Technologics) using the primer TITANS n-ter B1
and TTIANS stop B2 (lable S1). The obtained PCR fragments were cloned
via BP reaction (Life Technologies) into pDONR207 (Invitrogen). pro35S:
YFP-TTNS and pro335:HA;-TTN5 constructs were created via LR
reaction (Lite Technologies) with the destination vector pH7WGY2
{Karimi et al, 2005) (VIB-UGent Center for Plant Systems Biology,

Vector [D:1_48) and pALLIGATOR2 (Bensmihen et al, 2004),
respectively. Agrobacteria were transformed with obtained constructs and
used for stable Arabidopsis transformation (method adapted from Clough
and Bent, 1998). Arabidopsis seeds were sterilized with sodium
hypochlorite solution (6% sodium hypochlorite and .1% Triton X-100)
and stored for 24 h at 4°C for stratification. Seedlings were grown upright on
half-strength Hoagland agar medium [1.5 mM Ca(NOs),, 0.5 mM KH,PO,,
1.25 mM KNO;, 0.75 mM MgSOy, 1.5 uM CuSOy, 50 pM H3;BO;, 50 uM
KCL 10 pM MnSOy, 0.075 pM (NH4)eM070s, 2 pM ZnSO4, 50 uM
FeNaEDTA and 1% sucrose, pH 5.8, supplemented with 1.4% Plant agar
(Duchefa)] in growth chambers (CLF Plant Climatics) under long-day
conditions (16 hlight at 21°C, & h darkness at 19°C). Seedlings were grown
for 6 days (6-day system) or 10 days (10-day system) or 17 days with the last
3 days on fresh plates (2-week system).

Seed clearing was undertaken by incubating seeds in a chloral hvdrate-
glycerol clearing solution [chloral hydrate:glycerol:water, 8:1:2 (g:ml:ml)]
for 4 hup to overnight. Imaging was done using an Axio Imager. M2 (Zeiss).

Root length measurement were performed using IMicroVision with the
image analysis toolbox for measuring and quantifying components of high-
definition images [version 1.3.4; https:/jmicrovision. github.io; Roduit, N.]

Nicotiana benthamiana plants were grown on soil for 2 4 weeks in a
greenhouse facility under long-day conditions (16 h of light, 8 h of
darkness).

Point mutant generation of TTN5

pDONR207:-TTNS was used as a template for site-directed T7TN35
mutagenesis. Primers T5T30Nf and T5T30Nr (Table S1) were used to
amplify the entire vector generating the TINST™ coding sequence and
primers TQ7OLL and T5Q70Lr (Lable S1) were used to amplify the entire
vector generating the TTN52""" coding sequence. The PCR amplifications
were run using the following conditions: 95°C, 30 s; 18 cycles ot 95°C for
30s, 55°C for 1 min, and 72°C for § min; then 72°C for 7 min. The
completed reaction was treated with 10 units of Dpnl endonuclease for 1 h at
37°C and then used for Escherichia coli transformation. Success(ul
mutagenesis was confirmed by Sanger sequencing.

In vitro GTPase activity assays
An overview of protein expression and purification is shown in Fig. S2A.
Recombinant pGEX-4T-1 hacterial protein expression vectors (Amersham,
Germany) containing coding sequences for TTNS, TIN5 and TTV597%
were transferred into £, coli BL21 (DE3) Rosetla strain (Invitrogen,
Germany). Following induction of GST TIN5 fusion protein expression
according to standard procedures (Hemsath et al., 2003), cell lysates
were obtained after cell disruption with a probe sonicator (Bandelin sonoplus
ultrasonic homogenizer, (iermany) using a standard buffer [300 mM NaCl,
3 mM dithiothreitol (DTT), 10 mM MgCl,, 0.1 mM GDP, 1% glycerol and
50 mM 1Trs-HCL, pH 7.4]. GST fusion proteins were purified by loading
total bacicrial lysate on a preequilibrated glutathione Sepharose column
(Sigma, Germany) using fast performance liquid chromatography system
(Cytiva, Germany) (Step 1, affmity-purified GST-TTN5 protein (raction).
GST-tagged protein fractions were incubated with thrombin (Sigma,
Germany) at 4°C overnight for cleavage of the GST tag (Step 2, GST
cleavage) and applied again to the allinity column (Step 3, vielding TINS
protein fraction). Purified proteins were concentrated using 10 kDa ultra-
centrifugal filter Amicon (Merck Millipore, Germany). The quality and
quantity of proteins were analyzed by SDS-PAGE (Bio-Rad), a UV/Vis
spectrometer  (Eppendorf, Germany) and high-performance liquid
chromatography (HPLC) using a reversed-phase C18 column (Sigma,
Germany) and a pre-column (Nucleosil 100 C18, Bischofl Chromatography)
as described previously (Eberth and Ahmadian, 2009) (Fig. S2B-D).
Nucleotide-free TIN5 protein was prepared from the TINS protein
fraction (Eberth and Ahmadian, 2009) as illustrated in Fig. S2H. 0.5 mg
TTNS protein was combined with 1 U of agarose bead-coupled alkaline
phosphatase (Sigma-Aldrich, Germany) for degradation of bound GDP to
GMP and Pi in the presence of a 1.5-fold molar excess of non-hydrolyzable
GTP analeg GppCp (Jena Bioscience, Germany). After confirmation of
GDP degradation by HPLC, 0.002U snake venom phosphodiesterase
(Sigma-Aldrich, Germany) per mg TTN3 was added to cleave GppCp to
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GMP, G and Pi. The reaction progress of degradation of nucleotides was
analyzed by HPLC using 30 uM TTNS3 in a 30ul injection volume
(Beckman Gold HPLC, Beckman Coulter). Afler completion of the
reaction, in order to remove the agarose bead-coupled alkaline
phosphatase, the solution was cenfrifuged for 10 min at 10,000 g, 4°C,
which was followed by snap freezing and thawing cycles to inactivate the
phosphediesterase. mdGDP  (2-deoxy-3-0-N-methylanthraniloyl GDP)-
and mGppNHp  2/3'-O-(N-mecthyl-anthraniloyl)-guanosine-5"-[(B,y)-
imidoJtriphosphate)-bound TIN5, TINST*Y and TINSQC  were
prepared by incubation of nucleotide-free forms with fluorescent
nucleotides (Jena Bioscience, Germany) in a molar ratio of | to 1.2, The
solution was purified from the excess amount of mdGDP and mGppNHp by
using prepacked gel-filtration NAP-5 Columns (Cytiva, Germany) to
remove unbound nucleotides. Protein and nucleotide concentration were
determined using the Bradford reagent (Sigma-Aldrich, Germany) and
HPLC, respectively

All Xinetic fluorescence measurements including nucleotide association
and dissociation reactions were monitored on a stopped-flow instrument
system SE-61, HiTech Scientific (TgK Scientific Limited, UK) and SX20
MYV (Applied Photophysics, UK) at 25°C using nucleotide exchange buffer
(10 mM K;HPOL/KH, PO, pH 7.4, 5 mM MgCls, 3 mM DT, 30 mM Tris-
HCI, pH 7.5) (Eberth and Ahmadian, 2009). Fluorescence was detected at
366 nm excitation and 450 nm emission using 408 nm cut-ofl filter for
mant-nucleotides (Hemsath and Ahmadian, 2005).

To determine the intrinsic nucleotide exchange rate, &g, 0.2 uM mdGDP-
and mGppNHp-bound proteins were combined with a 200-fold molar
exeess of 40 uM non-fluorcscent GDP in two different st of experiments,
respectively. The decay of the fluorescence intensity representing mdGDP
and m{ippNHp dissociation and replacement by non-fluorescent nucleotide
were recorded over time (Fig. S2(7). Moreover, to determine the nucleotide
assaciation rate, Ay, of mdGDP and mGppNHp to the nucleotide-free
GTPase, 0.2uM fluorescent nucleotides were mixed with different
concentrations of nucleotide-free TTNS variants. The increase in the
fluorescent intensity was obtained by analyzing the conformational change
of fluorescent nucleotides aller binding 1o the proteins (Fig. S2H).

The data provided by the stopped-flow assay, were applied to obtain the
observed rate constants. Dissociation rate constants or nucleotide exchange
rates (ko in s7') and pseudo-first-order rate constants or ohserved rate
constants (kg in s77) at the different concentrations of the protein were
obtained by non-linear curve fitting using Origin software (version 2021b).
The slopes obtained from plotting Ay, against respective concentrations of
proteins were used as the second-order association rate constants (A, in
uM~1s71). The equilibrium constant of dissociation (K in uM) was
calculated from the ratio of & 'k, In order to investigate the intrinsic GTP-
hydrolysis rate of TTNS variants, the HPLC method is used as described
previously (Eberth and Ahmadian, 2009). As an accurate strategy, HPLC
provides the nucleotide contents over time. The GTPase reaction rates were
determined by mixing 100 uM nucleotide-free G'1Pase and 100 pM GTP at
25°C in a standard buffer without GDP. The GTP contents were measured at
different times and the data were fitted with Origin software to get the
observed rate constant.

Nicotiana benthamiana leaf infiltration

N. benthamiana leaf infiltration was performed with the Agrobacterium
(Agrobacterium radiobacter) strain C58 (GV3101) carrying the respective
constructs for confocal microscopy (LSM 780, Zeiss). Agrobacteria cultures
were grown overnight at 28°C, centrifuged for S min at 4°C at 5000 g,
resuspended in infiltration solution (3% sucrose, a pinch of glucose, 0.01%
Silwet Gold, 150 pM Acctosyringone) and incubated for 1 h at room
temperature. The bacterial suspension was adjusted to an ODggp-0.4 and
infiltrated into the abaxial side of N. benthamiana leaves.

of fl t protein
Cloning of YFP-tagged TTN5 constructs is described in the section
‘Arabidopsis plant material and growth conditions” above. Localization
studics were carried out by laser-scanning confocal microscopy (LSM 780
or LSM880, Zeiss) with a 40> C-Apochromat water immersion objective.

YFP constructs and Alexa Fluor 488 stamings were excited at 488 nm and
detected at 491-360 nm. mCherry, Alexa 555 and FM4-64 fluorescence was
exciled at 361 nm and detected at 570-633 nm.

Wartmannin {10 uM, Sigma-Aldrich), BFA (36 uM, Sigma-Aldrich) and
plasma membrane dyes FM4-64 (165 pM, Thermo Fisher Scientific) were
infiltrated into N. benthamiana leaves or used for incubation bath of
Arabidopsis scedlings. FM4-64 was detected afler 5 min incubation.
Wortmannin and BFA were incubated for 25 min before checking the
treatment efffect. Plasmolysis was induced by mcubating leaf discs in 1 M
mannitol solution for 15 min. Signal intensities were increased for better
visibility.

RFP-ARAT7 clones were a gift from Dr Thierry Gaude (Feole Normale
Supéricure, Lyon, France).

Whole-mount immunostaining

Whole-mount immunostaining by immunofluorescence was performed
according to Pasternak et al. (2015). Briefly, Arabidopsis seedlings were
grown in the standard condition in Hoagland medium for 4-6 days.
Methanol or formaldchyde (4%) was used to fix the scedlings. The
seedlings were transferred to a glass slide and resuspended in 1x
microtubule-stabilizing buffer (MTSB). Scedlings were digested with 2%
Driselase dissolved in 13 MTSB at 37°C for 40 mins. Following digestion, a
permeabilization step was performed by treating the seedlings with
permeabilization buffer (3% IGEPAL C630, 10% DMSO in 1x MTSB
buffer) at 37°C for 20 mins. Then blocking was performed with a buffer
consisting of 5% BSA for 30 min at room temperature. They were incubated
overnight with different primary antibodics (detailed information is listed
below). After two washes with 1x MTSB, seedlings were incubated with a
respective Alexa Fluor secondary antibody for 2 h at 37°C. After five steps
of washing with 1x PBS, coverslips were mounted on slides with the
antifade reagent (Prolong glass Antifade Mountant with NucBlue Stain,
Invitrogen, P36985). Fluorescence microscopy was conducted as deseribed
in the previous seetion.

Immunodetection was conducted with following antibody combinations:
HA detection was performed using anti-HA antibody (1:100 dilution, rabbit
Abcam ab9110 orchicken AGRISERA, AS204463, Lot: 2303) followed by
Alexa Fluor 488 or Alexa Fluor 555-labeled secondary antibodies (1:200
anti-rabbit-Ig(s, Thermo Fisher Scientific, A32731, Lot: 2541675 and 1:500
goat anti-chicken-IgY, Thermo Fisher Scientific A32932). ART1 (Golgi
and TGN marker) was detected using primary anti-ARF1 antibody (1:200
dilution, rabbit, Agriscra, ASO8 325, Lot: 2208), in combination with Alexa
Fluor™ Plus 488-labeled secondary antibody.

For initiation of BFA bodies, seedlings were first treated with BFA
(72 pM, Sigma-Aldrich) and fixable plasma membrane dye FM4-64 FX
(10 mM, Thermo Fisher Scientific, F34653) for 1 h, before formaldchyde
fixalion.

Immunoblot detection

Afler total protein extraction from Arabidopsis plants grown for 6 days or in
the 2-week system, sample separation by SDS-PAGE and immunodetection
were performed as previously described (Le et al, 2015). In brief,
plant material was ground under liquid nitrogen and proteins were extracted
with SDG buffer (62 mM Tris-HC], pH 8.6, 2.5% SDS, 2% DTT, 10%
glycerol). Samples were separated on 12% SDS-PAGE gels. Following
electrophoresis, the proteins were transferred to a Protran nitrocellulose
membrane (Amersham).

Membranes were blocked for | h in 5% milk-TBST solution (20 mM
Tris-HCI, pH 7.4, 180 mM NaCl and 0.1% Tween 20), followed by 1 h
antibody incubation (anti-GFP, monoclonal mouse antibody, Roche, catalog
no. 11814460001, 1:1000). After three washes with TBST for 10 min
cach, membranes were incubated in secondary antibody (anti-mouse-lgG
conjugated to HRP, polyclonal goat antibody, Sigma-Aldrich, cat. no.
SAB3701139, 1:3000) for 1 h. HA detection was performed with a directly
coupled anti-HA antibody (anti-HA-HRP, high-atfinity monoclonal
rat antibody, 3F10, Roche, catalog no. 12013819001, 1:1000).
Immunodetection was performed after three washes with TBST for
10mm cach, using the enhanced chemiluminescence system (GE
Healthcare) and the FluorChem Q System for quantitative western blot
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imaging (ProteinSimple) with the AlphaView software. Full images of
uncropped western blot from this study can be found in Fig, 59,

JACoP based colocalization analysis

Colocalization analysis was carried out with the Imagel (Schneider et al,, 2012)
Plugin Just Another Colocalization Plugin (JACoP) (Bolte and Cordeliéres,
2006) and a comparison of Pearson’s and Overlap coefticients was performed.
Object-based analysis was performed for punctate structures (method adapted
from Ivanov et al, 2014). Colocalization for both channels was calculated
based on the distance between geometrical centers of signals and presented as a
percentage. Analysis was done in three replicates each (n=3)

Structure prediction

TTNS structure prediction was performed by AlphaFold (Jumper et al.,
2021). The molecular graphic was edited with UCSF ChimeraX (1.2.5,
Goddard et al., 2018), developed by the Resource for Biocomputing,
Visualization and Informatics at the University of California, San Francisco,
with support from the National Institutes of Health RO1-GM129325 and the
Office of Cyber Infrastructure and Computational Biology, National
Institute of Allergy and Infectious Diseases.

In silico tool for gene expression analysis

RNA-seq data was analyzed from previously published studies and was
visualized with the AtGenExpress eFP at https:/bar.utoronto.ca/eplant/
(Nakabayashi et al., 2005; Schmid et al., 2005; Ryu et al., 2019; Waese
ctal, 2017).

A i bers for seq data

Sequence data used in this article can be found in the TAIR and GenBank
data libraries under accession numbers: ARA7 (TAIR: AT4G19640), ARF]
(TAIR: AT1G23490), GmManl (Uniprot: QOPKY2) and TTN5 (TAIR:
AT2G18390).

Statistical analysis

Onc-way ANOVA was uscd for statistical analysis and performed in
OriginPro 2019, Fisher’s least significant difference or a Tukey's test was
chosen as a post-hoc test with £<0.05,
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specific disease mechanism provoking
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SUMMARY

Noonan syndrome patients harboring causative variants in LZTR7 are particularly at risk to develop se-
vere and early-onset hypertrophic cardiomyopathy. In this study, we investigate the mechanistic conse-
quences of a homozygous variant LZTR1:559% by using patient-specific and CRISPR-Cas9-corrected
induced pluripotent stem cell (iPSC) cardiomyocytes. Molecular, cellular, and functional phenotyping in
combination with in silico prediction identify an LZTR1:%%°F_specific disease mechanism provoking car-
diac hypertrophy. The variant is predicted to alter the binding affinity of the dimerization domains facil-
itating the formation of linear LZTR1 polymers. LZTR1 complex dysfunction results in the accumulation of
RAS GTPases, thereby provoking global pathological changes of the proteomic landscape ultimately
leading to cellular hypertrophy. Furthermore, our data show that cardiomyocyte-specific MRAS degrada-
tion is mediated by LZTR1 via non-proteasomal pathways, whereas RIT1 degradation is mediated by
both LZTR1-dependent and LZTR1-independent pathways. Uni- or biallelic genetic correction of the
LZTR158% missense variant rescues the molecular and cellular disease phenotype, providing proof of
concept for CRISPR-based therapies.

INTRODUCTION disease sevetity. Common clinical symptoms range from intel-

lectual disability to facial dysmorphisms, webbed neck, skeletal
Noonan syndrome (NS) is a multi-systemic developmental disor-  deformities, short stature, and, in many cases, congenital heart
der with a broad spectrum of symptoms and varying degrees of  disease.” With a prevalence of approximately 1 in 1,000-2,500

u!l Gell Reports 43, 114448, July 23, 2024 © 2024 The Author(s). Published by Elsevier Inc. 1

= This is an open access article under the CC BY-NC license (http://creativecommons.org/licenses/by-nc/4.0/).
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live births, NS is considered the most common monogenic dis-
ease associated with congenital heart defects and early-cnset
hypertrophic cardiomyopathy (HCM).” Young NS patients diag-
nosed with HCM are more prone to develop heart failure accom-
panied by a poor late survival.”* Like other phenotypically over-
lapping syndromes classified as RASopathies, NS is caused by
variants in RAS-mitogen-activated protein kinase (MAPK)-asso-
ciated genes, all typically leading to an increase in signaling
transduction.” Patients harboring causative gene variants in
RAF1, HRAS, RIT1, and LZTR1 are particularly at risk to develop
severe and early-onset HCM.™"

Recent studies by others and our group have identified the role
of LZTR1 within the RAS-MAPK signaling cascade as a negative
regulator of signaling activity. LZTRT encodes an adapter protein
of the cullin 3 ubiquitin ligase complex by selectively targeting
RAS proteins as substrates for degradation. LZTR7 deficiency,
caused by truncating or missense variants, results in an accumu-
lation of the RAS protein pool and, as a consequence, in RAS-
MAPK signaling hyperactivity.” '° Whereas dominant LZTR?
variants generally cluster in the Kelch motif perturbing RAS bind-
ing to the ubiquitination complex,’ the mechanistic conse-
quences of recessive LZTHT missense variants, which are
distributed over the entire protein, are not understood.

Human induced pluripotent stem cell-derived cardiomyocytes
(iPSC-CMs) generated from patients with inherited forms of car-
diomyopathies offer a platform to study the disease mechanisms
in physiclogically relevant cells and tissues.'*'® A few RAScp-
athy-linked iPSC-CM models have been described, including
for variants in PTPN11, RAF1, BRAF, and MRAS. " ' With this
in mind, we recently added additional information as to the role
of LZTR1-truncating variants in NS pathophysiology.'®'® In the
present study, we investigated the functional conseguences of
a recessive missense varant LZTR71-°5°F by utilizing patient-
derived and CRISPR-corrected iPSC-CMs. We could show
that LZTR7% in homozygosity results in aberrant polymeriza-
tion causing LZTR1 dysfunction, an increase in RAS guanosine
triphosphatase (GTPase) levels, and cellular hypertrophy.
Furthermore, genetic correction of the missense variant by
CRISPR-Cas9 rescued the cellular phenotype, thereby providing
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proof of concept for future perscnalized CRISPR-based
therapies.

RESULTS

LZTR1“%%°F is causative for recessive NS

A 17-year-old male patient with HCM, stress-induced cardiac ar-
rhythmias, pectus excavatum, and facial anomalies was referred
to our clinic, and, based on the combination of symptoms, was
diagnosed with NS (Figure 1A; Table S1). The patient was born
to a consanguineous couple, and both parents showed
neither apparent clinical symptoms nor distinctive NS-specific
features. Whole-exome sequencing detected one highly suspi-
cious homozygous variant in LZTRT (GenBank: NM_006767),
¢.1739T>C, leading to the substitution of an evolutionary
conserved leucine at amino acid position 580 by proline
(p.L580P). Both parents were heterozygous carriers, and the
variant was not present in any current database of human ge-
netic variations, including the >250,000 alleles of the Genome
Aggregation Database (gnomAD).

To elucidate the molecular and functional consequences of
the LZTR1%F missense variant, we generated iPSCs from
the patient’s skin fibroblasts using integration-free reprogram-
ming methods and subsequently utilized CRISPR-Cas9 genome
editing to engineer gene variant-corrected iPSC lines (Figure 1B).
For genetic correction of the patient-specific iPSCs, the CRISPR
guide RNA was designed to specifically target the mutated
sequence in exon 15 of the LZTR1 gene. Furthermore, the ribo-
nucleoprotein-based CRISPR-Cas9 complex was combined
with a single-stranded oligonucleotide serving as template for
homology-directed repair (Figure 1C). Upon transfection, cells
were singularized and individual clones were screened for suc-
cessful editing to identify heterozygous corrected as well as ho-
mozygous corrected IPSC clones, LZTR1°9™ Mt and LZTR1%0™ hom,
respectively (Figure 1D). Molecular karyotyping of the edited
iPSC clones confirmed chromosomal stability after genome ed-
iting and passaging (Figure 1E). As expected for individuals born
from consanguineous parents, both patient-specific and
CRISPR-corrected iPSCs demonstrated a noticeable reduction

Figure 1. Generation of patient-specific and CRISPR-corrected iPSCs

(A) Pedigree of the consanguineous family with healthy parents and the son affected by recessive NS harboring the LZTRT variant {c.1739T>C/p.L580P) in
hemozygosity.

(B) Generation of patient-specific iPSCs by reprogramming of patient’s skin fibroblasts via integration-free Sendai virus and genetic correction of the missense
variant by CRISPR-Cas9.

(C) Depiction of the genome editing approach for correction of the missense variant in LZTR1 exon 15.

(D) Sanger sequencing of the patient-derived iPSCs (LZTR1%%°") and the CRISPR-Cas9-edited heterozygous corrected (LZTR1%“""*) and homozygous cor-
rected (LZTR1°™"°™) iPSCs.

(E) Molecular karyotyping demonstrated a high percentage of loss of heterozygosity {(LOH) because of consanguinity as well as chromosomal stability of iPSCs
after genome editing. CNV, copy number variation.

(F) Patient-specific and CRISPR-corrected iPSCs showed a typical human stem cell-like morphology; scale bar: 100 ym.

(G) Expression of key pluripotency markers OCT3/4, NANOG, and TRA-1-60 in the generated iPSC lines was assessed by immunocytochemistry; nuclei were
counter-stained with Hoechst 33342 (blue); scale bar: 100 um.

(H) Flow cytometry analysis of pluripotency marker TRA-1-80 detected homogeneous populations of pluripotent cells in generated iIPSC lines. Gray peaks
represent the negative controls.

() Differentiation of WT, patient-specific, and CRISPR-corrected iPSCs into iPSC-CMs.

(Jy Representative blot of endogencus LZTR1 levels in iPSC-CMs at day 60 of differentiation, assessed by western blot; vinculin served as loading control;n=3
individual differentiations per iPSC line.

(K) Quantitative analysis of western blots for LZTR1; data were normalized to total protein and to the corresponding WT samples on each membrane; n = 6-8
independent differentiations per iPSC line. Data were analyzed by non-parametric Kruskal-Wallis test with Dunn correction and are presented as mean = SEM (K).
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Figure 2. Homozygous LZTR1-%% causes accumulation of RAS GTPases

(A) Two WT, the patient-specific, and the 2 CRISPR-corrected iPSC lines were differentiated into ventricular iPSC-CMs and analyzed by quantitative global
proteomics via liquid chromatography-tandem mass spectrometry at day 60 of differentiation; n = 3—4 individual differentiations per iPSC line.

(B) Over 4,700 proteins were present in the individual proteomic samples, all showing comparable high abundance of cardiac markers myosin heavy-chain f§
(MHY7), cardiac troponin T (TNNT2), 2-actinin (ACTN2), titin (TTN), and ventricular-specific MLC2V (MYL2).

(C-E) Volcano plots comparing patient’s versus WT IPSC-CMs {C: LZTR1-%%" versus WT), heterozygous corrected versus nen-corrected iPSC-CMs {D;
LZTR1o™ "elyarsus LZTR1 5897}, and homozygous corrected versus non-corrected iIPSC-CMs (E; LZTR1°%" "™ versus LZTR15%9F) detected high abundance of

RAS GTPases in patient samples.
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of the overall heterozygosity. In addition, sequencing detected
no obvious off-target modifications by genome editing (Fig-
ure S1). Subsequently, patient-derived and CRISPR-corrected
iPSCs were verified for pluripotency (Figures 1F=1H). In addition
to the patient-derived iPSC lines, iPSC lines from two unrelated
healthy male donors, namely WT1 and WT 11, were used as wild-
type (WT) controls in this study.

At first, we aimed to determine whether the LZTR1-%#%" protein
remains stably expressed or is rapidly degraded after protein
translation. LZTR1 proteins were robustly detected by western
blot in differentiated IPSC-CMs (Figures 11-1K). Interestingly,
significantly higher LZTR1 protein levels were present in the
patient-specific and the heterozygous corrected iPSC-CMs
compared to WT and homozygous corrected cultures, suggest-
ing an accumulation of the mutant LZTR1-58% proteins.

Homozygous LZTR1'%%°F causes accumulation of RAS
GTPases

To investigate the impact of the identified homozygous
LZTR1°%F missense variant on the molecular mechanisms
contributing to left ventricular hypertrophy, patient-specific, het-
erozygous and homozygous comrected, and two individual WT
iPSC lines were differentiated into functional ventricular-like
iPSC-CMs in feeder-free culture conditions, ® and on day 60 of
differentiation, subjected to unbiased proteome analyses (Fig-
ure 2A). We identified more than 4,700 proteins in the samples
from the individual groups. All samples showed a comparably
high abundance of prominent cardiac markers MHY7, TNNT2,
ACTNZ, and TTN, and ventricular-specific MYL2, indicating equal
cardiomyocyte content in the different cultures (Figure 2B). By
comparing the proteome profiles of LZTR1“*%" and WT iPSC-
CMs, we identified enhanced abundance of the RAS family mem-
bers muscle RAS oncogene homolog (MRAS) and RIT1 in the pa-
tient's iPSC-CMs (Figure 2C). This findingis in agreement with our
previous observation in LZTR1-truncating variant carriers’ and
confirms the pivotal role of LZTR1 in targeting RAS GTPases for
LZTR1-cullin 3 ubiquitin ligase complex-mediated ubiquitination
and degradation.”” Furthermors, it highlights that LZTR1°%°" re-
sults in protein loss of function, causing an accumulation of RAS
proteins in the cells, which provides molecular evidence for the
causative nature of the missense variant. Strikingly, protein levels
of the RAS GTPases were normalized in both the heterozygous
and the homozygous corrected iPSC-CMs, confirming that only
one functional LZTR7T allele is sufficient to regulate the protein
pool of RAS GTPases in cardiomyocytes (Figures 2D and 2E).
As anticipated, transcriptome analyses showed similar mRNA
expression levels of RAS GTPases in the patient's and
CRISPR-corrected iPSC lines, indicating a post-translational
cause for the higher abundance of RAS proteins in LZTR1-%%%F
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cultures (Figure S2). In contrast, the significantly elevated protein
levels of the protein quality control-associated heat shock-related
70-kDa protein 2 (HSPA2) in the patient’s cells in comparison to
the WT and CRISPR-corrected cells were related to the upregu-
lation of gene expression, suggesting that HSPAZ is not directly
targeted by LZTR1 for degradation.

To assess the correlation of proteomic signatures with
LZTR1 deficiency, we performed a comparative analysis of (1)
LZTR1%5% versus WT, (2) LZTR1°" "t versus LZTR1-%F,
and (3) LZTR1°°™"™ versus LZTR1-*%%. We found 78 proteins
being differentially regulated in all 3 datasets (Figure 2F). Here,
a profound subset of proteins that were significantly higher
abundant in the patient's cells, such as the MAPK-activated pro-
tein kinase RPSBKA3, were normalized after heterozygous and
homozygous CRISPR correction of the pathological LZTRT
variant. Vice versa, numerous downregulated proteins in the pa-
tient samples were found to be elevated in the gene-edited iPSC-
CMs. We performed a Reactome pathway enrichment analysis
to detect dysregulated pathways and/or biclegical processes
associated with LZTR1-*°%F, Differentially abundant proteins in
patient-derived samples were enriched in critical cardiac-related
biclogical processes, such as muscle contraction and extracel-
lular matrix organization, as well as in cellular routes associated
with metabolism (Figure 2G). Consistent with the proteomic
data, western blot analysis confirmed the strong accumulation
of MRAS, RIT1, and the classical RAS GTPases (HRAS, KRAS,
and NRAS; detected by pan-RAS) in the LZTR1-°®% cultures,
and illustrated a normalization of RAS levels in the CRISPR-cor-
rected isogenic iIPSC-CMs to WT control levels (Figures 2H-2K).

Callectively, these data demonstrate that the missense variant
LZTR1°8% in homozygosity resulted in protein loss of function,
causing an accumulation of RAS GTPases as the critical under-
lying disease mechanism in cardiomyocytes from the NS patient,
and with this, correction of the homozygous missense variant on
at least one allele normalized the molecular pathology.

Homozygous LZTR152°" does not induce strong ERK
hyperactivity

To explore the impact of RAS GTPase accumulation on RAS-
MAPK signaling activity, we used an ERK kinase translocation
reporter (ERK-KTR) to measure ERK signaling dynamics in live
cells.”® Patient-specific, heterozygous and homozygous cor-
rected, and WT iPSC-CMs were efficiently transduced with the
ERK-KTR lentivirus, and the activity of ERK was analyzed at
day 60 of differentiation by measuring the ratio of cytesolic (cor-
responding to active ERK) to nuclear (corresponding to inactive
ERK) fluorescent signals (Figures A and 3B). The specificity of
the ERK biosensor was confirmed by a selective response to
MEK inhibition, whereas no change in ERK biosensor activity

(F) Comparison of differentially abundant proteins between the 3 datasets identified an overlap of 78 proteins, many of which showed oppasite abundance in

patient's versus CRISPR-corrected iPSC-CMs.

(G) Reactome pathway enrichment analysis of differentially abundant proteins in LZTR1“*%%" versus WT displayed dysregulation of cardiac-related processes.
(H) Representative blots of RAS GTPase levels in iPSC-CMs at day 60 of differentiation, assessed by western blot; vinculin served as loading control; n = 3

individual differentiations per iPSC line.

(IHK) Quantitative analysis of western blots for MRAS (I), RIT1 (J), and pan-RAS recognizing HRAS, KRAS, and NRAS {K); data were normalized to total protein and
to the corresponding WT samples on each membrane; n = 8 independent differentiations per IPSC line. Data were analyzed by non-parametric Kruskal-Wallis test

with Dunn correction and are presented as mean = SEM (-K).
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Figure 3. Homozygous LZTR1%*% does not induce strong ERK hyperactivity

(A) WT, the patient-specific, and the 2 CRISPR-corrected iPSC lines were differentiated into ventricular iPSC-CMs and transduced around day 50 of differen-
tiation with lentivirus containing an ERK kinase translocation reporter (ERK-KTR) to measure ERK signaling dynamics in real time.

(B) ERK activity was analyzed by measuring the ratio of cytosolic {corresponding to active ERK) to nuclear (corresponding to inactive ERK) fluorescent signals.
(C) Biosensor-transduced iPSC-CMs were treated with MEKi trametinib or with DMSO for 60 min, before stimulation with serum for another 60 min, and imaged
every 10 min.

(D) Quantitative analysis of ERK biosensor cytosol:nucleus (C:N) ratic under basal conditions (80 min after MEKI/DMSO treatment) and 20 min after stimulation;
n = 2 Independent differentiations per IPSC line, with n = 4-5 Individual wells per condition.

(E) Representative blots of p-ERK, ERK, MRAS, RIT1, and LZTR1 levels in iPSC-CMs at day 60 of differentiation under basal conditions and 30 min after
stimulation with and without pre-treatment with MEKI, assessed by western blot; vinculin served as loading control.

(F) Representative blots of p-ERK, ERK, MRAS, RIT1, and LZTR1 levels in iPSC-CMs at day 60 of differentiation under basal conditions and 30 min after
stimulation, assessed by western blot; vinculin served as loading control.

(G} Quantitative analysis of western blots for p-ERK protein levels; data were normalized to total protein and to the corresponding WT samples on each
membrane; n = 3 independent differentiations per iIPSC line.

Data were analyzed by non-parametric Kruskal-Wallis test with Dunn correction and are presented as mean + SEM (D and G).

was observed when cells were treated with an inhibitor of the
JNK pathway (Figure S3). Biosensor-transduced iPSC-CM cul-
tures were treated with the MEK inhibitor (MEKI) trametinib or
with DMSO for 80 min, before stimulation with fetal bovine serum
for another 60 min, and imaged every 10 min (Figures 3C and S3).
Under basal conditions, an equally low level of ERK activity was

6 Gell Reports 43, 114448, July 23, 2024

observed across all IPSClines (Figure 3D). As expected, a strong
increase in ERK activity was detected upon stimulation of the
cells, while MEK inhibition was effective in normalizing ERK
signaling activity (Figure 3D). The results of the imaging-based
approach were confirmed by western blot analysis of uncorrec-
ted and CRISPR-corrected iPSC-CMs (Figure 3E).
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Figure 4. Homozygous LZTR1-°*F provokes cardiomyocyte hypertrophy
(A) Two WT, the patient-specific, and the 2 CRISPR-corrected iPSC lines were differentiated into ventricular iPSC-CMs and analyzed for sarcomere length,

myaofibril organization, and cell size at day 60 of differentiation.

(B) Representative images of iPSC-CIMs stained for z-actinin and ventricular-specific MLC2V indicated a regular and well-organized sarcomeric assembly across

all iPSC lines; scale bar: 20 um.

(C) Analysis of the mean sarcomere length per cell was based on measurement of multiple «-actinin-stained individual myofibrils; representative myofibrils and

corresponding intensity plots are shown; scale bar: 2 pm.

(D) Quantitative analysis displayed a typical sarcomere length in iPSC-CMs ranging from 1.7 to 2.2 um across all iPSC lines; n = 75-135 cells from 3 individual

differentiations per iPSC line.

(E) Quantitative analysis of the myofibril organization in iPSC-CMs, assessed by fast Fourier transform algorithm, demonstrated a high myofibril regularity across
all iPSC lines; data were normalized to WT; n = 27-58 images from 3 individual differentiations per iPSC line.

(F) Quantitative analysis of the cell diameter in suspension in singularized iIPSC-CMs, assessed by CASY cell counter, detected a hypertrophic cell diameter inthe
patient’s cells, compared with WT and CRISPR-corrected IPSC-CMs; n = 12-25 samples from 3 to 6 individual differentiations per iPSC line.

(G) Quantitative analysis of the cell diameter in suspension in singularized patient-specific IPSC-CMs that were treated with MEKI trametinik or with DMSO for
5 days, assessed by CASY cell counter; n = 3 independent differentiations, with n = 3—4 individual wells per condition.

Data were analyzed by non-parametric Kruskal-Wallis test with Dunn correction (D-F) or unpaired t test (G) and are presented as mean + SEM.

Since we did not observe increased ERK activity attributed to
the homozygous LZTR1-%%%" missense variant, we compared
the patient-specific LZTR1-°®%F cells with another patient line
harboring biallelic truncating LZTR? variants (LZTR1¥%), which
we reported in our previcus study.'” Here, higher levels of phos-
phorylated ERK were observed in the LZTR1%? cultures under
basal conditions and after stimulation (Figures 3F and 3G). Inter-
estingly, LZTR1¥® iPSC-CMs exhibited a substantially higher
accumulation of RAS GTPases compared to LZTR1-5F calls,
implying a partial residual function of LZTR1-%*% ubiquitin ligase
complexes.
Homozygous LZTR1-9%°F
hypertrophy
To elucidate the consequences of dysregulated RAS-MAPK
signaling on the cellular characteristics of cardiomyocytes, we
investigated sarcomere homogeneity, myofibril organization,
and cell size of the patient-derived iPSC-CMs, the CRISPR-cor-
rected cells, and WT controls at day 60 of differentiation (Fig-
ure 4A). AlliPSC lines showed a well-organized sarcomeric orga-
nization with a pronounced striated expression of -actinin and
ventricular-specific MLC2V (Figure 4B). To analyze sarcomeric
homogeneity, we measured the distances between the sarco-

provokes cardiomyocyte

meric Z disks along individual myofibrils (Figure 4C). In agree-
ment with the sarcemere length previously observed in neonatal
and adult human hearts,”’ LZTR?-deficient as well as LZTR1-
corrected and WT cells exhibited a typical sarcomere length
ranging from 1.7 to 2.2 um, with an average of approximately
1.9 um across all iPSC lines (Figure 4D). As sarcomeric disarray
has been frequently reported in other iPSC-CM models of both
NS-associated and non-syndromic HCM,'®** we examined
the myofibril organization in the individual iPSC-CMs. Quantita-
tive analysis showed no decrease in sarcomere regularity or
pathological myofibril organization in LZTR1-%8F gultures (Fig-
ure 4E). On the contrary, LZTR1"5%%F and CRISPR-corrected
iPSC-CMs even demonstrated a slightly higher myofibril
regularity compared to unrelated controls, indicating that the
pathological gene variant exerts no severe effect on sarcomere
structures.

Since cardiomyocyte hypertrophy is a major halimark of HCM,
we further investigated the mean cell size of iPSC-CMs from all
cell lines by utilizing our previously established assay to deter-
mine cell size in suspension.'® Here, the patient’s iPSC-CMs
displayed a significant cellular enlargement compared to WT
IPSC-CMs (Figure 4F). Strikingly, the hypertrophic phenotype
was normalized in the CRISPR-corrected cells from both the

Cell Reports 43, 114448, July 23, 2024 7

107



¢? CelPress

OPEN ACCESS

LZTR1°™ " and the LZTR1°®" "°™ isogenic cultures. Moreover,
and in line with the molecular cbservations, heterozygous
correction of the pathological variant was sufficient to signifi-
cantly reduce cellular hypertrophy. Additionally, we assessed
whether treatment with the MEK inhibitor trametinib for 5 days
could reverse the cellular hypertrophy in the patient-specific
iPSC-CMs (Figure 4G). No significant reduction in cell size was
observed in MEKi-treated cells compared to DMSOQO-treated
cells, suggesting that normalization of RAS-MAPK signaling ac-
tivity is unable to alleviate the cellular pathology in the short term.

In summary, the patient’s iPSC-CMs harboring the homozy-
gous missense variant L ZTR1-%8% recapitulated the cardiomye-
cyte hypertrophy in vitro. Importantly, CRISPR correction of the
pathological variant was able to normalize the hypertrophic
phenotype.

Homozygous LZTR1%%°F does not compromise
contractile function
NS-associated and non-syndromic HCM are frequently associ-
ated with contractile dysfunction, and these patients are at
risk of developing arhythmias.”** We generated engineered
heart muscles (EHMs) from diseased, CRISPR-corrected, and
WT iPSC-CMs enabling us to investigate the functional charac-
teristics in a three-dimensional environment more closely
resembling the native conditions of the human heart muscle (Fig-
ure S4A).7>*° Microscopically, all iPSC lines formed homoge-
neous cardiac tissues without showing apparent cell line-depen-
dent differences after 6 weeks of maturation (Figure S4B).
Optical measurements were performed to study beating rate,
force of contraction, and contraction kinetics in spontaneously
contracting EHMs (Figures S4C-84H). In comparison to WT
EHMs, an increased spontaneous beat frequency was detected
in the LZTR1“%8%" EHMs. The beat rate acceleration was gradu-
ally normalized in the heterozygous and homozygous corrected
variants. Low beat-to-beat variability indicated that the LZTR1
mutant tissues do not provoke amhythmia. No significant
differences in force of contraction were identified. In accordance
with higher beat frequencies, an acceleration of contraction and
relaxation kinetics were observed in LZTR1-580P_ | ZTR{co het_|
and the LZTR1%"™M™™_ derived EHMs. However, since the
altered kinetics were noticed in both diseased and CRISPR-cor-
rected tissues, this rather suggested a mutation-independent ef-
fect. In addition, we examined the contractile properties of
monolayer cultures by video analysis and did not observe any
significant differences between WT, patient-specific, CRISPR-
corrected, and LZTR1¥C iPSC-CMs (Figure S5).

Taken together, these functional data indicate that the
missense variant LZTR1-*° does not impact the contractile
function and rhythmogenesis of cardiomyocytes.

Homozygous LZTR1°%°F induces polymerization of
LZTR1 proteins

Considering the severe consequence of LZTR1:*%% on the
molecular and cellular pathophysioclogy in cardiomyocytes,
we aimed to determine the specific effect of this variant on
protein structure, complex formation, as well as its subcellular
localization. We were unable to visualize endogenous LZTR1
in our cell model by immunocytochemistry, by testing several
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commercial antibodies, or by N-terminal or C-terminal genetic
tagging of the LZTRT gene locus. To circumvent these obsta-
cles, we established ectopic expression of tagged LZTRT in
WT iPSC-CMs at around day 60 of differentiation by lipofect-
amine-based plasmid transfection (Figure G5A). Besides
LZTRTYT and LZTR14°%%", we screened the NS patient data-
base (NSeuroNet)*’ for additional missense variants classified
as likely pathogenic or variant of uncertain significance and
located in close proximity to LZTR7-°%%F (within the BACK1
domain), and included them in our screening panel (Figure 5B).
Of note, except for LZTR1"%% and LZTR15°%°9,” none of
the other variants had been reported to be present in homozy-
gosity in LZTR7-associated NS. In addition, we included a
truncating variant LZTR726782-BACK2 \which lacks the entire
BTB2-BACK2 domain and mimics the genotype of the two
siblings described in our previous study.'®

As previously observed in other cell types (e.g., Hela,”
HEK293%), LZTR1"T appeared as a dotted pattern evenly
distributed throughout the cell (Figures 5C and S5A). A similar
dotted appearance was observed for the variants LZTR159%9,
LZTR1%/0T, LZTR1V®"M L ZTR15%%% and LZTR176'%", As ex-
pected, the truncating variant LZTR1487T82 BACK2 ghowed a mis-
localized homogeneous cytoplasmic distribution. Surprisingly,
LZTR1“%®" formed large filaments in the cytoplasm
(Figures 5C and S6A). To verify this initial finding, we co-ex-
pressed two differentially tagged LZTR1 constructs and evalu-
ated their overlap within the cells. Consistently, LZTR1-%%%" ap-
peared as large protein polymers, whereas LZTR1"" remained
speckle-like (Figure 5D). As LZTR1°%%" in the heterozygous
state did not induce a disease phenotype based on clinical and
experimental evidence, we hypothesized that the co-expression
of LZTR1***°F and LZTR1"" might resolve the polymer chains.
Strikingly, the LZTR1“#%®-induced filaments dispersed when
co-expressed with the WT variant, implicating that the LZTR1
complexes exclusively assemble into protein polymers when
the specific LZTR1%%°F missense variant is present on both al-
leles (Figure 5E). Te quantitatively analyze these observations,
we established an automated image-based speckle/filament
recognition and computation (Figure S6B). While LZTR1YT dis-
played a mean speckle size of 0.9 pm, the mean filament length
per cell in LZTR1“°®F amounted to 7.9 um (Figure 5F). Co-
expression of mutant and WT constructs, and vice versa,
normalized the speckle size to 1.2 um and 1.3 um, respectively.

These data provide evidence that the missense variant
LZTR1°%% induces polymerization of LZTR1 proteins, which
may subsequently compromise the preper function of the ubig-
uitination machinery.

Homozygous LZTR1“°%°F alters binding affinities of
dimerization domains

Proteins from the BTB-BACK-Kelch domain family, including
LZTR1, are predicted to assemble into homo-dimers.®***
However, our current knowledge regarding the exact domains
responsible for LZTR1 dimerization is limited. To identify a plau-
sible explanation for the LZTR7-%%%"_induced polymerization, we
utilized ColabFold, an AlphaFold-based platform for predicting
protein structures and homo- and heteromer complexes.™
We used a homo-trimer configuration of the experimentally
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Figure 5. Homozygous LZTR1%** induces polymerization of LZTR1 proteins

(A) WT iPSCs were differentiated into ventricular IPSC-CMs, transfected at day 60 of differentiation with plasmids for ectopic expression of LZTR1 variants, and
analyzed 24 h post-transfection for subcellular localization LZTR1 complexes.

(B) AlphaFold protein structure of monomeric LZTR1 highlighting the location of selected variants within the BACK1 domain.

(C) Representative images of iPSC-CMs after single plasmid transfection stained for hemagglutinin (HA)-tagged LZTR1 showed that LZTR1"" and most cther
variants present a speckle-like pattern equally distributed throughout the cytoplasm, whereas missense variant LZTR15%%" forms large filaments; nuclei were
counter-stained with Hoechst 33342 (blue); scale bars: 20 um (top), 5 um {bottom).

(D and E) Representative images of iIPSC-CMs after dual plasmid transfection stained for HA-tagged and FLAG-tagged LZTR1 confirmed the filament formation
of LZTR1-%%%F (D}, whereas co-expression of LZTR1YT and LZTR1%%%F in different combinations resolved the polymer chains (E); nuclei were counter-stained
with Hoechst 33342 (blue); scale bar: 20 um.

(F) Quantitative analysis of the mean speckle size and mean filament length per cell of HA-tagged LZTR1 in co-transfected iPSC-CMs, assessed by a custemized
CellProfiler pipeline, confirmed the formation of i ZTR1-***"-induced filaments; n = 34—74 cells per condition. Data were analyzed by non-parametric Kruskal-

Wallis test with Dunn correction and are presented as mean + SEM (F).

employed LZTR1 variants (all within the BACK1 domain), and the
AlphaFeld-multimer predicted five high-quality models, each
with an average predicted local distance difference test (a per-
residue confidence metric) between 64.1 and 76.0. For all vari-
ants, we inspected the interaction between the chains through
the predicted alignment error (PAE) generated by AlphaFold-
multimer (Figure S7). A low PAE indicates that interfacing resi-
dues were correctly predicted across chains. Based on these

predictions, we compared the top-ranked models of each
variant according to the predicted template modeling score,
which corresponded to overall topological accuracy (Figure 6A).
The top-ranked model for LZTR1™" showed interaction as a
homo-dimer via the BACK2-BACK2 domain, while the third
LZTR1 protein remained monomeric. We also observed the iden-
tical dimerization via the BACK2 domains for all other variants,
except for LZTR12%% (Figure S7). In contrast, the top-ranked
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Figure 6. Homozygous LZTR1-%%F aiters binding affinities of dimerization domains

(A) Computaticnal modeling of the top-ranked LZTR1 home-trimer interactions by ColabFold predicted a dimer plus monomer configuration via BACK2-BACK2
dimerization for LZTFHWT, whereas LZTR1“*#F was predicted to form linear trimers via BACK2-BACK2Z and BACK1-BACK1 dimerization.

(B) Computational modeling of the interaction between LZTR1*%%F and its binding partners predicted binding to cullin 3 {CUL3) via the BTB1-BTB2 domain and to
MRAS via the Kelch domain.

(C) Production of LZTR1™T and LZTR1%%%F recombinant proteins from Expi-293F cells for characterization of molecular masses of proteins and protein com-
plexes.

(D) Analytical size-exclusion chromatography of soluble recombinant LZTR1 proteins detected a higher-order oligomerization profile for LZTR15%°" compared to
the less complex elution profile of LZTR1™T.

(E) Immunoblotting of the fractions showed elution of LZTR1-*8%F as hexamer, tetramer, and dimer/monomer, whereas LZTR1"" eluted predominantly as dimer/
monomer.

(F) Pull-down assay analysis showed comparable binding affinities of LZTR1"T and LZTR1-%%°F with MRAS and RIT1 proteins in bath inactive {(GDP-bound) and
active (GppNHp-bound) states.

(G) Model for LZTR1 complex formation: whereas LZTR1*'" assembles in homo-dimers via the BACK2-BACK2 dimerization domain, LZTR1-%*°" may alter the
binding affinity of the BACK1 domain, causing the formation of linear LZTR1 polymer chains via dimerization of both BACK2 and BACK1 domains.
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Figure 7. Homozygous LZTR1"5%%F retains residual protein

(A) WT, the patient-specific, the homozygous CRISPR-corrected, and LZTR1“? iPSC lines were differentiated into ventricular iPSC-CMs and treated with pe-
vonedistat and MG-132 for 3 days to analyze the ubiquitin-mediated degradation of RAS GTPases; n = 3-5 individual differentiations/treatments per iPSC line.
(B) Mode of action of pevenedistat and MG-132 on degradation pathways: pevonedistat is a selective NEDD8-activating enzyme inhibitor, preventing neddylation
ofcullin RING ligases and blocking ubiquitin-mediated degradation via the proteasome and other degradation pathways, whereas MG- 132 is a selective inhibitor
specifically blocking the proteolytic activity of the 26S proteascme.

(C) Representative blots showing MRAS, RIT1, and LZTR1 levels in IPSC-CMs upon pevenedistat treatment for 3 days, assessed by western blot; vinculin served
as loading control.

(D and E) Quantitative analysis of western blots for MRAS (D) and RIT1 (E) upon pevonedistat treatment; data were normalized to total protein and to the DMSO-
treated WT samples on each membrane.

(F) Representative blots showing MRAS, RIT1, and LZTR1 levels in iPSC-CMs upon MG-132 treatment for 3 days, assessed by western blot; vinculin served as
leading control.

(G and H) Quantitative analysis of western blots for MRAS {G) and RIT1 {H) upen MG-132 treatment; data were normalized to total pretein and to the DMSO-
treated WT samples on each membrane.

(fegend continued on next page)
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model for LZTR1“%%" predicted an interaction between all three
chains, on the one hand via the BACK2-BACK2 domain and on
the other hand via the BACK1-BACK1 domain (Figure 6A), In
addition, we used AlphaFold-multimer to predict the interaction
of LZTR1-°8F with the substrate MRAS and the ubiquitin ligase
cullin 3 (Figure 6B). Within the multiprotein complex, MRAS was
predicted to bind to the Kelch domain, whereas cullin 3 was pre-
dicted to interact with the BTB1-BTB2 domain of LZTR1.

To experimentally confirm the formation of LZTR1*%F poly-
mers, we produced soluble recombinant proteins of LZTR1"T
and LZTR1%%% and analyzed the purified samples by analytical
size-exclusion chromatography, allowing us to characterize
the molecular masses of protein complexes (Figure 6C). A
higher-order oligomerization profile was observed for LZTR1-°%7,
whereas LZTR1YT exhibited a less complex elution profile
(Figure 6D). Immunoblotting of the fractions showed that
LZTR1“°%% gluted as a hexamer with a molecular weight of
approximately 700 kDa, as a tetramer corresponding to 450-
550 kDa, and as a dimer/moncmer with a molecular weight of
100-200 kDa (Figure 6E). In contrast, LZTR1"" was character-
ized by a single peak, indicative of its predominantly dimeric/
monomeric state. In addition, we examined the interaction of
LZTR1™T and LZTR1-2% proteins with RIT1 and MRAS in their
inactive (guanosine diphosphate [GDP]-bound) and active
(GppMNHp-bound; GppNHp is a non-hydrolyzable GTP analog)
states. Both LZTR1"T and mutant LZTR1-**% were capable of
binding their substrates in beth nuclectide-bound states
(Figure 6F).

Collectively, the in silico predictions and molecular analyses
suggest that the missense variant LZTR7-%4% alters the binding
affinities of the BACK1 domain, enabling the formation of linear
LZTR1 polymer chains via both dimerization domains, thereby
providing a rationale for the molecular and cellular impairments
in NS (Figure 6G).

Homozygous LZTR1%%°F retains residual protein
function

To investigate how severely the degradation of RAS GTPases
is affected by the missense varant LZTR1-**°F (especially
compared to the complete loss of LZTR1), we treated the pa-
tient-specific iPSC-CMs, the CRISPR-corrected cells, the
LZTR1"? cells, and the WT controls with the cullin RING ligase
inhibitor pevonedistat (which blocks the ubiquitin-mediated
degradation via the proteasome and other degradation path-
ways) or the proteasome inhibitor MG-132 and analyzed
MRAS and RIT1 protein levels 3 days after treatment
(Figures 7A and 7B). As expected, the inhibition of cullin-medi-
ated ubiquitination by pevonedistat increased MRAS and RIT1
protein levels in WT and CRISPR-corrected iPSC-CMs
(Figures 7C~7E). Treatment in patient-specific LZTR1-%F cul-
tures further increased the RAS GTPase levels, indicating resid-
ual function of the LZTR1"*%-cullin 3 ubiquitin ligase complex.

Cell Reports

Interestingly, while MRAS accumulation in LZTR1*® cultures
could not be further increased by cullin inhibition, RIT1 protein
levels were significantly higher after treatment in LZTR7-defi-
cient cells. This suggests that MRAS is exclusively targeted for
degradation by the LZTR1-cullin 3 ubiquitin ligase complex,
whereas RIT1 can be additionally degraded in an LZTR7-inde-
pendent manner. Furthermore, inhibition of the ubiquitin-protea-
some system resulted in increased RIT1 levels, suggesting that
RIT1 is predecminantly degraded by the proteasomal pathway
(Figures 7F=TH). In contrast, MRAS levels were not affected after
treatment across all iPSC lines, indicating the degradation of
MRAS by predominantly non-proteasomal pathways.

These data confirm that the missense variant LZTR7:°%% pre-
serves some residual function compared to the complete loss of
LZTR1. Furthermore, the results demonstrate that degradation
of cardiomyocyte-specific MRAS is exclusively mediated by
LZTR1 via non-proteasomal pathways, whereas degradation of
RIT1 is mediated by both LZTR7-dependent and LZTR7-inde-
pendent pathways.

DISCUSSION

Both autosomal deminant and autosomal recessive forms of
LZTR7-associated NS have been described presenting with a
bread clinical spectrum and various phenctypic expressions of
symptoms. However, the mechanistic consequences of many
of these mutations, mostly classified as variants of uncertain sig-
nificance, are still under debate. In previous studies, we and
others elucidated the role of LZTR1 as a critical negative regu-
lator of the RAS-MAPK pathway by controlling the pool of RAS
GTPases.” """ Using patient-derived iPSC-CMs from NS pa-
tients with biallelic truncating LZTR7 variants, we have shown
that LZTR7 deficiency results in the accumulation of RAS
levels, signaling hyperactivity and cardiomyocyte hypertrophy.'”
Furthermore, by genetically correcting one of the two affected al-
leles, we could show that one functional LZTRT1 allele is sufficient
to maintain normal RAS-MAPK activity in cardiac cells. In
contrast to the truncating variants, dominant LZTRT missense
variants generally cluster in the Kelch motif. Based on heterolo-
gous expression systems, these dominant variants are consid-
ered to interfere with the recognition or binding of RAS sub-
strates to the LZTR1 ubiquitination complex.”*""*" Much less
is known about the functional relevance of recessive LZTRT
missense variants, which are distributed throughout the entire
protein. Detailed insights into specific structure-function rela-
tionships of LZTR1 are crucial to facilitate the development of
patient-specific therapies.

In this study, we diagnosed a patient who presented with
typical clinical features of NS, including an early-onset HCM,
and confirmed this diagnosis on a genetic level by identifying
the homozygous variant ¢.1739T>C/p.L580P in LZTRT. The
variant has not been previously described in patients with NS,

() Model for LZTR1-mediated degradation of MRAS and RIT1 for LZTR1YT, LZTR1%%" and LZTR1%: (left) MRAS is exclusively targeted by the LZTR1" -cullin 3
ubiquitin ligase complex for degradation, whereas RIT1 is additionally ubiquitinated by other cullin ubiguitin ligases and degraded predominantly by the pro-
teasome; (center) the LZTR1°%%" decreases degradation of MRAS and RIT1; and (right) loss of LZTR1 completely prevents MRAS degradation, while RIT1
degradation remains functional to some extent in an LZTR1-independent manner.

Data were analyzed by non-parametric Kruskal-Wallis test with Dunn comrection and are presented as mean = SEM (D, E, G, and H).
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and we classified LZTR7°5%" as likely causative based on its
absence in gnomAD and our computational prediction. Apart
from the LZTR1 variant, no additional variants were detected in
other NS-associated genes or RAS-associated candidates. By
combining Jn vitro disease modeling using patient-specific and
CRISPR-Cas9-corrected iPSC-CMs with molecular and cellular
phenotyping and in silico structural modeling, we identified a
LZTR1-*%%F_specific disease mechanism provoking the cardiac
pathology of NS. In detail, we found that (1) LZTR7-*%°F is pre-
dicted to alter the binding affinity of the BACK1 dimerization
domain that facilitates the formaticn of linear LZTR1 protein
chains; (2) homozygous (ZTR1%%%F fosters the assembly of
large polymers of LZTR1 proteins causing LZTR1 complex
dysfunction; (3) pathological LZTR1 complexes result in
impaired degradation and accumulation of RAS GTPases and
RAS-MAPK signaling hyperactivity; and (4) increased signaling
activity induces global changes in the proteomic landscape, ul-
timately causing cellular hypertrophy. Importantly, correction of
one allele—in line with the co-expression of WT and mutant
LZTR1 transcripts —is sufficient to normalize the cardiac disease
phenotype at both molecular and cellular levels.

Based on recent publications, there is a brcad consensus on
the role of LZTR1 as an adaptor protein for the cullin 3 ubiquitin
ligase complex targeting RAS proteins for ubiquitination and
subsequent degradation.” """**" In line with observations in
other NS-associated genes and mutations, LZTR1 dysfunction
and concomitant accumulation of RAS GTPases result in the hy-
peractivation of RAS-MAPK signaling. We confirmed robustly
elevated RAS levels in patient-specific cells harboring the homo-
zygous [ZTR1%% missense variant. However, the accumula-
tion of RAS GTPases and ERK hyperactivity was substantially
higher in LZTR1*? caells, supporting a partial residual function
of LZTR1“%F ubiquitin ligase complexes. Furthermore, it re-
mains controversial whether LZTR1 is able to recognize all mem-
bers of the RAS GTPase family for degradation or whether there
is a selective affinity toward particular RAS members. Using het-
erologous expression systems, LZTR1 has been shown to
interact with the highly conserved RAS proteins HRAS, KRAS,
and NRAS.***" However, Castel and colleagues cbserved a
selective binding of LZTR1 to RIT1 and MRAS, but not to
HRAS, KRAS, or NRAS.” Moreover, in homozygous LZTR1
knockout mice, elevated RIT1 protein levels were detected in
different organs, including brain, liver, and heart, while HRAS,
KRAS, and NRAS levels remained unchanged.* Using global
proteomics, we now provide further evidence that LZTR1
dysfunction in cardiomyocytes causes severe accumulation of
MRAS and RIT1 and, to a lesser extent, elevation of the other
RAS GTPases HRAS, KRAS, and NRAS, although all RAS pro-
teins are robustly expressed in this cell type. We conclude that
based on gene expression data and total protein levels, MRAS
appears to be the most prominent RAS candidate in cardiomyo-
cytes, driving the signaling hyperactivity in these cells. In
addition, our inhibition experiments demonstrate that MRAS
degradation is exclusively mediated by LZTR1 via proteasome-
independent mechanisms, whereas RIT1 degradation is
mediated by both LZTR1-dependent and LZTR1-independent
pathways. These observations suggest that at endogenous
expression levels, LZTR1 has a certain selectivity for MRAS
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and RIT1 and a lower affinity for the RAS GTPases HRAS,
KRAS, and NRAS. However, we cannot exclude the possibility
of cell-type-specific differences in LZTR1-RAS binding affinities.
Major hallmarks of pathelogical cardiac hypertrophy include
impaired cardiac function, changes in extracellular matrix compo-
sition, fibrosis, and metabolic reprogramming and mitochendnal
dysfunction.” In accordance, the proteomic disease signature
of patient-derived iPSC-CM cultures detected impaiments in
muscle contraction, extracellular matrix organization, and meta-
bolism—all crucial for proper cardiomyocyte function. Further-
mere, LZTR1-*%%"_derived iPSC-CMs recapitulated the patient’s
hypertrophic phenotype reflected by cellular enlargement.
Strikingly, both the molecular profile and cellular hypertrophy
were resolved upon CRISPR correction of the missense
variant. Interestingly, no myofibrillar disarray was observed in
our cell model. However, the presence of myofibril disarray in
NS remains controversial: whereas structural defects were
described in RAF7-associated iPSC models, > we and others
did not observe any impact on sarcomere structures or myofibril
organization in LZTR{-related, PTPN11-related, and BRAF-
related iPSC-CMs," ' ®implying potential genotype-dependent
differences in the manifestation of myofibril disassembly in NS.
Missense variants in LZTR1 located within the Kelch domain
are predicted to affect substrate recognition, whereas missense
variants in the BTB-BACK domain are assumed to impair either
cullin 3 binding, proper homo-dimerization, or correct subgcellular
localization. Several studies have demonstrated that dominantly
acting Kelch domain variants disrupt the recognition of RAS sub-
strates but do not affect LZTR1 complex stability or subcellular
localization.™*'"*"** |n contrast, BTB-BACK missense variants
showed no influence on RIT1 binding.”™ However, variants
located in the BTB1 or the BTB2 domain, such as LZTRT#%%C,
LZTR17455Q | ZTR179%%L and LZTR17%€, caused a subcellular
mislocalization from defined speckles to a diffuse cytoplasmic
distribution, similar to the findings obtained with truncating
LZTR1 varants.®"" In addition to these distinct pathological con-
sequences of different variants analyzed so far, we now provide
evidence for an alternative disease mechanism specific to the
BACK1 domain-located LZTR1:°%%": ectopic expression of
LZTR1°%% in iPSC-CMs caused a pathological polymerization
of LZTR1 ubiquitination complexes. This phenomenon was veri-
fied by in silico prediction and chromatography with purified re-
combinant LZTR1 proteins. In contrast, the binding probabilities
of LZTRT"%%F 1o substrates and interaction partners were not
significantly affected by the mutation. This remarkable phenctype
was not cbserved for any other variant within the BACK1 domain.
Notably, ectopic co-expression of LZTR1-%% and LZTR1" alle-
viated polymerization, indicating that the assembly of LZTR1
polymer chains exclusively occurs when mutated proteins are
present in the homozygous state. Oligemerizaticn of another
BTB-BACK family member had been reported previously: Mar-
zahn and colleagues described that dimers from the cullin 3 ubig-
uitin ligase substrate adaptor SPOP (harbering only one BTB-
BACK domain) self-associate into linear higher-order oligomers
via BACK domain dimerization.”® These SPOP oligomers assern-
bled in membraneless cellular bodies, visualized as nuclear
speckles, and it was proposed that the speckles may be impor-
tant hotspots of ubiquitination. Based on these findings and our
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data, we propose that LZTR1 complexes concentrate in cellular
speckles (either as dimers or as oligomers) to form subcellular
clusters for efficient ubiquitination and degradation of RAS pro-
teins. However, LZTR1***.induced polymerization of these
complexes disrupts their proper function, leading to the accumu-
lation of substrates. CRISPR-based comection was able to
rescue the polymerization phenotype and may be a sustainable
treatment option in the future. Alternatively, it may be possible
to identify compounds that specifically prevent the interaction
of LZTR1 complexes via BACK1-BACK1 dimerization.

Our knowledge of the specific domains respensible for LZTR1
homo-dimerization is still incomplete. While Castel and col-
leagues proposed that the BTB1 and the BACK1 domains are
required for dimerization,” Steklov et al. observed impaired as-
sembly in a BACK2 domain mutant LZTR1 variant.”’ Based on
in silico modeling, we now propose that LZTR1 can dimerize
via either the BACK2-BACK2 domains or the BACK1-BACK1 do-
mains. Although BACK2-BACK2 dimerization may be primarily
utilized in LZTR1"", changes in the binding affinities of the
BACK1 domain as a consequence of LZTR1-°%% facilitated tan-
dem self-association of dimers to linear multimers.

Limitations of the study
So far, the relevance of certain LZTR1 missense variants have
been investigated in heterologous expression systems, failing to
faithfully represent human cardiac physiology. Our study demon-
strates the potential of patient-specific iPSCs to model human dis-
eases and to detect variant-specific pathcmechanisms. Despite
the great advantages of this model system over other cellular
models, iPSC-CMs possess certain limitations. As summarized
by several reports, iPSC-CMs are considered to be developmen-
tally immature characterized by molecular and functional proper-
ties similar to fetal CMs.”>*"** Although we complemented our
study by utilizing three-dimensional EHMs, these in vitro models
are currently not able to entirely resemble the disease phenotype
at the organ level. EHM data showed altered kinetics between
CRISPR-corrected and WT cells. Although these differences are
likely consequences of different genetic backgrounds and poten-
tial disease-modifier variants, a manifested impairment in the pa-
tient fibroblasts (e.g., due to LZTR1 dysfunction) that persists after
reprogramming and cardiac differentiation cannot be excluded.
Due to unsuccessful genetic tagging of LZTR1 iniPSCs, the muta-
tion-induced polymerization phenotype could only be observed by
overexpression, which does not entirely reflect the endogenous
condition. Furthermere, although different concentrations and
time points were evaluated in iPSC-CMs prior to the inhibitor ex-
periments, these experiments can only capture a snapshot of the
degradation machinery, and additional experiments may be
necessary to fully dissect the degradation pathway of RAS pro-
teins. Although the in silico modeling by AlphaFold was censistent
with the experimental data, this analysis must be undertaken with
caution because the AlphaFold-multimer was not trained with sin-
gle point variants in mind. In addition, due to technical prerequi-
sites, we were unable to predict whether the trend would remain
consistent for complexes with more than three chains.

Taken together, this study identified a specific mechanism
causing recessive NS, which is initiated by LZTR7"***"-induced
polymerization of LZTR1 complexes, provoking molecular and
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cellularimpairments associated with cardiac hypertrophy. More-
over, CRISPR correction of the missense variant on one allele
was sufficient to rescue the phenotype, thereby providing proof
of concept for a sustainable therapeutic appreach.
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REAGENT or RESOURCE SOURCE IDENTIFIER
Antibodies
«-actinin monoclonal mouse Sigma-Aldrich RRID: AB_476766

Alexa 488 polyclonal goat anti-rabbit
Alexa 555 polyclonal donkey anti-mouse
FLAG monoclonal mouse

HA monoclonal rabhbit

His monoclonal rabbit

LZTR1 moncclonal rabbit

MLC2V polyclonal rabbit

MRAS polyclonal rabbit

MYC monoclonal mouse

NANOG monoclonal mouse
OCT3/4-PE monoclonal human
pan-RAS monoclonal mouse

RIT1 polyclonal rabbit

TRA-1-60 meneclonal mouse
TRA-1-60-Alexa488 moncclonal mouse
Vinculin monoclonal mouse

HRP polyclonal donkey anti-rabbit

HRP polyclonal donkey anti-mouse

Thermo Fisher Scientific
Thermo Fisher Scientific
Sigma-Aldrich

Cell Signaling

Thermo Fisher Scientific
Abcam

Proteintech

Proteintech

Cell Signaling

Thermo Fisher Scientific
Miltenyi Biotec

Merck Millipore

Abcam

Abcam

BD Biosciences
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich

RRID: AB_143165
RRID: AB_2536180
RRID: AB_262044
RRID: AB_1549585
RRID: AB_2810125
RRID: AB_3076250
RRID: AB_2147453
RRID: AB_10950895
RRID: AB_331783
RRID: AB_2536677
RRID: AB_2784442
RRID: AB_2121151
RRID: AB_882379
RRID: AB_778563
RRID: AB_1645379
RRID: AB_477629
RRID: AB_2722659
RRID: AB_772210

Chemicals, peptides, and recombinant proteins

Fetal bovine serum Thermo Fisher Scientific Cat# 10500-084

JNK-IN-8 Hycultec Cat# HY-13319

MG-132 InviveGen Cat# tlrl-mg132-2

Pevonedistat (MLN49249) Hycultec Cat#f HY-70062

Trametinib Selleck Chemicals Cat# S2673

Critical commercial assays

BCA assay kit Thermo Fisher Scientific Cat# 23225

NucleoBond Xira Midi Plus EF kit Macherey-Nagel Cat# 740410.50

ROX passive dye Bio-Rad Cat# 1725858

SureSelect Human All Exon V6 kit Agilent N/A

SYBR green PCR master mix Bie-Rad Cat# 1708880

Deposited data

Mass spectrometry proteomics This paper ProteomeXchange: PXD038425
and PXD038417

Experimental models: Cell lines

Human iPSC line: WT1 Réssler et al.™ UMGIi014-C clone 14

Human iPSC line: WT11 Yousefi et al. "’ UMGI130-A clone 8

Human iPSC line: LZTR1% Hanses et al.'” UMGI030-A clone 14

Human iPSC line: LZTR155F This paper UMGi137-A clone 2

Human iPSC line: L580Po™"st This paper UMGi137-A-1 clone D8

Human iPSC line: L58OP®™hom This paper UMGIi137-A-1 clone D1

Human foreskin fibroblasts: HFF-1 ATCC Cati#t SCRC-1041

Expi-293F

Thermo Fisher Scientific
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Cat# A14527
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

HEK293T ATGC Cat# CRL-11268

Oligenuclectides

Primers used in this study see Table 52 This paper N/A

Recombinant DNA

Plasmids used in this study see Table 53 This paper N/A

Software and algorithms

CellPathfinder ‘Yokogawa Electric Corporation https://www.yokogawa.com/de/library/
documents-downloads/software/lsc-
cellpathfinder-software/

CellProfiler BROAD institute https://www broadinstitute.org/
publications/broad339241

ColabFold (version 02c53) Mirdita et al.”™® hittps://colab.research.google.com/github/
sokrypton/ColabFold/blob/main/
AlphaFold2.ipynb

CRISPOR Tefor infrastructure http://crispor.tefor.net/

CytoSolver lonOptix https://www.ionoptix.com/products/
software/cytosolver-transient-analysis-
tool/

GenomeStudio v2.0 llumina https://support.illumina.com/downloads/
genomestudic-2-0.html

ImageJ NIH https://imagej.net/ij/

ImagelLab BioRad hitps://www.bio-rad.com/de-de/product/
image-lab-software?ID=KREGP5E8Z

LabChart ADInstruments https://www.adinstruments.com/products/
labchart

MATLAB MathwWaorks hitps://www.mathworks.com/

Prism 10 GraphPad https://www.graphpad.com/scientific-
software/prism

Spectronaut software Biognosys https://biognosys.com/software/
spectrodive

StarDist Schmidt et al.*' https://stardist.net/

Varbank 2.0 Cologne Center for Genomics (CCG) https://varbank. ccg.uni-koeln.de/

Other

Axio Imager M2 microscope
CASY cell count system
Cytomotion Lite system

CQ1 confocal image cytometer
MutationTaster

Carl Zeiss

OMNI Life Science

lonOptix

Yokogawa Electric Corporation

N/A
N/A
N/A
N/A
https://www.mutationtaster.org/

PolyPhen-2 http://genetics.bwh.harvard.edu/pph2/
SIFT hitps://sift.bii.a-star.edu.sg/
RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfiled by the lead contact, Lukas

Cyganek (lukas.cyganek@gwdg.de).

Materials availability

All human iPSC lines used in this study are deposited in the stem cell biobank of the University Medical Center Géttingen and are
available for research use upon request. Requests of material, including iPSC lines and plasmids, can be directed to and will be ful-
filled by the lead contact. Reagents and cell lines can be transferred after the completion of a materials transfer agreement.
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Data and code availability
® The mass spectrometry proteomics datasets are available at the ProteomeXchange Consortium via the PRIDE partner repos-
itory (https://www.proteomexchange.org/) with the identifiers PXD038425 and PXD038417.
® This paper does not report criginal code.
& Any additional information required to reanalyze the data reported in this paperis available from the lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Human iPSC lines

Human iPSC lines from two healthy donors (UMGIi014-C clone 14 and UMGIi130-A clone 8), from one NS patient with biallelic
truncating variants in LZTR7 (UMGIi030-A clone 14), from one NS patient with a pathological missense variant in LZTR1
(UMGIi137-A clone 2), as well as heterozygous and homozygous CRISPR/Cas9-corrected iPSC lines (UMGIi137-A-1 clone D8
and UMGIi137-A-1 clone D1) were used in this study. Details on reprogramming and CRISPR/Cas9 editing are provided in
the method details below.

Ethical approval

The study was approved by the Ethics Committee of the University Medical Center Géttingen (approval number: 10/9/15) and carried
out in accordance with the approved guidelines. Written informed consent was obtained from all participants or their legal represen-
tatives prior to the participation in the study.

METHOD DETAILS

Whole exome sequencing

Whole exome sequencing on genomic DNA of the patient was performed using the SureSelect Human All Exon V6 kit (Agilent) on an
lllumina HiSeq 4000 sequencer. The “Varbank 2.0" pipeline of the Cologne Center for Genomics (CCG) was used to analyze and
interpret the exome data, as previously described.'® Co-segregation analysis was performed in the family. Computational predic-
tions for the pathogenicity of the variant were performed using MutaticnTaster (hitps://www.mutationtaster.org/), SIFT (nttps://
sift.bii.a-star.edu.sg/), and PolyPhen-2 (http://genetics.bwh.harvard.edu/pph2/).

Generation and culture of human iPSCs

Human iPSC lines from two healthy donors, from one NS patient with biallelic truncating variants in LZTR7 (NM_006767.4:
¢.27dupG/p.Q10Afs"24, ¢.1943-256C>T/p.T648fs"36), from one NS patient with a pathological missense variant in LZTRT
(NM_006767.4: ¢.1739T>C/p.L580P; ClinVar: RCV000677201.1), as well as heterozygous and homozygous CRISPR/Cas9-cor-
rected iPSC lines were used in this study. Wild type iPSC lines UMGIi0O14-C clone 14 (isWT1.14, here abbreviated as WT1) and
UMGI130-A clone 8 (isWT11.8, here abbreviated as WT11) were generated from dermal fibroblasts and peripheral blood mono-
nuclear cells from two male donors, respectively, using the integration-free Sendai virus and described previously.” " Patient-
specific iPSC line UMGI030-A clone 14 (isHOCMx1.14, here abbreviated as LZTR1%%) was generated from patient’s dermal
fibroblasts using the integration-free Sendai virus and described previcusly.'® Patient-specific iPSC line UMGI137-A clone 2
(isNoonSf1.2, here abbreviated as LZTR1°%°") was generated from patient's dermal fibroblasts using the integration-free Sendai
virus according manufacturer’s instructions with modifications, as previously described.'” Genetic correction of the pathological
gene variant in the patient-derived iPSC line UMGI137-A clone 2 was performed using ribonucleoprotein-based CRISPR/Cas9 us-
ing crRNA/tracrRNA and Hifi SpCas9 (IDT DNA technologies) by largeting excn 15 of the LZTRT gene, as previously described.'®
The guide RNA target sequence was (PAM in bold): 5-GCGGCACTCTCGCACACAAC CGG-3'. For homology-directed repair, a
single-stranded oligonucleotide with 45-bp homology arms was used. After automated clonal singularization using the single
cell dispenser CellenOne (Cellenion/Scienion) in StemFlex medium (Thermo Fisher Scientific), successful genome editing was
identified by Sanger sequencing and the CRISPR-corrected isogenic IPSC lines UMGi137-A-1 clone D8 (isNoonSfi-corr.D8,
here abbreviated as L580P*°" ") and UMGi137-A-1 clone D1 (isNoonSf1-corr.D1, here abbreviated as L580P°""°™) were estab-
lished. Newly generated iPSC lines were maintained on Matrigel-coated (growth factor reduced, BD Biosciences) plates,
passaged every 4-6 days with Versene solution (Thermo Fisher Scientific) and cultured in StemMACS iPS-Brew XF medium (Mil-
tenyi Biotec) supplemented with 2 uM Thiazovivin (Merck Millipore) on the first day after passaging with daily medium change for
at least ten passages before being used for molecular karyotyping, pluripotency characterization, and differentiation experiments.
Pluripotency analysis via immunocytochemistry and flow cytometry was performed, as previously described.'” For molecular kar-
yotyping, genomic DNA of iPSC clones was sent for genome-wide analysis via lllumina BeadAmray (Life&Brain, Germany). Digital
karyotypes were analyzed in GenomeStudio v2.0 software (lllumina). For off-target screening, the top five predicted off-target re-
gions for the respective guide RNA ranked by the CFD off-target score using CRISPOR* were analyzed by Sanger sequencing.
Human iPSCs and iPSC-derivatives were cultured in feeder-free and serum-free culture conditions in a humidified incubator at
37°C and 5% COQ,.
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Cardiomyocyte differentiation of iPSCs and generation of engineered heart muscle

Human iPSC lines were differentiated into ventricular iPSC-CMs via WNT signaling moedulation and subsequent metabolic selection,
as previously described, " and cultivated in feeder-free and serum-free culture conditions until day 60 post-differentiation before be-
ing used for molecular and cellular experiments. Defined, serum-free EHMs were generated from iPSC-CMs around day 30 of dif-
ferentiation and human foreskin fibroblasts (ATCC) at a 70:30 ratio according to previously published protocols.”® Optical analysis
of contractility and rhythm of spontanecusly beating EHMs in a 48 well plate (myrPlate TM5, myriamed GmbH) was performed be-
tween day 34 and day 42 of culture using a custom-built setup with a high-speed camera by recording the movement of the two UV
light-absorbing flexible poles. Contractility parameters of EHM recordings of at least 1 min recording time were analyzed via a
custem-build script in MATLAB (MathWorks). For each iPSC line, three individual differentiations were used for EHM casting.

Biosensor-based analysis of ERK signaling dynamics in iPSC-CMs

In brief, the ERK kinase translocation reporter (ERK-KTR) biosensor consists of an ERK-specific docking site, a nuclear localization
signal (NLS), a nuclear export signal (NES), and mClover. Endogenous, phosphorylated ERK binds to the biosensor and phosphor-
ylates its NLS and NES resulting in a nucleus-cytoplasm shuttling according to ERK activity. “0 ERK-KTR biosensor en coding lentiviral
particles were produced in HEK293T cells transfected with transfer, envelope, and packaging plasmids using Lipofectamine 3000
(Thermo Fisher Scientific) according to manufacturer's instructions. pLentiPGK Puro DEST ERKKTRClover was a gift from Markus
Covert (RRID:Addgene_90227), pMD2.G was a gift from Didier Trono (RRID:Addgene_12259), and psPAX2 was a gift from Didier
Trono (RRID:Addgene 12260). Virus was harvested from day 2 to day 5 post-transfection by medium collection and centrifugation
at 500x g at 4°C for 5 min. The harvested virus was filtered using a 0.45 um filter and a syringe. Fer transduction, 15,000 iPSC-CMs
were seeded per well of a 96-well plate and lentiviral transduction was performed 7 days after cell digestion. Lentivirus was diluted in
culture medium supplemented with 100 U/ml penicillin, 100 pg/mL streptomycin (Thermo Fisher Scientific), and 10 pg/mL Polybrene
Transfection Reagent (Merck). After 24 h of incubation, medium was replaced with cardio culture medium and cells were maintained
for additional 7 days. For live-cell imaging, biosensor-transduced iPSC-CM cultures at day 60 of differentiation were treated with
100 nM MEK inhibitor trametinib (Selleck Chemicals), 100 nM JNK inhibitor JNK-IN-8 (Hycultec), or 1:1,000 DMSO (Sigma-
Aldrich) for 60 min, before stimulation with 10% fetal bovine serum for another 60 min. Cells were imaged every 10 min for a total
time of 120 min. Live cell imaging experiments were acquired using the CQ1 confocal image cytometer (Yokogawa Electric Corpo-
ration) and CellPathfinder software (Yokogawa Electric Corporation) under environmental control (37°C, 5% CO,). Exported images
were processed using the StarDist method for nucleus segmentation.”’ The StarDist network was retrained on 80 images from our
dataset with annotations manually produced with napari.”* For anew image, the nuclei were then segmented with StarDist, and a ring
element around each nucleus was computed to approximate the cytosol. The mean fluorescence intensity of both compartments
was measured for each cell individually.

Proteomics and Western blot analysis of iPSC-CMs

For proteomic analysis, iPSC-CMs were pelleted at day 60 of differentiation by scratching in RIPA buffer (Thermo Fisher Scientific)
containing phosphatase and protease inhibitor (Thermo Fisher Scientific) and snap-frozen in liquid nitrogen. Cell pellets were
reconstituted in 8 M urea/2 M thiourea solution (Sigma-Aldrich) and lysed by five freeze-thaw cycles at 30°C and 1.600 rpm. Protein
containing supernatant was collected by centrifugation. Nucleic acid was degraded enzymatically with 0.125 U/ug benzonase
(Sigma-Aldrich), and protein concentration was determined by Bradford assay (Bio-Rad). Five ug protein was processed for LC-
MS/MS analysis, as previously described.** Briefly, protein was reduced (2.5 mM dithiothreitol, Sigma-Aldrich; 30 min at 37°C)
and alkylated (10 mM iodacetamide, Sigma-Aldrich; 15 min at 37°C) before proteclytic digestion with LysC (enzyme to protein ratio
1:100, Promega) for 3 h and with trypsin (1:25, Promega) for 16 h both at 37°C. The reaction was stopped with 1% acetic acid (Sigma-
Aldrich), and the peptide mixtures were desalted on C-18 reverse phase material (ZipTip u-C18, Millipore). Eluted peptides were
concentrated by evaporation under vacuum and subsequently resolved in 0.1% acetic acid/2% acetonitrile containing HRM/IRT
peptides (Biognosys) according to manufacturer’s recommendation. LC-MS/MS analysis was performed in data-independent acqui-
sition (DIA) mode using an Ultimate 3000 UPLC system coupled to an Exploris 480 mass spectremeter (Therme Scientific). Peptides
were separated on a 25 cm Accucore column (75 pm inner diameter, 2.6 um, 150 A, C18) at a flow rate of 300 nL/min in a linear
gradient for 60 min. Spectronaut software (Biognosys) was used for the analysis of mass spectrometric raw data. For peptide and
protein identification, the Direct DIA approach based on UniProt database limited to human entries was applied. Carbamidomethy-
lation at cysteine was set as static modification, oxidation at methionine and protein N-terminal acetylation were defined as variable
modifications, and up to two missed cleavages were allowed. lon values were parsed when at least 20% of the samples contained
high quality measured values, Peptides were assigned to protein groups and protein inference was resolved by the automatic work-
flow implemented in Spectronaut. Statistical data analysis was conducted using an in-house developed R tool and based on median-
nomalized ion peak area intensities. Methionine oxidized peptides were removed before guantification. Differential abundant pro-
teins (p-value <0.05) were identified by the algorithm ROPECA*® and application of the reproducibility-optimized peptide change
averaging approach® applied on peptide level. Only proteins quantified by at least two peptides were considered for further analysis.
Reactome pathway enrichment analysis was performed using the ClueGo plugin in Cytoscape.”” For each iPSC line, at least three
individual differentiations were analyzed. For Western blot analysis, protein containing supernatant was collected by centrifugation.
Protein concentration was determined by BCA assay (Thermo Fisher Scientific). Samples were denatured at 95°C for 5 min 15 pg
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protein were loaded onto a 4-15% Mini-PROTEAN TGX Stain-Free precast gel (Bio-Rad). The protein was separated by sodium do-
decyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) by applying 200 V for 30 min. Post-running, TGX gels were activated
via UV light application using the Trans-Blot Turbo transfer system (Bic-Rad). While blotting, proteins were transferred to a nitrocel-
lulose membrane (25 V constant, 1.3 A for 7 min). Total protein amount was detected via the ChemiDoc XRS+ (Bio-Rad) system and
used for protein normalization. After 1 h in blocking solution (5% milk in TBS-T, Sigma-Aldrich), membranes were incubated in pri-
mary antibody solution (1% milk in TBS-T) overnight. Membrane was washed trice with TBS-T before applying the secondary anti-
body (1:10,000in 1% milk in TBS-T) at RT for 1 h. After washing, signals were detected upon application of SuperSignal West Femto
Maximum Sensitivity Substrat (Thermo Fisher Scientific). Image acquisition was performed with the ChemiDoc XRS+ (Bio-Rad) at the
high-resolution mode. Fer protein quantification, ImagelLab (Bio-Rad) was used and protein levels were first normalized to total pro-
tein and second to the corresponding WT samples on each blot. For ERK signaling analysis, iIPSC-CMs at day 60 of differentiation
were treated with 10 nM trametinib (Selleck Chemicals) for 30 min and stimulated with 10% fetal bovine serum (Thermo Fisher Sci-
entific). For analysis of degradation pathways, iPSC-CMs at day 60 of differentiation were treated with 1-2 uM pevonedistat (Hycul-
tec) or 750 nM MG-132 (InvivoGen) for three days. For each iPSC line, at least three individual differentiations/conditions were
analyzed.

Real-time PCR analysis of iPSC-CMs

Pellets of iPSC-CMs at day 60 of differentiation were snap-frozen in liquid nitrogen and stored at —80°C. Total RNA was isclated
using the NucleoSpin RNA Mini kit (Macherey-Nagel) according to manufacturer’s instructions. 200 ng RNA was used for the
first-strand cDNA synthesis by using the MULV Reverse Transcriptase and Olige d(T)16 (Therme Fisher Scientific). For real-
time PCR, cDNA was diluted 1:1 with nuclease-free water (Promega). Quantitative real-time PCR reactions were carried out us-
ing the SYBR Green PCR master mix and ROX Passive Reference Dye (Bio-Rad) with Micro-Amp Optical 384-well plates, and
the 7900HT fast real-time PCR system (Applied Biosystems) according to the manufacturer’s instructions with the following pa-
rameters: 95°C for 10 min, followed by 40 cycles at 95°C for 15 s and 60°C for 1 min. Analysis was conducted using the AACT
method and values were normalized to GAPDH gene expression and to WT controls. Primer sequences are listed in Table S2 in
the supplement.

Analysis of sarcomere length and myofibril organization of iPSC-CMs

To analyze the sarcomere length and myofibril organization, iPSC-CMs were cultured on Matrigel-coated coverslips and fixed at
day 60 of differentiation in 4% Roti-Histofix (Carl Roth) at RT for 10 min and blocked with 1% Bovine Serum Albumin (BSA;
Sigma-Aldrich) in PBS (Thermo Fisher Scientific) overnight at 4°C. Primary antibodies were applied in 1% BSA and 0.1% Triton
X-100 (Carl Roth) in PBS at 37°C for 1 h or at 4°C overnight. Secondary antibodies with minimal cross reactivity were admin-
istered in 1% BSA in PBS (Thermo Fisher Scientific) at RT for 1 h. Nuclei were stained with 8.1 pM Hoechst 33342 (Thermo
Fisher Scientific) at RT for 10 min. Samples were mounted in Fluoromount-G (Thermo Fisher Scientific). Images were collected
using the Axio Imager M2 microscopy system (Carl Zeiss) and Zen 2.3 software. For analysis of the sarcomere length, images
with -actinin staining of iPSC-CMs were evaluated using the SarcOptiM plugin in ImageJ (National Institutes of Health).*” Here,
three independent lines along different myofibrils within one cell were selected to calculate the mean sarcomere length per cell.
For each iPSC line, three individual differentiations with 9-13 images per differentiation and two cells per image were analyzed.
To analyze the myofibril organization, images with z-actinin staining of iPSC-CMs were processed using the Tubeness and Fast
Fourier Transform plugins in ImagedJ. Processed images were radially integrated using the Radial Profile Plot plugin in ImageJ
and the relative amplitude of the first-order peak in the intensity profile as a measure of sarcomere and myofibril regularity was
automatically analyzed using LabChart (ADInstruments). For each iPSC line, three individual differentiations with 7-11 images
per differentiation were analyzed.

Analysis of cell size of IiPSC-CMs

To study cellular hypertrophy, iPSC-CMs at day 60 of differentiation were analyzed for cell size in suspension, as previously
described.'” In brief, iPSC-CMs at day 50 of differentiation were plated at a density of 2.5x10° cells per well on Matrigel-coated
12-well plates. At day 60 of differentiation, cells were singularized with StemPro Accutase Cell Dissociation Reagent (Thermo Fisher
Scientific) and measured for cell diameter using the CASY cell counter system (OMNI Life Science). Each value represents a mean of
5x10% to 1.5% 10" cells per measurement. To exclude cell debris and cell clusters, only values within a diameter range of 1540 um
were selected. For each iPSC line, at least three individual differentiations with 3-5 replicates per differentiation were analyzed. To
study the effect of MEK inhibition on LZTR152% iPSC-CMs, cultured at a density of 6x10° cells per well wers treated with 10 nM
trametinib for 5 days before being measured via the CASY cell counter.

Video-based contractility analysis of iPSC-CMs
To analyze contractile parameters in monolayer, iPSC-CMs were cultured on Matrigel-coated 6-well plates and measured using the

Cytomotion imaging setup (lonOptix). Recordings (60-75 s in duration) were acquired at 250 frames per secend. Contractile param-
eters (beat frequency, beat regularity, contraction and relaxation time) were analyzed using CytoSolver.
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Ectopic expression of LZTR1 variants in iPSC-CMs
For ectopic expression studies, the human WT LZTRT coding sequence was synthesized (Genewiz/Azenta Life Sciences) and subcl-
oned in pcDNA3-HA-humanNEMO (gift from Kunliang Guan, Addgene plasmid #13512) by exchanging the NEMO coding sequence.
Additionally, the HA-tag was exchanged by an FLAG tag by synthesis of the fragment and subcloning in pcDNA3-HA-LZTRT1-WT
(Genewiz/Azenta Life Sciences). Patient-specific mutations were introduced into pcDNA3-HA-LZTRT-WT and pcDNA3-FLAG-
LZTRT-WT using mutagenesis PCR. Plasmid DNA was isolated via the endotoxin-free NucleoBond Xtra Midi Plus EF kit
(Macherey-Nagel). For transfection, WT1 iPSC-CMs cultured on Matrigel-coated 4-well chamber slides at a density of 7x10* cells
per well were transfected at day 60 of differentiation with the respective plasmids using Lipofectamine Stem Transfection Reagent
(Thermo Fisher Scientific) according to manufacturer's instructions with 700 ng per plasmid. After 24 h post-transfection, cells were
fixed, stained, and imaged as described above.

To quantitatively analyze speckle size and filament length, a custom-build pipeline in CellProfiler (BROAD institute) was applied.
For each LZTR1 variant, plasmid transfections were performed in at least three replicates. All plasmids used are listed in Table S3
in the supplement.

Expression and purification of recombinant LZTR1 proteins

LZTR1YT and LZTR1%°F were expressed as C-terminal His-tagged proteins in Expi-293F cells (Thermo Fisher Scientific).
pcDNA3.1-LZTR1-Myc-6xHis plasmid was a gift from Jens Kroll (Heidelberg University and German Cancer Research Center
(DKFZ-ZMBH Alliance)).*® The LZTR7-%%% variant was introduced into the plasmid by site-directed mutagenesis as previously
described.'’ Cells were transfected using ExpiFectamine 293 Reagent (Thermo Fisher Scientific) and cultured at a density of
3-5x10° cells/ml in a 37°C incubator with >80% relative humidity and 8% CO2 on an orbital shaker at 125xg for 3—4 days.
Expression of the recombinant LZTR1 proteins was confirmed by Western blot analysis using an anti-His tag monoclonal rab-
bit antibody (Thermo Fisher Scientific). Following confirmation of expression, cells were harvested and lysed in a buffer con-
taining 50 mM Tris/HCI (pH 7.4), 250 mM NaCl, 5 mM MgCl,, 0.5 mM CHAPS, 0.5 mM sodium deoxycholate, 1 mM NasVO,,
1 mM NaF, and 5% glycerol, and one complete EDTA-free protease inhibitor mixture tablet (Roche Diagnostics). The lysates
were centrifuged at 20,000xg for 30 min at 4°C to obtain the soluble protein fraction containing the expressed LZTR1 pro-
teins. Soluble fractions were applied to a Ni-NTA resin column and bound proteins, including LZTR1 proteins, were eluted with
a buffer containing 50 mM Tris/HCI (pH 7.4), 250 mM NaCl, 5 mM MgCl,, 5% glycerel, and 250 mM imidazole. Purified LZTR1
proteins were concentrated using a 30 kDa MWCO concentrator (Amicon), snap-frozen in liquid nitrogen, and stored
at —80°C.

Analytical size exclusion chromatography {SEC) of soluble recombinant LZTR1 proteins

Purified LZTR1 proteins were centrifuged at 12,000xg for 10 min before being applied to an analytical Superose 6 10/300
SEC column (GE Healthcare Life Sciences) using a buffer containing 50 mM Tris/HCI (pH 7.4}, 250 mM NaCl, 5 mM MgCl.,
0.5 mM CHAPS, 0.5 mM sodium deoxycholate, and 5% glycerol at a flow rate of 0.5 mL/min. The column was calibrated
using a kit (GE Healthcare Life Sciences) containing standards of known molecular weight, including blue dextran
(2000 kDa), thyroglobulin (669 kDa), ferritin (440 kDa), aldolase (158 kDa), and ovalbumin (44 kDa) at their respective con-
centrations. The proteins were eluted with the equilibration buffer at a constant flow rate and the absorbance at 260 nm
was monitored with a UV detector. The elution profiles were analyzed using OriginPro 2021 software (OriginLab) to deter-
mine the retention volume and molecular weight of the LZTR1YT and LZTR1“*8%" proteins. To ensure the accuracy of the
SEC results, trichloroacetic acid precipitation of the SEC fractions was performed. The precipitated proteins were visualized
by SDS-PAGE and Western blot analysis using an anti-His tag monoclonal rabbit antibody (Thermo Fisher Scientific) to
determine the protein distribution in each fraction.

Pull-down assay for analysis of LZTR1-RAS interactions

Recombinant GST-fused RAS proteins in both inactive (GDP-bound) and active (GppNHp-bound) states were prepared according to
established protocols.”” In brief, nuclectide and protein concentrations were determined using HPLC and Bradford reagents, and
aliquots were stored at —80°C. His Mag Sepharose Ni beads (GE Healthcare) were used for the protein-protein interaction assay.
Recombinant LZTR1"T and LZTR1“*%F proteins were each mixed with MRAS and RIT1 proteins in a buffer centaining 50 mM
Tris/HCI (pH 7.4), 250 mM NacCl, 10 mM MgCl,, 20 mM imidazole, and 5% glycerol. Individual protein mixtures were prepared for
each LZTR1 variant and RAS protein combination. Input samples were collected for analysis, representing the initial pretein compo-
sition. The remaining velume of each sample was subjected to pull-down using His Mag Sepharose Ni beads. Mixtures were incu-
bated for 1 h at 4°C to allow for specific protein-protein interactions. After incubation, beads were thoroughly washed with binding
buffer to remove non-specific binding. Protein complexes were eluted from the beads using a buffer containing 250 mM imidazole.
Eluted samples were analyzed by SDS-PAGE to visualize the separated proteins. To confirm the interactions, Western blotting was
performed using an anti-His tag monoclonal rabbit antibody (Thermo Fisher Scientific) and GST monoclonal mouse antibody (own
antibody). GST control samples were included in each pull-down experiment to serve as negative controls, assessing the specificity
of observed protein-protein interactions.
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In silico prediction of protein structures and multimer complexes

Homeo-trimer configurations of the different LZTR T variants and configurations of LZTR1 with cullin 3 and MRAS were predicted using
ColabFold {version 02¢53)™ and AlphaFold-multimer v2°" with & recycles and no templates on an A5000 GPU with 24 GBs of RAM
and repeated twice. The five predicted models for each variant were ranked according to the predicted template modeling score and
interactions between the chains were inspected through the predicted alignment error generated by AlphaFold-multimer.

QUANTIFICATION AND STATISTICAL ANALYSIS
Data are presented as the mean + standard error of the mean, unless otherwise specified. Statistical comparisons were performed

using the D'Agostino-Pearson normality test and the nonparametric Kruskal-Wallis test followed by Dunn correction or the
parametric t test in Prism 10 (GraphPad). Results were considered statistically significant when the p-value was <0.05.
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To enter epithelial cells, the obligate intracellular pathogen Chlamydia pneu-
moniae secretes early effector proteins, which bind to and modulate the host-
cell's plasma membrane and recruit several pivotal endocytic host proteins.
Here, we present the high-resolution structure of an entry-related chlamydial
effector protein, SemD. Co-crystallisation of SemD with its host binding
partners demonstrates that SemD co-opts the Cdc42 binding site to activate
the actin cytoskeleton regulator N-WASP, making active, GTP-bound Cdc42
superfluous. While SemD binds N-WASP much more strongly than Cdc42 does,
it does not bind the Cdc42 effector protein FMNL2, indicating effector protein
specificity. Furthermore, by identifying flexible and structured domains, we
show that SemD can simultaneously interact with the membrane, the endo-
cytic protein SNX9, and N-WASP. Here, we show at the structural level how a
single effector protein can hijack central components of the host’s endocytic
system for efficient internalization.

The obligate intracellular bacterial pathogen Chlamydia pneumoniae
(Cpn) causes infections of the upper and lower respiratory tract'.
A certain proportion of these can result in severe respiratory
illnesses, such as pneumonia, asthma and chronic bronchitis, as well as
multiple sclerosis, inflammatory arthritis, lung cancer and Alzheimer’s
disease” ",

Cpn’s developmental cycle begins with the adhesion of the
infectious elementary body (EB) to the host-cell's plasma membrane
(PM), and its internalisation into a membrane-enclosed “inclusion”.
The initial, transient contact between EB and host cell enables chla-
mydial surface proteins, such as Pmp proteins and LipP, to stably
bind and activate host-cell receptors that trigger receptor-mediated

internalisation” °. However, engulfment of the EB requires amembrane
vesicle that is three to four times larger in diameter than a classical
endocytotic vesicle'”. Cpn solves this problem by secreting several
entry-related, early effector proteins directly into the host cell via its
type-lll-secretion system (T3SS). These include soluble factors, such as
Cpn0572 (the homologue of Chlamydia trachomatis (Ctr) TarP), and
proteins that bind to the host's PM, such as SemC and SemD"™". By
hijacking components of the host’s endocytic machinery, early effec-
tors trigger the formation of an intracellular membrane-enclosed
vesicle that encompasses the EB* '°. The membrane-bound effectors
SemC and SemD play a vital role in this process. Each possesses an
amphipathic helix (APH) with high affinity for phosphatidylserine (PS),
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a specific phospholipid found in the inner leaflet of the PM'“5,
The binding of SemC to PS induces extensive membrane curvature
while SemD (382 aa) recruits and activates central endocytic host
proteins",

Downstream of its N-terminal APH, SemD harbours two proline-
rich domains (PRD1g;. 100 and PRD2,y.122, Fig. 1a), the first of which
binds to the SH3 domain of SNX9“. During classical endocytosis,
SNX9, a BAR domain (bin-amphiphysin-rvs) protein, binds to the PM,
induces membrane curvature and promotes vesicle closure' . Simi-
larly, by recruiting SNX9 via SemD, Cpn amplifies membrane defor-
mation at the site of EB entry and ensures the closure and maturation
of the endocytic vesicle.

SemD also possesses two centrally located WH2 domains, which
are involved in G-actin binding”. Furthermore, the C-terminal 165

49 91
APH

1
SemD (

residues (aa 218-382) of SemD are required for recruitment of N-WASP,
an endocytic host protein that re-organises the actin cytoskeleton by
interacting with the actin-branching complex Arp2/3“. N-WASP is a
ubiquitously expressed member of the WASP family™. Signal reception
and transduction of N-WASP are mediated by its basic region (BR), its
GTPase-binding domain (GBD) and its verprolin-central-acidic (VCA)
domain, respectively. The GBD domain consists of the Cdc42/Rac
interactive domain (CRIB) and a C-sub motif {Fig. 2a)"*. In resting
cells, N-WASP resides in an autoinhibited cytosolic state mediated by
intramolecular interactions between the GBD and VCA domains™?.
During endocytosis, Cdc42, a small GTPase belonging to the Rho
family, is activated by guanine nucleotide exchange factors (GEFs) that
catalyse the replacement of bound GDP by GTP*. Active, GTP-bound
Cdc42 (Cdc426yp) binds to the BR-GBD domain of N-WASP, and

82

382

SemDAAPH

b

Fig. 1| Crystal structure of SemDAAPH. a Schematic representation of the pri-
mary structure of SemD, containing an APl 4.4, two proline-rich domains
(PRD)s,.100, PRD2,,7.135) and two WH2 domains (WH2 1,35 175, WH2 2,79.316).
SemDAAP] 5735 is represented as a black bar. b The structure of SemDAAPII as
resolved hy X-ray crystallography. The helices are depicted as cylinders and
numbered from 1to 9, starting at the N-terminus (al- a9). In accordance with the
colour code in a, the WH2_1 and WH2 2 are depicted in orange and red, respec-
tively. The N-terminal E138 and the C-terminal E382 (both marked by black arrows)

represent the first and last amino acids visible in the electron density. Right panel:
90° rotation. ¢ SAXS best-fit CORAL model ()(2 value of 1.197}, based on the

SemDAAPH crystal structure, and including the added flexible tails (further

models are shown in Supplementary Fig. 1h). PRD1 and PRD2 are coloured in green
and yellow, respectively. Right panel: 180° rotation. G67 is the N-terminal amino
acid, while E382, the last C-terminal residue of SemD, is followed by the C-terminal
10x-His-Tag. d Electrostatic surface representation of SemDAAPH highlighting the
negatively (red) and positively (blue) charged patches. Right panel: 180° rotation.
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Fig. 2| SemD engages with BR-GBD in a Cdc42grp-mimicking manner.

a Schematic representation of the N-WASP primary sequence. BR-GBDj42.073 was
used for complex formation with SemDAAPIL. It contains the BRys1.107 domain
(basic region, cyan), the CRIB,og.2;3 domain (Cde42/Rac interactive binding motif,
magenta) and the C-subzy.250 domain (blue). b The structure of SemDAAPH in
complex with BR-GBD as resolved by X-ray crystallography, shown in cartoon
representation. SemDAAPH is shown in light grey, BR-GBD is coloured in dark grey
with the BR domain in cyan, the CRIB domain in magenta and C-sub domain in blue.

SemD

The zoom in shows details of the binding of SemDAAPI to BR-GBD. Important
residues of SemDAAPH and BR-GBD are shown in stick representation, while the
rest of SemDAAPII is shown as cartoon. Interactions (<3.5 A) are shown by the
yellow dashes. ¢ Schematic representation of the detailed interactions between
SemDAAPII and BR-GBD. d Electrostatic representation of SemDAAPH, high-
lighting the negatively charged patch in red and positively charged surface areasin
blue. BR-GBD is coloured in dark grey (cartoon} with the BR domainin cyan and the
CRIB domain in magenta, both depicted with stick residues.

triggers the release of the VCA domain, which in turn binds and actives
the Arp2/3 complex (Supplementary Fig. 2b)>*. Moreover, the BR
binds to PI{4,5)P; in the inner leaflet of the PM, and recruits the actin
polymerisation machinery to the site of endocytosis™.

Cdc42 plays a central role in a large number of diverse biological
processes such as the cell cycle, controlling gene transcription, reg-
ulating the cytoskeleton, cell movement and polarisation, hence

being a target for many virulence factors secreted by bacterial
pathogens” #. These factors modulate the activity of Cdc42 by
mimicking host regulators such as GEFs, GTPase activating proteins
(GAPs) and guanine dissociation inhibitors (GDIs), or by covalently
modifying Cdc42™*. In addition, bacterial effector proteins can bind
the autoinhibited Cdc42-binding domain of N-WASP, thereby initiating
actin polymerisation™.
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During a Cpn infection, the C-terminus of the membrane-bound
SemD interacts with the BR-GBD domain of N-WASP, thus triggering
N-WASP activation and Arp2/3-mediated actin polymerisation via an
unknown mechanism®. This ensures the provision of branched F-actin
bundles required for extensive membrane deformation and matura-
tion of the EB-containing vesicle.

In this work, we elucidate the mechanism involved by determining
the three-dimensional structure of SemD, alone and in complex with
its host interaction partners. We demonstrate that SemD, a protein of
382 aa, can interact simultaneously with the PM, SNX9 and N-WASP,
thereby combining membrane association and deformation with
modulation of the actin polymerisation machinery. Using small-angle
X-ray scattering (SAXS), crystallography and mutational analysis, we
show that SemD structurally and functionally mimics the activation of
N-WASP by Cdc42¢yp, thus enabling Cpn to activate N-WASP in a
Cdc42gyp-independent manner. Further, by using pulldown assays and
stopped-flow experiments, we show that SemD binds N-WASP more
tightly than Cde42¢yp, and that SemD is a specific N-WASP activator,
not binding to formin like-protein L2 (FMNL2), another Cdc42¢yp-tar-
get protein. Our structural data also reveal that the N-WASP binding
region of SemD is separated from its PRD1 ~ which is responsible for
SNX9-SH3 binding  and from the membrane-binding APH domain via
flexible linker regions. These features permit highly adaptable rear-
rangements of the individual binding sites, which reduce steric hin-
drance and facilitate simultaneous binding of the PM, SNX9 and
N-WASP. These concurrent interactions enable Cpn to rapidly mod-
ulate the PM and the actin cytoskeleton, which ensures the successful
formation of a large endocytic vesicle, and the rapid uptake of the
EB within 15minutes after its initial adhesion to a non-phagocytic
host cell.

Results
SemD folds into a multipurpose interaction structure
To elucidate how SemD functions at the molecular level, we deter-
mined the 3D structure of the protein, N-terminally truncated up to
and including the APH motif (SemDAAPH .3s) at a resolution of 2.1 A
(Fig. 1a, b, Supplementary Fig. 1a, b and Supplementary Table 1). The
resulting structure revealed that the C-terminal portion of SemDAAPH
(aa138-382) folds into a rigid core, consisting of nine «-helices, whichis
N-terminally flanked by a long intrinsically disordered region (IDR, aa
67-137, Fig. 1b). Owing to its flexibility, the latter is not visible in the
electron density. The proline-rich domains (PRD1 and PRD2) are within
the IDR and provide a highly flexible interaction surface. The first and
second a-helices harbour the WI2_1 and WH2_2 domains involved in
G-actin binding” (Fig. 1b). Within the electron density, the amino acids
are clearly visible, except for the connecting loop between helices 2
and 3, which is presumably flexible; here, the side-chains were not
included in the final model. Although structural comparisons using
EBI-fold revealed similar proteins (all with a root-mean-square devia-
tion (RMSD)>35A), no informative conclusions could be reached,
since the only feature shared between them was a high helical content.
To clarify how SemDAAPH behaves in solution, we performed
SAXS analysis. We found that SemDAAPH is a monomer in solution
(Supplementary Table 2) and the p(r) function indicated a globular
core - corresponding to the helical core domain revealed by the X-ray
structure - and an elongated tail (Supplementary Fig. 1c-g). We cal-
culated the theoretical scattering of the solved SemDAAPH crystal
structure and compared it with the experimental data for SemDAAPH
in solution. The resulting CRYSOL fit yielded a x* value of 14.63 (an
indicator on how well the model fits to the scattering curve in solution)
and showed a high mismatch in the low s region (Supplementary
Fig. 1c). This is not surprising, because the N-terminal residues (aa 67-
137) are not solved in the crystal structure and the p(r) function showed
an elongated tail, most probably the N-terminal region. Based on the
information derived from SAXS data, we added the missing N-terminal

residues (aa 67-137) to complete the SemDAAPH structure (Fig. Ic).
The resulting models showed that these N-terminal residues comprise
the IDR tail (the best-fit model is shown in Fig. 1c, an overlay of inde-
pendent models, showing the same tendency of the tail orientation,
are shown in Supplementary Fig. 1h). This resulted in an improved ¥
value of 1.20 (Supplementary Table 2). Furthermore, electrostatic
analysis of the rigid core of SemD revealed a large, negatively charged
patch on the front of the protein and a smaller positively charged
patch on the back (Fig. 1d).

Taken together, the combined crystallographic and SAXS-based
structure of SemDAAPH reveals that its N-terminal segment, with
which SH3 domain-containing proteins interact, is flexible. The nine a-
helices that constitute the rigid core include the two WH2 domains,
involved in G-actin binding, and the N-WASP interaction site". Elec-
trostatic analysis of the rigid core reveals two highly charged patches; a
negative patch on the front and a positive patch on the back.

SemD structurally mimics Cdc42¢,y for N-WASP activation
Generally, Cdc42gyp activates N-WASP by binding to its BR-GBD
domain, which leads to the release of the VCA domain of N-WASP. The
VCA domain then recruits the Arp2/3 complex, initiating actin
branching and polymerisation (Supplementary Fig. 2b). However,
during Cpn uptake, secreted SemD, whose APl domain interacts with
the PM, binds to N-WASP and activates it in an as yet unknown fashion,
thus initiating the formation of branched F-actin structures upon
recruitment of the Arp2/3 complex®. Intriguingly, it has been shown
that, when bound to synthetic membranes via its APH domain, SemD is
capable of binding and activating N-WASP". The interaction between
the two proteins requires the C-terminal part of SemD (aa 218-382) and
the BR-GBD segment of N-WASP (Fig. 2a)”’. To understand the activa-
tion of N-WASP by SemD, we structurally analysed the complex formed
by recombinant SemDAAPH and the BR-GBD domain of N-WASP. To
this end, we purified the recombinant proteins separately, allowed
them to interact and isolated the resulting complex by size exclusion
chromatography (SEC, Supplementary Fig. 2a). The elution fractions
containing the complex were pooled and analysed by both crystal-
lography and SAXS (Fig. 2b, d).

The co-crystal of SemDAAPH in complex with BR-GBD yielded a
structure with a medium resolution of 3.3 A, which is attributable to
the flexible termini of both proteins. Interestingly, the loop connecting
helices 2 and 3 (205 GTSSTG_23) of SemDAAPH is stabilised in the
complex and can now be modelled. Despite the moderate resolution of
the crystals containing the SemDAAPII - BR-GBD complex, the inter-
action surface between the two proteins is well resolved. Comparison
of the structures of SemDAAPH alone and in complex with BR-GBD
revealed virtually identical conformations of the SemD core regions, as
indicated by a low RMSD of 0.7 A. Next, we identified intermolecular
contact sites between SemDAAPI[ and BR-GBD by identifying the
amino acids that were closer than 3.5 A to each other’®. We found three
positively charged residues within the BR domain of N-WASP (K193,
R194 and K197) that interact directly with the negatively charged area
found on the front of SemD, formed by helices al, a2, a5 and a9
(Fig. 2b-d). Additionally, five residues of the N-WASP CRIB domain
engage with residues in the SemD binding groove, mainly formed by
helix a4, the adjacent loop and helix «9 (Fig. 2b, c). The N-WASP C-sub
domain is located underneath the helical arrangement of SemDAAPH,
flanked by its extended helix al (Fig. 2b, d). Owing to the flexibility of
the N-terminal domains of SemDAAPH and BR-GBD, these regions are
not resolved in the crystal structure of the complex.

Using SAXS, we validated the results obtained by crystallography.
Analysis of BR-GBD alone showed that, in solution, it forms a monomer
with a globular central region, flanked by a highly flexible N-terminal
domain (Supplementary Fig. 3a-d, Supplementary Table 2). SAXS
analysis of the SemDAAPH - BR-GBD complex confirmed 1:1 stoichio-
metry in solution (Supplementary Table 2), in accordance with the
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crystal structure. Analysis of the p(r} function and the dimensionless
Kratky plot showed, that, upon formation of the complex, the
unstructured segment of the BR-GBD does not adopt a specific sec-
ondary structure, but must take on a more constrained posture to bind
to the core region of SemDAAPH (Supplementary Fig. 3e-j), while the
other domains retain their flexible characteristics. To confirm
the position of the globular C-sub domain of N-WASP, we used the
ensemble optimization method (EOM). Here, the interaction surface
between SemDAAPH and the N-WASP BR and CRIB segments found in
the crystal structure is fixed, and the C-sub domain is allowed to vary
freely in 3D space. Under these conditions, the conformation of the
C-sub domain is the same as that seen in the crystal structure. More-
over, the final EOM models of the complex formed by SemDAAPH and
BR-GBD revealed, that an elongated complex conformation is pre-
ferred, which is attributable to the flexible N-termini of SemDAAPH
and BR-GBD (Supplementary Fig. 3k).

Taken together, our structural data show that the interaction of
SemD with N-WASP requires the CRIB domain, together with the five
C-terminal BR residues (aa 193-197) three of which are positively
charged. Three of the five amino acids interact with the negatively
charged patch on SemD, while the CRIB domain is embedded in the
binding groove provided by SembD (Fig. 2).

SemD binds the N-WASP BR-GBD in a bipartite fashion

As described above, SemD binds to N-WASP by interacting with posi-
tively charged residues of the BR and with the CRIB domain. Moreover,
structurally speaking, this mechanism is very similar to the interaction
of WASP with Cdc42,,". WASP and N-WASP belong to the same
protein family, share 56% identity and 74% similarity, and have strik-
ingly similar domain architectures and regulatory mechanisms®™;
however, the structure of the N-WASP -~ Cdc42qyp complex is not
available thus far. Both proteins are crucial for transducing cell surface
signals to the actin cytoskeleton, but while N-WASP is expressed ubi-
quitously, WASP is only present in non-erythroid hematopoietic cells™.
To activate WASP (and N-WASP), Cdc42yp interacts with the
C-terminal residues of the BR domain - starting at the KKK230.23 motif
(corresponding to KKRjo2.104 in N-WASP) - and with the CRIB domain
(Fig. 3a)*". Mutational analysis indicated that the binding is strongly
impeded when the KKKa30.200 motif in WASP is replaced by either
uncharged or negatively charged amino acids””. Interestingly, with
the C-terminal BR residues engaged in Cdc42¢re binding, the
N-terminal BR residues can simultaneously bind to membranes con-
taining PI(4,5)P,, its preferred lipid™.

Given the high structural similarity between the modes of inter-
action used by SemD and Cdc42¢y, to bind and activate N-WASP, we
tested for functional mimicry. To do so, we constructed deletion var-
iants of the N-WASP BR-GBD domain lacking either the BR (BR-GBDA)
or both the BR and the CRIB domain (BR-GBDAA) (Fig. 3b). We also
investigated whether or not the N-terminal BR residues mediate
binding to PI{4,5)P» when SemD occupies the C-terminal BR residues.
As an experimental setup, we chose to use giant unilamellar vesicles
(GUVs) as a synthetic membrane model of the PM.

To test for recruitment of the individual BR-GBD variants by
SemD, we used PS-containing GUVs, which mimic the lipid pre-
ferentially bound by SemD. For quantification, we calculated the
fluorescence intensity ratio by measuring the maximal intensity at
the perimeter of the GUV and setting it in relation to the average
background intensity outside the GUV. In our control experiments,
GFP alone showed no unspecific binding to GUV-bound SemD
labelled with rhodamine (SemD™?), and BR-GBD fused to GFP (BR-
GBD¢ep) showed no binding to GUVs (Fig. 3¢). Upon incubating BR-
GBDgep with SemD* and GUVs, immediate colocalization of both
proteins at the perimeter of the GUV was observed, indicating rapid
and direct binding of BR-GBDg;p to GUV-bound SemD™™¢ (Fig. 3c).
Quantification revealed that binding persisted over a period of

20min, and that fluorescence intensity at the GUV perimeter is
44.5+15.3-fold higher than the average background fluorescence
outside the GUV (Fig. 3d). Interestingly, upon incubation of BR-
GBDAgpe (lacking the BR domain) with SemD*! and GUVs, weak
binding was visible after 5 min, which significantly increased over the
next 15 min. However, even after 20 min, the fluorescence intensicy
ratio was more than 18-fold lower than the signal obtained for BR-
GBDgie (Fig. 3c, d). Finally, we also examined the binding of BR-
GBDAAg (lacking both BR and CRIB) to SemD*", Quantification
revealed a low fluorescence intensity ratio of 1.1+ 0.2, which did not
change over the next 20 min. Comparison of the data for BR-
GBDAAep with the negative control GFP revealed no significant
difference in fluorescence intensity ratio, at 1.1+ 0.4. We therefore
concluded that BR-GBDAA, which lacks both BR and the CRIB
domain, shows no recruitment to GUV-bound SemD?®"4,

Next, we tested for simultaneous binding of BR-GBDy ¢ to PI(4,5)
P, and SemD"™ by using PI(4,5)P;-containing GUVs. Indeed, BR-
GBDgpp alone bound to PI(4,5)P,-containing GUVs while SemD%™¢
alone showed only a very weak colocalization to P1(4,5)Py-containing
GUVs (Supplementary Fig. 2c). When SemD"™® was incubated with
P1(4,5)Ps-bound BR-GBD¢;¢, immediate colocalization of both proteins
was observed at the perimeter of the GUV, suggesting that BR-GBD can
indeed interact with both, lipids and SemD, simultaneously, in a
manner similar to that of the N-WASP BR segment upon its interaction
with Cded2grp.

Taken together, these data imply that SemD not only structurally
but also functionally mimics Cdc42;yp to recruit, bind and activate the
central endocytic host protein N-WASP. Thereby, SemD binds to the
BR-GBD via a bipartite interaction, which involves (i) the binding of
positively charged amino acids located in the C-terminal BR domain to
the negatively charged patch on SemD and (ii) the insertion of the CRIB
domain into the binding groove provided by SemD. Thus, during Cpn
uptake, the secreted and PM-bound SemD recruits N-WASP and
abrogates its intramolecular autoinhibition by mimicking the
Cdec42¢yp activity in structure and function, leading to VCA release and
finally to Arp2/3-mediated F-actin branching.

SemDAAPH outcompetes Cdc42¢,,nup for binding to N-WASP

So far, we have shown that SemD structurally and functionally mimics
Cdcd26yp to bind and activate N-WASP. During a Cpn infection, PM-
bound SemD redirects N-WASP function to the bacterial entry
site thus mimicking Cdcd2yp for N-WASP binding. To compare N-WASP
binding to SemD and Cdc42qyp, respectively, we performed in vitro
GFP-Trap® pulldown assays, using BR-GBDg;p4ys as bait. BR-GBDgp.pis
was incubated with SemDAAPH,;,, or with Cdc42 bound to a non-
hydrolysable GTP analogue (Cdc42¢ppmn)” ", or with equimolar
amounts of SemDAAPH; and Cdc42gppnpp- Following pulldown,
we probed the composition of the flow through (FT) and elution
fractions using immunodetection (Fig. 4a) and assessed the binding
efficiency to BR-GBDgpays, by correlating the band intensity of the
elution to that of the FT (Elution:FT ratio, Fig. 4b). The negative con-
trol GFP indicated no unspecific binding to neither SemDAAPH, 5,
nor Cde42gyonnp (Supplementary Fig. 4b). Conversely, the positive
controls indicated evident binding of SemDAAPH, ;s and Cdcd2gppmip
respectively, to BR-GBDggp.niee with a quantified Elution:FT ratio
of ~ 100% for each (Fig. 4a, b). Moreover, when equimolar ratios of
SemDAAPH5i; and Cded2,0mn, were added simultaneously to BR-
GBDgip.11s SEMDAAPH, ;s showed an Elution:FT ratio of - 100 %, com-
parable to the positive control, while Cdc42gppn, was now detected
only in the FT (Fig. 4a, b). This experiment indicates that BR-GBD pre-
ferentially binds SemDAAPH in the presence of active Cdc42. This result
was confirmed and extended by stopped-flow measurements, in which
addition of SemDAAPL;s to a preformed BR-GBDyyis - Cded2gppman
complex led to dissociation of the latter (Fig. 4d), while Cdc42¢ppip in
the absence of SemDAAPH binds to BR-GBD,;; on a millisecond
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Fig. 3 | SemD recruits the BR-GBD region of N-WASP to membrane vesicles.

a Amino acid sequence of WASPaje.a50 (hunian) and N-WASP,g.22; (Rattus norvegi-
cus) (of which the latter is identical to N-WASP1s4.204 from Auman) (top). The orange
box shows the sequence involved in binding to Cde424rp and SemD, respectively.
The lower panel shows the structures of Cdc42:1p in complex with BR-GBDwasp
(PDB: 1CEE™) and SemDAAPH bound to BR-GBDy.wase. Cdc42qrp binds to the
positively charged C-terminal KKK;3¢.23; motif of the BR from WASP and embeds
the CRIB domain in the less charged binding groove. The same binding mechanism
is observed for SemD, in which a negatively charged patch engages with the posi-
tively charged KKRyoz.104 motif within the N-WASP BR domain and inserts the
subsequent N-WASP CRIB domain into the SemD binding groove. b Schematic
representation of BR-GBD and the deletion variants BR-GBDA (lacking the BRzs.107
domain) and BR-GBDAA (lacking the BR;7s 197 and the CRIByyg 51z domains). Dashed

lines in square brackets mark the deleted protein regions. The first and last deleted
amino acids are indicated. ¢ Confocal images of PS-containing GUVs with
rhodamine-labelled SemD (SemD**) and BR-GBD variants fused to GFP (BR-
GBDgrp). (scale bars 10 um). d Quantification of bound protein to the GUV mem-
brane based on the ratio of the maximal fluorescence at the perimeter of the GUV to
the average background fluorescence outside the GUV. For each variant and time
point, the fluorescence intensity ratio was calculated for up to 22 independent
GUVs. The data are represented as boxplots with whiskers. The boxes are limited by
the 25th and 75th percentile, including 50% of the data. The centre line shows the
mean score. Whiskers denote 5-95% of all data and outliers are shown as grey dots.
For comparing two groups, an unpaired, two-sided Student’s ¢ test was used. The
data are representative for two independent data sets, both yielding similar results.
Source data of both data sets are provided as Source Data file.

timescale (Fig. 4c). Collectively, these data show that SemD has a
stronger binding capacity for N-WASP than active Cdc42¢yp, and is able
to displace Cde425yp from the Cded2gmp — N-WASP complex. Thus,
during a Cpn infection, the locally secreted and PM-bound SemD
underneath the invading EB most probably binds and activates cytosolic
as well as Cdc42rp-bound N-WASP to initiate the branched F-actin mesh
required for EB internalisation.

The preference of SemD for N-WASP over the physiological N-WASP
activator Cdc42qyp raises the question of whether SemD is a specific
activator of N-WASP or can also activate other Cde42 target effectors.
Cdc42 has been implicated as a key regulator of F-actin reorganisation,
e.g. via activation of WASP/N-WASP to generate branched F-actin struc-
tures, as well as Formins, which play a critical role in nucleating actin
filaments and promoting their elongation, thus influencing a large
number of major cellular processes, involving actin dynamics such as cell

motility, cell division and intracellular transport. Formins are auto-
inhibited and require binding of active Cdc42¢yp to the Formin GTPase
binding domain for activation*. In in vitro pulldown assays, we tested
whether SemD interacts with the mammalian FMNL2. We used recom-
binant FMNL2¢sr as bait and tested the binding of SemDAAPHys and
Cdcd26ppnp to it by analysing the FT and elution fractions (Fig. 4e). As
expected, Cdc42¢ppnnp binds to FMNL25sy, reaching an Elution:FT ratio
significantly higher than the negative control with GST only (Fig. 4f).
Interestingly, incubation of SemDAAPH with GST or FMNL2sy showed
no significant difference (Fig. 4e, f and Supplementary Fig. 4¢, d). Thus,
SemDAAPH does not bind to FMNL2¢gy, indicating that SemD specifi-
cally activates N-WASP and is not a general activator of Cdcd2¢yp
dependent effector proteins, such as FMNL2.

Taken together, these data show that SemD copies Cdc4 2y at
the EB entry side for N-WASP recruitment and activation.
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Fig. 4 | Relative to Cdc42g,,nup, SemDAAPH displays enhanced and specific
binding to N-WASP. a GFP Trap® Pulldown experiments using equimolar ratios of
purified recombinant SemDAAPH,y;., and active Cdc42 bound to the non-
hydrolysable GTP analogue (Cde42gnn5,), were used to test their respective
binding to BR-GBD¢p pis. Complex formation between BR-GBD¢;p i and
SemDAAPH, s or Cded2q, iy Served as positive controls. Flow through (FT), wash
6 (W6) and elution (EL) fractions were analysed by SDS/PAGE and probed with anti-
His (SemDAAPH, ;s and BR-GBDgpp i) and anti-Cde42 (Cde42) antibodies. Pull-
down experiments were repeated three times with similar results. Replicates and
negative controls are provided in Supplementary Fig. 4a and as Source Data to
Fig.4.b Quantification of western blotting in ais described in methods. Normalised
(norm.) data are displayed as mean + s.d. (=3 biologically independent experi-
ments). Unpaired, two-sided Student’s £test was used to compare two groups.

¢, d Stopped-Flow experiments used to test the binding of equimolar ratios of BR-

GBDyyis and Cde42,,¢pnmp (€), as well as the displacement of Cded2,6,pnmp from
BR-GBDy;s by the addition of an equimolar amount of SemDAAPIH; (d). The lower
panels schematically indicate the relevant interactions. e GST-Agarose pulldown
experiments used to probe the interactions of Formin L2 (FMNL2qr) with
Cde42ppnmp and SemDAAPH,y;c with Cded2;;,0nmp. Complex formation between
Cded2gppnnp and FMNL2qr served as a positive control. Flow through (FT), wash 6
(W6) and elution (E1) fractions were analysed by SDS/PAGE and probed with anti-
His (SemDAAPH, 3), anti-GST (FMNL2.) and anti-Cde42 {Cdc42) antibodies.
Pulldown experiments were repeated three times with similar results. Replicates
and negative controls are provided in Supplementary Fig. 4b, c and as Source Data
to Fig. 4. f Quantification of western blotting in e is described in methods. Nor-
malised (norm.) data are displayed as mean + s.d. {(n= 3 biologically independent
experiments). Unpaired, two-sided Student’s t test was used to compare two
groups.

The SH3 domain of SNX9 stabilises the PRD1 in SemD

The SemD — N-WASP structure also revealed that the PRD1 and PRD2
domains of SemD, which are required for binding of the SH3
domain of Pacsin 2/3 or SNX9, are located on the flexible N-terminus
of SemD, and not in its core region. To ascertain whether the
interaction of SemD with SNX9 affects the structure of SemD
and whether simultaneous binding of SNX9 and N-WASP to SemD is

structurally feasible, we first examined the interaction between
SemD and SNX9.

For this purpose, SemD, and a point mutated version {,SemD),
in which the 12 proline and arginine residues in the PRD1 and PRD2
motifs were replaced by valine and alanine residues, respectively, were
tested for interaction with the SH3 domain of SNX9 (Fig. 5a). Using PS-
containing GUVs, that mimic the inner leaflet of the PM, we analysed
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Fig. 5 | SemD binds to SNX9-SH3 PRDI. a (left} Schematic representation of SemD
with PRD1 and PRD2 in green and yellow, respectively. Mutations for SemD,,,, are
indicated by the amino acids in red. (right) Schematic representation of SNX9-SH3
with the SH3 in orange and the low complexity region (LCR} in pink. b Confocal
images of PS-containing GUVs with labelled SemD or SemDy,,,; and SNX9-SH3grp.
(scale bars 10 um). ¢ Quantification of bound protein to the GUY membrane based
on the ratio of the maximal fluorescence at the perimeter of the GUV to the average
background fluorescence outside the GUY. For each variant and time point, the
fluorescence intensity ratio was calculated for up to four independent GUVs. The
data are represented as boxplots with whiskers. The boxes are limited by the 25th
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and 75th percentile, including 50 % of the data. The centre line shows the mean
score. Whiskers denote 5-95% of all data and outliers are shown as grey dots. For
comparing two groups, an unpaired, two-sided Student’s ¢ test was used. The data
are representative for three independent data sets, all yielding similar results.
Source data of all data sets are provided as Source Data file. d Cartoon model of
SemDAAPH (grey) with SNX9-SH3 (SH3 in orange) as determined by SAXS using the
programme CORAL. SNX9-SH3 {(orange) binds to PRD1 (green) of SemDAAPH,
(zoom in) The interactions between the two domains are displayed. e Proposed
details of the interactions between the two domains, based on the model shown
ind.

the ability of membrane-bound SemD"™ and ,,,SemD"™ to recruit
SNX9-SH3¢;p (Fig. 5b). SemD*™ immediately bound to PS-GUVs and
rapidly recruited SNX9-SH3g;» (which does not bind to GUVs on its
own), thus confirming published data” (Fig. 5b, ¢). Quantification

revealed essentially immediate saturation of SNX9-SH3g¢p binding to
membrane-bound SemD*™¢ with no further increase over the next
20 min. Strikingly, n..SemD*™¢ was unable to recruit SNX9-SH3;p to
GUVs at all (Fig. 3b, ¢). This complete loss of the ability of ,SemD™
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to recruit SNX9-SH3;p clearly indicates that the PRD1 and/or PRD2
domain(s) are responsible for SNX9-SH3 binding. To analyse the effect
of binding on the SemD structure, we set out to characterise the
interaction on a structural level. Thus, we expressed and purified
recombinant SemDAAPII and SNX9-S113, allowed for complex forma-
tion and purified the resulting complex via SEC (Supplementary Fig. 5).
The isolated complex was then analysed by SAXS (Fig. 5d).

SAXS analysis of SNX9-SH3 apo indicated that the protein is found
as a monomer in solution with a structured core, and a flexible region
indicated via the Kratky plot (Supplementary Fig. 6 and Supplementary
Table 2). We initially modelled the SemDAAPH — SNX9-SH3 complex
with AlphaFold2* to get information about the binding interface. It is
predicted that the SH3 domain of SNX9 interacts with the PRDI in
SemD (Fig. 5d and Supplementary Fig. 7, Supplementary Table 2). The
N-terminal part of the SemDAAPH AlphaFold2 prediction showed very
low values of the predicted local distance difference test (pLDDT <30),
in line with our conclusion of the flexibility. The only exceptions are
the amino acids responsible for the interaction with the SH3 domain
from SNX9-SII3 (pLDDT walues~80). The SNX9-SH3 prediction
showed only for the N-terminal part including the SH3 domain high
pLDDT values (between 60 80) and the remaining C-terminal part
remains unclear (pLDDT values < 30, Supplementary Fig. 7b). To prove
the resulting AlphaFold2 complex model, we calculated the theoretical
scattering pattern of this model and compared it with the experi-
mental scattering data of the SemDAAPIH — SNX9-SH3 complex in
solution. The resulting CRYSOL fit offered a y* value of 8.49 and
showed a high mismatch in the low s region (Supplementary Fig. 7c).
This indicates that even the modelled complex contains all residues,
and that the orientation of the domains/tails are not in line with the in-
solution behaviour. The SAXS analysis of the SemDAAPH — SNX9-SH3
complex confirmed a stoichiometry of 1.1, based on the molecular
weight (Supplementary Table 2). We used the SemDAAPH crystal
structure and the binding interface of SH3 with PRDI in SemD pre-
dicted by the AlphaFold2 model as a starting point for our modelling.
The remaining flexible extensions were then remodelled with CORAL
to better describe the in-solution behaviour of the SemDAAPH - SNX9-
SH3 complex (Supplementary Table 2). The resulting best-fit model of
the remodelled SemDAAPH - SNX9-SH3 complex is shown in Fig. 5d
(an overlay of independent CORAL models is shown in Supplementary
Fig. 7h). Based on our modelling, six residues of the SH3 domain bind
to five specific residues of SemD PRD1 (Fig. 5d, e). Thus, PRD2 is not
involved in direct contact with the SH3 of SNX9, in agreement with
previous results obtained by Spona et al.”, in which pulldown of SemD
lacking the PRD1 showed no binding to SNX9.

Furthermore, structural analysis of the modelled complex showed
that SH3 binding to PRD1 does not disrupt the conformation of the
SemD core region, and therefore does not affect its ability to bind
N-WASP. Indeed, the binding sites for host proteins on SemD are
separated by flexible linkers, which minimise steric hindrance and
allow the individual domains to be separately targeted in the 3D space.

SemD binds simultaneously to several host partners

Our findings thus far indicate that SemD contains spatially separated
binding sites that are connected by highly flexible linker regions, which
sterically allow simultaneous interactions with the PM, N-WASP and
SNX9. To assess the potential concurrent binding of these interaction
partners, we mixed and incubated recombinantly expressed Sem-
DAAPH, SNX9-SH3 and BR-GBD, and analysed the composition of the
complex in the sample using SEC. Indeed, the resulting chromatogram
showed one main peak, eluting at 9.9 ml, that contained all three
proteins, as evidenced by SDS/PAGE analysis (Fig. 6a).

To set these findings in context with membrane-bound SemD, we
used our GUV model system to ascertain whether such a complex is
formed under these conditions. After allowing SemD™ to bind to PS-
containing GUVs, we added a three-fold molar excess (relative to

SemD) of either DyLight 650 labelled SNX9-SH3 (SNX9-SH3™ e gr
BR-GBDggp, to fully saturate SemD*™?, which forms a I:1 complex with
SNX9-SH3 and with BR-GBD, respectively. We then added the second
binding partner in an equimolar ratio to SemD*™. As expected, even
after the initial saturation of SemD™ with one of the binding partners,
the second partner was immediately recruited by SemD"™ (Fig. 6b).
This effect does not depend on either the sequence of addition or the
quantity of the introduced binding partner, indicating that a stable
complex with both partners can be consistently assembled on the
target membrane.

By combining our X-ray crystallographic and SAXS data for
SemDAAPH - BR-GBD and SemDAAPH - SNX9-SH3, we were able to
develop a potential 3D model for the complex that includes all three
interaction partners (Fig. 6¢), which confirmed that simultaneous
interactions with SNX9-SH3 and BR-GBD are sterically possible. How-
ever, the exact arrangement of the individual binding sites remains
elusive owing to the flexibility of the linker regions connecting the
individual binding sites in SemD. Hence, our data indicate that PM-
bound SemD can simultaneously recruit the host endocytic proteins
SNX9 and N-WASP using spatially separated binding domains.

Discussion

As an obligate intracellular pathogen, Chiamydia pneumoniae interacts
with host-cell proteins that ensure its survival and propagation. Per-
haps the most critical stage in its replication cycle is its entry into a
host cell.

For internalisation, the infectious EB (diameter 300-400 nm)
requires co-option of the host's endocytic machinery to form a
membrane-enclosed vesicle that is some 60 times larger in volume and
16 times larger in surface area than a classical endocytic vesicle (dia-
meter 100 nm)'’. This requires extensive remodelling of the PM and
diversion of the host’s actin cytoskeleton to enable growth, maturation
and closure of the vesicle. Effector proteins translocated into the host
cell play a vital role in these processes. The early secreted Cpn effector
protein SemD binds to the inner leaflet of the PM below the invading
EB and directly recruits G-actin and the essential endocytic proteins
SNX9 and N-WASP",

Our structural study reveals that SemD interacts with host pro-
teins via binding domains that are connected by intrinsically dis-
ordered linker sequences. This highly flexible arrangement facilitates
simultaneous binding of several host endocytic proteins and mod-
ulation of the host's PM (Fig. 7). The precise contribution of these
complexes to infection in vivo remains to be established, further
complicated by the absence of a method for generating genetically
manipulated Cpn strains.

We have shown in this study that SemD uses its C-terminal rigid
core to bind and activate the actin nucleation- and branching-
promoting factor N-WASP by structurally and functionally mimicking
the normal role of the endogenous N-WASP activator Cdc42gyp. Our
structural and biochemical data further reveal that SemD provides the
negatively charged patch and the binding groove required for selective
binding of the positively charged C-terminal part of the BR and the
CRIB domains of N-WASP, respectively, thus mimicking Cdc42gyp-
mediated N-WASP activation (Figs. 3a and 7). These interactions
release the VCA domain of the autoinhibited N-WASP, which stimulates
the Arp2/3 complex, thus promoting actin nucleation and branching.
Intriguingly, the Kyy3R 94K;07 (KRK) motif in the C-terminal part of the
BR region is responsible for both of these contacts with SemD (Fig. 2)
and for binding to Cdc42y, since a 9 aa deletion within the BR, that
leaves the KRK motif intact, does not affect binding of the N-WASP
mutant to Cdc42¢76~. Mimicking of the endogenous Cdcd2¢yp pro-
tein, which is involved in many different cellular processes, requires
specific activation of N-WASP by SemD. Based on our structural ana-
lysis, this occurs via the interaction of the KRK motif within the
C-terminal BR region of N-WASP with a negatively charged patch on
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10 um}. ¢ The structures of SNX9-SH3 and BR-GBD obtained by SAXS overlaid on
SemDAAPH. The nine core helices of SemDAAPH are depicted in grey and the PRD1
and PRD2 in green and yellow, respectively. BR-GBD is depicted in cyan, magenta
and blue, in accordance with the colour scheme in Fig. 2, and the depiction of the
SNX9-SH3 domain in orange follows the colour scheme used in Fig. 5. Note that the
three-dimensional orientation of the bound SH3 domain towards the nine-helix
core might be different, owing to the presence of the flexible linker in between the
two. Right panel: 90° rotation.

SemD, which is much larger than that found on Cdc42 (Fig. 3a) and
involves negatively charged amino acids on four different helices (al,
a2, oS and a9) of the SemD’s rigid core {Fig. 2c). Indeed, membrane-
bound SemD recruits the BR-GBD segment more than 18-fold more
efficiently than the BR-GBDA mutant, which lacks residues 181 to 197
including the KRK motif (Fig. 3). Comparison of the rigid core structure
of SemD alone and when bound to the BR-GBD fragment reveals
almost identical conformations, suggesting that SemD serves as a
stable platform for BR-GBD, thus maximising the chances for fast
recruitment via electrostatic interactions. Our pulldown and stopped-
flow experiments indicate that SemD binds N-WASP much more tightly
than active Cdc42¢1p does, and indeed SemD can displace Cdc42¢rp
from the Cdc42p - N-WASP complex (Fig. 4a-d). Thus, during a Cpn
infection, SemD is secreted via the T3SS by the adhering EB, interacts
with the cytosolic leaflet of the PM and recruits and activates cytosolic,
autoinhibited N-WASP, but might also dislodge N-WASP from
Cdcd2cre — N-WASP complexes. The strong binding of SemD to
N-WASP probably accounts for the efficiency with which the locally
PM-bound SemD recruits N-WASP to establish the branched F-actin
mesh required for EB internalisation. Moreover, Cpn has maximised
this actin-branching process by evolving a SemD protein, which
according to our data does not bind to FMNL2, which is also activated

by Cdc42re (Fig. 4e-f) and nucleates and elongates unbranched actin
filaments at the barbed end*'. Comparison of Cdc42¢r - N-WASP and
SemD - N-WASP (Fig. 3a) with the Cdc42¢yp -~ FMNL2 structure*
reveals remarkable differences. N-WASP strongly interacts via its
positively charged residues in the BR and the CRIB with the negatively
charged patch on the front of Cdc42¢p and SemD, respectively.
Conversely, FMNL2 interacts with Cdc42¢rp via multiple hydrophobic
and polar contacts formed between all five armadillo repeats of FMNL2
and the two switch regions of Cdc42. These differences probably
account for the inability of SemD to bind FMNL2*.

Thus, SemD is not only a very efficient activator of N-WASP, but is
likely to be restricted in its activity to that protein. This would ensure
that the limited numbers of SemD molecules secreted by the invading
Cpn are fully available for this process. For actin nucleation and elon-
gation of unbranched actin filaments Cpn secretes within the first
15min of infection the soluble effector protein CPn0572, which
belongs to the TarP protein family*.

The SemD-mediated local reorganisation of the actin network is
probably transient and shortlived, until bacterial entry has
succeeded. In Salmonelia, following host-cell entry, the architecture
of the cytoskeleton is restored by, for example, the bacterial
GTPase-activating protein SptP, which reverses the activation of Racl
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extracellular

Fig. 7 | A chlamydial effector exploits structural and functional mimicry to
manipulate the host endocytic machinery. The Cpr elementary body (EB) secrets
SemD into the host cell, which binds to the inner leaflet of the plasma membrane.
There, SemD recruits, binds and activates N-WASP by structurally and functionally
mimicking the Cdc425pp activation mechanism. SemD interacts with the C-term-
inal, positively charged amino acids of the N-WASP BR domain and further, the
CRIB domain binds into the SemD binding groove. This then leads to the release of
N-WASP from its auto-inhibited state. SemD also binds to the SNX9-5113 domain,

intracellular

P

which brings the SNX9-BAR domain closer to the membrane. This in turn induces
membrane deformation and eventually leads to closure of the matured endocytic
vesicle. Due to the arrangement of the individual binding domains, which are
connected by flexible linker regions, the binding sites can be freely oriented in 3D
space, thus minimising steric hindrance. This can explain why SemD is postulated
to be capable of binding simultanecusly to the PM, SNX9 and N-WASP in vivo and
hijacking their functions to promote the growth and maturation of the endocytic
vesicle.

and Cde42*. It will be interesting to ascertain how this is achieved
by Chlamydiae.

The SemD-mediated activation of N-WASP differs fundamentally
from that triggered by other pathogens, which evolved effector pro-
teins mimicking modulators of Cdc42 activity, such as GAPs, GEFs and
GDIs, or utilise covalent modification of the Rho GTPase (see intro-
duction). The SemD activity is also completely different from the
function of the effector EspF,, secreted by enterohaemorrhagic
Escherichia coli (EHEC). NMR data have revealed that EspF,; binds the
GBD domain via a Clike motif (similar to that found within the VCA
domain) that releases the endogenous VCA domain in autoinhibited
N-WASP>*", Interestingly, initial data suggest that the Ctr effector TmeA
might activate N-WASP like EspF,, does which would imply that Cpn has
evolved a completely different mechanism for F-actin polymerisation
and branching, possibly as an adaptation to the different target tissues
involved (Cpn: lung epithelia; Ctr: eye + urogenital tract epithelia)y*®*°.

SemD also binds the BAR-containing protein SNX9, which is
required for membrane deformation and recruitment of dynamin, and
eventually leads to the scission of the matured vesicle®®. Our model
analysis suggests that, in the flexible N-terminal half of SemD, which is
separated by a linker sequence from the rigid core that mediates
N-WASP interaction, five residues in the PRD1 domain interact with six
residues in the 3-sheet structure of the SNX9-SH3 domain (Figs. 5 and 7).

This binding mechanism is typical for proline-rich peptides that interact
with SH3 domains, as has been shown for several other interaction
partners (PDB: IQWE, 2JMA, 2DRK, 2KXC). The predicted PRD2 domain
is not involved in SH3 binding, as previously suggested by Spona et al..
Thus, the amino acid sequences N- and C-terminal to PRDI remain
unstructured and may act as linkers that separate the PRD1 - SNX9-SI13
complex from the N-terminal membrane-binding domain APH and the
C-terminal SemD core domain, which is involved in N-WASP binding
(Figs. & and 7). Our structural model, based on the individual con-
formations of each protein pair (SemD + SNX9-SH3; SemD + N-WASPgg.
cep), teveals that all protein interactions can occur simultaneously
(Fig. 6¢), and we have verified this by biochemical and membrane
binding experiments that confirm concurrent recruitment of SNX9-SH3
and BR-GBD to GUV-bound SemD (Fig. 6b).

Helices a1 and o2 of SemD'’s rigid core carry the two predicted
WH2 sequences essential for G-actin binding”. However, the stoi-
chiometry of this interaction is not clear. Our SemD structure implies
that WH2_1 on a-helix 1 is largely available for interaction with G-actin,
while WH2_2 on o-helix 2 is not fully accessible (Fig. 1b, c), suggesting
that WH2_1 might constitute the G-actin binding domain. Recruitment
of G-actin by SemD increases the local G-actin concentration,
which should promote formation of F-actin branches via the N-WASP-
Arp2/3 pathway.
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During evolution, Cpn has undergone a dramatic reduction in
genome size to about 1 million bp in total. Consequently, many pro-
teins must perform more than one task and our structural analysis
reveals that this holds for SemD, an effector protein that is involved in
the reshaping of membrane structure and actin cytoskeletal organi-
sation during chlamydial endocytosis. Qur data support a model in
which a single PM-bound chlamydial effector protein, SemD, can
simultaneously interact with several host proteins by separating the
SemD binding domains with unstructured linker regions. Hence, the
ability of SemD to mimic Cdc42,p permits recruitment, binding and
activation of the endocytic host protein N-WASP.

Methods

Antibodies and reagents

All lipids used in this study were obtained from Avanti Lipids and NHS-
Rhodamine and DyLight650-NHS were sourced from Thermo Scien-
tific. The primary antibody anti-penta-His (#34660, 1:2500) was pur-
chased from Qiagen, anti-Cdc42 (#610929, 1:1000) was obtained from
BD Transduction Laboratories and anti-GST (sc-374171, 1:500) was
obtained from Santa Cruz Biotechnology. The secondary anti-mouse
antibody coupled to alkaline phosphatase (#A3562, 1:30000) was
purchased from Sigma-Aldrich.

Cloning, protein expression and purification

Cloning steps were carried out by in vivo homologous recombination
in Saccharomyces cerevisiae. semD constructs used in this study were
amplified from synthetic semD DNA purchased from GenScript, which
was codon optimised for Escherichia coli (E. coli) expression. The SNX9-
SI13 sequence was amplified from a sequence encoding mCherry-
SNX9", the BR-GBD fragments were amplified from a sequence
encoding GFP-N-WASP (Addgene, #47406, Rattus norvegicus; The
N-WASP BR-GBD protein fragment from R. norvegicus and human dif-
fer by 3 amino acids located N-terminal to the BR domain outside of
our co-crystal structure). The fragments were integrated either into
pSL4 (generating C-terminal 10xHis fusions) or into pDS$94 (generating
C-terminal GFP-10xHis fusions) (Plasmid list in Supplementary
Table 4). The plasmid encoding FMNL2 (S171DD) fused to GST has
been published previously**. Expression of the His-tagged proteins was
carried out in E. coli BL21 (DE3, Invitrogen), and expression of GST-
tagged FMNL2 was carried out in E. coli Rosetta. His-tagged proteins
were purified using Ni-NTA Agarose (Cube Biotech) and dialysed in
phosphate-buffered saline (PBS) (10 mM Na,HPO,, 1.8mM KH,PO,,
137 mM NacCl, 2.7 mM KCI, pll 8.5), apart from SemDAAPII for which a
pll of 6.0 was used. GST-tagged FMNL2 was purified using Glutathione
Agarose (Thermo Scientific) and dialysed in buffer containing 10 mM
Tris-HCI, 150 mM NacCl, pH 8.5.

The preparation of Cdc42 in complex with guanosine 5-(By-
imino)-triphosphate (GppNIIp) and N-methyl-anthraniloyl-labelled
GppNIIp (mGppNIIp) was carried out as described by Eberth and
Ahmadian®. In brief, human CDC42 was integrated into pGEX-4T-1
(generating a GST-fusion)” and expressed in E. coli Rosetta. GDP-
bound GST-Cdc42 was purified using a Glutathione sepharose column
(Pharmacia, Uppsala, Sweden) and the GST-tags were cleaved with
thrombin at 4 °C overnight. Proteins were reapplied to Glutathione
Sepharose and cleaved Cdc42 was collected in the flow through. Pro-
tein quality and concentration were assessed by SDS-PAGE and high-
performance liquid chromatography (HPLC), utilising a Beckman Gold
HPLC system with a reversed-phase CI8 column. GDP-bound Cdc42
proteins were incubated with a 1.5-fold excess of GppNHp/mGppNHp,
non-hydrolysable GTP analogues, and agarose bead-coupled alkaline
phosphatase (0.1-1U per mg of Cdc42) to degrade GDP to GMP and Pi,
thus facilitating the replacement of GDP with GppNHp/mGppNHp. The
course of the reaction was monitored via HPLC using a buffer con-
taining 100 mM potassium phosphate (pH 6.5), 10mM tetra-
butylammonium bromide, and 7.5 25% acetonitrile. Upon complete

degradation of GDP, the samples were applied to prepacked NAP-5
columns to exchange the buffer for a fresh one devoid of free
nucleotides. The concentration of nucleotide-bound Cdc42 was
checked using the Bradford assay and [IPLC to calculate the amount of
active GppNI1p-bound Cdc42. The proteins were then snap-frozen and
stored at -80°C for downstream analysis. Preparatory steps of
Cdcd26ppnmp are provided in Source Data.

Size exclusion chromatography

SEC was performed on an AKTA™ pure 25L (Cytiva). For purified
proteins, a pre-equilibrated HiLoad 16/600 Superdex 200 pg column
was used with a flow-rate of 0.8 ml/min, for pre-formed complexes, a
pre-equilibrated Superdex 200 increase 10/300 GL column (Cytiva)
was used with a flow rate of O.5ml/min. All runs were per-
formed at 4 °C.

Pulldown assays

Recombinant BR-GBD fused to GFP, or GFP alone, was mixed with an
equimolar ratio of the test protein(s) and incubated for 5 min at RT.
GFP Trap® agarose, preincubated in 3 % BSA, was added to the mixture,
and binding was allowed to proceed for 30 min at 4 °C. After collection
of the flow through, agarose was washed 6x with wash buffer (10 mM
Tris-11Cl, 200 mM NacCl, pll 8.5) and bound proteins were eluted by
boiling the agarose in SDS sample buffer.

Recombinant FMNL2 fused to GST, or GST alone, was mixed with
an equimolar ratio of the test protein(s) and incubated for 5 min atRT.
Glutathione agarose was added to the mixture and binding was
allowed for 30 min at 4 °C. After collecting the flow through, agarose
was washed 6x with wash buffer (S0 mM Tris-1ICl, IS0 mM NaCl, pil
8.5) and bound proteins were eluted by boiling the agarose in SDS
sample buffer.

Individual steps were monitored by SDS/PAGE and immunoblot
analysis, using specific primary and secondary antibodies.

Western blot quantification

Band intensities of the Flow Through (FT) and elution (El.) fractions
were determined using the software GelAnalyzer 23.1.1. Bands were
semi-automatically defined. The Elution:FT ratio [%] was calculated by
dividing the intensity of the eluate by the total intensity, i.e. FT plus
eluate. The ratio was normalised to the Elution:FT ratio [%] of the bait
protein used. Individual band intensities and uncropped western blots
are displayed in Source Data.

Elution
jon : i P 1
Elution : FT ratio[%] Fotion TFT )
normalized elution : FT ratio[%] = Elution : FT ratio %
(Elution : FT ratio,,

(2)

Fluorescence stopped-flow spectrometry

Rapid fluorescence measurements were performed using a Hi-Tech
Scientific stopped-flow spectrophotometer (Applied Photophysics
$X20), as described by Hemsath et al.”. An excitation wavelength of
360 nm was used for N-methylanthraniloyl (m) derivatives of guano-
sine nucleotides in the stopped-flow analysis. Fluorescence detection
was facilitated by a photomultiplier equipped with a cut-off filter to
detect wavelengths above 408 nm. The association of N-WASP BR-GBD
with mGppNHp-bound Cdc42 was measured using a buffer containing
30mM Tris-HCI, 10mM K,HPO,/KH,PO, (pH 8.5), 5 mM MgCl, and
3mM DTT at 25 °C. The experiment setup involved equimolar ratios
of the proteins. The contents of one syringe containing 1uM of
mGppNHp-bound Cdc42 and a second syringe containing 1pM
N-WASP BR-GBD were rapidly mixed, and the change of relative
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fluorescence was monitored in real-time. In a subsequent experiment,
competition between SemDAAPH and mGppNHp-bound Cdc42 was
evaluated by rapidly mixing 1uM of the pre-prepared complex of
mGppNHp-bound Cdc42 and N-WASP BR-GBD with 1M of SemD-
AAPILL. The change in relative fluorescence was monitored in real-time.

Preparation of giant unilamellar vesicles

GUVs were prepared as described previously™. Briefly, PS-containing
GUVs were prepared by mixing 9.75 mol% DOPC, 25 mol% cholesterol,
(.25 mol% Marina Blue™ DHPE and 25 mol% DOPS. Lipid mixtures were
prepared and added to a chamber built of ITO-coated slides (Prizisions
Glas & Optik) which were glued together with Vitrex (Vitrex Medical).
The resulting cavity was filled with 10 % sucrose solution and sealed
with Vitrex. The slides were connected via clamps to a frequency
generator and an alternating voltage of 2.0 Vp-p was applied at a fre-
quency of 11Hz. The GUVs were grown in the dark at room tempera-
ture for 2-3 h.

Protein binding studies on giant unilamellar vesicles

For microscopic analyses, Angiogenesis pi-slides (Ibidi) were coated for
5 10 min at RT with 2 mg/ml -casein (Merck) and washed three times
with PBS. Then NHS-rhodamine-labelled recombinant SemD (1 ug) was
mixed with 15yl PBS and recombinant binding partner fused to GFP
(1pg) was added, together with 5Spl GUVs. For binding studies with
three proteins, NHS-rhodamine-labelled recombinant SemD (1pg) was
mixed with recombinant BR-GBD fused to GFP (I-3pug) and NHS-
650-labelled recombinant SNX9-SH3 (1-3ug) and Sul GUVs were
added. The GUVs were allowed to settle down for Smin at room
temperature and then imaged for further 15 min at room temperature.

Microscopy

General imaging was performed using an inverse Nikon TiE Live Cell
Confocal C2plus equipped with a 100x TIRF objective and a C2 SH C2
Scanner. All images were generated with Nikon NIS Elements software
and quantified using Image).

Fluorescence intensity ratio analysis

Acquired confocal GUV data were semi-automatically analysed using a
self-written fiji macro to estimate signal accumulation at the perimeter
of the GUV in relation to the surrounding medium. Multiple line selec-
tions were orthogonally placed at the GUV membrane, with the mem-
brane placed in the middle. First, the macro plots a line-intensity profile
for each selection with a given predefined linewidth (here: 5) in order to
extract intensity data for the relevant signal channel and to store it in an
array. The intensity of the signal surrounding the GUV is calculated as
the mean intensity (I, of a predefined width (here: /5 of total profile
length) at the front end of the line profile. Second, signal intensity peaks
of the profile are identified by applying the built-in “array.findMaxima™
function with a given tolerance (here: 450), that returns peaks by default
in descending significance order. The peak positions are checked, if
they are located within a predefined width around the centre of the line
profile (here: same as background width) and the intensity of the first,
most significant peak (Ie.) within the limits, it is used for the following
ratio calculation. Finally, the intensity ratio (ry,) is calculated as the
quotient of signal intensity at the peak position (l,c) divided by the
mean signal intensity in the surrounding medium (I,).

1}
Rint = 3)

k
I:)ul:

Statistical analysis and data representation

Graphs were prepared using OriginPro v.2021b (OriginLab). For the
comparison of two groups, an unpaired, two-sided Student’s r-test was
used. A p-value of less than 0.01 was considered as statistically

significant. Images were prepared using the open-source software
Inkscape (www.inkscape.org).

Structure determination via crystallisation

SemDAAPLI, either alone or in a complex with BR-GBD, was crystallised
by sitting-drop vapour-diffusion in PBS at pH 6 (SemDAAPH) or pH
8.5 (SemDAAPH + BR-GBD) at 12 °C and at concentrations of 24 and
10 mg/ml, respectively. 0.1 ul were mixed with 0.1pl of reservoir solu-
tion consisting of 0.1 M Citric acid (pH 2.5), 20% (w/v) PEG 6000 (pH 4)
for SemDAAPH and 0.1 M ammonium formate, 0.1 M MES (pH 6.2}, 25%
v/v PEG 400 for SemDAAPH + BR-GBD. Crystals formed after 12-24 h
(SemDAAPH) or 5 d (SemDAAPH + BR-GBD) were harvested and cryo-
protected with mineral oil followed by flash-freezing in liquid nitrogen.
Diffraction data were collected at -173°C (100 K) at beamline P13
(DESY, Hamburg, Germany) using a 0.9763 A wavelength for SemD-
AAPH or at beamline ID30A-3 (ESRF, Grenoble, France) using a
0.9677 A wavelength for SemDAAPI + BR-GBD. Data reduction was
performed using XDS™ and Aimless™ from the CCP4 Suite™. The
structure was solved via molecular replacement with Phaser™ using an
AlphaFold” model (SemDAAPH) or the apo structure (SemDAAPH +
BR-GBD) as search model. The initial model was refined alternating
cycles of manual model building in COOT**** and automatic refine-
ment using Phenix*’ v.1.19.2. Data collection and refinement statistics
are reported in Supplementary Table 1. In the SemDAAPII + BR-GBD
structure one amino acid, Glu207, was found not to obey the Rama-
chandran rule, and is positioned in the disallowed region. This residue
is involved in a crystal contact.

SAXS measurement

SEC-SAXS data were collected on the P12 beamline (PETRA 1II, DESY
Hamburg®). The sample-to-detector distance of the P12 beamline was
3.00m, resulting in an achievable g-range of 0.03-0.07 nm-1. The
measurements were performed at 20 °C with a protein concentration
of 8mg/ml for SemDAAPH, 10mg/ml for BR-GBD, 8 mg/ml for
SemDAAPH + BR-GBD and 3.3 mg/l for SemDAAPH + SNX9-SH3. The
SEC-SAXS runs were performed on a Superdex200 increase 10/300 GL
column {100 pl injection volume, buffer: PBS pH 8.5 + 3% glycerol) with
a flow rate of 0.6 ml/min. 2400 frames were collected for each protein
sample with an exposure time of 0.995 sec/frame. Data were collected
on relative scale or absolute intensity against water.

All programmes used for data processing were part of the ATSAS
Software package (Version 3.0.5). Primary data reduction was per-
formed with the programmes CHROMIXS® and PRIMUS™. With the
Guinier approximation®, the forward scattering §0) and the radius of
gyration (Rg) were determined. The programme GNOM®® was used to
estimate the maximum particle dimension (D,,,) with the pair-
distribution function p(r). The rigid body results from the crystal
structure were used as a starting template to complete the structures
of SemDAAPI and BR-GBD (flexible N- and C-terminal parts were
remodelled) with the programme CORAL®". The flexibility ensemble
analysis of the SemDAAPH + BR-GBD complex was done with EOM®%“°,
based on the solved crystal structure and completed with the missing
amino acids. The SemDAAPH + SNX9-S13 complex docking was done
with CORALY, based on the solved SemDAAPH structure and an
AlphaFold2** prediction of the interaction site from the SH3 domain
with the flexible SemDAAPH tail.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

We uploaded the SAXS data to the Small-Angle X-ray Scattering Bio-
logical Data Bank (SASBDB)™, with the following accession codes:
SASDTQS (SemDAAPH), SASDTR5 (BR-GBD), SASDTS5 (SNX9-SH3),
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SASDTTS5 (SemDAAPH + SNX9-SH3) and SASDTUS (SemDAAPH + BR-
GBD). The crystal structures were deposited in the Protein Data Bank
(PDB) with the accession codes 855R (SemDAAPH) and 8S5T (Sem-
DAAPL+ BR-GBD). Further, the cited structures in this paper can be
found with the following accession codes: 1QWE (C-SRC SI 3 + APP12).
2JMA (R21A Spc-SH3:P41 complex). 2DRK (SH3 + Acanli25). 2KXC
(IRTKS-SH3 + ExpFu-R47). ICEE (Cdc42 + WASP). The authors declare
that the data supporting the findings of this study are available within
the paper and its extended data files. Data underlying Figs. 3d, 4a,b, e,
f, 5c and 6a and Supp. Figs. 2a, 4a, b, ¢, d and 5a are provided as Source
Data files. All other data are available from the corresponding author
upon request. Source data are provided with this paper.

Code availability
A custom code for Fiji 1.54 f used for the analysis of GUVs is available on
hteps://github.com/SHaensch/2023_GUVQuant or https://doi.org/10.
5281/zenodo.13165623.
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Abstract: Chronic liver discascs are marked by persistent inflammation and can eveolve into
liver fibrosis, cirrhosis, and hepatocellular carcinoma. In an affected liver, hepatic stellate
cells (HSCs) transition from a quiescent to an activated state and adopt a myofibroblast-like
cell phenotype. While these activated cells play a role in supporting liver regeneration,
they can also have detrimental effects on liver function as the disease progresses to fibrosis
and cirrhosis. These findings highlight the dynamic switching between different signaling
pathways involving Ras, Rho GTPases, and Notch signaling. Notably, two specific members
of the Ras and Rho GTPases, Eras and Rnd3, are predominantly expressed in quiescent
HSCs, while Mras and Rhoc are more abundant in their activated forms. In addition,
this study highlights the critical role of cytosoclic Notch1 in quiescent HSCs and Rock in
activated TISCs. We hypothesize that distinct yet interdependent intracellular signaling
networks regulate H5C fate decisions in two key ways: by maintaining HSC quiescence
and homeostasis and by facilitating FISC activation, thereby influencing processes such as
proliferation, transdifferentiation, and mesenchymal transition. The proposed signaling
model, combined with specific methodological tools for maintaining HSCs in a quicscent
state, will deepen our understanding of the mechanisms underlying chronic liver disease
and may also pave the way for innovative therapies. These therapies could include small
molecule drugs targeting Ras- and Rho-dependent pathways.

Keywaords: chronic liver disease; cirrhosis; hepatic stellate cells; liver fibrosis; quiescent
state; Ras C'I'Pases; Rho ('TPasces; small molecule inhibitors

1. Introduction

Chronic liver diseases have various underlying causes that lead to persistent liver
inflammation, which can result in liver fibrosis, cirrhosis, and hepatocellular carcinoma.
These are responsible for more than 1 million deaths worldwide each year [1]. At the onset
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of fibrosis in liver disease, hepatic stellate cells (HSCs; also called Ito cells, lipocytes, fat-
storing cells, or perisinusoidal cells) activate and transdifferentiate into contractile, matrix-
producing myofibroblast-like cells, which are central events in hepatic fibrogenesis [2].
Myofibroblast-like cells produce the fibrous scar in hepatic fibrosis. HSCs contribute to 5-8%
of total liver-resident cells and are located as pericytes of sinusoidal endothelial cells in the
space of Disse bordered by hepatocytes [3]. HSCs play pivotal roles in liver development,
immunomodulation, regeneration, and pathology [4]. They exhibit remarkable plasticity in
their phenotype, gene expression profile, and cellular functions. In a healthy liver, HSCs
remain quicscent and store vitamin A mainly as retinyl palmitate in cytoplasmic membrane-
coated vesicles. Moreover, HSCs typically express ectodermal and mesodermal markers,
i.c., glial fibrillary acidic protein (Gfap) and Desmin. They possess characteristics of stem
cells, like the expression of Wnt, Notch, and Eras (embryonic stem cell-expressed Ras),
which are required for developmental fate decisions [4,5]. HSCs have an expression profile
that is highly reminiscent of mesenchymal stem cells. Because of their typical functions,
such as differentiation into adipocytes and osteocytes and the support of hematopoietic
stem cells, HSCs have been defined as liver-resident mesenchymal stem cells [6,7]. In recent
years, it has become increasingly clear that pericytes support the vascular system by having
a stem cell character [8], and they are also involved in developing chronic diseases such as
fibrosis [9].

During activation, [15Cs release vitamin A, upregulate various genes and differentia-
tion markers, including a-smooth muscle actin (e-Sma) and collagen type I, and downreg-
ulate quiescence markers such as Gfap. Physiologically, [HSCs represent pericytes and can
produce an extracellular matrix (ECM). In pathophysiclogical conditions, the sustained
activation of HSCs causes the accumulation of ECM in the liver. Iibrosis is a dynamic
process involving cross-talk between I15Cs, sinusoidal endothelial cells, liver-resident and
-infiltrating immune cells, and hepatocytes [10]. Therefore, it is worthwhile to reconsider
the impact of different signaling pathways on T1SC fate decisions to modulate them. For
example, quiescent HSCs might contribute to maintaining liver tissue but not fibrosis.
Activated HSCs are multipotent cells, and studies have revealed a new aspect of HSC
plasticity, i.e., their differentiation into liver progenitor cells during liver regeneration [11].
To date, several growth factors like platelet-derived growth factor (Pdgf), transforming
growth factor-p (Tgfp), and insulin-like growth factor 1 (IGF1), as well as different signal-
ing pathways, have been described to control HSC activation through effector pathways,
including canonical Wnt, Hedgehog, Notch, Ras-Mapk (mitogen-activated protein kinase),
Pi3k (phosphoinositide 3-kinase)-Akt-Ikb {protein kinase B), Hippo-Yap (yes-associated
protein), and Rho-Rock (Rho-kinase) [5,12-18]. However, it is necessary to identify the key
players controlling 115C activation and to understand the mechanisms controlling [15C
fate.

Altered Ras- and Rho-mediated signaling pathways represent some of the carliest
events in HSC activation as identified by the present study and act as central hubs for intra-
cellular signaling networks [5,19,20]. Ras and Rho proteins are small GTPases involved in
diverse cellular processes, including intracellular metabolism, proliferation, morphogenesis,
migration, and differentiation, and thus play critical roles in embryogenesis, development,
and tissue remodeling [21]. In our molecular characterization of quiescent and activated
HSCs, we identified the reciprocal and paralog-specific expression and activity of Ras-
and Rho-related GTPases and associated signaling components such as Notch, Yap, and
Frk [5,22]. Our data revealed a greater abundance of Fras, Rnd3, and Notch1 in the qui-
escent state, correlating with heightened activity in the Eras-Pi3k-Akt and Notch-Rnd3
pathways. Conversely, elevated levels of Mras and Rhoc were associated with activated
I1SCs, reflecting increased activities in the Ras-Mapk and Rhoc-Rock axes. These find-
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ings provide new insights into the regulatory mechanisms distinguishing quiescent from
activated T1SCs and highlight the key molecular switches controlling this process.

2. Materials and Methods

The cell isolation procedure was approved by the local authority for animal pro-
tection (Landesamt fiir Natur, Umwelt und Verbraucherschutz Nordrhein-Westfalen,
LANUY, Recklinghausen, Germany; reference number 84-02.04.2015.A287). Male Wistar
rats (500-600 g) were obtained from the local animal facility of Heinrich Heine University
(Diisseldorf, Germany) and used for the isolation of HSCs as described previously [5]. The
number of animals used per experimental set was usually one, which resulted in a total
number of animals of 3 to 5.

Cell isolation and culture, quantitative polymerase chain reaction (¢PCR), immunoblot-
ting, and confocal imaging were carried out according to previously deseribed protocols [5].
Briefly, IISCs were seeded on stiff plastic shortly after their isolation and maintained as a
monoculture in the presence of fetal calf serum (I'CS). The combination of the rigid culture
surface and the factors present in FCS, along with the conditions of monoculture, facilitates
the activation of HSCs. Activation begins soon after cell isolation, with noticeable changes
occurring between the 2nd and 3rd days of culture [1-3]. The qPCR primer sequences are
listed in Supplementary Table 51. The antibodies used for immunoblotting and confocal
imaging are listed in Supplementary Table 52. CRISPR/Cas9 genome editing was per-
formed using four different guide RNAs (gRNA; Supplementary Table 53) for rat arginase
1 (Argl; 1D 29221) that were designed by using the Chopchop V3 online software tool [23].
The gRNAs were synthesized with the GeneArt Precision gRNA Synthesis Kit (Invitrogen,
Carlsbad, CA, USA), pre-incubated with the TrueCut Cas% Protein v2 (Invitrogen), and
finally transferred into freshly isolated HSCs using the 4D-Nucleofector (program DS167;
P3 Primary Cell 4D-Nucleofector X Kit L; Lonza, Basel, Switzerland). Control (mock) cells
were treated similarly but without the gRNA. The H5Cs were then cultured on plastic in
DMEM with 10% FCS and 1% penicillin/streptomycin (37 “C, saturated humidity) for three
days. The Argl KO efficacy was determined with Western blot.

3. Results and Discussion
3.1. Reciprocal, Paralog-Specific Ras and Rho GTPases in HSC Fate Determination

I15Cs are the primary source of myofibroblast-like cells in liver fibrosis and primary
liver cancer [24]. Freshly isolated quiescent Gfap-positive HSCs spontaneously undergo
activation and transdifferentiation into myofibroblast-like cells when cultured on stiff
plastic dishes, as indicated by the presence of x-Sma. We used the plasticity of freshly
isolated HSCs as an in vitro cell model to investigate the control mechanisms that trigger
their activation. In this regard, we focused on the molecular switches of Ras GTlases and
their expression changes. The mRNA analysis revealed the remarkable changes in the
family members of Ras between two states, quiescent vs. activated HSCs [5].

These data indicated the upregulation of a few genes related to the Ras GTPases,
such as Mras (muscle Ras oncogene homolog), during the HSC activation phase. Eras, a
unique member of the Ras family, was first identified in undifferentiated embryonic stem
cells [25]. Unlike other members of the Ras family, Eras is not ubiquitously expressed, and
its expression is cell-type and tissue-specific. We exclusively found Eras within quiescent
but not activated [1SCs (Figure 1A,B) [5]. In addition, Eras also regulates the Iippo
pathway (Rassf-Mst-Lats), leading to the phosphorylation and subsequent degradation of
Yap [5].
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Figure 1. Reciprocal Ras signaling activities in quiescent and activated HSCs. (A) Differential Eras,
Mras, Rnd3, and Rhoc expression in quiescent (d0) versus activated (d8) HSCs was analyzed with
gqPCR. Hypoxanthine-guanine phosphoribosyl transferase 1 (Hprtl) was used as a normalization
control (n = 3). (B) Immunoblotting was performed to detect various signaling and marker proteins,
as indicated, during HSC activation (n = 2). This analysis provides insight into the changes in protein
expression associated with HSC activation. “d” stands for “day”. Please check Supplementary Figure
51 for the original data of the Western blots.

Mapk and Pi3k-Akt are known as primary Ras-dependent signaling pathways. The
activity of the Mapk signaling pathway is critical for cell proliferation and differentiation. It
is significantly higher in activated than in quiescent HSCs, as evidenced by increased levels
of phosphorylated Erk (p-Erk1/2) (Figure 1B). In contrast, the activation of Akt via the
Pi3k and mTor complex 2 (mTorc2) pathways is particularly important in quiescent HSCs.
Notably, Akt is more extensively phosphorylated at serine 473 by the rapamycin-insensitive
mTorc2 complex compared with threonine 308 via the Pi3k-Pdk1 pathway, affecting various
cellular processes in H5Cs [5].

Remarkably, the downregulation of Eras was found to correlate with the upregulation
of Mras (Figure 1B). We have previously demonstrated that Liras preferentially binds to the
Pi3k effector protein and activates the Pi3k-Pdk1-Akt axis, not the Mapk pathway [5]. This
suggests that Eras signaling through the Pi3k-Pdk1 and mTorc2 pathways fully activates
Akt at both phosphorylation sites, thereby maintaining HSCs in their quiescent state. The
increased activation of the Mapk pathway in activated I1SCs is consistent with the increased
expression of Mras, which has been shown to form a phosphatase holoenzyme complex
with Shoc2 and PP1, controlling Rafl dephosphorylation at 5259 and initiating Mapk
activation.

In addition to Ras family members, we observed the reciprocal expression of several
Rho GTPases, including Rnd3 (Rho Family GTPase 3), and Rhoc (Ras Homolog Family
Member C) (Figure 1A). Rho family proteins arc key regulators of the actin cytoskeleton
and influence various cellular processes, morphogenesis, proliferation, migration, and
differentiation, which are fundamental for T1SC activation [21]. Initial quantitative mRNA
analyses of Rho family GTPases revealed the remarkable upregulation of Rnd3 in quiescent
HSCs and Rhoc in activated HSCs (Figure 1A). Immunoblot analysis using validated anti-
bodies against the Rho paralogs confirmed that Rnd3 and Rhoc are reciprocally expressed
in quiescent and activated HSCs (Figure 1B). The high levels of Rhoc appear critical for
T1SC activation, but its activation might also be tightly regulated, most likely through its
negative regulator p190RhoGAP (p190Rho guanosine triphosphatase-activating protein or
p190GAP) [26]. Furthermore, it is striking that Rhoc and p190GAT are largely expressed
in activated HSCs (Figure 1B). The regulation of p190GAP activity has been reported to
control mechanical and Tgf-f signaling and, thus, the fibrotic phenotype of idiopathic
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pulmonary fibroblasts [27]. Therefore, we propose that Rhoc and its inactivator p190GAP
may be important components in the regulation of Rock (sce below) during I15C activation
and myofibroblast formation. Rnd3 has been reported to be a transcriptional target of
activated Notchl as it is more expressed in quiescent HCSs [28].

3.2. The Key Role of Cytosolic Notchl and HSC Quiescence State

Notch proteins (Notch1-4) are conserved transmembranc receptors involved in nu-
merous developmental processes, including stem cell self-renewal. Notchl is expressed
as a target gene of the canonical Wnt signaling pathway in quiescent HSCs [29]. Several
studies suggest that Notch1 signaling regulates stem cell maintenance and counteracts their
differentiation [20-22]. Quantitative mRNA analysis revealed the reciprocal expression of
Notchl and Notch2 during activation. In contrast to Netch2, Notchl and its target gene Hesl
were found to be predominantly expressed in quiescent HSCs (Figure 2A).
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Figure 2. The significance of cytosolic Notchl in quiescent IISCs and Rock in activated I15Cs.
(A) While Nofchl and its target gene, HesI, are downregulated during HSC activation, the expression
of Notch2, a Yap target gene, is strongly upregulated. (B) In contrast to Yap, the Notchl protein
is predominantly present in HSCs (d1) as the Notch1 intracellular domain (N1ICD; Cell Signaling
SC-6014). Full-length Notch1 was detected at 300 kDa. The Yap and y-tubulin loading control blots
have been trimmed to remove d1 and d4 (dashed line) (n = 2). (C) Full-length Notch1 and N1ICI>
are strikingly localized in the cytosol of HSCs (d2) using a cell signaling antibody (#4380). (D) Rock
inhibition with 10 uM of Y-27632 (#51049, Selleckchem) blocked culture-induced HSC activation,
most likely by inhibiting the Rock-mediated morphological transition of HSCs. Untreated cells
exhibit the cell shape of activated I15Cs, which are much larger and contain more a-Sma, whereas
Y-27632-treated cells are still stellate cells at d4 with Gfap-containing processes that more closely
resemble quiescent HSCs. “d” stands for “day”.

The canonical Notch1 signaling pathway involves the sequential proteolytic processing
of Notch1 by Adam17 (a disintegrin and metalloprotease 17) and -y-secretase to release
the intracellular domain of Notch1 {N1ICD), which, in turn, translocates to the nucleus
and, as a multimeric protein complex, displaces transcriptional co-repressors by recruiting
transcriptional co-activators. NTICD has been shown to control transcription and maintain
the undifferentiated status of stem cells [33,34]. As shown in Figure 2B, Notchl is present in
quiescent HSCs largely in a processed form as 120 kDa N1ICD, whereas Yap is exclusively
present in activated 11SCs [5], consistent with the expression of its target gene Notch2
(Figure 2A). Subsequent confocal imaging revealed that Notchl and/or N1ICD are largely
present in the eytosol of quiescent HSCs (Figure 2C). Based on these data, we hypothesize
that Notch1 activity appears to maintain HSC quiescence downstream of the Fras-Pi3k-Akt
pathway; a direct role of Eras in this process remains to be investigated. Although Notchl
and N1ICD were mainly detected in cytosol, we could not rule out the transcriptional
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Freshly isolated HSCs

activity of Notch1, while the expression of the Notch1 target gene, e.g., HesT in quiescent
I15Cs (Figure 2A), indicates that N1ICD is still transcriptionally active. Interestingly, Ilesl
has been shown to negatively regulate «-5ma and Coll«2 [35]. Thus, N1ICD-Hes1 activity
may provide an anti-fibrotic strategy.

These results suggest that HSCs use different pathways downstream of Eras to deter-
mine their fate. In quiescent HSCs, the activation or differential regulation of the Pi3k-Pdk1
and mTorc2 pathways by Eras appears essential for IISC quiescence [5]. In contrast, in
activated HSCs, signaling transitions from Lras to Mras and from Rnd3 to Rhoc, activating
the Raf-Mck-Frk and Rock pathways while inactivating the Hippo pathway. This shift
facilitates cellular proliferation and mesenchymal transition, ultimately driving HSCs to
transdifferentiate into myofibroblast-like cells, a critical event in liver fibrosis.

Therefore, we propose a hypothetical model in which Eras-Pi3k-mediated Akt acti-
vation counteracts the activation of the Mras-Raf1-Mek-lirk and Rhoc-Rock-Gfap axes
(Figure 3) [36,37]. This can be achicved by expressing the Notchl target gene Rnd3
(Figure 2A) [28], a Rhoc antagonist that directly binds and inhibits Rock [38].

Myofibroblast-like HSCs

Pharmacological inhibition:
Shp2, Mek, Rock

—{ Activation / Trans-differentiation '—D

T
Over- CRISPR/Cas9-
expression: knockout:

Eras, N1ICD, Rnd3 Arg1, Mras, Rhoc

Eras Jagl  :-1| Mras — c-Raf/Mek/Erk—Proliferation, Differentiation
Notch1 ¢ | Pdgf*®—> Shp2
Pi3ka/d E : i
Adam17/ i | Src —» p190GAP —iRhoc — Rock — Actin remodeling

y-sectretase

Pdki1 e N1ICD---~§ Mst—>Lats —iYap—+ Notch2/Ctgf —Organogenesis

10 pm
L-arginine
nor-Noha—llAf91
L-Ornithine
Dfmo—|l0dn‘,1
putrescine
Sds
2. spermidine
i Sms
Y 3 H
Eifsallyu.mlm spermlne
Atg3 Mindy1
Autophagy, Self-renewal

‘nuclear o 4| T :
anslocation Rhoc — Rock—i Gfap -
AN Rnd3 - il &-d Mesenchymal
i Hes1 1| ColazfaSma— fransition
Vitamin A storage, Immunregulation, Liver regeneration, Responses to liver injury,
Maintanance of the stem cell niche Liver fibrosis, Progression of primary liver cancer

Figure 3. Proposed model of the reciprocal regulation of Ras and Rho GGI'Pase-driven signaling
pathways in quiescent vs. activated I1SCs. Different signaling networks in quiescent and activated
HSCs are subject to reciprocal, paralog-specific regulation by different signaling molecules that are
critical for determining developmental fate decisions. L-arginine metabolism to polyamine deriva-
tives, catalyzed by different enzymes, may control processes such as autephagy and self-renewal.
The effects of Eras on the Pi3k/Akt axis may contribute to the maintenance of the quiescent state
of HSCs by activating Notch1 signaling activity. This, in turn, leads to the inhibition of Mras/Rafl,
Rhoc/Rock, and reduced levels of active Yap protein and Yap-mediated signaling, thereby inhibiting
proliferation and mesenchymal transition, leading to HSC activation and myofibroblast formation.
In addition, the reciprocal expression patterns of Notchl and Gfap relative to Notch2, Colla2, and
o-5ma that result from elevated Yap are another key to this regulatory process. We hypothesize that
(i) the overexpression of Eras, N1ICD, or Rnd3 could either maintain HSC guiescence or significantly
delay their activation; (i) the CRISPR /Cas9 knockout of Argl, Mras, or Rhoc could interfere with
HSC activation; and (iii) the pharmacological inhibition of Shp2, Mek, or Rock could block HSC
activation ex vivo and prevent the progression of liver fibrosis in vivo. See text for details. NOTE:
The proposed model depicted here is hypothetical and based on the evaluated status of selected

molecules. “d” stands for “day”.
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3.3. Rock a Key Determinant of HSC Activation

In liver fibrosis, the activation of 1ISCs involves phenotypic transformation into
profibrotic and myofibroblastic cells with the increased contraction and secretion of ECM
proteins [2,39]. In this context, the Rhoc-Rock signaling pathway may play a key role
in orchestrating cytoskeletal reorganization and mobility via the non-receptor tyrosine
kinase Src, thus playing a critical role in I1SC activation and hepatic fibrogenesis [40]. To
investigate this issue, we treated freshly isolated HSCs with the Rock inhibitor Y-27632
and analyzed 1TSC morphology using confocal imaging. Figure 21D clearly shows the
delayed activation of HSCs in the presence of Y-27632; the cells were still Gfap-positive,
and the stellate-like morphology at d4 of the culture was very similar to quiescent cells.
The activation of the Rhoc-Rock pathway in HSCs can control the phosphorylation of Gfap
filaments and their subsequent disassembly [41] and inhibit Hippo pathways leading to
Yap activation [42]. This suggests that the activation of the Rhoe-Rock pathway is one of the
early processes during HSC activation and, ultimately, pathogenesis, which is antagonized
by the Notchl-induced expression of Rnd3 in quiescent I15Cs (Figure 2A).

3.4. Role of Eras-Arg1-Polyamine Axis in HSC Homeostasis

‘Two important processes of 11SCs—self-renewal and autophagy—are important pre-
requisites for the maintenance of liver homeostasis. These processes depend, among other
things, on the availability of polyamines, such as spermidine and spermine which are natu-
ral molecules that have a variety of functions, including cell growth, cell differentiation,
and cell survival. Studies have shown that spermidine exerts a protective effect on the liver,
especially in the context of age-related changes [43]. Spermidine ingestion in mice leads to
improvement in liver function by inhibiting HSC activation and liver fibrosis [44].

We recently identified and characterized the Eras-interacting proteins, including Argl
(arginase 1) [22], a key enzyme of the urea cycle involved in de novo polyamine synthesis.
Argl, which is inversely regulated to iNos (inducible nitric-oxide synthase), is co-expressed
and colocalized with Eras at the membrane of freshly isolated HSCs [22]. Argl catalyzes the
hydrolysis of l.-arginine to I.-ornithine, which is further converted into polyamines such as
putrescine, spermidine, and spermine by Odcl (ornithine decarboxylase 1), Sds (spermidine
synthase), and 5ms (spermine synthase), respectively (I'igure 3). Notably, polyamines are
implicated in a broad range of cellular processes, including cell metabolism, transcription,
translation, post-translational modifications (i.e., hypusination), and autophagy [44]. Using
specific pharmacological inhibitors of T.-arginine metabolism (Figure 3), we found that
the inhibition of Argl or Odcl accelerated HSC activation, as indicated by the loss of
the stellate-like morphology and lipid droplet storage [22]. These data suggest that Argl
catalytic activity may be a critical determinant of developmental fate decisions. This is
accomplished by two possible polyamine effector pathways: autophagy and self-renewal
(Figure 3).

Autophagy is achieved by the synthesis of hypusine from spermidine and the post-
translational hypusination of Eif5a (eukaryotic translation initiation factor 5A) [45], which
is, in turn, necessary for the translation of Atg3 (autophagy-related protein 3, which is part
of the complex for L.c3 (microtubule-associated proteins 1A /1B light chain 3)) lipidation
and converts Le3-I to Le3-11, therefore being central for autophagosome assembly [46].
Another effector of polyamines is Mindy1, a deubiquitinase that maintains stemness by
sustaining QOctd protein levels and inducing self-renewal in ESCs [47]. The stem cell
marker Oct4 is expressed in quiescent HSCs [48]. HSCs are considered liver-resident
mesenchymal stem cells, which can differentiate into diverse cell types in response to liver
damage [49]. Moreover, the regulation of Mindy1 by the L-ornithine derivative spermine is,
like Eras, anchored to the membrane by C-terminal isoprenylation [25,47] and appears to
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be important for maintaining stem cell properties and controlling the quiescence of HSCs.
ITowever, Mindyl may be one of the many polyamine cffectors that participate in the
maintenance of H5C quiescence. The role of polyamines in the modulation of autophagy
and the quiescence of HSCs can be investigated through Argl knockout by pharmacological
inhibitors of Argl and Odcl (Figures 3 and 4).

A HSC activation HSC activation B
. Al in medium 1 S 06
in medium (control) ,“9) .
=
[Freshly isolated HSCs: d0 d2 d4 dé ds || |[d10 d12 d14 d16] £5,,]
% = = =z o v
Mediumswechse: ® ® @ ® € ®© ® © © ©® © ©® @ &=
A o
29
=8 0.2
©
o
0
Arg1
3 y-tubulin
di3
_medium 2 O
10 pm quiescent @0 guide RNA

Figure 4. Culture conditions for the long-term maintenance of HSC quiescence. (A) Freshly isolated
rat HSCs rapidly differentiate into myofibroblast-like cells (x-Smali8h) when cultured in the Dul-
becco’s medified Eagle’s medium (DMEM) supplemented with 15% fetal calf serum and 50 units
of penicillin/streptomyecin (medium 1). When cultured for 8 days in medium 2, containing DMEM
supplemented with 2% FBS, 50 ng /mL of insulin, 10 uM of retinol, 100 uM of oleic acid, 100 uM of
palmitic acid, 20 ng /mL of Egf and 10 ng/mL of I'gf2, as shown in this example, they form their
characteristic stellate-shaped morphology (Gfaph#h), The replacement of medium 2 with medium 1
led to the activation of the I1SCs and their transdifferentiation into the typical myofibroblast-like cells
(-Smal8h), Gfap is stained green, a-Sma is stained red, and DNA is stained blue with DAPI (n = 2).
(B} Under the conditions used in (A}, the Argl gene was successtully knocked out in IISCs on day 0
by CRISPR/Cas9 using four different gRNAs and Nucleofector technology (see Methods). Argl KO
was also verified with Western blot analysis on day 3 of HSC culture in medium 2. c[.5M showed a
strikingly delayed activation of H5Cs (they retained more and larger lipid droplets and appeared
star-shaped) (n = 2). “d” stands for “day”.

An essential aspect of studying primary H5Cs as a model for liver fibrosis is to identify
an optimal time window for manipulating freshly isolated cells through gene transfer or
knockout while they remain in their quiescent state. Utilizing a recently published protocol,
we have successfully established tools and approaches to maintain HSCs in their quiescent
state (Figure 4). Cells are transfected on day 0, immediately after isolation, using medium 2.
In this medium, HS5Cs remain undifferentiated for several days. These culture conditions
allow for the genetic manipulation of quiescent I15Cs, including gene knockouts, such as
Argl (Figure 4), using CRISPR /Cas% genome editing. Electroporation-based gene transfer
has proven to be the maost effective method for the efficient transfection of freshly isolated
HSCs. Finally, the medium-preserving quiescence is replaced with medium 1 to facilitate
HSC activation and transdifferentiation.

4, Conclusions and Future Directions

There is a long list of in vive and clinical studies on the role of ITSCs in the progression
of liver diseases, including fibrosis, cirrhosis, and cancer. With the onset of fibrosis in liver
disease, IISCs activate and transdifferentiate into myofibroblast-like cells that produce
large amounts of collagen and other extracellular matrix components. However, ethical
concerns, the use of animals in drug safety studies, the timing of experiments, and costs
led to the consideration of replacing animal fibrosis models with in vitro IISC culture
systems [50]. Furthermore, in vitro experiments allow us to study the complex mechanisms
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involved in HSC activation and fibrosis development, to test cell-targeted stimulation or
genetic manipulation (CRISPR/Cas9 knockout, overexpression, or treatment using specific
pharmacological inhibitors), and to discover new anti-fibrogenic targets (Figure 3). As an
in vitro model system for liver fibrosis, freshly isolated rat HSCs spontancously activate
into myofibroblast-like cells when cultured on stiff plastic dishes (Figure 4; see also [51,52]).
Elevated mechanical stimuli are known to promote Yap transcriptional activity [53] and
trigger liver fibrosis in vivo [54].

Since liver fibrosis begins as an intrinsic signaling process and, in its later stages,
becomes dependent on microenvironmental factors—such as impaired blood flow duc
to inflammatory processes—it is evident that various stimuli induce selective signaling
pathways involving Src, Rho, and Rock. This activation triggers the nuclear translocation of
Yap, which increases the release of growth factors, such as Ctgf (connective tissue growth
factor), by HSCs. In turn, this enhances the activation of the Mapk pathway (Figure 3). We
therefore hypothesize that the various signaling proteins and their associated intracellular
signaling pathways, on the one hand, maintain the quiescent state of HSCs and thus their
homeostasis and, on the other hand, contribute to FISC activation and therefore control
processes that are essential for the transition from a quiescent to a proliferative, migratory,
and fibrogenic phenotype (i.e., myofibroblast-like cells) [17]. Therefore, targeting pathways
involved in HSC activation represents a promising strategy to prevent the development
and progression of liver fibrosis. The co-administration of sorafenib, an oral RAF kinase
inhibitor, can prevent Lrk activation in activated HSCs and has shown anti-fibrotic effects in
a CCly-induced murine model [55]. In addition, blocking receptor tyrosine kinases such as
Pdgfrp by crenolanib via drinking water can improve thiocacetamide-induced liver fibrosis
in rats [56].

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article /10.3390/cells14090674 /s1, Figure S1: Original Western Blot Data; Table
S1: The list of primers used in this study.; Table S2: Antibodies used in this study; Table 53: Guide
RNAs used in this study.
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Abbreviations

Adam17, A disintegrin and metalloprotease 17; AKT (Pkb), Protein kinase B; Argl, arginase 1; a-
Sma, a-smooth muscle actin; Atg3, autophagy-related protein 3; Colla2, Collagen type I alpha 2 chain;
Raf1, rapidly accelerated fibrosarcoma 1; Ctgf, Connective tissue growth factor; DMEM, Dulbecco’s
modified Eagle’s medium; ECM, extracellular matrix; DAPI, 4',6-diamidino-2-phenylindole; Dhps,
deoxyhypusine synthase; Dohh, deoxyhypusine hydroxylase; Eif5a, eukaryotic translation initiation
factor 5A; Fras, embryonic stem cell-expressed Ras; Erk, extracellular-signal regulated kinase; Foxol,
Forkhead Box O1; Gfap, glial fibrillary acidic protein; ITes1, hairy and enhancer of split-1; I1prt11,
Hypoxanthine-guanine phosphoribosyl transferase 1; HSC, hepatic stellate cell; iNos, inducible NO
synthase; Igf1, insulin-like growth factor 1; Jagl, Jagged 1; Lats1/2, Large tumor suppressor kinase
1/2; Le3, Microtubule-associated proteins 1A /1B light chain 3; Mapk, mitogen-activated protein
kinase; Mindy1, MIU-containing novel deubiquitinaase 1; MIU, metif interacting with ubiquitin;
Mras, muscle Ras oncogene homolog; Mstl /2, Macrophage stimulating 1/2; mTor, mechanistic
target of rapamycin kinase; N1ICD, intracellular domain of Notch1; Odcl, ornithine decarboxylase 1;
p190GAFT, p190Rho guanosine triphosphatase-activating protein; Pdgf, platelet-derived growth factor;
P’dk1, phosphoinositide-dependent kinase-1; Pi3k, Phosphoinoesitid-3-kinase; gPCR, quantitative
polymerase chain reaction; Rhoc, Ras Homolog Family Member C; Rassf, Ras-Association Domain
Family; Rnd3, Rho Family GTPase 3; Rock, Rho-associated coiled-coil kinase; Sds, spermidine
synthase; Shp2 (Ptpn11), Src homology region 2 domain-containing phosphatase-2; Sms, spermine
synthase; Tgfp, transforming growth factor-3; Yap, ves-associated protein.
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KRAS is one of the most widely prevalent proto-oncogenes in human cancers. The constitutively active KRAS oncoprotein
contributes to both tumor onset and cancer development by premoting cell proliferation and anchorage-independent growth in a
MAPK pathway-dependent manner. The expression of microRNAs (miRNAs) and the KRAS oncogene are known to be dysregulated
in various cancers, while long noncoding RNAs (IncRNAs) can act as regulators of the miRNAs targeting KRAS oncogene in different
cancers and have gradually become a focus of research in recent years. In this review article, we summarize recent advances in the
research on IncRNAs that have sponging effects on KRAS-targeting miRNAs as crucial mediators of KRAS expression in different cell
types and organs. A deeper understanding of IncRNA function in KRAS-driven cancers is of major fundamental importance and will
provide a valuable clinical tool for the diagnosis, prognosis, and eventual treatment of cancers.

Cancer Gene Therapy (2022) 29:418-427; https://doi.org/10.1038/541417-021-00381-x

INTRODUCTION

KRAS is a small GDP/GTP-binding protein that transduces
extracellular signals and induces intracellular responses. KRAS
cycles between an inactive, GDP-bound (“off”) state, and an active,
GTP-bound {“on") state. This off/fon cycle is based on GDP/GTP
exchange and GTP hydrolysis reactions stimulated by RAS-specific
guanine nucleotide exchange factors (GEFs) and GTPase-
activating proteins (GAPs), respectively [1]. GTP-bound KRAS
transduces signals to its downstream effectors and thus activates
multiple signaling pathways [2, 3]. Therefore, activated KRAS
controls various cellular processes, including survival, growth,
preliferation, differentiation, and apoptosis, all of which are known
as hallmarks of cancer [4]. Somatic mutations in KRAS trigger the
robust gain-of-function effects of oncogenic KRAS and neoplastic
signal transduction owing to the reduction in GTP hydrelysis and
resistance to GAP function [5, 6].

The KRAS oncogene has been extensively studied in human
tmor malignancies [7, 8]. Intensive efforts to understand the
mechanisms underlying the intracellular trafficking, regulation,
and signaling pathways of KRAS have suggested several
therapeutic strategies [9]. Despite its well-recognized importance
in cancer promotion, only a few efforts in the past four decades
have resulted in approved clinical therapeutic strategies for
KRAS-mutant cancers [9-11]. Additionally, KRAS mutation is an
important predictive marker in determining resistance to EGFR-
targeted therapies [12]. Thus, further studies are needed to
elucidate the mechanisms responsible far the modulation of KRAS
to evaluate other potential therapeutic approaches.

Long noncoding RNAs {IncRNAs) are a class of noncoding RNAs
{ncRNAs) with a minimum length of 200 nucleotides, which have
been well studied in the context of RNA-based therapeutics
[13, 14]. Although only a small fraction of known IncRNAs have

been functionally characterized, there is growing evidence of their
involvement in a variety of biological processes, human diseases,
and malignancies [15]. These molecules, as the key regulators of
gene expression, play essential roles in a wide variety of biological
processes and signaling pathways involved in the progression of
many human cancers [16-19]. Emerging evidence has suggested
that various IncRNAs are likely to function as competing
endogenous RNAs (ceRNAs). These IncRNAs act as oncogenes by
sponging tumor suppressor microRNAs (miRNAs) [20, 21], thereby
indirectly regulating the expression of the genes targeted by these
miRNAs [22] (Fig. 1). Considering the wide diversity of miRNAs and
their high capacity for regulating hundreds of genes, many driver
oncogenes, such as ERBB2, BRAF, EGFR, MYC, SRC, and BCL2, are
targeted by miRNAs [23-25]. In this regard, many tumor
suppressor miRNAs have inhibitory effects on KRAS-associated
tumrigenesis by downregulating KRAS expression [26, 27]. There-
fore, oncogenic IncRNAs, as sponges of tumor suppressor miRNAs
that target KRAS, promote cancer development via the upregula-
tion of the KRAS oncogene [28-30].

It is evident that ceRNAs and miRNA response elements (MREs)
are two essential components of the ‘sponge effect” [31]. MREs
are seed regions of 2-8 nucleotides in the 5’ region of miRNA [32].
The ability of a miRNA to bind to its mRNA target and IncRNA via
its MRE provides competition between mRNA and IncRNA for
interaction with their target miRNA. The binding of IncRNA to
miRNA as a ceRNA prevents the latter from recognizing mRNA
and consequently results in its silencing. This interaction leads to
the regulation of MREs on the targets, which plays an important
role in posttranscriptional regulation and is known as the
sponging effect [31] (Fig. 1).

Identification of mechanisms involved in KRAS regulation by
IncRNAs is expected to greatly enhance our understanding of the
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miRNAs bind to their targets and interfere with translation. The RNA-induced silencing complex (RISK) guides the antisense strand of the
miRNA to bind to its target KRAS mRNA sequence in a complementary manner, forming a double-stranded helix. Perfect complementarity
results in endonucleolytic cleavage, while partial complementarity subjects mRNA to translational repression. Oncogenic IncRNAs act as
ceRNA decoys by presenting complementary sequences with MREs to sponge miRNAs from their target KRAS mRNAs. IncRNAs consequently

promote KRAS mRNA stabilization and thus its upregulation.

mechanisms of tumorigenesis associated with KRAS regulation.
While the sponging effect of IncCRNAs on miRNAs that target KRAS
seems to be one of the key mechanisms by which KRAS is
regulated, details of other regulatory mechanisms remain to be
elucidated. The association of IncRNAs with various regulatory
apparatuses, such as chromatin remodeling factors, transcription
factors, splicing machinery, nuclear trafficking modulators, and
miRNAs, shows the complexity of their regulatory approaches
[33, 34]. Therefore, to understand other regulatory effects of
IncRNAs on KRAS expression, the role of all interactions between
IncRNAs and other macromolecules, such as DNA, RNA, and
proteins, in the regulation of gene expression should be
considered. Based on the different methods of gene regulation
by IncRNAs, IncRNAs are divided into guides, scaffolds, signaling
molecules, decoys, and miRNA sponges, which affect the
pretranscription, transcription, and posttranscriptional levels of
gene expression [34, 35]. It is now evident that silencing G4
elements in the core promoter region of oncogenes such as KRAS
is a highly valuable and new molecular target in the treatment of
cancer [36]. Some innovative approaches have suggested that
IncRNAs containing G4 structures as molecular decoys for G4-
binding proteins prevent G4 formation in the promotor region of
oncogenes, which leads to gene transcription [37]. Therefore, the
determination of whether IncRNAs inhibit G4 element formation
in the promotor region of KRAS reveals other mechanisms by
which IncRNAs regulate KRAS expression at the pretranscription
level. The results of another study demonstrated that KRASIM, a
highly conserved microprotein encoded by the putative IncRNA
NCBP2-AS2, plays a tumor-suppressive role by interacting with
KRAS in HCC cells. KRASIM, as the first KRAS-binding protein
encoded by a IncCRNA, suppresses the protein level of KRAS and
inhibits the ERK signaling pathway. Therefore, sequestration of the
KRAS protein with peptides encoded by IncRNAs can be
considered as an alternative IncRNA-associated posttranscriptional
regulatery mechanism [38].

While IncRNAs have the capacity to regulate KRAS expression,
abnormal levels of KRAS, one of the mediators of many cellular
signaling pathways, reciprocally cause diverse molecular

Cancer Gene Therapy (2022) 29:418-427

alterations, such as dysregulation of IncRNA expression. KRAS
amplification has been shown to be a secondary means of KRAS
activation, leading to its overexpression and neoplastic transfor-
mation. It was found that the levels of a KRAS-responsive IncRNA
called KIMAT1 correlate with the KRAS levels and play a positive
role in maintaining tumorigenesis [39]. Another study revealed
that oncogenic RAS-induced IncRNA 1 {Orilnc1) can be regulated
by the RAS-RAF-MEK-ERK pathway and is required for cell
proliferation in RAS/BRAF-dependent human cancers [40].

The diversity of miRNAs with their various MREs provides a
greater possibility for communication between different miRNAs
and ceRNAs, two irreplaceable contributors to the sponging effect.
This hypothesis suggests that the sponging effect is a key
molecular mechanism underlying the networks corresponding to
miRNAs, oncogenic IncRNAs, and many related oncogenic drivers
that control various cancer-related biochemical processes. While
KRAS-associated miRNAs have been widely studied in cancer, the
role of KRAS-related IncRNAs in promoting cancer progression
needs to be carefully examined, The ever-increasing number of
KRAS-specific IncRNAs strongly indicates their potential contribu-
tion to and critical roles in the entire process of KRAS-driven
carcinogenesis. This review compiles the current knowledge of
KRAS-related oncogenic IncRNAs by considering their aberrant
expression and their mechanism of action through sponging
effects on KRAS-targeting miRNAs.

NONCODING RNAS IN KRAS-DRIVEN CANCERS

The nonceoding transcriptome consists of a variety of different
RNA types, such as transfer RNA (tRNAs), ribosomal RNAs {rRNAs),
small nuclear RNAs {snRNAs), small nucleolar RNAs (snoRNAs),
circular RNAs ({circRNAs), miRNAs, and IncRNAs. Other than
miRNAs and IncRNAs, as noncoding RNAs that play roles in
tumorigenesis, accumulating evidence indicates that altered
processing or activity of other RNA species can similarly
contribute to cancer [13]. Intact tRNAs and tRNA fragments
(tRFs) are correlated with tumorigenesis [41]. Upregulation of
specific tRNA expression in breast cancers by the enhancement
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of the translation of specific transcripts has been demonstrated
in the progression of metastasis [42]. In particular, a proportion
of tRFs that are of the same size as miRNAs and associated with
Argonaute are able to function as miRNAs. To confirm the
oncogenic activity of tRFs, altered levels have been indicated in
leukemia and solid cancers [42-44]. It has been reported that
some tRNA fragments, such as ts-47s and ts-46s, are upregulated
by KRAS and PIK3CA mutations, respectively, leading to breast
cancer chemoresistance [45, 46). The results indicated that the
expression of tRFs can be influenced by oncogenic mutations
with a possible role in the promotion of carcinogenic processes.
Other findings have demonstrated that the expression of
different tRNAs corresponds to differences in KRAS protein
levels. This proved that some translational programs, such as
overexpression of proliferative tRNAs, have the ability to enhance
the protein synthesis of oncogenes, including KRAS [47].

A wide range of data has indicated the fundamental importance
of ribosomal biogenesis and its relationship with cell proliferation
in many aspects of malignant transformations [48]. A series of rare
inherited disorders leading to the production of altered ribosomes
(so-called ribosomopathies) have even been characterized by a
strong risk of cancer onset [49]. An imbalance in the ribosome
biogenesis rate via an increase in ribosomal DNA transcription or
an alteration in mature rRNA or ribosomal protein production may
ultimately lead to the inactivation of p53 through different
mechanisms [50]. As a conseguence of p53 repression, acquisition
of cellular phenotypic changes characteristic of epithelial-
mesenchymal transition (EMT) results in increased cell invasive-
ness. In addition, it has been reported that nuclear epithelial cell
transforming sequence 2 (ECT2) with GEF activity is required for
KRAS-p53 lung tumorigenesis in vivo, ECT2-dependent ribosomal
DNA transcription and activation of rRNA synthesis ultimately lead
to neoplastic transformation [51]. In addition, nuclear and
nucleolar superoxide dismutase are essential for lung cancer cell
proliferation through interaction with the PeBoW complex and
regulation of pre-rRNA maturation [52].

The RNA components of the spliceosome, uridine-rich (U)
snRNAs, can regulate tissue-specific and cancer-specific alternative
splicing [53]. Notably, recurrent mutations in U1 snRNA, as one of
the most abundant noncoding RNAs, have been recently identified
in multiple cancer types and play an important role in the splicing
of pre-mRNAs [54]. Collectively, these studies indicate that
abnormalities in U1 snRNA and alternative splicing of pre-mRNA
are emerging as potentially important drivers of cancer [54, 55]. An
alternative mechanism underlying changes in the U1 levels in
alternations of cancer gene expression is changes in 3"-untrans-
lated region (UTR) length, leading to the removal of miRNA binding
sites. U1 overexpression lengthens the 3'UTR of KRAS to include a
miRNA let-7 binding site with tumor-suppressive activity [56].

snoRNAs are conserved noncoding RNAs responsible for
ribonucleoprotein guidance in cells for RNA posttranscriptional
modification [57]. A study on the characterization of small snoRNAs
in cancer identified an unexpected role for specific snoRNAs in the
modulation of KRAS-driven carcinogenesis [58]. A human protein
microarray screen discovered SNORD50A and SNORD50B as two
snoRNAs that bind to KRAS. The results showed that loss of
SNORD50A and SNORDS50B expression enhances the amount of
GTP-bound and active KRAS, leading to hyperactivated RAS-ERK1/
ERK2 signaling [58]. The soluble NSF attachment protein receptor
(SNARE) protein superfamily, which is critical for membrane fusion,
is responsible for the vesicular transport that is essential for KRAS
trafficking to the plasma membrane and active signaling [59]. In
2019, Che et al. found that the SNORDS50A/B snoRNAs, as
antagonists of SNAP23, SNAP29, and VAMP3 SNARE proteins,
inhibit the process of KRAS localization to the membrane [59].

circRNAs constitute a distinct type of endogenous abundant
noncoding RNA with a closed-loop structure and have been
found to be overexpressed in cancers [60]. Strikingly, similar to
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IncRNAs, circRNAs have the potential to act as oncogenes or
tumor suppressors, possibly by acting as sponges for miRNAs.
Gorospe et al. found that circPVT1, as a circRNA, regulated the
availability of let-7 miRNA, a well-characterized tumor suppressor
with a target site on KRAS mRNA. This suggests that circPVT1,
whose expression is elevated in dividing cells and down-
regulated in senescent cells, can be considered a KRAS-related
circRNA that acts by sponging let-7 [61]. Other results showed
that a circRNA derived from Golgi glycoprotein 1 mRNA regulates
KRAS expression and then promotes colorectal cancer develop-
ment by targeting miR-622 [62].

Many studies have presented remarkable details of systematic
alterations in the form of noncoding RNAs, such as miRNAs,
IncRNAs, snRNAs, and circRNAs, with impacts on multiple facets of
tumorigenesis.

KRAS-RELATED LNCRNAS IN SOLID TUMORS

Aberrant regulation of oncogenes, tumor suppressor genes, and
miRNA genes are crucial in the pathogenesis of cancer. These
alterations are sequential multistep processes that can ultimately
contribute to malignant transformation [63]. The crucial roles of
miRNAs in various biological processes, such as cell proliferation,
tumor initiation, EMT, and tumor invasion, are directly related to
malignancy [64]. Several studies have identified many tumor
suppressor miRNAs targeting the KRAS oncogene in human
cancers, which affect cancer-associated cellular and molecular
mechanisms [65, 66]. Notably, research progress on the interac-
tions between IncRNAs and miRNAs in human cancer has
introduced an extra layer of complexity in the miRNA-target
interaction network [31]. With the development of the analysis of
regulatory networks, differential expression, and signaling path-
ways, IncRNAs have emerged as crucial regulators in various
biological processes [67, 68].

In this review, we mainly focus on confirmed KRAS-related
IncRNAs whose oncogenic roles as suppressors of KRAS-targeting
miRNAs have been verified (Fig. 2). These IncRNAs act as molecular
sponges of KRAS-targeting miRNAs, most likely contributing to
KRAS uprequlation. We also summarize a large number of IncRNAs
potentially capable of regulating KRAS, possibly through sponging
of previously recognized KRAS-targeting miRNAs (Fig. 2) [31].

CONFIRMED KRAS-RELATED LNCRNAS

MALAT1

MALAT1, which was first identified in lung cancer, plays an
important role in the pathogenesis of various human diseases,
such as cancer [69-71] and autoimmune and inflammatory
diseases [72]. MALAT1 behaves as an oncogene in the initiation
and progression of many cancers [73, 74]. MALAT1, as a molecular
sponge of miR-217, an inhibitor of KRAS [75], promotes KRAS
signaling in pancreatic ductal adenocarcinoma (PDAC) [76]. In this
regard, knockdown of MALAT1 results in a significant reduction in
MEK and ERK1/2 phosphorylation by attenuating KRAS protein
expression, emphasizing the role of MALAT1 in protecting KRAS
mRNA from repression by miR-217 [76]. Moreover, miR-1 has been
shown to suppress breast cancer development by downregulating
KRAS and MALAT1 transcription, which emphasizes the potential
role of miR-1 as a tumor-suppressive miRNA and MALAT1 as an
oncogenic IncRNA via the regulation of KRAS [66].

MIR3T1HG

MIR31HG is a IncRNA with 2166 nucleotides that originates from
the intronic region of the Harbil gene and is respensible for
coding miR-31. MIR31HG is markedly upregulated in cancer
tissues, with potential roles in cancer initiation, progression, and
metastasis. It was confirmed that MIR31HG facilitates esophageal
squamous cell carcinoma cell proliferation and functions as a
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Fig. 2 Lists of the confirmed (left) and potential (right) KRAS-related IncRNAs in different tissues. IncRNAs are presented in green,
indicating their upregulation as oncogenic regulators in carcinogenesis. miRNAs with tumor suppressor activity are presented in red,
indicating their repression due to the sponging effect of IncRNAs in malignancies. The left and right panels illustrate the confirmed and
potential KRAS-related IncRNAs as well as their miRNAs, respectively (Supplementary Table S1).

ceRNA by sponging miR-344a, allowing upregulation of c-Met [77].
MIR31HG inhibits oncogene-induced cell senescence by regulat-
ing transcription of the tumor suppressor p16 {INK4A) [78]. The
interaction of the MIR3THG transcript with the genomic regions of
INK4A and MIR31HG contributes to the recruitment of polycomb-
group protein complexes and then the repression of INK4A. In
addition, $PI-induced MIR3THG was found to be significantly
upregulated in NSCLC tissues and cell lines, which promotes cell
migration and invasion by sponging miR-214 [79]. It has been
reported that miR-193b is able to directly target MIR3THG,
resulting in cancer progression by counteracting miR-193b in
pancreatic cancer [80]. Based on the significant role of the KRAS
mutation in pancreatic cancer, these results confirm the potential
role of MIR31HG in the malignant transformation of different
tumors, including KRAS-driven pancreatic cancer.

KRAS1P

KRAS1P is considered as a pseudogene of KRAS. Its expression is
amplified in most cancers with mutated KRAS, which indicates a
positive correlation between these genes. The transcript levels of
KRAS and KRAS1P correlate directly in prostate cancer, neuro-
blastoma, retincblastoma, and hepatocellular carcinoma (HCC),
which illustrates a proto-oncogenic role of KRAS1P in cancer [81-
83], While the detailed mechanism by which KRAS1P regulates
KRAS as a pseudogene-derived noncoding RNA has not been well
recognized, its activity as a sponge for miRNAs that bind to the
3'UTR of KRAS has been proposed [84]. Two studies have reported
the possible role of KRASTP as a ceRNA with binding sites for some
KRAS-targeting miRNAs, such as miR-143 and the let-7 miRNA
family [85, 86]. Thus, KRAS1P can potentially act as an oncogenic
IncRNA to inhibit degradation of the KRAS transcript [84].

Cancer Gene Therapy (2022) 29:418-427

BCYRN1

BCYRN1 is a newly identified brain cytoplasmic IncRNA of 200
nucleotides, which is transcribed from human chromosome
2p21. The high expression of BCYRN1 in various tumor cell lines
suggests the role of BCYRN1 as an oncogenic IncRNA [87, 88]. In
gastric cancer tissues, it is associated with tumor depth, lymph
node metastasis, cell proliferation, cell cyde progression,
migration, and invasion [89]. BCYRN1 is upregulated in color-
ectal cancer {(CRC) tissues, which is related to tumor growth and
advanced pathological stages via NPR3 overexpression [90].
Maoreover, the promotion of glycolysis and tumer progression in
non-small cell lung cancer (NSCLC) are observed as the result of
BCYRN1 overexpression [91]. High BCYRN1 expression induces
glycolysis through the repression of miR-149 and upregulation
of PKM2 as the target of miR-149. Strikingly, as a ceRNA, BCYRN1
affects the development of CRC via regulation of the miR-204-
3p/KRAS axis [92]. Therefore, negative regulation of KRAS by
miR-204-3p suggests BCYRNT as another confirmed KRAS-
related IncRNA.

NUTF2P3-001

Overexpression of NUTF2P3-001 in pancreatic cancer and chronic
pancreatitis tissues is positively correlated with cancer cell
characteristics, such as tumor size and distant metastasis [93]. It
was reported that NUTF2P3-001, as an oncogenic IncRNA,
competes with the 3'UTR of KRAS mRNA for binding to miR-
3923. In addition, downregulation of NUTF2P3-001 inhibits the
viability, proliferation, and invasion of pancreatic cancer cells and
contributes to a decrease in KRAS expression [93]. Hence, these
data provide an alternative IncRNA-mediated regulatory mechan-
ism for the tumor oncogene KRAS.
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RMRP

RMRP IncRNA is widely expressed in different human and mouse
tissues [94]. Previous studies have indicated that the expression
of RMRP is dysregulated in gastric cancer [95]. Suppression of
miR-206 by RMRP positively modulates Cyclin D2 expression and
cell cycle progression, which provides us with a better under-
standing of the mechanism underlying RMPR carcinogenesis
[96]. Furthermore, ectopic expression of RMRP was observed to
promote cell proliferation, colony formation, and invasion in lung
adenocarcinoma [97]. It was indicated that miR-206 acts as a
tumor suppressor miRNA in oral squamous cell carcinoma by
directly targeting KRAS [98]. Inhibition of miR-206 by RMRP was
demonstrated to result in overexpression of KRAS, FMNL2, and
S50X9 in lung adenocarcinoma [99], confirming RMPR as one of
the KRAS-related IncRNAs,

H19

H19, with both oncogenic and tumor suppressor activities,
acts as a double-edged sword via mechanisms such as miRNA
sponging [100]. The let-7 family miRNAs that control human RAS
oncogene expression are often downregulated in human cancers
[86, 101, 102]. H19 possesses both canonical and noncanonical
binding sites for the let-7 family of miRNAs, which plays
predominant roles not only in cancer but also in development
and metabolism [103]. H19 promotes pancreatic cancer metastasis
by inhibiting let-7 suppression on its target HMGA2-mediated EMT
in PDACs [100, 104]. Considering the role of let-7 in targeting KRAS,
H19 may influence KRAS expression levels in PDAC. To confirm
other sponging effects of H19, H19 overexpression exerted
proangiogenic effects, possibly by downregulating miR-181a and
inducing the JNK and AMPK signaling pathways to facilitate
angiogenesis [30]. Considering the tumor-suppressive effect of
miR-181a via downregulation of KRAS and the role of the KRAS
mutation in vascular malformations, it is assumed that H12 has an
indirect effect on KRAS upregulation [105, 106]. This can also be
mediated by miR-193b, another KRAS-regulating miRNA [107].
Overexpression of H19 has been shown to attenuate miR-193b-
mediated inhibition of multiple driver oncogenes, including EGFR,
KRAS, PTEN, IGF1R, and MAPK1, suggesting that IncRNA H19 serves
as a KRAS regulator through miR-193b sponging [108].

LINCO1133

LINCO1133, with a length of 1154 nucleotides, is located on
chromosome 1g23.2 and was first reported to be involved in CRC
and NSCLC [109, 110]. A positive correlation has been found
between high LINC0O1133 expression and poor prognosis in
patients. LINC01133 downregulation leads to the repression of
proliferation and invasion of lung cancer cells [111]. Nevertheless,
other studies have shown low LINC01133 expression in CRC and
breast cancer tissues [112, 113]. Therefore, it can be concluded
that the expression levels of LINC01133 vary among various types
of cancer, suggesting that there is a tissue-specific regulation of its
expression that may be directly related to its function. Other
results showed that LINC01133 aggravates the proliferation,
migration, and invasion of osteosarcoma by sponging miR-422a,
which targets KRAS, exerting antitumor effects [114, 115].

SLCO4A1-AS1

The role of SLCO4A1-AS1 in the tumorigenesis of CRC has been
demonstrated in several studies, confirming its upregulation in
CRC tissues and its relation with poor prognosis and tumor
metastasis [116, 117]. SLCO4A1-AS1 has been reported to serve as
an oncogenic IncRNA in CRC by activating the WNT/B-catenin
signaling pathway [117]. The oncogenic role of SLCO4A1-AS1 in
CRC promotion has been attributed to the stabilization of
SLCO4A1, a transmembrane protein with sodium-independent
organic anion transporter activity. In addition, the axis of the
SLCO4A1-AS1/miR-508-3p/PARD3 autophagy pathway has been
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proposed as another carcinegenic mechanism of SLCO4A1-AS1 in
the development of CRC through a sponging effect [116].
SLCO4A1-AS1 knockdown in HCT116 and SW480 cells led to the
downregulation of EGFR, KRAS, BRAF, and MAP3K1 expression
[118]. Therefore, SLCO4A1-AS1 can be considered as a KRAS-
related IncRNA. However, the corresponding miRNA has not yet
been identified.

POTENTIAL KRAS-RELATED LNCRNAS

On the basis of the significant role of KRAS oncogenic mutations,
many miRNAs that target KRAS have been discovered in many
human cancer tissues [119, 120]. The inhibitory effect of miRNAs
on KRAS expression led us to search for miRNAs that are sponged
by oncogenic IncRNAs to find potential KRAS-related IncRNAs.
Therefore, a review of the previously recognized KRAS-targeting
miRNAs helps us to predict some oncogenic IncRNAs with
sponging effects, which may participate in the regulation of
KRAS. To identify potential KRAS-related IncRNAs, two steps were
taken. In the first step, a collection of miRNAs that target KRAS
were identified. Second, an extensive literature study was
performed to determine IncRNAs with sponging effects on the
miRNAs (Fig. 2). For example, a significant role of miR-143 in
the inhibition of KRAS translation was confirmed to contribute to
the suppression of cell growth [85]. In this regard, other
supporting documents showed the interaction of PSMG3-AS1
IncRNA as a sponge with miR-143-3p in HCC and breast cancer
tissues [16, 121]. According to the targeting of KRAS by miR-143
and the sponging effect of PSMG3-AS1 on this miRNA, it can be
assumed that PSMG3-AS1 can be a potential KRAS-associated
IncRNA. Similarly, miR-181a is a known miRNA with the ability to
target KRAS mRNA. With this information, IncRNA CRNDE, whose
sponging effect on miR-181a was previously confirmed, can be
considered one of the other potential KRAS-related IncRNAs
[122]. Therefore, a thorough understanding of the plethora of
tumor suppressor miRNAs contributing to KRAS-targeting and its
downregulation provides mechanistic insight into discovering
potential KRAS-related oncogenic IncRNAs that act as molecular
sponges. Accordingly, there is a large number of potential KRAS-
related IncRNAs sponging the KRAS-targeting miRNAs (Fig. 2;
Supplementary Table S1).

RAS-RELATED LNCRNAS ASSOCIATED WITH LEUKEMIA
Leukemia, as a heterogeneous group of malignant neoplasms in
the hematopoietic system, is classified on the basis of its clinical
behavior and histological origin. Although leukemia is a common
malignant cancer of the hematopoietic system, its mechanism of
pathogenesis has not been fully elucidated [123]. One of the main
causes of this malignancy is related to acquired and infrequently
inherited genetic alterations [124]. Moreover, epigenetic altera-
tions, such as heritable and reversible changes, can also lead to
some malignant behaviors, such as cancer relapse. For instance, as
well-studied leukemia, acute myeloid leukemia (AML) is a typical
consequence of these abnormalities and gene mutations [125]. In
addition to these valuable efforts, an urgent need to elucidate the
mechanism of cancer malignancy triggered the researchers to
search for new molecular systems, including regulatory transcripts
such as miRNAs and IncRNAs.

Oncogenic RAS mutations are highly prevalent in hematopoietic
malignancies and are associated with poor survival [126]. While
somatic mutations, such as KRAS mutations, cause a series of
downstream secondary alterations in the transcriptome of cancer
cells, evidence showing the role of IncRNAs in the pathophysiol-
ogy of hematological malignancies has drastically increased in the
last decade [127]. Therefore, understanding the role of KRAS
mutations in large-scale alterations in the transcriptional profiles
of leukemia cells, including the dysregulation of IncRNA
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expression, provides more details on the pathogenic mechanisms.
In this regard, the results of a pairwise analysis study comparing
patients with KRAS mutations showed 26 differentially expressed
IncRNAs {17 upregulated and 9 downregulated) compared to
juvenile myelomonocytic leukemia (JMML) patients without this
mutation [128]. Other differentially expressed RNAs between
JMML patients and normal bone marrow controls revealed that
the expression of 29 (19 up- and 10 downregulated) IncRNAs was
dysregulated in the subgroup of KRAS-mutant patients with
overexpressed Inc-ACOT9-1 [129]. IncRNA MORRBID regulates the
lifespan of short-lived myeloid cells in response to extracellular
pro-survival signals through the suppression of the pro-apoptotic
gene BCL2L11 (also known as BIM) [130]. The high expression of
MORRBID accompanied by KRAS and NRAS mutations is associated
with poor overall survival of JMML patients [131].

Although the exact mechanism by which KRAS-related IncRNAs
function in leukemia has not been elucidated, the sponging effect
on miRNAs can be considered one of the regulatory procedures.
Wang and colleagues demonstrated the role of MALAT1 in
sponging miR-101 to inhibit its interaction with the 3'UTR of its
target mRNA, myeloid cell leukemia 1 {(MCL1). This competition
between MALAT1 and MCL1 causes a decrease in MCL1
expression and a consequent increase in drug resistance in lung
cancer [132]. In addition to the contribution of IncRNAs in
leukemogenesis, recent studies on the role of IncRNAs as
biomarkers in the diagnosis, prognosis, and therapeutic response
have emphasized IncRNAs as essential regulatory factors in
leukemia patients [133-135].

IncRNAs as therapeutic targets

IncRNAs are key requlators of gene expression and act through
different mechanisms, including genomic imprinting, epigenetic
regulation, mRNA and protein stability regulation, protein
sequestration, miRNA sponging, protein translation regulation,
and alternative splicing. Therefore, not only sponging effects but
also other mechanisms are involved in gene regulation by
IncRNAs, which provides the possible application of extensive
therapeutic strategies [136].

With rapid developments in high-throughput screening meth-
ods and biocinformatics, large numbers of cancer-related genes
and their associated regulatory IncRNAs will be discovered in the
near future [137-139]. Considering the critical roles of IncRNAs in
malignancies, IncRNA-based therapeutics may represent promis-
ing approaches in cancer treatment through novel technologies
[140, 141]. Antisense oligonucleotides (ASOs), which may form a
DNA-RNA structure with their target RNA through base pairing
rules, could be exploited as promising tools for targeting
oncogenic IncRNAs [142]. Aptamers are specific structures in the
form of oligonucleotides or peptide molecules that possess the
ability to bind specifically and structurally to the desired target,
such as IncRNA, and prevent the interactions of the IncRNA with
its corresponding targets [136]. The CRISPR/Cas9 genome editing
technique, a technology for the specific DNA modification of
targeted genes, has been found to be a successful approach to
silence the transcription of many carcinogenic IncRNAs [143].
Although the rapid development of a new generation of gene-
editing tools, such as ASOs or CRISPR/Cas9-based therapy, has
already shown the feasibility of gene-editing for cancer treatment,
their off-target events or unstable efficiency originating from the
spatiotemporal specificity of IncRNAs should also be evaluated for
further clinical applications [14]. Neutralizing targeted IncRNAs by
exogenous double-stranded RNA via RNA interference (RNAi)
transfection is an alternative strategy that has shown some
significant results due to its specificity [144]. Despite its specificity,
the RNAi method efficiency is transient due to the natural
instability of RNA molecules, which necessitates solid experimen-
tal analysis to confirm the practicability of this technology [145]. In
contrast to oncogenic IncRNAs, some IncRNAs with tumor
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suppressor activity, such as CR749391 and LET, are known to be
expressed at low levels in tumors [146, 147]. Thus, induction of
these IncRNAs could be a possible therapeutic approach for
cancer treatment. For example, viral transfection, as the main
method for plasmid transmission to the target site, could be
applied to transfect exogenously synthesized tumor suppressor
IncRNA plasmids into cancer cells to upregulate the expression
of corresponding IncRNAs. This IncRNA-based strategy could be
investigated for cancer treatment; however, solid experimental
analysis is required to validate the feasibility and practicability of
this strategy [14]. Aside from the fact that IncRNAs themselves
could serve as possible therapeutic targets, recent documents
have proven the utility of peptides/proteins encoded by
IncRNAs as other potential targets [148]. IncRNAs are known
as RNA molecules that do not encode proteins, but recent
findings have shown that peptides/proteins encoded by
IncRNAs do indeed exist and surprisingly have tumarigenic
effects [148]. Therefore, peptides/proteins encoded by IncRNAs
might be hidden oncopeptides/oncoproteins representing
promising drug targets for treating tumor growth [148].
On the other hand, some proteins encoded by IncRNAs have
tumor-suppressive effects that inhibit the carcinogenesis of
oncoproteins such as KRAS [38]. Taken together, these findings
suggest that IncRNAs could serve as novel therapeutic targets
for cancer therapy.

CONCLUSION AND PERSPECTIVE

Approximately 25% of all human cancers have oncogenic
mutations in the RAS family of oncogenes, most frequently the
KRAS gene, resulting in the aberrant activation of RAS proteins
and consequently their downstream pathways and leading to
malignant transformation. To date, diverse therapeutic
approaches have been used to interfere with mutant KRAS-
mediated signaling. Although KRAS proto-oncogene mutations
are responsible for the conversion of KRAS to its oncoprotein form
with increased activity, suppression of mutant KRAS gene
expression could be an approach to inhibit oncoprotein produc-
tion. In this review, we focused on the sponging effect as a
strategy for KRAS downregulation, considering the established
roles of both miRNAs and IncRNAs. The fact that the majority of
IncRNAs are expressed in a highly cell- or tissue-specific manner
makes them effective therapeutic targets for cancer treatment.
However, many questions remain to be addressed. How many
IncRNAs are functionally and clinically relevant for KRAS-driven
cancers? How can we develop systematic genomic and functional
approaches to understand the role of IncRNAs in the initiation,
progression, and alternative metastasis of KRAS-mutant cancers?
How can we integrate patient genomic and transcriptomic data
with KRAS mutations to establish a IncRNA discovery pipeline to
drive preclinical studies? Finally, how does a tissue-specific
expression of IncRNAs provide therapeutic candidates for tissues
with a higher frequency of KRAS mutation? In addition to the
questions above, the authors of this review present some
suggestions for future studies concerning IncRNAs as therapeutic
targets. More oncogenic IncRNAs with sponging effects on other
tumor-suppressive miRNAs that target KRAS or its downstream
effectors should be discovered. Proteins/peptides encoded by
IncRNAs and their oncogenic or tumor-suppressing effects should
be investigated. The ability to target KRAS-related oncogenic
IncRNAs through various methods, such as nucleic acid-based
drugs, gene-editing methods, small molecule inhibitors, miRNA
mimics, catalytic degradation of IncRNAs by ribozymes, targeting
IncRNA secondary and tertiary structures, and synthetic IncRNA
mimics, must be studied. More importantly, further characteriza-
tion of interactions between oncogenic IncRNAs and associating
proteins, which form ribonucleoprotein complexes and could be
involved in KRAS signaling, may lead to the identification of novel
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therapeutic targets and the development of new anti-KRAS drugs.
Hopefully, the increased success rate of nucleic acid therapeutics
provides an outstanding opportunity to discover IncRNAs as
viable candidates for therapeutic targets in KRAS-dependent
malignant transformation.
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Simple Summary: Whilst mutations in genes encoding RHO GTPase proteins are rare in different
type of cancers, altered expression of several RIIO GGTPases has been reported in a variety of human
malignancies. As key regulators of gene expression, IncRNAs coordinate a wide range of molecular
processes, including post-translational regulation through miRNA sponging. The purpose of the
present study was to address the current state of knowledge about the IncRNAs involved in the
regulation of the expression of the RIHO GTPases including RIHOA, RIHOB, RIHOC, RAC1, and
CDC42, with a specific focus on the regulatory mechanism of IncRNAs as the molecular sponges
of miRNAs. Considering the critical roles of IncRNAs in malignancies, IncRNA-based therapeutics
are representing promising approaches in cancer treatment through novel technologies. In this
regard, well-characterized examples of IncRNAs associated with tumorigenicity present experimental

frameworks for future studies in this rapidly evolving field.

Abstract: RHO GTPases are critical signal transducers that regulate cell adhesion, polarity, and
migration through multiple signaling pathways. While all these cellular processes are crucial for
the maintenance of normal cell homeostasis, disturbances in RHO GTPase-associated signaling
pathways contribute to different human diseases, including many malignancies. Several members of
the RHO GTPase family are frequently upregulated in human tumors. Abnormal gene regulation
confirms the pivotal role of IncRNAs as critical gene regulators, and thus, they could potentially act as
oncogenes or tumor suppressors. IncRNAs most likely act as sponges for miRNAs, which are known
to be dysregulated in various cancers. [n this regard, the significant role of miRNAs targeting RHO
GTPases supports the view that the aberrant expression of IncRNAs may reciprocally change the
intensity of RITO GTPase-associated signaling pathways. In this review article, we sumimarize recent
advances in IncRNA research, with a specific focus on their sponge effects on RHO GTPase-targeting
miRNAs to crucially mediate gene expression in different cancer cell types and tissues. We will focus
in particular on five members of the RHO GTPase family, including RHOA, RHOB, RHOC, RAC1,
and CIC42, to illustrate the role of IncRNAs in cancer progression. A deeper understanding of
the widespread dysregulation of IncRNAs is of fundamental importance for confirmation of their
contribution to RHO GTPase-dependent carcinogenesis.

Keywords: carcinogenesis; IncRNAs; miRNAs; RHO GTPases; signal transduction; sponge effect

1. Introduction

RHO family proteins are GDP/GTP-binding proteins of the RAS superfamily that
transduce extracellular signals into intracellular responses. They cycle, with some excep-
tions, between an inactive GDP-hound (“off”) state and an active GTP-bound (“on”) state
(Figure 1) [1,2]. Fully processed GTPases remain locked in an inactive GDP-bound form
in the cytosol via the formation of stoichiometric complexes with RHO GDP dissociation
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inhibitors (GDIs) [3]. During the signal transduction to its downstream effectors to acti-
vate multiple signaling pathways, most RHO GTPases acquire their active state with the
exchange of GDF for GTP as a consequence of two continuous steps. The first step in-
volves their release from GDI complexes, followed by rapid CDFP/GTF exchangg, a process
catalyzed by RHO-specific guanine nucleotide exchange factors (GEFs) [1,2,4-6]. In the
active state, conformational changes of two flexible regions, called switch I and switch 11,
provide a functional platform for the interaction of RO (GTFases with their regulators and
effectors [7,8]. At the end of the GTPase cycle, hydrolysis of the bound GTP is stimulated
by GTPasc-activating proteins (GAPs) and converts RITO GTPases to the GDP-bound
inactive state [2,9,10]. RhoGDI can extract both inactive and active RhoGTPases, and found
that extraction of active RhoGTPase contributes to their spatial regulation around cell

wounds [9].

g
%

Polarity, Adhesion, Contraction,
Endocytosis, Motility, Migration

Cell trafficking, Immune response,
Neuronal plasticity, Embryonic development

Figure 1. Molecular mechanisms of RHO GTPase regulation and signaling. Most of RHO GTPases (20 canonical members)

act as molecular switches, in order to transduce signals from receptors to downstream pathways, This switch mechanism
is tightly regulated through three classes of particular proteins: Guanine nucleotide exchange factors (GEFs: 74 DBL and
11 DOCK family members) catalyze the exchange of GDP for GTP, thereby turning on the signal transduction. GTPase-
activating proteins (GADPs; 66 ARHGAP family members) bind to GTP-bound RHO GTPases and accelerate their very

slow intrinsic GTP hydrolysis, leading to signaling the switch off. Guanine nucleotide dissociation inhibitor (GDIs: three

known members) bind to isoprenylated, GDP-bound RHO GGTPases and displace them from the membrane. GTP-bound,

active RIIO GTPases associate with and activate different downstream effectors (more than 70 known members), and thus

accomplish various biochemical processes and cellular functions.

As with most RAS superfamily proteins, the maturation of the newly translated RIIO
GTPases requires a stepwise posttranslational modification. This modification includes
the incorporation of a geranylgeranyl moiety (in some cases, farnesyl or palmitate groups)
onto the CAAX box (C is cysteine, A is any aliphatic amino acid, and X is any amino
acid) on the endoplasmic reticulum [10,11], the subsequent cleavage of the AAX tripeptide,
and the methylation of the newly exposed C-terminal isoprenylcysteine residue [12]. In
stimulated cells, isoprenylated RIICQ GTPases are specifically associated with the cellular
membrane, which is essential for their biological activity (Figure 1). In resting cells,
however, CDIs extract them from the membrane and create a cytosolic pool of inactivated
RHO GTPases [13].

To date, 20 canonical members of the RTO family have been identified in humans and
can be categorized into distinct subfamilies based on their sequence homology [2,14]: RTIO
(RHOA, RHOB, and RHOC); RAC (RAC1, RAC1B, RAC2, RAC3, and RHOG); CDC42
(CDC42, G25K, TC10/RHOQ, TCL/RHO], WRCH1/RHOU, and WRCH2/RHOV); RHOD
(RHIOD and RIF/RHOF); RND (RND1/RHO6, RND2/RHO7, and RND3/RHO8/RHOE);
and TTF/RTIOIT [15]. Some studies also include the members of the RTIOBTB and Miro
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families among those proteins; however, these ‘atypical” GTPases are highly divergent
from the rest of the RI1O GTPases in terms of structure, overall amino acid homology,
subcellular localization, and biological functions [16].

Activated RTTO GTPases bind to their downstrecam cffectors and thereby regulate
diverse cellular processes (Figure 1), including the reorganization of the actin cytoskeleton
and thereby cell adhesion, polarity, and migration [17,18]. Thus, they are associated with
the control of various biological processes, such as cell trafficking, wound healing, immune
response, embryonal development, and neuronal plasticity [19,20]. Given the critical roles
of RIO GTPases in cell signaling, the deregulation of their downstream pathways is
known to contribute to the development of diverse discases [21-23]. Abnormal expression
of different RITO GTPases has been reported in many human tumors [24]. While most
studies on RHO GTPase-associated tumorigenesis have narrowly focused on cytoskeletal-
related biological processes and canonical pathways, the contribution of noncanonical
mechanisms has also been observed [16]. These mechanisms include the regulation of
autocrine and paracrine loops critical for remodeling of the tumor microenvironment and
tumor growth [25], nucleolar functions connected with either efficient ribogenesis or the
suppression of nucleolar stress in cancer cells [26-28], the regulation of both the centrosome
and chromosome stability [27,29], the regulation of the YAP /TAZ pathway [30], and the
recruitment of pathways to avoid antitumoral immune responses [31]. These observations
highlight the key role of RHO GTPases in tumorigenesis but, at the same time, challenge
the widely established functional archetypes in the field and the therapeutic feasibility of
these pathways.

Contrary to recent studies that report the identification of new driver mutations in
some RHO GTPases members, such as RACT, RHOA, and CDC42 [32], analysis of cancer
genomes has demonstrated that mutations affecting RHO signaling pathways are found at
low frequency in a limited spectrum of tumor types [18,21,33]. While mutations in genes
encoding RHO GTPases are rare in cancer, alternative mechanisms lead to the spurious
activation of RHO pathways, which could add multiple regulatory layers controlling the
steady-state levels and activation dynamics of RHO signaling elements. Consistent with
this view, RHO GTIPases can be further regulated by several approaches, including tran-
scriptional regulation [34], alternative splicing [33,35,36], microRNA (miRNA)-mediated
transcript stability [37], protein steady-state levels, posttranslational modifications [38],
sequestration in endosomes [12], time of residence in membranes [39], intracellular traffick-
ing [40], and I-actin-dependent cytoskeletal events [41]. In particular, miRNAs, as negative
regulators of gene expression, repress RHO GTPases through degradation or translational
blockade of their associated mRNAs [42,43]. While the processing of mRNA by miRNAs
is essential for gene expression, the established role of long noncoding RNAs (IncRNAs)
in the regulation of miRNAs highlights the potential mechanisms by which these RNA
subtypes contribute to neoplastic transformations [44,45].

The involvement of IncRNAs in tumorigenesis and cancer progression may result from
their roles in cell division, migration, differentiation, and apoptosis [46,47]. As critical gene
regulators, IncRNAs interact with DNA, RNA, and proteins to modulate gene expression at
the pretranscriptional, transcriptional, and posttranscriptional levels [48-51]. In this regard,
the associations between IncRNA and the regulatory machinery of chromatin remodeling,
transcription, splicing, and nuclear trafficking clarify the details of the regulatory aspects
of these RNA species [52-54]. IncRNAs act as competing endogenous RNAs (ceRNAs) to
regulate other RNA transcripts by competing for shared miRNAs [52,55]. According to the
dysregulation of many miRNAs in RI1O GTPase-dependent malignancies, IncRNAs are,
as negative regulators of miRNAs, likely to become a focus in the future development of
new RITO GTPase-based therapies [56]. Significantly, recent studics have reported that
IncRNAs and members of RHO GTPase signaling cascades are dysregulated in various
human cancers (Figure 2) [53,54].
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Figure 2. RHO GTPase-related IncRNAs. RHO GTPases are activated by RHO GEFs via different receptors, including
GPCRs (G-protein coupled receptors with various ligands, such as Angiotensin II, Endothelin, LPA, S1P1, Thrombin, and
Thromboxane A2), RTKs (receptor tyrosine kinases with ligands, such as BGF, Ephrins, NGF, PDGE and VEGF), ion channels

{with ligands, including nicotinic acetylcholine or glutamate), and cytokine receptors (with ligands, including Interferons,
Interleukins, and Tumor necrosis factors). Members of the RHO GTPase family, such as RHOA, RHOB, RHOC, RACT, and
CDC42, are modulated by IncRNAs, which are the key regulators of gene expression. They play essential roles in a wide

variety of signaling pathways, and thus processes involved in tumor progression. IncRNAs act as ceRN As by sponging

tumor suppressor miRNAs, thereby indirectly regulating the expression of genes related to RHHO GTPases.

miRNAs are noncoding RNA molecules that can control the expression of their target
mRNAs [57]. These short sequences suppress target genes by either inhibiting translation
or initiating degradation of mRNA based on complementarity [58]. The expression of
several RHO GTPases can be regulated by miRNAs [59]. Notably, most of the studies on
miRNAs have been performed in cancer models, and demonstrated that the modulation of
RHO GTPase expression with miRNAs can affect cancer development. For instance, it has
been reported that RHOA is downregulated by miR-340-5p and mir-200 to inhibit cancer
progression [60,61]. RHOB is the target of miR-21, and RHOBTB1 is suppressed by miR-
31 [62,63]. Also, CDC42 is a target of miR-29 and miR-137 [64,65]. Given the significance
of miRNAs in the direct regulation of members of the RHO GTPase family, emerging
evidence has revealed that numerous IncRNAs that modify RHO GTPases are likely to
act as ceRNAs. These IncRNAs function as oncogenes by sponging tumor suppressor
RHO GTPase-related miRNAs (Figure 2) [66,67], thereby indirectly contributing to the
regulation of the expression of the RHO GTPase genes targeted by these miRNAs. Thus,
the current knowledge of RITO GTPase-related oncogenic IncRNAs in relation to their
aberrant expression and their mechanism of action through sponging effects on RHO
GTPase-targeting miRNAs are discussed.

Up to now, a number of IncRNAs related to a few RITO GTPase members, such as
RHOA, RHOB, RHOC, RAC1, and CDC42, have been identified. Therefore, this article
addresses the current state of knowledge about the regulatory mechanisms of IncRNAs in
the expression of genes related to RTTOA, RTIOB, RITOC, RACT, and CDC42 with a specific
focus on IncRNAs as molecular sponges of miRNAs.
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1.1. RHOA-Related IncRNAs

Metastasis-associated lung adenocarcinoma transcript 1 (MALAT1) is a well-studied
IncRNA. It is extremely abundant in nuclear speckles and was originally discovered in
a study of metastasis in patients with early-stage NSCLC [68,69]. MALATT is located at
chrllql3 and is approximately 8500 nucleotides in length. It is conserved throughout
mammalian species, and plays important roles in development and evolution [70]. Al-
though MALAT1 is abundant in normal cells, many studies have shown that this IncRNA
promotes cell proliferation, migration, and metastasis in cancer tissues by affecting sev-
eral signaling pathways, such as Wnt/B-catenin [71] and PI3K/AKT [71]. MALATT has
molecular functions in the alternative splicing of pre-mRNA and in transcriptional and
posttranscriptional regulation [72]. One of the main mechanisms of MALAT1 in post-
translational regulation is its function as a ceRNA that leads to the progression of various
cancers [73]. Tumor-suppressor activity of miR-429 in breast cancer [74], CRC [75], and
nasopharyngeal cancer [76] has been approved by different studies. Xiao et al. reported
that IncRNA MALAT]1 had high expression in human lung adenocarcinoma tissues (vs.
paracancerous normal tissues, t = 16.387, p < 0.001), and its expression was associated
with tumor size, lymph node metastasis, and TNM staging in patients. In this study,
thirty-nine cases of lung adenocarcinoma tumor tissues and normal tissues from 22 males
and 17 females, aged 45-78 years, were collected and the two-year survival of patients with
low expression of MALAT1 was significantly higher than that of MALATT high expression
in lung adenocarcinoma patients (Long rank = 4.773, p = 0.0289) [77]. MALAT1 acts as
a ceRNA for miR-429 to regulate RHOA expression in lung adenocarcinoma cells. The
upregulation of MALAT1 promoted cell proliferation, invasion, and migration of lung
cancer cells by sponging miR-429 and consequently inducing RHOA expression [77].

Noncoding RNA activated by DNA damage (NORAD; also referred to as LINC00657)
is a cytoplasmic IncRNA transcribed from the exon of chr20q11.23 [78]. This highly con-
served IncRNA is upregulated in response to DNA damage, and it is required for genome
stability as well as proper mitotic divisions through sequestration and negative regula-
tion of PUMILIO (PUM) proteins, which are among deeply conserved RBPs negatively
regulating gene expression [79,80]. NORAD has a crucial function in carcinogenesis, and
its dysregulation has been implicated in various types of cancers [81-83]. Several studies
demonstrated that NORAD could act as a ceRNA to sponge miRNAs and ultimately regu-
late the expression of several factors that play vital roles in cancer progression [84-87]. The
ability of miR-125a-3p to increase the chemosensitivity of pancreatic cancer cells by inhibi-
tion of epithelial-to-mesenchymal transition (EMT) was reported [88]. Li et al. have shown
that NORAD promoted the migration and invasion of pancreatic cancer cells through com-
petitive binding to miR-125a-3p, causing RIIOA deregulation [89]. In this study, analysis of
microarray expression profiles between 55 pancreatic ductal adenocarcinoma cells (PDAC)
and normal pancreas tissues, showed the significant upregulation of NORAD in cancer
patients (p < 0.001). They also suggested that the upregulation of NORAD could occur
through hypoxia, which thereby stimulates hypoxia-induced EMT [89].

The role of IncRNA zinc finger antisense 1 (ZFAS1) in breast cancer was originally
exhibited by Askarian-Amiri et al. [90]. ZFASI, a 17,561 bp transcript from the 5" end
of the ZNFX1 gene, is located on chr20¢13.13. The expression of ZFASI is low in breast
cancer cells, and it has antitumor activity [90,91]. Numerous studies have revealed its
overexpression and roles in tumor growth and metastasis in various cancers, including
bladder cancer [92], hepatocellular carcinoma (HCC) [93], colorectal cancer (CRC) [94],
prostate cancer [95], and NSCLC [96]. In fact, being a molecular sponge for miRNAs is one
of the regulatory mechanisms whereby ZI'AS1 serves to adjust the proliferation, invasion,
and metastasis of cancer cells [97]. Liu et al. investigated the differential expression of
ZFAS1 using nine GEQ datasets (252 tumor samples and 56 normal samples), and identified
that ZFASI had upregulated expression in PDAC (adjusted p. value (3.79E—10) [44].
ZIAS] expression level in PDAC were further validated by data from the ONCOMINI,
UALCAN, and GEPIA databases; all of them supported the GEO results, and it was also
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recognized to act as a miR-3924 sponge [44]. Tt was claimed that ROCK2 can be considered
as the target of ZFAS1/miR-3924, and its level of expression was decreased upon ZFAS1
knockdown. Therefore, the contribution of ZFAS1/miR-3924 in tumor metastasis via the
RHOA /ROCK2 pathway was reported, confirming its potential regulatory effect on RITO
GTPase members [44].

Frostate cancer-associated transcript 6 (FCAT6) is a member of a group of 121 IncRNAs
associated with prostate cancer [98]. PCATG6 is an intergenic IncRNA that is located at
chrlg32.1, and it is reported to have an oncogenic role in various human cancers [99].
Several studies demonstrated that PCAT6 was overexpressed in several tumor tissues,
such as GC [100], IICC [101], cervical cancer [102], NSCLC [103], lung cancer [104], and
CRC [105], and this overexpression could facilitate the proliferation and metastasis of
those cancers. It was indicated that PCAT6 may act as a ceRNA to suppress miRNAs
and regulate the expression of their targets [99]. Tu et al. reported that the relative
PCAT6 expression levels in CCA specimens were obtained compared with non-tumor
tissues (n = 20 pairs). This was owing to the study of the relationship between PCAT6
expression and the development of CCA. High expression of PCAT6 was observed in
CCA tissues compared to the non-tumorous tissues (p < 0.001). It was also found that
PCAT6 induced M2 polarization of macrophages in cholangiocarcinoma via competitive
binding to miR-326, and modulated the RHOA signaling pathway [45]. Low expression
of miR-326 in many tumors was dramatically related with unfavorable prognosis, tumor
development, metastasis, and progression [106]. Thus, PCAT6 may be a potential target of
immunotherapy in cholangiocarcinoma treatment [45].

As a type of new intergenic IncRNA, LINC02381 is located at chrl2q13.13 [107].
LINC02381 has been reported to be involved in many cancers, including CRC [107] and
GC [108], as well as autoimmune diseases, such as rheumatoid arthritis [109]. LINC02381
can regulate the PI3K-AKT, MAP2K3/p38, and WNT signaling pathways via competitive
binding to miRNAs, such as miR-96, miR-18, miR-21, miR-27a, and miR-590p [107-109].
The important role of miR-133b in the inhibition of tumorigenesis suggested its potential
application as tumor-suppressor miRNA [110,111]. In the study by Chen et al., thirty groups
of cervical tumor tissues and normal tissues were taken to illustrate that the expression of
LINC02381 was remarkably upregulated in cervical cancer tissues (p < 0.05). In addition,
patients with higher expression levels of LINC02381 had advanced tumor stage and lymph
nodes metastasis [112]. Data showed that LINC02381 promoted cell viability and migration
in cervical cancer cells through endogenous competition with miR-133b, which led to the
overexpression of its downstream protein, RHOA. Therefore, LINC02381 is considered a
novel target for the treatment of cervical cancer [112].

Prostate cancer gene expression marker 1 (PCGIEMT) is a prominent IncRNA that has
critical roles in the development and carcinogenesis of prostate cells [113]. PCGEM1 is
mapped to chr2q32, and plays an important role in the apoptotic response, proliferation,
colony formation, and progression of several types of cancers [114]. PCGEM1 acts as
an oncogenic factor in cervical carcinoma [115], NSCLC [116], prostate cancer [113], and
glioma [117] by acting as a ceRNA for miRNAs, such as miR-642a-5p, miR-433-3p, miR148a,
and miR-539-5p. Results of the study showed that the expression level of PCGEMT was
significantly higher in ovarian cancer tissues than in normal ovarian tissues (14 normal
ovarian tissue and 50 epithelial ovarian cancer tissue specimens; p < (.05) [118]. Further-
more, PCCEMT induced cell proliferation, migration, and invasion by targeting miR-129-5p
and modulating the expression of RHOA and its downstream effectors [118]. Alternatively,
the ability of miR-129-5p in the inhibition of ovarian cancer cell proliferation and survival
was defined previously, which highlighted the role of the PCGEM1 and miR-129-5p as the
treatment options in epithelial ovarian cancer [119].

Taken together, a list of the currently validated IncRNAs which are responsible for
sponging RITOA-targeting miRNAs could act as a reference resource. This represents
an extra layer of the complexity of the underlying mechanisms involved in RITO-driven
cancers, and provides a promising avenue for therapeutic intervention.
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1.2. RHOB-Related IncRNAs

Several studies have shown that RIIOA and RIOC positively contribute to tumor
promotion, but the distinct role of RITOB as a tumor suppressor or an oncogene in cancer
remains elusive [120]. Additionally, in contrast to RHOA and RHOC, RHOB localizes
not only at the plasma membrane but also on endosomes, multivesicular bodies, and in
the nucleus, which could contribute to its contrasting behaviors in cancer biology [120].
Some studies have indicated that the oncogenic role of RHOB in tumor formation acts by
inducing proliferation, angiogenesis, invasion, and migration [121-123]. On the other hand,
more recent investigation:.- have confirmed the duwnregu]atiun of RHOB in some tumors,
suggesting it has tumor suppressor activity [124,125]. IncRNA growth arrest specific 5
(GAS5), located at chrlq25.1, has been reported to have tumor suppressive activity in
multiple human cancers by modulating several cellular processes [126]. GAS5 can act
as a ceRNA to modulate the expression of many genes and their associated signaling
pathways. Bioinformatics analysis of complementary regions of GAS5 to miRNAs de-
termined 690 candidates, among which 234 miRNAs presented statistically significant
binding [127]. GAS5 suppresses miR-21, an oncogene in numerous solid tumors and
lymphoma, and FGI'1, a regulator of proliferation and apoptosis, so it can be considered
as a mediator of the GAS5/miR-21 axis [128]. In NSCLC, inhibition of GAS5 expression
resulted in chemoresistance due to the competition between GAS5 and PTEN for miR-21
binding, regarding the tumor-suppressor activity of PTEN as a negative regulator of the
AKT/PKB signaling pathway [129]. Furthermore, the capacity of GAS5 to bind to other
oncogenic miRNAs confirms the pivotal role of this IncRNA in the modulation of different
cancer-related genes [130-132]. Strikingly, regulation of RTIOB by GAS5 illustrates the
ability of this RNA molecule to be a modulator of the RHO GTPase family [53]. It was
discovered that miR-663a expression was remarkably elevated in both tissues and plasmas
of osteosarcoma patients [133]. In this regard, the CAS5 expression level was significantly
reduced (p < 0.001) in ostcosarcoma tissues (n = 20) compared with normal tissues (1 = 20),
and was negatively correlated with miR-663a expression. Morcover, it was found that
RHOB expression can be negatively modulated by miR-663a. Therefore, upregulation
of GAS5 and RITOB inhibited osteosarcoma cell proliferation, migration, and invasion
in vitro, while overexpression of miR-663a induced malignancy in these cells [53].

Overall, the wide range of potential interactions between miRNAs and RHO GT-
Pases, and IncRNAs such as GASS in various malignancies, provides new challenges and
opportunities for the development of new treatment options (Figure 2).

1.3. RHOC-Related IncRNAs

RHOC has been widely reported to act as a master regulator of actin organization [134].
It has been shown to impact the motility of cancer cells, is essentially involved in invasion
and metastasis, and contributes to carcinoma promotion in the breasts, pancreas, lungs,
ovaries, and cervix, among several others [135,136]. The most interesting discovery has
been its significant role in metastasis [137]. In addition, it has the ability to regulate
various other features, such as cell migration, adhesion, cell polarity, angiogenesis, motility,
invasion, metastasis, and anoikis resistance [138,139]. These findings suggest that RHOC
contributes to the plasticity required for cancer cells to display diverse functions based on
microenvironmental cues. Taken together, studies have also suggested that the inhibition
of RHOC through gene regulators such as IncRNAs may be a new therapeutic target to
abolish advanced tumor phenotypes.

Testis developmental related gene 1 (TDRG1) was first identified as a human testicular-
specific gene, and proved to be a key regulator in reproductive organ-related cancers [140].
This IncRNA is a 1.1 kb transcript located at chr6p212.1-p21.2 and spans 1.18 kb with
two exons and one intron. It encodes a 100 amino acid protein with unknown func-
tion [140,141]. TDRG1 was initially considered a key modulator in spermatogenesis and
sperm motility [142]. Additionally, it may be involved in the promotion of testicular germ
cell tumors [143]. Furthermore, as a modulator in reproductive organ-related tumors,
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TDRG1 was indicated to play a role in cell proliferation, migration, and invasion in en-
dometrial carcinoma [141,144] and epithelial ovarian carcinoma. It was recently reported
that TDRG1 is significantly overexpressed in bone marrow mesenchymal stem cells [145].
TDRG1 was found to be more highly expressed in (EOC) tissues than in normal ovarian
tissues (p < 0.05), and its downregulation inhibited EOC cell division, migration, and
division [146]. Studies have indicated that TDRG1 is a potential binding site for miR-93,
and upregulation of TDRCG1 represses miR-93 expression [146]. Moreover, downregulation
of TDRG1 decreased the expression of RHOC, p7056K, BCL-XL, and MMP2, which are
targets of miR-93. Other data indicated that serum levels of miR-93 (p = 0.0001) was down-
regulated in EOC patients compared with healthy women [147]. Taken together, these
results demonstrate that TDRGI could be an alternative therapeutic target in EOC or other
cancers through the inhibition of RHOC [146].

Among the characterized biomarkers, prostate cancer gene 3 (PCA3) is considered
one of the most promising for its diagnostic potential for the prediction of prostate biopsy
results and therapeutic outcomes [148]. PCAS (also known as DD3 or DD3PPCA3) is located
on chr9, and is transcribed into a noncoding prostate-specific RNA that is upregulated
60 to 100 times in tumor cells compared to normal prostate tissue [149]. The results of
another study showed that the expression level of IncRNA PCA3J in epithelial ovarian
cancer cell lines including BeWo cells, JEG-3 cells, and JAR cells was higher than that in
normal ovarian HTR-8 cells (p < 0.001) [150]. It was discovered that suppression of PCA3
expression in OC cells by siRNA transfection remarkably impeded cell division, migration,
and invasion [150]. While extensive exploration of miR-106b-5p has determined opposite
functions involved in different cancer cell biological behaviors, its tumor-suppressor ac-
tivity in epithelial ovarian cancer tissues was observed [151]. Bioinformatics analysis and
dual-luciferase reporter assays reported that PCA3 had potential binding sites for miR-
106b-5p. Thus, PCA3 could function as a molecular sponge and prevent miR-106b-5p from
binding to its targets. Knockdown of IncRNA PCA3 by siRNA resulted in overexpression
of miR-106b and downregulation of RAS, RHOC, BCL/XL, p7056K, and MMP2, which are
targets of miR-106b [150].

Recognition of TDRG1 and PCA3 as the two positive regulators of RHOC with the ever-
increasing number of other RHO GTPase-specific IncRNAs strongly indicates their potential
contribution with the entire process of RHO GTPase-driven carcinogenesis (Figure 2).

1.4. RAC1-Related IncRNAs

RAC1 plays diverse roles in dynamic cell biological processes, including cell survival,
cell-cell contacts, cell motility, EM'T, and cell invasiveness [152]. Proper function of RAC1
is provided through precise regulation by regulators and downstream effectors and their
modifications to its specific accumulation and subcellular localization [2,24]. Hence, any
disturbances in each step of regulation produce critical changes to the expression and
activity of RACT, which in many cases can lead to cancer progression and metastasis. To
date, overexpression of RAC1 has been observed in breast cancer [153], while its mutations
have been identified in prostate [154], testicular [155], melanoma [156], and NSCLC can-
cers [157]. Hence, it is obvious that the number of RACIT mutations and the mechanism of
perturbations in RAC1 expression should be clearly studied to design new drugs for cancer
patients. One of the regulatory mechanisms involved in the regulation of RAC1 expression
is the sponging effect of IncRNAs, including CDKN2B-AS1, AURKAPS1, LCATI, LSINCTS,
TP73-AS1, FTH1P3, and XIST (Figure 2).

Cyclin-dependent kinase inhibitor 2B antisense RNA 1 (CDKN2B-AS1), also known
as ANRIL, is located at the INK4 locus in the antisense direction of the CDKN2A and
CDKN2B genes, and has epigenetic regulation of these nearby genes by recruiting the poly-
comb repressor complex 1 and 2 [158,159]. CDKN2B-AS1 is an oncogenic IncRNA that is
upregulated in many cancerous tissues, such as ovarian cancer [160], bladder cancer [161],
laryngeal squamous cell cancer [162], HCC [163], cervical cancer [164], and NSCLC [165].
The overexpression of CIDKN2B-AST correlated with cell invasion, proliferation, tumor
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metastasis, and inhibition of apoptosis and senescence [166]. Various articles have shown
that CDKN2B-AS1 could interact with miRNAs, such as miR-181a-5p [166], let-7c-5p [167],
miR-143-3p [160], miR-122 [168], and miR-378b [16Y], to regulate cancer progression. Das-
gupta ct al. found that CDKN2B-ASI expression as an oncogenic IncRNA increased from
lower grade and stage to higher grade and stage in renal cell carcinoma based on the
TCGA-KIRC (normal = 72, tumor = 518), TCGA-KICII (normal = 25, tumor = 66), and
TCGA-KIRP (normal = 30, tumor = 197; p < 0.05) databases. Morcover, higher expres-
sion was significantly (p < 0.0001) correlated to overall survival. CDKN2B-AS1 targeted
miR-141 to induce tumor progression and metastasis in renal cell carcinoma via the cyclin
D/RAC1/paxillin network. Strikingly, cyclin D1 and D2 were direct targets of miR-141,
which could regulate RAC1 and phospho-paxillin expression and contribute to EMT [170].

AURKAPSI is the pseudogene of AURKA (Aurora Kinase A), and it is a protein-
coding gene located on chrl in the intron of the RAB3GAP2 gene. Compared with the
AURKA gene, AURKAPSI has the absence of a 359-560 coding sequence region, and
differences in the 3'-terminal nucleotide sequence and nucleotide mutations. To date, the
function and abnormal expression of AURKAPSI in cancerous tissties have been reported
in few articles [171]. Li et al. reported that AURKAPS] expression in 124 cases of HCC
tissues was significantly higher than in adjacent normal liver tissues. Additionally, the
expression level of AURKAPS1 was positively correlated with tumor size (p < 0.006) and
TNM stage (p < 0.046), confirming its carcinogenic role [171]. AURKADS] increased HCC
cell migration and invasion through competitive binding to miR-142, miR-155, and miR-
182, promoting the expression of their target RAC1. Although the high expression of
miR-182-5p and miR-155 correlated with poor prognosis and acceleration of liver cancer
cell growth, the inhibition of metastasis for miR-142 has been reported in HCC [171-173].
Henece, AURKAPST and its corresponding miRNAs could be considered appropriate cancer
biomarkers to provide a promising therapeutic strategy for human liver cancer [171].

For the first time, Yang et al. introduced lung cancer-associated transcript 1 (LCAT1)
as a novel IncRNA that does not have protein-coding capacity [174,175]. LCATI, located
at chr2g31.1, is 896 bp in length and contains one transcript with three exons. Analysis of
RNA-seq data of 485 lung adenocarcinoma tissues and 56 adjacent normal tissues from
TCGA, and qPCR results of 25 paired lung adenocarcinoma tissues and corresponding
adjacent normal tissues was performed. Data revealed that LCAT1 expression was elevated
in lung cancer tissues in comparison to normal tissues (p < 0.001), so it could promote cell
proliferation, migration, and invasion [175]. In these cells, LCAT1 indirectly upregulated
RACT and its downstream effector, PAK1, through competitive binding to miR-4715-
5p [175]. Similarly, it was found that HOTAIR as a ceRNA for miR-4715-5p promoted
the cell growth, migration, and invasion [176]. Accordingly, the LCAT1-miR-4715-5p-
RAC1/PAK1 axis could be a specific target for the treatment of lung cancer patients with
LCAT1 overexpression in their cancer cells [174].

LSINCT5 (long stress-induced noncoding transcript) is an intergenic IncRNA lo-
cated at chr5:2,765,705-2,768,351 between the IRX4 and IRX2 genes. LSINCT5 is a 2.6-kb
polyadenylated transcript, and is transcribed from the negative strand by RNA Polymerase
I [177]. Numerous studies have shown that LSINCT5 could be implicated in cancer
development and has critical roles in metastasis, proliferation, and apoptosis of cancerous
cells. Bladder cancer [178], osteosarcoma [174], endometrial carcinoma [180], gastrointesti-
nal cancer [181], and breast and ovarian cancers [177] are among the cancers in which
LSINCTS plays significant roles in their progression. Liu et al. demonstrated that LSINCT5
expression in 56 glioma tissues was remarkably higher than that in 16 normal samples
(p <0.001) [182]. Knockdown of IncRNA LSINCT5 in human glioma cells triggered cell
apoptosis and suppressed cell viability, migration, and invasion. LSINCT5 knockdown led
to miR-451 overexpression and RAC1 downregulation, inhibiting the PI3K/AKT, WNT/3-
catenin, and NFkB pathways [182]. Strikingly, downregulation of miR-451 in gliomas has
been suggested by several different research groups with the role in suppression of cell
growth, proliferation, and induction of cell apoptosis [183].
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p73 antisense RNA 1 (TP73-AS1), also known as KIAAD495 or PDAM, is transcribed
from chrlp36, and has an approximately 216 bp overlap with the TP71 gene located on
the opposite strand [184]. Many studies have revealed that TP73-AS1 has a critical role
in the development of different cancers [185]. Tumor-node-metastasis stage, tumor size,
lymph node metastasis, and prognosis are among the clinicopathological characteristics
associated with abnormal TP73-AS1 expression. Moreover, TP73-AS1 could participate in
the promotion of cancer cell proliferation, invasion, and metastasis as well as the inhibition
of apoptosis [184]. In some cancers, this IncRNA could act as a ceRNA to prevent the
degradation of mRNA [186-190]. For example, Yang et al. reported the significant higher
expression of TP73-AS1 in 46 primary osteosarcoma tissues in comparison with their
matched adjacent normal bone (p < 0.05). In this study, the overexpression of TP73-AS1
could facilitate osteosarcoma cell proliferation and invasion in vitro, as well as tumor
growth in vivo through competitive binding to miR-142, which could thereby positively
regulate RAC1 protein [191]. Moreover, the significant effect of miR-142 on suppression of
proliferation and induction of apoptosis for osteosarcoma cells has been recognized [192].

FTH1P3 (ferritin heavy chain 1 pseudogene 3, NR_002201) is considered a mem-
ber of the FIIC gene family. It is approximately 954 nucleotides in length, and located
on chr2p23.3 [193]. FTH1P3 is a newly identified IncRNA in cancer cells, and its over-
expression in cancer cell lines and tissues has been demonstrated by several studies.
FTHIP3 can promote cell proliferation, migration, invasion, and tumor progression in
uveal melanoma [194], oral squamous cell carcinoma [193], laryngeal squamous cell carci-
noma [195], cervical cancer [196], and NSCLC. Zheng et al. reported that the expression
level of FTH1P3 was upregulated in uveal melanoma cell lines (C918, MUM-2B, OCM-1A,
and MUM-2C) compared to that melanocyte cell line (D78). Similarly, in 25 uveal melanoma
patient samples, a higher expression of FTH1P3 was observed than in the 25 normal sam-
ples (p <0.01) [194]. In addition, it was indicated that the upregulation of 'TH1P3 targeted
miR-224-5p in uveal melanoma, and caused an increase in the expression of RAC1 and
Fizzled 5, which are direct target genes of miR-224-5p. Particularly, other studies proved
that miR-224-5 contributed to the proliferation, invasion, and migration of uveal melanoma
cells by regulating the expression of PIK3R3 and AKT3 [197]. As a result, 'TH1I’3 has a
critical role in uveal melanoma progression, and could be a potential therapeutic target for
uveal melanoma [194].

One of the first IncRNAs identified to be involved in the epigenetic processes was
X-inactive-specific transcript (XIST). The XIST gene is located in the X chromosome inactiva-
tion center of chrXq13.2, and was discovered in carly 1990 [198]. XIST has an indispensable
role in the X-chromosome inactivation (XCI) process for dosage compensation of sex chro-
mosomes between males (XY) and females (XX) [199]. Despite its original role in XCI, XIST
also participates in the regulation of cell growth and development as well as the progres-
sion of tumors and other human discases, such as Alzheimer’s [200], acute myocardial
infarction [201], cardiac morbidities [202], myocardial infarction [203], and acute kidney
injury [204]. Many studies have demonstrated the aberrant expression of XIST in cancer
cells and tissues, and revealed the association of XIST with tumorigenesis, metastasis, and
cell apoptosis. Bladder [205], breast [206], colorectal [207], lung [208], melanoma [209],
gastric [210], and ovarian cancers [211] as well as osteosarcoma [212] and glioma [213]
are all among these cancers with aberrant expression of XIST. Data revealed that XIST
expression was dramatically upregulated in 30 glioma tissues compared with 18 normal
brain tissues, and was positively correlated with tumor grade (p < 0.05) [214]. Its function
as a ceRNA is one of the most common mechanisms by which XIST contributes to cancer
promotion [215]. For instance, in glioma, IncRNA XIST modulated RAC1 expression by
functioning as a ccRNA of miR-137, which led to cell proliferation. While in glioma, the
antiapoptotic capability of tumor cells has been associated with disease progression and
therapy resistance, and it has been shown that miR-137 could induce apoptosis in cancer
cells [216]. Thus, it was revealed that the XIST-miR-137-RACI pathway regulatory axis
could be a therapeutic target in the treatment of glioma [214].
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Collectively, these data suggest that dysregulation of network corresponding RACT,
miRNAs, and oncogenic IncRNAs needs to be carefully examined to increase our under-
standing about potential oncogenic drivers associated with the RITOC-related tumorigene-
sis (Figure 2).

1.5. CDC42-Related IncRNAs

CDC42, a prominent member of the RHO subfamily, is connected with cytoskeletal
dynamics, cell shape, cell polarity, cell eycle progression, division, invasion, migration, and
metastasis [19]. Its significant role as a regulator of numerous cellular processes indicates its
involvement in the promotion of many human cancers [217,218]. CDC42 is connected with
the tumorigenesis and promotion of esophageal squamous cell carcinoma (ESCC) [219,220].
Upregulation of CDC42 may induce HCC proliferation and metastasis, while miR-195
was shown to inhibit metastasis of HCC by suppressing CIDC42 expression [221]. More-
over, it was reported that miR-29, as an invasion suppressor, downregulates CIDC42 in
gliomas [222]. It was also found that CIDC42 could promote cellular invasion and metas-
tasis in breast and colon cancers [223]. The ability of several IncRNAs to regulate RHO
GTPases through their sponging activity has been reported. In this regard, MALATI is
recognized as one of these IncRNAs because it increased the expression of CDC42 via
miR-1 sponging [224]. ZFASI is another IncRNA considered to be a molecular sponge
for miR-509-3p with a regulatory effect on CDC42 [225]. There are also other types of
CDC42-related IncRNAs that are explained in the following sections (Figure 2). On the
basis of the remarkable role of CDC42 in the processes underlying tumor formation, newly
recognized regulatory mechanisms for CDC42 and CDC42-related signaling pathways,
such as IncRNAs, may inhibit the process of neoplastic transformation by impeding the
abnormal overexpression of CDC42.

119 is an imprinted gene in the 11p15.5 region, and is expressed exclusively from
the maternal allele. Overexpression of H19 in cancer cell lines and sample patients and
its oncogenic activities have been demonstrated by several studies [226]. Functionally,
119 mainly acts as a molecular sponge or ceRNA of its diverse miRNA targets, such
as miR-874, miR-675, miR-200, miR-107, miR194, miR-130a, miR196b, miR-193b, and
let-7b, and it modulates the expression of many genes, resulting in multiple functions
in the regulation of different cellular processes [227-234]. Thus, its role as the critical
regulator of many targeted genes indicates its definite association with the development
and progression of many human tumors [235,236]. For instance, overexpression of H19
in samples of primary HCCs (1 = 46) and in comparison with the adjacent normal liver
tissues (n = 46) was observed [237]. Strikingly, while 1119 and CDC42 were overexpressed,
miR-15b was downregulated in HCC cells and tissues [237]. The high expression of miR-
15b-5p has been revealed to play an essential part in hepato-carcinogenesis through diverse
regulation approaches [238]. 1119 knockdown suppressed proliferation, migration, and
invasion and increased apoptosis, which was rescued by a miR-15b inhibitor. In addition,
H19 knockdown inhibited the CDC42/PAK1 pathway and EMT progression, providing a
deeper understanding of the miR-15b/CDC42/PAK1 axis and the regulatory effects of H19
in HCC carcinogenesis [237].

Taurine upregulated 1 (TUG1) is a novel IncRNA with 7598 nucleotides. It is localized
to chr22q12.2, and it is associated with tumorigenesis [239]. In recent years, TUGI has
been shown to be abnormally expressed in multiple types of cancers and plays crucial
regulatory roles in various cancer-associated biological processes, such as the regulation
of cell proliferation, apoptosis, differentiation, angiogenesis, invasion, metastasis, and
drug resistance [239,240]. A recent publication showed that in 27 paired ESCC tissues
and adjoining normal esophageal tissues, TUG1 was conspicuously upregulated in cancer
samples (p < 0.0001), and high TUG1 expression was correlated with tumor size (p = 0.032),
TNM stage (p < 0.001), and lymph node status (p < 0.001) [241]. Therefore, enhanced TUGI
expression might be related to the development of ESCC. This IncRNA exerts its function
via several molecular mechanisms mainly by acting as a ceRNA to sponge various miRNAs.
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An increasing number of studies have demonstrated that the sponging activity of TUG1
as an oncogenic IncRNA has been implicated in many human malignancies [242-244].
Whereas overexpression of miR-498 in ESCC cell lines induced remarkable reductions of
cell proliferation, the decrcase in TUG1 reduced C1DC42 expression by binding to miR-498,
resulting in silencing of the proliferation and invasion of ESCC [245]. Importantly, the
increase in proliferation and invasion induced by miR-498 reduction was improved by
CDC42 overexpression, indicating that TUG1 could be a potential therapeutic target for
ESCC [241].

The IncRNA small nucleolar RNA host gene 1 (SNIGI) is reported to increase cell pro-
liferation, migration, and invasion in different cancers, including 11CC [246,247], cervical
cancer [248], prostate cancer [249], and non-small cell lung cancer [250]. Determination of
the expression level in 36 esophageal cancer (EC) tissue samples and paracancerous tissues
were obtained, revealing that SNHG1 was significantly upregulated in EC (p < 0.01) [251].
However, few studies have evaluated the role of SNTIG1 in cell migration and invasion
in EC. It was reported that decreased expression of miR-195 played a regulatory role in
promoting the pathogenesis of the EC [252]. While SNHG1 and CDC42 were significantly
upregulated, miR-195 was remarkably repressed in both EC tissues and cell lines. Addi-
tionally, the suppression of either SNHG1 or CDC42 led to inhibition of cell proliferation,
migration, and invasion. However, the inhibition of miR-195 resulted in the promotion of
cell proliferation, migration, and invasion, and reversed the effects of si-SNHG1 [251].

Small nucleolar RNA host gene 15 (SNHG15) is a typical IncRNA that has been re-
vealed to be upregulated as a tumor facilitator in NSCLC [253], CRC [254,255], breast
cancer [256], pancreatic cancer [257], and GC [258]. Mechanistic investigation found that
SNHG15, as the molecular sponge of miR-200a-3F, upregulated YAP1 as an oncogene and
led to induction of the Hippo signaling pathway [259]. The results of another study indi-
cated that SNHG15 is highly expressed in glioma vascular endothelial cells (p < 0.05), while
its knockdown suppressed cell proliferation, migration, and tube formation in vitro [260].
Moreover, knockdown of SNHG15 reduced the expression of VEGFA and CDC42, which
are promoters of angiogenesis. Additional analysis confirmed that SNHG15 affected en-
dothelial cell function by targeting miR-153 as a negative regulator of CDC42 and VEGFA.
The tumor-suppressor activity of miR-153 was determined in another study through the
reduction of stem cell-like phenotype and tumor growth of lung adenocarcinoma cells [261].
Therefore, SNHG15 and its target miR-153 could serve as new potential therapeutic targets
for the antiangiogenic treatment of glioma through the downregulation of CDC42 [260].

Data summarized here demonstrate a strong rationale for targeting CDC42-related
regulator IncRNAs as a potential therapeutic approach to control various cancer-related
biochemical processes (Iigure 2).

2. Indirect Regulatory Effects of IncRNAs on RHO GTPases

The on and off states of the RHO GTPases is directly regulated by three specific classes
of regulator families, consisting of multiple different members (Figure 1) [2]. IFurthermore,
the capacity of RHO GTPases to mediate a wide range of intracellular signaling pathways
is attributed to their connection with their diverse downstream targets, called effector pro-
teins [2]. To date, more than 70 potential effectors as the kinases or scaffolding proteins have
been identified for RHO GTPases [262,263]. Kinases are recognized as an important class of
RHO effectors, and result in downstream phosphorylation signal transductions [264]. The
second group of effectors comprise of scaffolding proteins, which probably form a frame-
work contributed in signaling cascades, particularly through reorganization of filamentous
actin dynamics [265,266].

In addition to direct regulation of Rho GTPases themselves, IncRNAs as ceRNAs are
also indirectly involved in modulation of RHO GTPases by targeting their regulators (GAPs,
Glil's, and GDIs) and effectors. Upregulation of CTC-4971:21.4 (also known as LINCD0958)
in GC tissuc promoted cell proliferation, invasion, and metastasis by sponging miR-22,
and subsequently induced the expression of NET1 [41]. Interestingly, NET1 activates as a
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RHOA-specific GEF RHOA signaling pathway. Thus, CTC-497E21.4/miR-22 /NET1 can
be referred to as an indirect modulatory axis of RIIOA-mediated signaling [41]. Rho-
associated coiled-coil containing kinases (ROCKI and ROCKII) act as RTIOA effectors in
the regulation of cellular contraction, motility, morphology, polarity, gene expression, and
cell division [267]. An elevated expression of MALAT1 was observed in osteosarcoma
patients, and correlated with poor prognosis. Downregulation of MALAT1 as a ceRNA for
miR-144-3p inhibited tumor cell invasion by reducing the expression of ROCKI/ROCKII in
osteosarcoma cells [268]. The modulatory effects of IncRNAs on RHO GTPase regulation
and signaling adds another level of complexity and stringency to existing regulatory
frameworks and control mechanisms that require further investigation.

3. Epigenetic Regulation of RHO GTPases by IncRNAs

It is now clear that perturbations of epigenetic regulation are a key feature of many
ncoplastic transformations [269]. In the nucleus, different IncRNAs play a vital role as
the key regulators of the epigenctic status of protein-coding genes. In fact, of the diverse
array of functions assigned to IncRNAs, one attractive perspective is the direct interaction
between IncRNAs and epigenetic modifiers to modulate chromatin conformation [270]. Re-
cruitment histone-modifying machineries, such as writers, readers, and crasers of histones
to the specific subnuclear domains and genetic loci, result in the fine-tuning of chromatin
structure [271]. Many researches have established that EZH2 functions as an inhibitor
of RNA transcription by histone modification; namely, I13K27me3. It was found that
TUGTI represses the expression of RND3, one atypical member of the RITO family [14,36],
through recruitment of EZI12 protein to the RND3 promoter regions and modification
of [13K27me3 [239]. Based on another paradigm, IncRNAs could be involved in modi-
fication of nuclear architecture and the three-dimensional genome structure. Therefore,
orchestrating chromatin folding and compartmentalization to direct enhancer-promoter
communication shapes the outcomes of gene transcription [272]. Another mechanistic
layer of IncRNAs-mediated epigenetic alternations is associated with alternative splicing.
Interaction between IncRNAs and splice-regulatory factors may influence the processing
of pre-mRNA, and thus of selecting the alternative transcript isoforms [273]. Interestingly,
IncRNAs are not only recognized as the master regulators of the genome epigenetics, but
also as the targets of epigenetic modifiers [274]. It has been demonstrated that modified
transcripts of IncRNAs, such as their N6-Methyladenosine (m6A) residues, are associated
with cancer progression [275]. For instance, m6A-modified transcripts of GAS5, as one of
the regulators of RHOB, induced phosphorylation and subsequently ubiquitin-mediated
degradation of YAP, leading to the inhibition of malignant transformation [276]. m6A
reader YTHDF'3 facilitates the degradation of m6A-modified IncRNA GAS5 and thus con-
tributes to cancer development. In conclusion, IncRNAs act as regulators and targets of
epigenetic factors, which establishes a cross-regulating network in tumors and unveils a
novel dimension of cancer biology.

4. IncRNAs as Novel Therapeutic Targets

The well-established role of the IncRNAs in different diseases provides a theoret-
ical basis to utilize IncRNAs as pharmacological targets. Recent progress in the gen-
cration, purification, and cellular delivery of RNAs have enabled the development of
RNA-based therapeutics, including small interfering RNAs (siRNAs), antisense oligonu-
cleotides (ASO), aptamers, microRNAs, and messenger RNAs. SiRNAs complementary to
the target IncRNAs recruit the RNA-induced silencing complex (RISC) and induce IncRNA
degradation [277-280]. Antisense oligonucleotides, which are chemically synthesized
short single-stranded DNA sequences with 15-20 nucleotides, can bind to complemen-
tary RNA and provoking RNA degradation or inhibit translation [281]. Application of
specific ASO technology, including peptide nucleic acids (PN As), phosphorodiamidate mor-
pholino oligomers, and locked nucleic acids (LNA) for IncRNA-targeted therapy has grown
rapidly, indicating their clinical prospects [282,283]. Particularly, the most recent third
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generation ASOs, including PNAs with modified nucleotides, are often used for targeting
IncRNAs [284,285]. According to specific cellular localization of IncRNAs in the nucleus
or the cytoplasm, some therapeutic strategies could be applied for more effective IncR-
NAs targeting. In this regard, ASOs and siRNAs can more effectively inhibit nuclear and
cytoplasmic IncRNAs, respectively. More efficiently, for IncRNAs with dual cellular or un-
certain localization, a combination targeting strategy using both ASO and siRNA has been
shown to be successful [286,287]. The CRISPR/Cas9 system as an alternative RNA-based
therapy with successful results has stimulated research into IncRNA-targeting [288,289].
In addition to nucleic acid-based therapeutic technologies, small-molecule compounds
have been proven to be effective entities to disrupt IncRNA spatial secondary and tertiary
structures or IncRNA-protein interactions [290,291]. Recently, a number of studies have
demonstrated that plant-derived natural compounds have a credible regulatory effect on
IncRN As; however, the lack of accurate targets and mechanisms is a limitation of phyto-
chemicals [292]. In the past few years, approval of ASO and siRNA-based therapies by the
I'DA have led to clinical breakthroughs [293]. Primary results are conceivable that targeting
IncRNAs provides a plethora of opportunities in the near future for precision medicine. For
instance, studies into mitochondrial IncRNAs {mtlncRNAs) have progressed rapidly, and
to this end, the I'DA has approved a clinical trial of Andes-1537, a short single-stranded
phosphorothioate ASO. This type of ASO binds to the antisense non-coding mitochon-
drial RNA (ASncmtRNA), and it is under clinical investigation for the targeted therapy
of solid tumors, including a phase [ clinical trial of the patients with advanced metastatic
cancer (NCT02508441). The clinical results of phase I confirmed that Andes-1537 was
well-tolerated. In addition, another clinical trial of Andes-1537 for different solid tumors
(NCT03985072) was started last year [294]. Taken together, the application of IncRNAs as
pharmacological targets has reviewed the transition of IncRNAs from the role of discase
coding to acting as drug candidates, providing new insights into the treatment of diseases.
Another therapeutic strategy is based on enzymatic DNA (DNAzymes), which exploits
the catalytic capabilities of DNAzymes to cleave target RNAs, such as mRNAs and IncR-
NAs, with exceptional selectivity [295]. In contrast to gene-editing approaches, such as
CRISPR/Cas9, DNAzymes do not permanently modify the genome, and enable a transient
and dose-dependent reduction of the target-RNA levels. In contrast to miRNA, siRNA, or
ASQO, DNAzymes are self-sufficient catalysts that do not depend on cellular proteins. This
strategy might provide eminent advantages over existing approaches, including effective
responses to emerging drug resistances and the fast development of personalized drugs.

5. Conclusions and Future Directions

The RHO family GTPases, as signal transduction elements, plays vital roles in several
central biological processes that are remarkably essential for the maintenance of cellu-
lar homeostasis, and any perturbation of their signaling function causes diverse human
diseases, especially cancer progression and metastasis [17-20]. Hence, comprehensive
studies on different aspects of RHO GTPase structures, functions, and interactions as well
as their mechanisms of regulation could help us to find new selective therapeutic strate-
gies for cancer treatment. Among the various regulatory actions in live cells, IncRNAs
orchestrate diverse fundamental processes, such as gene expression, epigenetic regulation,
genomic imprinting, chromosome organization, allosteric regulation of enzyme activity,
and miRNA sponging [296]. Determination of the modulatory mechanisms of IncRNAs
concerning the RHO GTPase signaling pathways is anticipated to substantially expand
our knowledge about the mechanisms of cancer progression. The role of IncRNAs as
molecular sponges of miRNAs that target RHO GTPases should be further studied. Itis
worth mentioning that mercly a limited assortment of well-known IncRNAs have been
functionally characterized. However, growing evidence of their engagement in diverse
human diseases and malignancies makes these transcripts versatile therapeutic targets for
RNA-based therapeutic strategies [297]. In this review, we concentrated on the sponging
effect as an approach for RITO GTPase downregulation. Since the majority of IncRNAs
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are expressed in a highly cell- or tissue-specific pattern, they may be efficient therapeutic
targets for cancer therapy. Nevertheless, several questions remain to be addressed: (i) [How
many IncRNAs are functionally and clinically related to RTIO GTPase-driven cancers? (ii)
How can systematic genomic and functional approaches be developed to discover the
roles of IncRNAs in the initiation and progression of RIO GTPase-mutant cancers? (iii)
How can we incorporate genomic and transcriptomic data from cancer patients with RI1O
GTPase mutations to establish a IncRNA discovery pipeline to progress preclinical studies
to clinical practice? (iv) How can we confirm that the tissue-specific expression of IncRNAs
represent therapeutic candidates for tissues with a higher rate of RI10 GTPase mutations?

Furthermore, various studies should be carried out to increase our understanding of
the intricacies of RITO GTPase regulation with regard to IncRNAs that would be considered
therapeutic targets: (i) A small number of RHO family small GTPases, such as RHOA,
RAC1, and CDC42, have been well studied thus far, but there is a crucial demand to
investigate the functions of other less-characterized members as well as their mechanisms
of regulation. (ii) Apart from discovering more IncRNAs with sponging effects on miRNAs
targeting RHO GTPases, a comprehensive study should be performed on the regulatory
IncRNAs of RHO GTPase regulators, such as GDIs, GEFs, and GAPs (Figure 1). (iii) In
addition to the investigation of the mechanisms of regulation of IncRNAs, the oncogenic or
tumor-suppressing effects of proteins/peptides encoded by these noncoding RNAs should
be clarified. (iv) The ability to target RHO GTPase-related oncogenic IncRNAs via diverse
strategies, including gene-editing methods—e.g., CRISPR-Cas9 technology, nucleic acid-
based drugs, catalytic degradation by ribozymes or DNAzymes, small molecule inhibitors,
synthetic IncRNA and miRNA mimics, and targeting the secondary and tertiary structures
of IncRNAs—should be investigated. (v) To find new drugs for abnormal RHO GTPase
activity, the possible interactions of IncRNAs with their associated proteins, which could
form ribonucleoprotein complexes, should be studied.

IncRNAs as the pharmaceutical targets provide a plethora of opportunities in the
future. In fact, therapeutic approaches which are on the basis of the gene therapy to treat
disease by artificially regulating gene expression are called “third generation” of clinical
drugs. This kind of treatment is promising for controlling diseases at the genetic level, and
is able to overcome the drawbacks of biological incompatible proteins. From the outlook
of the clinical breakthrough in targeted mRNA drugs and the progressive recruitment for
clinical trials of miRNAs, it is now conceivable that targeting IncRN As will probably play a
critical role in gene therapy in the near future. Although the significant role of the IncRNAs
in the tumorigenesis and its potential clinical application in future is bright, some concerns
and questions remain. The fundamental researches on the function of druggable IncRNAs
and the potential downstream responses are insufficient currently; therefore, unexpected
outcomes and inappropriate pathological effects may occur when IncRNA-targeted drugs
arc used clinically. Morcover, highly specific targeting methods and delivery systems
development are required to guarantee that only the selected IncRNA is affected. Due
to the insufficient data on clinical trials, the efficacy and safety of IncRNA drugs in hu-
mans remain undetermined. Therefore, further advances in IncRNA-targeted drugs are
distinctly dependent on the in-depth basic rescarch into the function and mechanisms of
IncRNAs. In this regard, the diverse mode of the action repertoire of IncRNAs reveals
various opportunities for their targeting. Importantly, there has been an identification of
plenty of modified residues in IncRNA transcripts, indicating the epigenetic regulation
of IncRNAs and its potential effects on cancer progression. For instance, m6A-modified
transcripts of GAS5, as one of the regulators of RIIOB, induced phosphorylation and
subsequently ubiquitin-mediated degradation of YAF, leading to the inhibition of malig-
nant transformation [276]. Exploitation of high-throughput methods—such as chromatin
RNA in situ reverse transcription sequencing (CRIST-seq) for identification of IncRNAs
within the regulatory elements of genes, and RNA immunoprecipitation, crosslinking, and
immunoprecipitation (CLIP), as well as RNA pull-down techniques for discovering the
interaction between proteomes and IncRNAs—will uncover more important roles and new
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mechanistic insights. An interesting progression is the detection of natural antisense tran-
scripts (NATs): IncRNAs that are transcribed in the antisense direction to coding genes, and
negatively regulate them in cis. ASOs that target NATS, called ‘antagoNATs’, have indicated
very encouraging preclinical results for gene reactivation in the central nervous system.
Such brilliant developments confirmed that the establishment of IncRNA-based therapeu-
tics into clinical testing is imminent. In the case of the RIIO GTPase-related IncRNAs,
results showed that the subcutancous delivery of MALAT1 phosphorothioate-modified
ASQO successfully suppressed primary tumor differentiation. From the perspective of the
clinical benefits in RIO GTPase-related anti-IncRNA plant-derived natural compounds,
credible anti-cancer activity of curcumin was reported through its downregulatory effect on
[119. Tissue specific expression of several IncRNAs have also created remarkable treatment
opportunities, including therapeutic manipulation of IncRNA promoters. Administration
of a plasmid (BC-819) carrying the gene for diphtheria toxin under the regulation of the
IT19 gene promoter was utilized to investigate its anti-tumor responses in various solid
tumors. A phase 1/l clinical trial of intravesical BC-819 in patients with invasive bladder
cancer has revealed mild and local toxicity along with complete and partial response rates
of 22% and 44%, respectively. Therefore, the highly selective expression of various IncRNAs
prompts the assessment of using tissue or cell-type specific IncRNA promoters to induce
cytotoxic effects in disease-related cells.

Finally, a significant challenge that has not been well explored is the illumination of
the gap in knowledge of spatiotemporal regulation of signal transduction and RHO GTPase
activity to specifically explain the interaction of RHO GTPases with their distinct effectors
and regulators. Among these regulatory mechanisms, the roles of accessory proteins and
noncoding RNAs, particularly IncRNAs, in the spatiotemporal regulation of cell signaling
should be fully investigated. The clarification of these important issues not only leads to
the explanation of many aspects of RHO GTPase activity and their signaling pathways,
but also prompts the discovery and development of novel drugs against various diseases,
specifically cancer.
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GDIs GDP dissociation inhibitors

GEFs guanine nucleotide exchange factors
GADPs GTPase-activating proteins

microRNA miRNA

IncRNAs long non-coding RNAs

CeRNAs competing endogenous RNAs

NSCLC non-small cell lung cancer

GC gastric cancer

MALAT1 metastasis associated in lung adenocarcinoma transcript 1
PDAC pancreatic ductal adenocarcinoma cells
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RBPs RNA-binding proteins

EMT epithelial-to-mesenchymal transition
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PCAT6 prostate cancer-associated transcript 6
PCGEM1 prostate cancer gene expression marker 1
GAS5 growth arrest specific 5

TDRG1 testis developmental-related gene 1

EOC epithelial ovarian cancer

PCA3 prostate cancer gene 3
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TUG1 taurine upregulated 1

SNHG1 small nucleolar RNA host gene 1

EC esophageal cancer

SNHG15 small nucleolar RNA host gene 15

M6A N6-Methyladenosine (m6A).
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Abstract: The p21-activated kinase (PAK1), a serine/threonine protein kinase, is critical in
regulating various cellular processes, including muscle contraction, neutrophil chemotaxis,
neuronal polarization, and endothelial barrier function. Aberrant PAK1 activity has been
implicated in the progression of several human diseases, including cancer, heart disease,
and neurological disorders. Increased PAK1 expression is often associated with poor clinical
prognosis, invasive tumor characteristics, and therapeutic resistance. Despite its impor-
tance, the cellular mechanisms that modulate PAK1 function remain poorly understood.
Accessory proteins, essential for the precise assembly and temporal regulation of signaling
pathways, offer unique advantages as therapeutic targets. Unlike core signaling compo-
nents, these modulators can attenuate aberrant signaling without completely abolishing
it, potentially restoring signaling to physiological levels. This review highlights PAK1
accessory proteins as promising and novel therapeutic targets, opening new horizons for
discase treatment.

Keywords: PAK1; p21l-activated kinase; accessory proteins; scaffold proteins; adaptor
proteins; o/ BPIX; CKIPT; GIT1; GRBZ; NCKT1; paxillin; RIT1; accessory inhibitors; merlin;
nischarin; PAK1P1

1. General Introduction

PAK1 is a key member of the PAK family of serine/threonine protein kinases, which
consists of type I (PAK1-3) and type Il (PAK4-6} PAKs, each with distinct regulatory
mechanisms. As an effector of the RIIO GTPases RACT and CDC42 [1], PAK1 plays a pivotal
role in cellular processes related to cytoskeletal remodeling, including cell contraction,
adhesion, motility, and polarity [2-6]. Once activated, PAK1 controls multiple proliferation
and survival pathways, including MAPK, AKT, Wnt/3-catenin, and NF-kB [4]. Importantly,
the PAK1 function is tightly regulated by its precise spatiotemporal localization at the
plasma membrane, which depends on its recruitment and activation [7].

Amplification of the PAK1 gene and high levels of PAK1 protein are often associated
with poor clinical prognosis, invasive tumor characteristics, and resistance to therapy [4,8,9].
Mutations in upstream GTPases, such as RACT [10], RAC2 [11], and RAS [12], can lead
to the hyperactivation of PAKI, linking oncogenic signaling to phenotypic changes in
cancer cells. In addition to cancer progression, PAK1 functions have been implicated in
aging, neurodevelopmental disorders, liver disease, immune system abnormalities, and
cardioprotection [13-18]. Given these diverse roles, exploring novel strategies to inhibit
PAK1 is critical, particularly in light of the genetic evidence and the observed acute toxicities
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associated with various types of PAK1 inhibitors. The next sections will discuss several
aspects of PAK1 regulation, modulation, and functions.

2. Mechanism of PAK1 Activation

PAKT1 is activated by the CDC42 and RAC groups of small GTPascs through scveral
upstream signals, including estrogen, insulin, EGE, PDGE, IGF-1, and thrombin [19-21].
PAK1 (60.6 kDa; 545 amino acids or aa) consists of two distinct regions (Figure 1A) [22].
The conserved N-terminal non-catalytic region contains two overlapping domains, namely
the p21-binding domain (P’BD; aa 67-113) and the autoinhibitory domain (AlID; aa 83-149).
It also contains three conserved proline-rich regions (aa 12-18, 4045, and 186-203) that
serve as binding sites for several accessory proteins. An integral part of the PBD is the
CDC42/RAC interactive binding (CRIB; aa 75-90) motif, where the binding of CDC42
or RACT initiates PAK1 activation [23,24]. This activation likely requires the association
of PAK1 with the acidic phospholipid of the plasma membrane via a basic region (BR;
aa 48-72) [25]. The C-terminal region of PAK1 contains a conserved Ser/Thr kinase domain
(aa 250-520) with a single phosphorylation site (Thr-423) that is phosphorylated upon
PAK1 activation [26].

A Accessory proteins | Autophosphorylation sites
T | | Phosphorylation sites by other kinases
Te g | Phospharylation sites by autophosphorylation and other Kinases
PBD Kinase domain: KD
67113 25 e,
crRB 20 212 i
2 14¢ sobd
L T = ST T bey
821 857 5144 $199 Y223 Y285
Y131Y153 Y201
Allosteric inhibitors ATP-competitive inhibitors
*IPA3 *G-5555 * FRAX488/FRAX597/FRAX1036
* NVS-PAK1-1 * AFLITZ = Bis-anilino pyrimidine-based inhibitor
= Glaucarubinone *PF-3758308 = Aminopyrazole derivative compound 23
» Dibenzodiazepine compound 3 * Az13705339 = ZMF-10
B
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Figure 1. Overview of PAK1 domain organization, activation, inhibition, and interaction sites and
key modulators and substrates. (A) Schematic representation of the domain organization of PAK1
(60.6 kDa; 545 amino acids), highlighting modulation and inhibition sites. See the text for further
details. {(B) Summary of accessory proteins that act as modulators of PAK1 activity and a diverse set

of PAK1 substrates involved in maintaining cellular homeostasis.

Inactive PAKT has been proposed to exist in an asymmetric trans-autoinhibited dimeric
form [27-29], in which the AID of one PAK1 molecule contacts the kinase domain of
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the other, stabilizing the catalytic site in an autoinhibited state. The recruitment and
activation of PAK1 at the plasma membrane require interactions at two sites, namely
PBD binding with membrane-associated CDC42 or RAC1 and the BR binding with acidic
phospholipids, particularly phosphatidylinositol-4,5-bisphosphate [25]. These cvents lead
to the release of AID from the kinase domain, dimer /monomer equilibrium, and subsequent
phosphorylation at Thr423 [30]. Once activated, PAK1 phosphorylates its substrates in a
context-dependent manner that is tightly modulated by accessory proteins (Figure 1B).

Phosphorylation plays a critical role in stabilizing the active conformation of PAK1 and
modulating its downstrcam signaling functions. In addition to phosphorylation sites within
its activation loop, multiple phosphorylation events occur in the N-terminal non-catalytic
region, affecting PAKT activity and protein interactions [31]. PAK1 phosphorylation sites
can be divided into three groups, namely (i) autophosphorylation sites, where PAK1
phosphorylates itself to regulate activation and substrate interactions (Ser21, Ser57, Ser144,
Ser149, Ser199, and Ser204); (ii) phosphorylation sites modified by other kinases, including
Tyr131, phosphorylated by SRC family kinases; Tyr153, Tyr201, and Tyr285, phosphorylated
by JAK2; Tyr223, phosphorylated by CK2; and Thr212, phosphorylated by p35/Cdk5, Cdc2,
and Frk1/2; and (iii) sites phosphorylated by both PAK1 and external kinases, such as
Ser21, which is phosphorylated by AKT, PKG, PAK1, and Thr423, which is phosphorylated
by PDK1 and PAK1 [31-36]. The activation state of PAK1 is further regulated by protein
phosphatascs, such as PP2A, which counteract phosphorylation events and fine-tunc its
activity [37]. These regulatory mechanisms provide the spatiotemporal control of PAK1
signaling, allowing for the precise modulation of cellular processes (Figure 1A).

PAK1 is susceptible to inhibition by a number of ATP-competitive and allosteric in-
hibitors that have been developed to counteract its dysregulated activity in diseases such
as cancer [38-40]. ATP-competitive inhibitors occupy the ATP-binding pocket within the
kinase domain, thereby preventing ATI” access and blocking its catalytic activity. However,
the development of highly selective inhibitors for PAK1 remains challenging due to the
flexibility of its ATP-binding cleft and the significant sequence similarity it shares with
other PAK family members [38]. Despite these challenges, several ATP-competitive in-
hibitors have been developed to target PAK1 activity, including G-5555, FL172, PE-3758309,
AZ13705339, FRAX compounds, bis-anilinopyrimidine-based inhibitors, the aminopyrazole
derivative compound 23, and ZMF-10 [38-40]. Allosteric inhibitors, on the other hand, bind
to regulatory regions outside the ATP-binding pocket and induce conformational changes
that interfere with PAK1 activation. These inhibitors often achieve greater specificity within
the kinome by targeting regions that are less conserved among kinases. However, their
potency is generally lower than that of ATP-competitive inhibitors because these binding
sites are shallower and contain fewer key residues that contribute to strong inhibitor inter-
actions [38]. Among the known allosteric inhibitors, [PA-3, NVS-PAK1-1, glaucarubinone,
and the dibenzodiazepine compound 3 prevent PAKT activation by interfering with its
autoregulatory mechanism and upstream interactions [38-40]. The development of these
inhibitors highlights the therapeutic potential of targeting PAK1 in disecases where its
dysregulation plays a key role [40]. The classification of PAK1 inhibitors and their binding
sites on PAK1 are shown in Figure TA.

3. PAK1 Substrates

PAK1 cxerts its activity primarily by phosphorylating a broad spectrum of substrates
typically involved in maintaining cellular homeostasis. These substrates regulate processes
such as energy production and consumption, the maintenance of genetic integrity, gene
expression, the organization of cellular structures, movement, growth, programmed cell
death, and differentiation (Figure 1) [4,41].
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Energy metabolism: PAK1 phosphorylates and enhances the enzymatic activity of
phosphoglucomutase 1 {PGM1), an important regulatory enzyme in cellular glucose uti-
lization and energy homeostasis [42]. PGM1 catalyzes the reversible conversion between
glucose-1-phosphate and glucose-6-phosphate. The actin polymerizing ARP2/3 subunit
p41ARC is another PAK1 substrate in skeletal muscle cells [43]. It has been suggested that
p41ARC links NWASP-cortactin-mediated actin polymerization and GL.UT4 translocation
to the plasma membrane by vesicle exocytosis.

DNA damage response: Microrchidia CW-type zinc finger 2 (MORC2) associates
with chromatin and is phosphorylated by PAK1 at serine 739, promoting the PAKI
phosphorylation-dependent induction of gamma-H2AX, a critical step in the cellular re-
sponse to DNA damage [44]. PAK1 is activated in response to UV-B radiation and then
translocates to the nucleus to bind C-FOS, which acts as a transcriptional regulator of the
ataxia-telangiectasia and RAD3-related protein (ATR) gene [45]. It has been reported that
TCL/RITOJ-mediated activation of PAK1 in response to drug-induced DNA damage can
suppress ATR [46].

Transcription: Nuclear PAK1 binds to the promoter region of the DNA repair kinasc
ATR through C-Fos, thereby regulating its transcription [45]. Nuclear PAK1 has also been
shown to drive the transcription of fibronectin, which is critical for promoting the growth
and migration of pancreatic cancer cells [47]. PAK1 phosphorylates 'OXO1 to prevent its
nuclear translocation and transcriptional activity [48]. PAK1-mediated phosphorylation
stabilizes p-catenin and promotes TCF/LEI-dependent transcriptional activity [49,50].

Cell ¢cycle progression: PAK1 contributes significantly to cell cycle progression by
phosphorylating several proteins, including Aurora A, ARPC1b, PLK1, histone H3, MORC?2,
NTI'kB, and CRAT [40]. Increased expression of PAK1 in breast cancer cells increases
cyclin D1 mRNA and protein levels and its nuclear accumulation [51]. Activated PAK1
phosphorylates and activates estrogen receptor-e (IIR«), upregulates eyclin D1 expression
through the NF«B pathway, and controls cell cycle progression [51]. In addition, CDK4
forms a complex with PAK1 in response to monocyte chemotactic protein 1 [52], activating
the cyclin D1-CDK6-CDK4-PAK1 axis, which controls smooth muscle cell migration and
proliferation. Silencing of PAK1 has been shown to reduce cyclin E and CDK2 expression,
leading to cell cycle arrest at the G1 and S phases in hepatocellular carcinoma [53]. PAK1
also appears to be involved in the phosphorylation of retinoblastoma (Rb) and the activation
of E2F transcription factors [54].

Cytoskeletal remodeling: PAK1 phosphorylates several key factors involved in cy-
toskeletal remodeling, including LIM kinase, p41-ARC, Filamin A, Paxillin, snail, and
tubulin cofactor B (TCoB), thereby controlling various cellular processes. LIM kinase
phosphorylates cofilin to prevent actin depolymerization [55,56]. The p41-ARC subunit
of the Arp2/3 complex promotes actin nucleation and cell motility [57,58]. Filamin A, a
filamentous actin cross-linking protein, anchors various cytoskeletal proteins and regulates
cell adhesion and migration [59-62]. Paxillin phosphorylation triggers the formation of
adhesion junctions and focal adhesions, thereby controlling cell contractility and motil-
ity [63-65]. PAK1 negatively modulates myosin light-chain phosphorylation by inhibiting
myosin phosphatase target subunit 1 (MYPT1), increasing muscle contraction [66-68].
Snail phosphorylation by PAKI1 controls epithelial cell permeability [69] and contributes to
epithelial-mesenchymal transition (iMT) [70]. Phosphorylated by cyclin B1/CDK2, PAK1
controls microtubule reorganization by activating TCoB, a protein responsible for tubu-
lin heterodimer assembly [71] and by inactivating stathmin, a microtubule destabilizing
factor [72-74]. PAKI regulates microtubule organization and spindle positioning during
the metaphase-to-anaphase transition in conjunction with its activity against Aurora A,
TACC3, and LIMKI1 [66].
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Cell proliferation and survival: PAKT promotes cross-talk with RAl' and PI3K signaling
networks and contributes to cell proliferation and survival [41]. It phosphorylates CRAF
and MEK1 and enhances ERK activity [75-78]. As a scaffolding protein, PAKT modulates
the PI3K-PDK1-AKT-mTOR pathway by facilitating the recruitment of AKT to the plasma
membrane via PDK1, leading to AKT activation [79].

Apoptosis: PAK1 can interfere with the interaction of the BCI.-2-associated agonist
of cell death (BAD) with BCL2 and the induction of apoptosis in two ways [80]. PAK1
phosphorylates BAD directly [81] or indirectly through the phosphorylation of CRAI* and
its translocation to the mitochondria [80]. The shorter isoform of the PITSLRE protein kinase
family, p110C, has been shown to bind to PAK1 and prevent BAD phosphorylation [82].

4. Accessory Proteins for PAK1

Accessory proteins are modulatory proteins that facilitate the spatiotemporal orga-
nization of signaling complexes during processing but are not directly involved in signal
transduction [83]. They possess a variety of protein—protein interaction domains, motifs,
and inherently disordered regions (IDRs) that allow them to interact with and link different
signaling molecules. Thus, accessory proteins regulate and enhance signaling by directing
the local assembly of protein complexes through multiple interactions. This is achieved
either by reducing the dimensionality of the interactions or by increasing the local levels of
interacting proteins [84]. Scaffolding, adaptor, anchoring, and docking proteins are the four
major groups that can be categorized according to their structure and how they perform
their functions [85].

In addition, accessory proteins can control interference between different signaling
pathways, increase the residence time of proteins on the membrane, stimulate nanocluster
formation, sequester effectors to inhibit their activation, and determine cell type specificity
and subcellular localization of signaling cassettes. Because of their modulatory properties,
accessory proteins can play critical roles in various situations. The expression of accessory
proteins is tightly regulated but is often aberrant in malignant tumors (see below). Target-
ing accessory modulators rather than the core components of disease-relevant pathways
has several advantages. Most importantly, this approach reduces abnormal signaling to
physiological levels through strong suppression without eliminating them. This shifts the
focus from the “inhibition” to “attenuation” of signaling [86].

The regulation of the subcellular localization of PAK1 is important in controlling
its functions. For example, various stimuli localize and activate PAK1 at focal adhesion
complexes and leading-edge membrane ruffles [87,88]. Below, we highlight the accessory
proteins involved in PAK1 modulation and their roles in various types of cancers and
developmental disorders, opening new avenues for therapeutic intervention, with these
candidates emerging as promising targets. Based on their roles, accessory proteins for
PAK1 can be classified into two groups, comprising modulators of PAK1 activation and
modulators of PAK1 inhibition (Figure 1).

4.1. Modulators of PAK1 Activation
Many signaling molecules, including «PIX, BPIX, CKIP1, GIT1, GIT2, GRB2, NCK1,
Paxillin, RIT1, and RIT2, positively modulate PAKT activity (Figure 2).
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Figure 2. Schematic illustration of PAKT modulation by accessory proteins. (A) PAK1 and focal
adhesion complex formation: PAK1 interacts with scaffolding proteins such as «PIX and GIT and
focal adhesion components like Paxillin to regulate adhesion assembly and cytoskeletal remodeling.
Negative regulators, including Nischarin, CRIPAK, and Merlin, interfere with PAK1 binding, thereby
inhibiting focal adhesion stability and PAK1 activity. (B) PAKT membrane localization, activation, and
function: PAK1 is recruited to the plasma membrane via adaptor proteins such as NCK and GRB2 and
becomes activated through its interaction with GTP-bound RAC1. Once activated, PAK1 participates
in various downstream pathways. Additicnal regulatory proteins, including CRIPAK, Nischarin,
Merlin, and PAK1IP1, limit PAK1 activation or its kinase activity to maintain balanced signaling,.
(C) PI3K-dependent activation of PAK1: PAKI is phosphorylated by the CK2x-CKIP-1 complex
in a PI3K-dependent manner, which promotes its activity at membrane ruffles and enables the
phosphorylation of substrates such as p41-Arc, driving cell signaling. (D) PI3K- and PAK1-dependent
insulin signaling: Insulin receptor activation leads to IRS1 phosphorylation and PAKT membrane
recruitment, mediated by NCK. Active PAK1 interacts with PDK1 and AKT2 at the membrane, while
the SKIP-GRP78 complex translocates from the ER to the membrane. SKIP binds PAK1, converting
PIP3 to PIP2 and terminating the insulin signaling cascade.
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o/ BPIX: al1X (also called COOL2 or ARHGIil'6; 87.5 kDa; 776 amino acids) and BPP1X
(also called COOL1 or ARIIGEF7; 90.0 kDJa; 803 amino acids) are members of the DBL
family RHOGEFs [19]. Each consists of a calponin homology (CH), an SH3 domain, a DBL
homology (DH), a pleckstrin homology (PH), a proline-rich domain (PRD), a CAT/CGIT
binding domain (CBD), and a coiled-coil (CC) region. «/pPIX are generally accepted
as GIil's for RAC1T and CDC42. xtensive biochemical analysis revealed that some DBL.
family proteins, including e/ PIX DII-PII tandems, lack GEF activity, suggesting that
these proteins act as scaffolding proteins [89]. Accordingly, «P1X and BPIX interact with
several proteins, including PAK1 [90], PAK4 [91], GIT1 [92], integrin-linked kinasc (ILK),
focal adhesion-associated p-Parvin [93], dynamin-2 [94], and BIN2/BRAF1 [95]. They
arc involved in integrin-dependent neurite outgrowth, the regulation of podosome size
and number in macrophages, and podosome formation, motility, and phagocytosis in
leukocytes. The loss of aPIX causes X-chromosomal nonspecific cognitive impairment [96].

The high-affinity interaction between the proline-rich region (amino acids 186-203) of
PAK1 and the SH3 domain of «PIX controls PAK1 recruitment to focal complexes [90,97].
TCR-induced PAK1 activation in Jurkat cells depends on PAK1 complexing with PIX and
GIT2 [98]. Accordingly, PAK1 can control cytoskeletal reorganization and transcriptional
regulation in T cells. One key regulator of this process is CBL-B, an E3 ubiquitin ligase that
competitively blocks the receptor-mediated PIX-PAK interaction [99]. In addition, CBL-B
catalyzes the receptor ubiquitination, thereby exerting a dual regulatory effect, interfering
with fPIX-modulated PAKI activation and promoting receptor ubiquitination to modulate
receptor signaling [99]. In addition, aP'IX has been shown to modulate EGIR trafficking by
controlling receptor recycling and degradation [100].

CKIP1: CKIP1 (also called PLEKHOT or (XC120; 46.2 kDa; 409 amino acids) is a casein
kinase-2 a-subunit (CK2«)-interacting protein, consisting of an N-terminal PIT domain and
a C-terminal autoinhibitory leucine zipper with basic and acidic motifs and five proline-
rich motifs distributed throughout the protein [101]. Due to its scaffolding propertics,
CKIP1 rapidly translocates to the plasma membrane in response to various signals, such
as insulin, by binding to PIP3 [102]. This process recruits several signaling molecules,
including CK2 [103], actin capping proteins [104], AP1 [105], IFP35 [106], ATM [107], and
AKT [108], to modulate their activities. During apoptosis, CKII'1 is cleaved by caspase-3
and translocates to the nucleus, where its C-terminal cleavage product represses AP-1
activity [105]. Thus, CKIP1 controls several cellular processes, including morphogenesis,
migration, and differentiation [109].

The ternary complex consisting of CK2e, CKIP-1, and PAK]1, translocates to membrane
ruffles in response to EGI;, where CKIP-1 mediates the interaction between CK2« and PAK1
in a PI3K-dependent manner 1 [110]. This process results in the CK2-mediated phosphory-
lation of PAK1 at Ser223, leading to full PAK1 activation, as observed in prostate cancer cells.
The inhibition of CKIP1 prevents PAK1-mediated actin cytoskeleton dynamics and cell
migration without altering PAK1 expression and other PAK1 activities in these cells [110].

GIT1/2: GIT1 (also called CAT1, APP1; 84.3 kDa; 761 amino acids) and GIT2 (also
called CAT2, or p95APF2, or PKL; 84.5 kDa; 759 amino acids) belong to the ARFGAP protein
family and consist of an N-terminal ARFGAP domain, ankyrin repeats, SPA homology
domain (SI1D), synaptic localization domain (SLD), and Paxillin binding site (PBS).

GIT1 is detected in the vasculature and bronchial epithelia of the lung and in the
vasculature and bile ducts of the liver, whereas GIT2 is ubiquitously expressed [111].
GIT1/2 regulates various cellular processes, including membrane trafficking, focal adhesion
assembly and disassembly, migration, and chemotaxis, through the spatial localization of
various signaling molecules, including GRKs, PLCy, NOTCH1, mTOR, MEK]1, IRK1, FAK,
Paxillin, and e/ 3PIX via the activation of integrins, RTI'Ks, and GPCRs [84,92,111-115].
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GIT2 has also been reported to function as an integrator protein in aging processes [116];
CIT2 knockout mice age faster than age-matched W' controls [117].

GIT1/2 interact with o/BPIX to recruit PAK1, linking PAKI1 activity to multiple
signaling pathways in different cell types [118-120]. Increasing the local concentration of
PAK1 can stimulate its kinase activity [121]. Recruiting PAK1 to the membrane at the T
cell-APC junction increases its local concentrations, thereby promoting its activation [122].
GIT1/2 and &/ BPIX form large complexes inside the cell [112,113], and this oligomerization
is essential for adhesion site localization. Mutations that disrupt the GIT-PIX interaction or
PIX homodimerization cause both proteins to disperse throughout the cytoplasm [121,123].
Thus, GIT1/2 promote the integration of multiple signaling pathways and regulate cell
migration and protrusion.

GRB2: GRB2 (25.2 kDa; 217 amino acids) is a ubiquitously expressed adaptor pro-
tein consisting of three domains, namely a central SH2 domain flanked by two termi-
nal SI13 domains. GRB2 binds to various signaling molecules and modulatory proteins
and plays both positive and negative roles in controlling transmembrane receptor signal-
ing [124]. Tts best-studicd function is to recruit the RAS activator SOS1 and link it to growth
factor receptors [125,126].

(GRB2 binds to PAKI in response to EGF receptor activation via its second proline-rich
motif (amino acids 40-45), an interaction that controls actin remodeling [127]. The tran-
scriptional activity of the ERK1/2-KLF2 axis fine-tunes GRB2-modulated PAK1 activation,
thereby influencing endothelial cell proliferation, migration, and angiogenesis [128]. The
molecular nature of the GRB2-PAKT complex formation in a cellular context is still unclear.
A complex consisting of PAK1, SOS51, and KRAS has been detected in sensitized bone
marrow mast cells [129]. Whether GRB2 is part of this complex is uncertain. However, a
stoichiometric complex between GRB2, PAK1, and SOS1 seems unlikely because both SIT3
domains of GRB2 are required to recruit and activate SOSI at the plasma membrane [125].
Thrombin has been shown to trigger PAK1 activation in vascular smooth muscle cells
via an EGFR-GAB1-5HP2-RAC1/CDC42-dependent mechanism [130]. GRB2 may be an
important adaptor protein in this context, as it is directly associated with activated EGFR
and GAB1 [84]. GABI acts as a docking platform for several signaling molecules, including
SHIP2, PLCy, and PI3K, and it cross-links different signaling pathways [84].

NCK1: NCK1 (42.9 kDa; 377 amino acids) is a ubiquitously expressed adaptor protein
consisting of three tandem SRC homology 3 (SH3) domains followed by a C-terminal SRC
homology 2 (SH2) domain. The SH2 domain binds to specific phosphotyrosine residues of
numerous transmembrane proteins, including growth factor receptors, ephrin receptors,
cell adhesion molecules, T cell antigen receptors, and nephrin. NCK1 links extracellular
signals to intracellular events by selectively targeting a large number of proline-rich region-
containing signaling molecules with its three SH3 domains, thereby driving pathways
related to cytoskeletal reorganization [131-133].

The direct association of the second SH3 domain of NCK1 with the very N-terminal
proline-rich region (amino acids 12-18) of PAK1 is critical for the recruitment of PAK1 to
activated transmembrane proteins at the plasma membrane [134,135]. NCK1 links various
upstream signals to PAK1 and thereby determines the specificity of PAK1-controlled bio-
logical processes in a cell type-dependent manner. These processes include the promotion
of endothelial paracellular pore formation and permeability [136], blastomere adhesion
regulated by EPHA4 receptor tyrosine kinase [137], inflammation induced by oxidative
stress [138], cell migration stimulated by AKT [139], and focal adhesion formation and cell
migration induced by VEGF [140]. Interestingly, NCKI is a substrate of EPI1IA4, which
phosphorylates conserved tyrosines in the SH3 domains, thereby blocking SH3 interactions
as a negative feedback mechanism [141].
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Diseases associated with the NCK1-PAK1 interaction are diverse. NCKI1 pro-
motes angiogenesis in cervical squamous cell carcinoma and ovarian cancer via the
RAC1/PAK1/MMUP2 axis [142,143] and in colorectal cancer via the NCK1/STAT3/PAK1/ERK
axis [144]. Similarly, the endothelial PDCE-B/NCK1/Pak1 axis promotes angiogenic sprout-
ing and pathological neovascular tufting in ischemic retinopathy [145]. In contrast, NCK1
can interfere with the prolactin-activated JAK2/PAK1 axis, which plays a role in breast
cancer promotion [146]. Targeting the NCK-PAK1 interaction could block the angiogenesis
and neovascularization of tumor cells, providing a potential new approach to prevent
ocular neovascular discase and improve retinal wound healing [145]. The small-molecule
inhibitor AX-024 has been reported to bind to the SH3 domains of NCK1, interfere with its
binding to the T cell receptor (TCR) subunit CD3e, and block T cell activation [147,148]

Paxillin: The scaffold protein Paxillin (64.5 kDa; 591 amino acids) plays a key role in
the assembly of focal adhesions and thus in cell migration [149]. It consists of an N-terminal
region with five leucine—-aspartate-rich (LD) motifs and a C-terminal region with four
tandem LIN11-ISL1-MEC-3 (LIM) domains. These domains allow Paxillin to interact with a
variety of proteins, including CRK, CSK, FAK, FRNK, CIT1, Merlin, p130Cas, PYK2, Talin,
Vinculin, and SRC.

The association of GIT1, an ARFGAP-like protein, with Paxillin recruits PIX and PAK1
to the focal complex [115]. PAK1 activity has been shown to couple focal adhesion (I'A)
dynamics to leading-cdge actin dynamics [150,151]. Iowever, local regulation is not only
triggered solely by mechanosensitive proteins. Signaling pathways, often triggered by
protein phosphorylation, can occur at adhesions independently of tension [152,153]. For
example, the PAKI-mediated phosphorylation of Paxillin at Ser-273 enhances adhesion
dynamics and promotes the formation of the trimeric protein complex GIT1/PIX/PAKI1,
which associates with Paxillin after its phosphorylation [64,118].

RIT1/2: RIT1 (25.1 kDa; 219 amino acids) and RIT2 (24.7 kDa; 217 amino acids)
belong to the RAS family of small GTPases, consisting of a central GDP/GTP-binding (G}
domain flanked by variable amino acid extensions. They act as molecular switches in the
cell, eyeling between a GTP-bound active form and a GDP-bound inactive form [154,155].
RIT1/2 are classified as RAS-like without CAAX (C is cysteine, A is any aliphatic amino
acid, and X is any amino acid), meaning they are not post-translationally isoprenylated
like classical RAS proteins [156]. The ubiquitously expressed RIT1 and its neuron-specific
paralog RIT2 were identified in 1996 as a novel subfamily of RAS-related proteins in
the mouse retina [157]. Several studies using transgenic and knockout animal models
have elucidated the emerging roles of RIT1/2 in regulating cell survival, proliferation,
differentiation, and morphogenesis [155]. Genetic studies have implicated RITT and RIT2
signaling in both malignancies and developmental disorders, including Parkinson’s disease,
autism, schizophrenia, and Noonan syndrome [158-162].

RIT1 has been reported to control actin dynamics and cell motility by forming a
complex with PAK1, which also contains RAC1 or CDC42 [65]. The CRIB domain of PAK1
interacts directly with RIT1 in a nucleotide-independent manner. The ectopic expression
of RIT1 leads to the disassembly of stress fiber and focal adhesions. The coexpression of
dominant negative CDC42 or RACT and kinase-dead PAK1 prevents this effect [65].

4.2. Modulators of PAK1 Inhibition

Various proteins, including CRIPAK, Merlin, Nischarin, PAK1IP, and SKIP, negatively
modulate PAKT activity (Figure 2).

CRIPAK: CRIPAK (49 kDa; 446 amino acids) consists of an N-terminal C4 zinc finger
domain followed by 12 C3I1 zinc finger domains. CRIPAK binds to ER« in a ligand-
sensitive manner and also to PAK1 [163].
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The binding site of CRIPAK in PAKT has been localized to amino acids 132-270, which
partially overlap with the Pak1 inhibitory domain (amino acids 83-149). The binding of
CRIPAK may enhance the function of the autoinhibitory domain, thereby reducing PAK1
activation. Alternatively, because the CRIPAK’s binding site overlaps with the PIX binding
region in Pak1, CRIPAK-mediated inhibition could result from its potential interference
with the binding of other regulatory proteins, such as PIX [98,164].

The literature on the negative regulation of PAK1 by cysteine-rich inhibitors of PAK1
(CRIPAK) is limited. Talukder et al. [163] were the first to report CRIPAK as a PAK inhibitor,
showing that it is widcly expressed in various human cells and tissues. They identified
CRIPAK as a novel PAK1-interacting protein. In addition, their data showed that CRIPAK
binds to PAK1 through its N-terminal regulatory domain and blocks PAK1 kinase activity
both in vitro and in vivo. CRIPAK prevents PAK1-mediated LIMK activation and con-
tributes to estrogen receptor (IR) transactivation in breast cancer cells. On the other hand,
the selective inhibition of endogenous CRIPAK resulted in increased PAK1 activity, thereby
promoting cytoskeletal remodeling. Hormonal induction increased CRIPAK expression
and enhanced its colocalization with the ER in the nucleus.

CRIPAK exerts a potent inhibitory effect on PAK1 activity through multiple mecha-
nisms. First, the CRIPAK interaction region in PAK1 overlaps with the PAK1 autoinhibitory
domain, implying that the CRIPAK-PAKI interaction may enhance the function of the
autoinhibitory domain, thereby reducing PAK1 activation. Second, since the CRIPAK
binding site also overlaps with the PIX interaction region in ’AK1, this interference may
strongly disrupt the interaction of other regulatory partners. Physiologically, the loss of
PAKT1 inhibitors could lead to dysregulated PAK1 activation. Interestingly, the CRIPAK
gene is located on chromosome 4p16.3, a region that is frequently deleted in breast tumors.
This suggests that loss of CRIPAK in breast cancer cells could lead to persistent PAK1
activation, potentially contributing to breast carcinogenesis. Conversely, their data indi-
cated that CRIPAK inhibits PAK1-mediated ER transactivation. In addition, 17-3-estradiol
stimulates CRIPAK expression, while ER signaling enhances the nuclear localization of
CRIPAK, where CRIPAK and ER colocalize in the presence of estrogen. These findings
suggest that the loss of CRIPAK in breast tumors may enhance hormone independence via
PAK1 regulation.

Merlin: Merlin (also called neurofibromin-2 or schwannomin; 69.7 kDa; 595 amino
acids) is a member of the ezrin, radixin, and moesin (ERM) protein family, which is involved
in signal transduction pathways by linking membrane proteins to the actin cytoskeleton. It
consists of an N-terminal FERM domain, followed by an «-helical domain and a C-terminal
domain. The latter physically binds to the FERM domain, forming a head-to-tail autoinhib-
ited conformation that is released upon interaction with angiomotin [165]. Merlin binds
phosphoinositides, including PIP2 [166], and binds PIKE-L, a brain-specific nuclear GTase,
to suppress PI3K activity [166]. Merlin also binds directly to ERBB2 [167], pll-spectrin [168],
LATS1/2 [165], the VEGFR2-VE-cadherin complex at cell-cell junctions [169], the E3 ubig-
uitin ligase DCAF1 [170], the neurofibromin/Spred1 complex [171], the RAS/p120RASCAP
complex [172], and f-catenin [173]. Consequently, the loss of Merlin activates RACI and
RAS, leading to the hyperactivation of the PAKT, mTORC1, EGIFR-RAS-ERK, PI3K-AKT,
WNT, and LATS1/2 pathways [174,175].

Merlin binds directly to the PBD of PAKI, interfering with the binding of RAC1
and Paxillin. It also inhibits the recruitment of PAK1 to the focal adhesion complexes,
thereby preventing its activation [176]. In addition, Merlin interacts with the tight junction
protein angiomotin, which inhibits RACI activity [170]. Accordingly, Merlin deficiency
in neurofibromatosis type 2 patients is associated with increased levels of GTI>-bound
RAC1 [177] and the hyperactivation of PAK1 [178]. Interestingly, constitutively active
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variants of RAC1 and PAK1 prevent Merlin from inhibiting RAS-induced activation of the
MAPK pathway [179].

Nischarin: Nischarin (IRAS; 166.6 kDa; 1504 amino acids) consists of an N-terminal
phosphoinositide-binding PHOX homology (PX) domain followed by leucine-rich repeats,
a coiled-coil glutamine-rich region, an integrin-binding domain, and an alanine-proline-
rich region. Nischarin interacts with several transmembrane proteins, including the integrin
alpha5 subunit [180], the opicid receptor [181], the glutamate transporter GLT-1 [182], the
adaptor protein IRS4 [183], the small GTPases RAB 4, 9, 14, and 38, and RAC1 [184], and
kinases such as STK11/LKB1 [185], LIMK1 [186], and PAK1 [187,188]. It modulates various
processes, including transcription, cytoskeletal reorganization, proliferation, survival, and
differentiation [189-191]. Nischarin is expressed in various cell types and organs [189] and
acts as a tumor suppressor gene when upregulated in cancer cells [192], inhibiting EMT and
migration [191,193]. It is also associated with cardiac remodeling and dysfunction [194].

The upregulation of Nischarin in breast and colon epithelial cell lines has been shown
to selectively inhibit RAC1/PAKI-induced migration and invasion [195]. Interestingly,
Nischarin binds directly to the kinase domain of RACl-activated PAK1 at the leading
edge of a migrating cell, thereby inhibiting PAK kinase activity [187]. Endogenous Nis-
charin has also been shown to inhibit neurite outgrowth by blocking PAK1 activity at the
neuronal membrane [196]. Nischarin’s inhibition of PAK1 prevents downstream effects
such as the PAKI-mediated phosphorylation of LIMK, which would normally inhibit
cofilin, an actin-severing protein, leading to actin filament assembly. By binding to the
kinase domain of active LIMK, Nischarin deactivates it and prevents actin assembly during
cytoskeletal reorganization [186].

PAKI1IPT: PAKTIPT (also known as hPIP1 or WDR84; 44 kDa; 392 amino acids) binds
to the N-terminus of PAK1 and inhibits its activation by CDDC42 [197]. PAK1IP1 is a human
Gp-like WD repeat protein, and its overexpression inhibits PAK-mediated ¢-JNK and
NFkB signaling pathways [197]. TTomozygous variants of PAK1IP1 have been shown to
cause severe developmental defects of the brain and craniofacial skeleton, including a
median orofacial cleft [198]. This may be related to the nuclear role of PAK1IPT in ribosome
biogenesis [199] or its interaction with MDM2 to upregulate p53 [198,200]. It remains
unclear whether PAK1 is involved in this context. In addition, PAK1 translocates to the
nucleus, where it may play a role in DNA repair and transcription [45,47].

SKIP: SKIP (also called INPP5K; 51.1 kDa; 448 amino acids) is a member of the
phosphoinositide 5-phosphatase family. It consists of a 5-phosphatase domain followed
by a C-terminal SKICH (SKIP carboxy homology) domain, essential for protein-protein
interaction and subcellular localization [201]. SKIP binds several proteins, including
MAD2L1BP, SODD, GRP78, and PAK1, and is involved in cell cycle control, adhesion,
and migration processes.

SKIP's interaction with glucose-regulated protein 78 (GPR78), an endoplasmic reticu-
lum (ER) chaperone involved in the ER stress response and the unfolded protein response
(UPR), is required for its localization to the ER. Ijuin and coworkers proposed a model
in which cytosolic SKIP interacts directly with GRP78 via its SKICI1 domain under basal
unstimulated conditions [202-206]. However, this model raises the unresolved question
of how cytosolic SKIP interacts with GRP78, which is located on the luminal side of
the ER [206].

Upon insulin stimulation, the SKIP-GRP78 complex translocates from the ER to
the plasma membrane, where activated PAK1 displaces GRP78 and binds to SKIP via
an 11-amino acid region within the kinase domain of PAK. This interaction links SKIP
to the insulin receptor complex, resulting in PtdIns(3,4,5)’3 dephosphorylation, de-
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creased AKT2 phosphorylation, and the subsequent inactivation of insulin signaling.
Co-immunoprecipitation experiments confirmed the association of SKIP with CRP78 [207].

Reduced SKIP expression in cells or in SKIP-modified (PpsBrdm1/+) heterozygous
mice increases insulin signaling sensitivity in muscle cells and reduces diet-induced obesity
in these mice [208-210]. In addition, SKIP expression is increased in skeletal muscle tissue
from high-fat-fed and diabetic/obese mice compared to wild-type mice, linking SKIP to
these metabolic conditions [203]. Supplementation of the culture medium with a synthetic
peptide that matches the sequence of the PAK1 kinase domain that interacts with SKIP
increases insulin signaling in muscle cell lines, likely by disrupting the formation of the
SKIP-PAK1 complex [204].

As a mechanistic insight, ljuin et al. [211] identified how SKIP-PAK1 interactions affect
insulin signaling and glucose uptake. Upon insulin stimulation, SKIP translocates to mem-
brane ruffles and binds activated PAK1 from a complex with PIP3 effectors such as AKT2,
PDK1, and Racl, leading to the inactivation of certain signaling proteins. SKIP can inhibit
both the Racl-dependent kinase activity and the scaffolding functions of PAK1. This inhibi-
tion limits Racl activity, which subsequently inactivates PAK1 and dissociates the AKT2-
PDK1-PAKT complex, allowing for rapid termination of the insulin signaling cascade.

These findings suggest that targeting the SKIP-PAK] interaction may be a promising
therapeutic strategy to improve systemic insulin-dependent glucose uptake and treat
hyperglycemia. Notably, recent studics have identified an 11-amino acid peptide within
the kinase domain of PAK1 that is essential for its interaction with SKIP. Expression of this
peptide sequence in skeletal muscle cells enhances insulin signaling, and supplementation
with a synthetic peptide of this sequence can improve insulin signaling and glucose uptake
in skeletal muscle cell lines [204].

4.3. PAK1 and Focal Adhesion Complex Formation

Focal adhesions are dynamic multi-protein assemblies that mediate interactions between
the extracellular matrix and the actin eytoskeleton, playing a pivotal role in cell migration and
mechanosensing [212]. PAKI is tightly regulated within focal adhesions by its interactions
with scaffolding proteins such as «PIX, GIT1, and Paxillin (Figure 2) [97-99,115,118-120].
These accessory proteins coordinate the spatial localization and activity of PAK1, ensuring
precise signal transduction within the adhesion complex. A key mechanism for the spatial
regulation of PAK1 involves its association with the PAK1-PIX-GIT complex. This interac-
tion is stabilized by the SH3 domain of «PIX, which binds to the proline-rich region of PAK1.
Phosphorylation at Y285, downstream of cytokine receptor activation {(including JAK2-
mediated pathways), further promotes the assembly of the PAK1-PIX-GIT complex [31].
Once recruited to focal adhesions, «PTX and GIT stabilize PAK1 at these sites, facilitating
its interactions with other adhesion components. Paxillin, an adaptor protein, links the
PAK1-PIX-GIT complex to core focal adhesion components, such as focal adhesion kinase
(FAK), by directly binding to GIT1. This connection promotes the assembly and maturation
of focal adhesions and integrates PAKI into signaling pathways that regulate cytoskele-
tal remodeling and focal adhesion dynamics. The PAKI-mediated phosphorylation of
Paxillin at 5273 further enhances these processes, highlighting its role in modulating cell
migration [31]. Negative regulators also play a critical role in modulating PAK1 activity at
focal adhesions. CRIPAK binds to a site on PAK1 overlapping the PIX interaction region,
disrupting interactions with other regulatory partners [163]. Nischarin negatively regulates
PAK1 by directly binding to its kinase domain, inhibiting its activity and destabilizing the
PAKI1-PIX-GIT-Paxillin complex [187,195]. Merlin, another regulatory protein, binds to
the PBD of PAK], interfering with RAC1 and Paxillin binding [176]. This prevents PAK1
recruitment to focal adhesion complexes and inhibits its activation. Collectively, these regu-
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latory interactions ensure that PAK1 activity is tightly controlled within focal adhesions,
maintaining cellular homeostasis and preventing aberrant signaling (Figure 2) [213].

4.4. PAK1 Membrane Localization, Activation, and Function

The recruitment of PAK1 to the plasma membrane is a critical step for its activation
and subsequent signaling [214]. Accessory proteins such as GIT1, PIX, NCK1, and GRB2
play essential roles in mediating this localization and activation, ensuring precise spa-
tiotemporal regulation of PAK1 activity. Upon receptor tyrosine kinase (RTK) activation
by growth factors, RTKs undergo dimerization and phosphorylation, creating docking
sites for adaptor proteins like NCK1 and GRB2 [127,128,215]. These adaptors recruit PAK1
to the plasma membrane, where it interacts with active GTP-bound RACT or CDC42 via
its CRIB motif. In resting cells, RhoGDI sequesters RAC1 in the cytoplasm by interacting
with its lipid anchor. Upon stimulation, RhoGLl's facilitate the exchange of GDP for GTP
on RAC1, promoting its translocation to the plasma membrane. RhoGAPs deactivate
RAC1 by accelerating GTP hydrolysis. Once localized to the membrane, PAK1 under-
goes a conformational change upon binding to GTP-bound RACT /CIDC42, relieving its
autoinhibition [19,65]. This leads to phosphorylation at Thr-423 within its kinase domain,
a critical step for its activation. RIT1 stabilizes the interaction of PAK1 with RAC1 and
CDC42, further enhancing its activation and downstream signaling [65]. Active PAK1
initiates diverse signaling pathways, including those involved in cytoskeletal remodeling,
transcriptional regulation, cell cycle progression, survival, and migration. Several accessory
proteins serve as negative regulators of PAK1 at the membrane [19]. CRIPAK exerts its
inhibitory effects through multiple mechanisms: it overlaps with the PIX interaction region,
disrupts regulatory interactions, and enhances PAK1 autoinhibition [163]. PAK1IP1 binds
to the N-terminus of PAK1, blocking its activation. Nischarin inhibits PAK1 by binding
directly to its kinase domain, suppressing its ability to phosphorylate substrates [187,195].
Merlin interferes with RAC1 binding by targeting the PBD of PAK1, thereby preventing its
activation and membrane localization [176]. These finely tuned regulatory mechanisms
highlight the importance of accessory proteins in controlling PAK1 membrane localization
and activity, ensuring balanced signaling outcomes. Such a regulation is critical for main-
taining cellular processes and preventing pathological conditions driven by aberrant PAK1
activation (Figure 2) [40,216].

5. PAK1 in Cancer Therapy and Resistance

Recent advances highlight the therapeutic potential of targeting PAKT1 as a strategy to
address cancer progression and therapy resistance [40]. In melanoma, PAKL hyperactiva-
tion promotes cell survival, proliferation, and immune evasion, contributing to resistance
against BRAF and MEK inhibitors. Studies demonstrate that PAK1 inhibition enhances
the efficacy of these therapies by modulating the MAPK and PI3K/AKT pathways. A
novel PAKI-selective degrader, BJG-05-039, combines targeted degradation with kinase
inhibition, providing a dual mechanism to suppress both the enzymatic and scaffolding
functions of PAK1. Synergistic approaches, such as combining PAK1 inhibitors with im-
mune checkpoint therapies, are also being explored to boost anti-tumor immunity. While
promising, challenges related to drug specificity, bioavailability, and toxicity remain key
barriers to clinical translation [217].

In various cancers, PAK1 activation is closely linked to resistance mechanisms against
standard therapics. For instance, in non-small cell lung cancer (NSCLC), PAK1 enhances
jB-catenin-mediated cancer stemness, stabilizing markers such as OCT4 and SOX2 and
driving tumor aggressiveness and chemoresistance. Clinical evidence indicates that high
PAK1 expression correlates with poor responses to cisplatin therapy. Combining MEK/ERK
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inhibitors like AZD6244 or targeting -catenin-driven stemness with agents such as BBI-
608 restores cisplatin sensitivity, offering a promising avenue for overcoming resistance.
Similarly, in BRAF-mutant melanomas, PAK] activation drives resistance by engaging the
AKT signaling pathway. Targeting PAK1-regulated Wnt/ fi-catenin signaling has shown
potential to improve drug sensitivity across multiple cancers [218].

In estrogen receptor-positive (ER+) breast cancer, PAK1 hyperactivation mediates
resistance to endocrine therapy (ET) and CDK4/6 inhibitors by driving epithelial-to-
mesenchymal transition (EMT) and MAPK pathway activation. Pharmacological inhibitors
like PF-3758309 and NVS-PAK1-1 restore drug sensitivity by suppressing tumor invasion
and growth. Combining PAK1 inhibitors with ET and CDK4/6 inhibitors represents a
promising strategy to address resistance and improve patient outcomes in this aggressive
breast cancer subtype [219].

The concept of modulating PAK1 rather than completely inhibiting it is emerging
as a refined therapeutic approach to attenuate aberrant cancer signaling. By targeting
accessory proteins involved in PAK1 regulation and modulation, it may be possible to fine-
tunc PAK1 activity, reducing cancer invasion and drug resistance without fully blocking
essential cellular processes. This paradigm shift opens the door to innovative therapies that
focus on balancing signaling dynamics, offering patients more effective and sustainable
treatment options.

6. Conclusions and Perspective

Over the past three decades, novel pathway components, structural insights, biophys-
ical principles, biomimetic strategies, and clinical drug candidates have emerged in the
field of receptor-driven PAK1 signaling. As outlined, several accessory proteins, each with
different sizes and domain architectures, regulate the binding and function of molecular
components within the PAK1 pathways. These proteins orchestrate PAK1 assembly and
activation in a context-dependent manner. The specificity, efficacy, and fidelity of signal-
ing are largely determined by the spatial localization and temporal dynamics of these
interactions, protecting against potential deleterious effects.

PAK1 serves as a key player in various pathological conditions, particularly cancer,
making it a promising target for therapeutic agents or blockers. However, the direct
inhibition of core signaling components, such as PAK1, often results in the complete
shutdown of signaling. This blockade can lead to the emergence of multi-characteristics in
cancer cells, including new features that allow them to evade therapy and develop drug
resistance [219,220]. Such effects can contribute to increased off-target effects and enhanced
aggressiveness of the tumor. Therefore, the traditional “inhibitor” concept, which focuses
on completely blocking core pathway components, may need to be reassessed. Therapeutic
strategies could benefit from exploring more refined approaches that modulate signaling,
potentially minimizing these unintended consequences.

In this context, accessory proteins play a crucial role in modulating signaling pathways.
These proteins ensure the strength, cfficiency, and specificity of signal transduction by reg-
ulating the compartmentalization and site-specific localization of signaling molecules [84].
This regulation ensures that signaling events occur accurately and within the correct cellular
context. Accessory proteins also offer dynamic control over core signaling components,
such as PAK]1, influencing critical cellular processes like migration, cytoskeletal remodeling,
and survival. As such, they represent promising therapeutic targets because they allow for
a more precise modulation of signaling without the need for the complete inhibition of core
pathway components.

Among the various accessory proteins that modulate signaling pathways, several are
key in regulating PAK1 activation and inhibition. For example, targeting I'IX, a scaffolding
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protein that modulates PAK1 localization, and Paxillin, which plays a central role in the
assembly of focal adhesions and cell migration, could potentially reduce PAK1 signaling
and focal adhesion complex formation. Furthermore, targeting adaptor proteins like NCK
and GRB2, as well as RIT1, may decrease PAKT membrane localization and activation by
RAC1/CDC42, thereby downregulating PAK1 signaling. Another promising approach is
to explore strategies that stabilize the interaction of modulators of PAK1 inhibition, thereby
extending the residence time required for PAK1 activation, which could provide a novel
method for fine-tuning PAK1 signaling.

The inhibition of CKIP1 has been shown to prevent PAK1-driven actin cytoskeleton
remodeling and cell migration without affecting PAK1 expression or other activities [110].
The small-molecule inhibitor AX-024 binds to the SH3 domains of NCK1, disrupting its
interaction with the TCR subunit CD3¢ and inhibiting T cell activation [148]. These findings
highlight the potential of targeting accessory proteins to achieve a more targeted and
controlled modulation of PAK1 activity. ITowever, the discovery of inhibitors targeting
accessory proteins remains limited, and this represents a major gap in the development of
more effective therapies.

Alternative strategies to direct PAK1 inhibition, such as targeting accessory proteins,
have been explored and show great promise for fine-tuning PAKI1 signaling. For example,
Chow et al. introduced a PAK1-selective degrader, which may offer more potent pharma-
cological effects than traditional catalytic inhibition [221]. Another approach focuses on
targeting long noncoding RNAs (IncRNAs) associated with the PAKI pathways. LncRNAs
regulate gene expression through various mechanisms, including genomic imprinting,
epigenetic regulation, and miRNA sponging, which could open up new therapeutic av-
enues [222]. Zhou et al. demonstrated that IncRNA-H19 activates the CDC42/PAKI1
pathway to promote proliferation and invasion in hepatocellular carcinoma [223]. Similarly,
Luo et al. showed that IncRNA MALATI facilitates BM-MSC differentiation into endothelial
cells and improves erectile dysfunction via the miR-206/CIXC42 /PAK1 /Paxillin axis [224].
These findings suggest that targeting IncRNAs in RAC1/CDC42 and PAK1 pathways could
offer promising therapeutic outcomes.

Although the current literature is somewhat limited, existing data highlight the impor-
tance of a precisely controlled spatiotemporal organization of PAK1 by accessory proteins.
Future research should explore these modulators to develop novel therapeutic strategies.
Harnessing this level of control over PAK1 activity holds great promise for advancing
discase treatment, offering a more refined approach to combatting discases like cancer with
limited undesirable side effects of direct pathway inhibition.
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Abbreviations

AID: autoinhibitory domain; AKT: protein kinase B; ARHGEF: Rho guanine nucleotide
exchange factor; ARP2/3: actin-related protein 2/3; ATR: ataxia-telangiectasia and RAD3-
related protein; BAD: BCL-2-associated agonist of cell death; BCL-2: B-cell lymphoma 2;
BR: basic region; CBD: CAT/GIT binding domain; CC: coiled coil; CDK: cyclin-dependent
kinase; CH: calponin homology; CK2w: cascin kinase 2 alpha; CKIP1: cascin kinase 2
interacting protein-1; CRAF: RAF proto-oncogene serine/ threonine-protein kinase; CRIB:
CDC42/RAC interactive binding; DH: DBL homology; EGT: epidermal growth factor; EMT:
epithelial-mesenchymal transition; ER: endoplasmic reticulum; ER«: estrogen receptor
alpha; FOXO1: Forkhead box O1; GEF: guanine nucleotide exchange factor; GIT: G protein-
coupled receptor kinase interacting ArfGAP; GLUT4: glucose transporter type 4; GRB2:
growth factor receptor-bound protein 2; GRP78: glucose-regulated protein 78; IDRs: inher-
ently disordered regions; IGF-1: insulin-like growth factor 1; IRS1: insulin receptor substrate
1; MORC2: microrchidia CW-type zinc finger 2; mTOR: mechanistic target of rapamycin;
MYPT1: myosin phosphatase target subunit 1; NCK1: non-catalytic region of tyrosine
kinase adaptor protein 1; NI'kB: nuclear factor kappa B; PAK1: p21-activated kinase 1; PBD:
p21-binding domain; PDGF: platelet-derived growth factor; PDK1: 3-phosphoinositide-
dependent protein kinase 1; PGM1: phosphoglucomutase 1; PH: pleckstrin homology;
PI3K: phosphatidylinositol 3-kinase; PIP2: phosphatidylinositol (4,5)-bisphosphate; PIP3:
phosphatidylinositol (3,4,5)-trisphosphate; PIX: PAK-interacting exchange factor; PLK1:
polo-like kinase 1; PRD: proline-rich domain; Rb: retinoblastoma protein; SH3: SRC homol-
ogy 3; SKIP: skeletal muscle and kidney enriched inositol phosphatase; TCF/LEF: T cell
factor/lymphoid enhancer factor; TCoB: tubulin cofactor B.
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Abstract

KRAS is a well-characterized oncogene that continuously activates multiple signaling
pathways to drive tumorigenesis. While various strategies have been developed to directly
inhibit key components of the KRAS signaling cascade, leading to the FDA approval of
selective small-melecule inhibitors, these approaches face significant limitations due to
therapeutic resistance and toxicity. In this study, we investigated the CRISPR-Cas98-mediated
knockout (KO) of genes encoding KRAS accessory proteins: galectin-3 (GAL3),
phosphodiesterase delta (PDES), nucleophosmin (NPM1), IQ motif-containing GTPase-
activating protein 1 (IQGAP1), and the scaffold protein SHOC2, using several adenocarcinoma
cell lines harboring the KRAS(G12V) mutation and the HEK-293 cell line. We assessed the
activation of ERK and AKT kinases downstream of KRAS and evaluated cell proliferation.
GAL3 and PDEJ KO significantly reduced MAPK and PISK-AKT pathway activity and impaired
cell proliferation. In contrast, NPM1 KO led to reciprocal modulation of the MAPK and PI3K-
AKT pathways, while IQGAP1 KO enhanced PI3K-AKT and mTORC2-AKT signaling without
affecting the MAPK pathway. SHOC2 KO selectively disrupted MAPK activation. These
findings provide new insights into KRAS-associated accessory proteins as potential
combinatorial drug targets, offering an alternative strategy to complement direct KRAS
inhibition.

Keywords: Accessory proteins, KRAS, adenocarcinoma, cancer scaffold proteins, Galectin-
3, PDE-delta, Nucleophosmin, IQGAP1, SHOC2, oncogene, MAPK, AKT, signal transduction

Introduction

KRAS4B (hereafter referred to as KRAS) plays a central role in the transduction of signals
from receptor tyrosine kinases to intracellular effectors involved in several signaling pathways,
particularly those regulating cell survival and proliferation. KRAS functions as a molecular
switch by cycling between an inactive GDP-bound (" off") state and an active GTP-bound ("on’)
state [1]. This cycling is regulated by GDP/GTP exchange and GTP hydrolysis reactions, which
are promoted by RAS-specific guanine nucleotide exchange factors (GEFs, such as son of
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sevenless, SOS) and GTPase-activating proteins (GAPs, such as neurofibromin, NF1) [2]. In
its active, GTP-bound form, KRAS transduces signals to its downstream effectors, including
RAF and PI3K kinases, leading to the activation of key downstream pathways such as the
mitogen-activated protein kinase (MAPK) and PI3K-AKT-mTOR [1]. The regulation and
function output of KRAS is critically dependent on localization to the plasma membrane, which
is mediated by posttranslational modification of a critical C-terminal cysteine residue and a
cluster of six positively charged lysine residues. Phosphodiesterase & (PDES) plays a key role
in this process by binding farnesylated KRAS from the intracellular membranes and facilitating
its delivery to the plasma membrane [1].

More than 25% of all solid tumors harbor mutations in the KRAS gene [3]. Gain-of-function
mutations in KRAS are particularly associated with lethal forms of cancer, especially in
adenocarcinoma cells of the pancreas, colon, and lung [4, 5]. These mutations most frequently
affect glycine 12 (G12) and glutamine 61 (Q61). Q61 is a catalytic residue essential for GTP
hydrolysis; its mutation to any other amino acid effectively abolishes KRAS-mediated GTP
hydrolysis [5, 6]. In contrast, G12 is located in the active site between the -/y-phosphates of
GTP, adjacent to both catalytic Q61 and the GAP arginine finger [6-8]. Substitution of G12,
even with alanine, results in severe steric hindrance, interfering with GAP binding and
impairing KRAS GTPase activity. This resistance to GAP-mediated hydrolysis [6, 9] leads to
the accumulation of KRAS in its active, GTP-bound state, thereby promoting persistent
signaling pathways and uncontrolled tumor cell proliferation [10].

Intensive efforts to elucidate the mechanisms of intracellular trafficking, regulation, and
downstream signaling of KRAS have led to the development of several therapeutic strategies
[11]. The challenges of directly targeting the KRAS oncogene, along with the identification of
upstream kinases such as receptor tyrosine kinases (RTKs) and downstream effectors
including components of the MAPK, PI3K—AKT-mTORC1, and mTORC2-AKT pathways,
have led to the development of several kinase inhibitors for targeted cancer therapy. Although
KRAS is the most frequently altered oncogenic protein in solid tumors, it has long been
considered ‘undruggable’ [4, 12, 13]. However, advances in structure-based drug design have
led to the development of inhibitors selective for GDP- or GTP-bound KRAS G12 mutants [4,
12, 13]. Clinical trials of covalent KRAS(G12C)-specific inhibitors such as adagrasib
(MRTX849) and sotorasib (AMG510) have shown promising therapeutic activity in cancers
harboring this mutation. Additionally, a novel approach involves designing small molecules that
‘glue” GTP-bound KRAS G12D mutants to their regulatory GAP proteins, thereby restoring
GTPase activity and inhibiting oncogenic signaling [14]. This method has led to the
identification of two new compounds that specifically inhibit the growth of PANC-1 cells
harboring the KRAS G12D mutation, demonstrating significantly lower ICsp values and higher
specificity compared to existing inhibitors like MRTX1133. However, various genomic and
histologic mechanisms contribute to acquired resistance and on-target toxicities associated
with small-molecule inhibitors targeting components of the RTK-KRAS-MAPK axis [13, 15-
17]. A recent study demonstrated that both on-target and off-target mechanisms confer
resistance to adagrasib [17], including secondary KRAS mutations (e.g., G12D/R/VAV, G13D,
Q61H, R68S, HI5D/Q/R, Y96C) and high-level amplification of the KRAS(G12C) allele. In
addition, bypass resistance mechanisms, such as MET amplification, activating mutations in
NRAS, BRAF, MAP2K1, and RET, oncogenic fusions involving ALK, RET, BRAF, RAF1, and
FGFR3, as well as loss-of-function mutations in tumor suppressors such as NF1 and PTEN
have been identified [17]. These findings underscore the urgent need for new combinatorial
therapeutic strategies to prevent or overcome resistance in KRAS-mutant cancers.

Emerging evidence suggests that core or constituent signaling components assemble into
macromolecular complexes and cooperate in spatially defined clusters within the cell [18]. Itis
therefore important to note that the stoichiometric imbalance within such complexes, whether
due to gene overexpression, depletion, knockout, or targeted protein degradation, can disrupt
their equilibrium and impair protein function or the activity of the entire protein complex [19].
The strength, efficiency, specificity, and fidelity of signal transduction are governed by
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mechanisms that enhance molecular connectivity, increase local concentration, and reduce
dimensionality. One such mechanism is liquid-liquid phase separation (LLPS), in which two
liquid phases with distinct protein compositions emerge from a single homogeneous solution
[20]. A large number of proteins, collectively referred to as accessory proteins (Box 1), meet
the criteria to promote LLPS and have been reported to act as adaptor, anchoring, docking, or
scaffold proteins across diverse signaling networks [14, 18, 21, 22]. Many of these accessory
proteins orchestrate the assembly and spatiotemporal localization of key components of the
RTK-KRAS-MAPK pathway [18]. Accessory proteins can be categorized into four distinct
functional groups: (1) anchoring proteins, which bind to the membrane and cther effectors
(mostly kinases): (2) docking proteins, which interact with receptors such as RTKs or GPCRs
and multiple effectors; (3) adaptor proteins, which link two signaling components (e.g., RTKs
and SOS1/2); and (4) scaffold proteins, which simultaneously bind multiple partners and serve
as organizing platforms for signaling complexes[18].

Although dysregulated core components of the RTK-RAS-MAPK pathway are among the
most intensively studied targets for disease treatment, accessory proteins deserve greater
attention. Despite substantial advances in our understanding of this signaling network, the
functional significance of accessory modulators in both normal physiology and human disease,
particularly cancer, remains incompletely understood. In particular, selective inhibition of
CNK1, IQGAP1, KSR1, and SHP2 has been shown to disrupt hyperactive RAS-MAPK
signaling in cancer cells. Given the critical contribution of accessory proteins to signaling
fidelity and network assembly, and their operation largely from the periphery of canonical
pathways, we propose that functional perturbation at specific sites within accessory proteins
may attenuate” rather than completely “inhibit” signaling through the hyperactivated RTK-
RAS-MAPK axis [18].

Direct targeting of constituent members of the RTK-RAS-MAPK axis for disease treatment,
such as in cancer, remains a major challenge. Therapies for KRAS-mutant cancers are still a
significant unmet clinical need, despite the development of allele-specific inhibitors that trap
and inactivate KRAS(G12C) [23, 24]. Three decades of research have led to significant
advances in tumor treatment [25]. However, adverse side effects remain substantial, and more
specific therapies could significantly reduce patient burden. Unfortunately, many of the
expectations for RAS pathway-targeted drugs have not been fulfilled. High toxicity and rapid
resistance acquisition have limited the success of many of the drugs developed to date [25,
26). Selective inhibition of certain accessory proteins, including CNK1, IQGAP1, KSR, and
SHP2, has recently been shown to attenuate hyperactive RTK-RAS-MAPK signaling
pathways in cancer cells and reduce tumor growth (Box 2) [27-30]. For example, combining
SHP2 inhibitors with MEK inhibitors has been shown to interfere with feedback reactivation by
SHP2 and block the onset of resistance in KRAS-driven cancers [30-33]. Although accessory
proteins are increasingly recognized as therapeutic targets in RTK-RAS-MAPK-related
diseases, only a small number of accessory protein inhibitors have been identified to date [18,
34].

In the present study, the effects of ablation of key accessory proteins on downstream signaling
pathways, including ERK and AKT, were systematically investigated. To this end, we
performed CRISPR-Cas9 knockout (KO) of galectin-3, PDES, NPM1, IQGAP1, and SHOC2
(Box 1), in KRAS(G12V)-mutant adenocarcinoma cell lines. The results highlight the essential
role of these accessory proteins in modulating KRAS-dependent signaling and identify them
as promising candidates for combinatorial or alternative therapeutic targeting.

Materials and methods

Cell lines

The cell lines used in this study are summarized in Supplementary Table S1. Cells were
cultured in Dulbecco's modified eagle medium (DMEM) supplemented with 10% fetal bovine
serum (FBS) and 1% penicillin/streptomycin, except for Capan-1 and SHP-77, which were
cultured in Iscove's modified Dulbecco's medium (IMDM) and Gibco Roswell Park Memorial
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Institute (RPMI) 1640 medium, respectively. Cells were grown in an exponential growth phase
at 37°C, 5% COz, and 95% humidity.

CRISPR-Cas9-mediated gene editing

The CRISPR-Cas9 KO was performed as previously described [35]. Briefly, purified TrueCut™
Cas9 protein v2 (Thermo Fisher Scientific) was incubated with TrueGuide™ synthetic single
guide RNA (sgRNAs) targeting the genes of the respective accessory proteins (see
Supplementary Table S2) in nucleofection solution (LONZA) for 30 minutes at room
temperature. One million cells were resuspended in the mixture and nucleofected using the
4D Nucleofector X-Unit (LONZA) with pulse code DN-100 for SW-480 and SHP-77, CM-130
for HEK-293, and CA-163 for CAPAN1. Cells were expanded for one week, and gene
knockouts were verified by immunoblotting.

Immunoblotting and antibodies

Immunoblotting was performed as previously described [36]. The antibodies used are listed in
Supplementary Table S3. Cell lysates were prepared in lysis buffer containing 50 mM Tris-
HCI, pH 7.5, 100 mM NaCl, 2 mM MgClz, 1% Igepal CA-630, 10% glycerol, 20 mM beta- beta-
glycerophosphate, 1 mM sodium orthovanadate, and EDTA-free protease inhibitor cocktail
(Roche). Protein concentrations were determined by the Bradford assay (Bio-Rad).

Cell proliferation and viability assays

Proliferation of KO and wild-type (WT) cells was assessed using different protocols depending
on the accessory protein and cell type. For GAL3, 1 x 10° SW480 cells, and for PDES, 1 x 10
cells were seeded per well in a 12-well plate. Proliferation was monitored for eight days. Cell
numbers were estimated using both an automated counter and a Neubauer chamber. Trypan
blue staining (1:1 ratio with the cell suspension) was used to distinguish between viable and
non-viable cells. For NPM1, proliferation was analyzed in HEK-283, SHP-77, and Capan-1
cells by seeding 1 x 10° cells per well in 12-well plates. Cell counts were performed on days
0, 1, 3, and 5 using a Neubauer chamber after staining with trypan blue (1:1). For IQGAP1,
5,000 Capan-1 cells were seeded per well in a 96-well plate. After 6 hours, 20 uL of CellTiter-
Blue reagent (Promega) was added. Fluorescence intensity at 590 nm was measured using a
Tecan Infinite M200 PRO reader at 0 hours and again after 2 hours of incubation. This
procedure was repeated on days 1, 2, 3, 4, and 7. The change in fluorescence was used as a
measure of cell viability. All experiments were performed in three independent biological
replicates (N = 3).

Cell migration (wound healing or scratch assay)

To assess migration, 1.5 x 10° cells were seeded in 12-well plates and grown to confluence.
A standardized cross-shaped scratch was made using a 200 pL pipette tip. Images were
captured at 0, 3, 6, 9, and 24 hours using a light microscope. The width of the scratch was
measured and normalized to the initial time point. Closure rates were analyzed to quantify the
migration rate.

Statistical analysis

All statistical analyses were conducted using standard methods appropriate for the
experimental design. Graphs for the NPM1 and IQGAP1 immunoblots were generated using
Microsoft Excel. An unpaired, two-sided Student’s t-test was performed for comparisons
between two groups, e.g., wildtype (WT) vs. knockout (KO). Statistical significance was
indicated as follows: P = 0.05 (*), P = 0.01 (**), P = 0.001 (***), and P = 0.0001 (****).
Proliferation graphs for NPM1, GAL3, and PDED were created using OriginPro v.2025b
(CriginLab). A two-way repeated measures ANOVA followed by a Tukey's post hoc test was
conducted [37], with significance levels denoted as above. Immunoblot graphs for GAL3,
PDED, and SHOC2 were prepared in OriginPro v.2025b as well. One-way ANOVA was used
for group comparisons, and significance was indicated using the same star notation. For
IQGAP1, in addition to immunoblots, cell viability and migration data were plotted in Microsoft
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Excel. We assessed statistical significance for these assays using GraphPad Prism 10. All
final figures in this paper were compiled and edited using CorelDRAW.

Results and Discussion

Rationale for selecting human KRAS(G12V)-mutant cancer cell lines

KRAS mutations are among the most common genetic alterations found in cancer, particularly
in pancreatic (86%), colorectal (41%), and lung (32%) adenocarcinomas. Most of these
mutations affect codon 12, including G12D (45%) and G12V (35%) in pancreatic and colorectal
cancer, and G12C (46%) and G12V (23%) in lung cancer [23]. Our study initially started with
the pancreatic adenocarcinoma cell line PANC-1, which harbors a homozygous KRAV(G12D)
mutation and is widely used as a well-characterized in vifro model for investigating cancer
mechanisms and potential therapeutic strategies (Supplementary Table S1).

Before knocking out the accessory proteins in PANC-1 cells, we visualized the endogenous
KRAS protein. To this end, we tested the specificity of several polyclonal and monoclonal anti-
RAS antibodies, including those previously evaluated by Der and coworkers [38]. These
antibodies were tested using purified RAS family proteins expressed in Escherichia coll,
overexpressed proteins in HEK-293 cells, and PANC-1 cell lysates (Supplementary Table S1).
Two antibodies (#23-4.2 from Millipore and #C-19 from Santa Cruz), reported to be KRAS-
specific [38], showed no reactivity with lysates from PANC-1 or other KRAS-mutant cell lines.
To resolve this issue, we screened additional antibodies and identified one (#D2H12, Cell
Signaling) that revealed high selectivity for KRAS(G12V), but not for other variants such as
G12D and G12C or wild-type KRAS in HEK-293 cells (Fig. 1).

KRASG‘ZVI z ——— — ‘-21
Pan-RAS | u——— | - 1
NP1 | s ————— |37

N e ——

IQGAP1|!—I —— S i —— ‘-180
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Figure 1. Relative expression of KRAS and KRAS-related accessory proteins in cancer
cell lines. Immunoblotting was performed with a KRAS(G12V)-specific antibody (#D2H12,
Cell Signaling), a pan-RAS antibody (#05-516, Millipore), and a y-tubulin antibody (#T53286,
Sigma) as a loading control. Antibodies used to detect accessory proteins detection included
GAL3 (#ab2785), NPM1 (#ab10530), IQGAP1 (#ab56529), and SHOC2 (#HPA009164). Total
cell lysates were adjusted to a 50 mg/ml protein concentration. Original blots are shown in
Supplementary Figure S1.

Based on these findings, we selected three KRAS(G12V)-mutant adenocarcinoma cell lines:
Capan-1 (pancreatic), SW-480 (colorectal), and SHP-77 (lung) to knock out the KRAS-
associated accessory proteins GAL3, PDES, NPM1, IQGAP1, and SHOC2, which are
differentially expressed (Fig. 1). Using this model, we examined cell proliferation, migration,
and downstream signaling via the MAPK, PI3BK-PDK1-AKT, and mTORC2-AKT signaling
pathways.
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Galectin-3 KO disrupt MAPK and PI3K-AKT signaling

Galectin-3 (GAL3; also known as lectin L-29 or MAC-2) is a 35 kDa protein consisting of 250
amino acids that has been implicated in tumor progression and metastasis through its role in
cell-cell adhesion, cell-matrix interactions, growth regulation, apoptcsis, angiogenesis, and
mMRNA splicing [39]. Structurally, GAL3 contains an intrinsically disordered N-terminal domain
and a canonical carbohydrate recognition domain (CRD) at the C-terminus, which
distinguishes it from other galectin family members. The CRD forms a hydrophobic pocket
proposed to accommodate the farnesyl group of KRAS [40]. Phosphorylation by casein kinase-
1 (CK1) promotes GAL3 translocation from the nucleus to the plasma membrane, where it
stabilizes KRAS*GTP nanoclustering (Fig. 2A) [41]. While the GAL3-KRAS complex is
primarily associated with PIBK-AKT signaling, its contribution to the MAPK pathway is less
well characterized [42].
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Figure 2. The essential modulatory function of galectin-3 in KRAS signaling in cancer
cells. (A) Phosphorylation of GAL3 by casein kinase-1 (CK1) in the nucleus (N) induces its
translocation to the plasma membrane (PM), where it is recruited into KRAS nanoclusters. (B)
The LGALS3 gene, encoding GAL3, was efficiently knocked out (KO) in KRAS(G12V) SW-480
cells using the CRISPR-Cas9 method. (C) Representative immunoblots of phosphorylated
ERK (p-ERK) versus total ERK (t-ERK), and phosphorylated AKT (p-AKT) versus total AKT (-
AKT), using lysates from SW-480 WT and GAL3 KO cells. Bar graphs represent the mean of
three independent experiments (N = 3), normalized to the loading control vinculin. Statistical
significance was determined by an unpaired two-tailed t-test (*P < 0.05, **P < 0.01, ***P <
0.001; ns, not significant). (D) Growth curves showing the mean values of daily cell counts (N
= 3; Neubauer chamber) for SW-480 WT and GAL3 KO cells. Statistical analysis was
performed by one-way ANOVA followed by Tukey's post-hoc test (*P < 0.05, **P < 0.01, **P
< 0.001, ****P < 0.0001). Qriginal blots are shown in Supplementary Figure $S2.

We investigated the modulatory function of GAL3 in SW-480 cells by CRISPR-Cas9-mediated
KO (Fig. 2B). As shown in Figure 2C, GAL3 KO significantly impaired both the MAPK and
mTORC2-AKT pathways, while the PI3K-AKT pathway remained largely unaffected.
Reduced proliferation of GAL3 KO cells (Fig. 2D) correlated with decreased p-ERK1/2 levels,
supporting the role of GAL3 in stabilizing KRAS membrane association and downstream
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signaling [43]. These findings are consistent with previous studies in Gal3 KO mouse
embryonic fibroblasts, which also showed reduced p-ERK1/2 signaling [41].

Several proteins, including PDES, prenylin, and calmodulin, have been proposed to affect the
membrane localization and intracellular trafficking of farnesylated KRAS [44]. In contrast to
these factors, which enhance KRAS dissociation from the plasma membrane, GAL3
specifically reduces the dissociation rate of activated KRAS. A dominant negative mutant of
GAL3 GAL3(V125A) has been shown to bind GTP-bound KRAS, impair nanocluster formation
and MAPK activity, and suppress cell growth [40]. However, in our study, GST pulldown assays
using bacterially expressed and purified GAL3 and KRAS proteins failed to demonstrate a
direct interaction with either GDP- or GTP-bound KRAS (data not shown), possibly due to the
absence of post-translational modifications.

KRAS nanoclusters refer to nanoscale aggregates of KRAS on the plasma membrane that
facilitate the assembly of signaling complexes [45]. Several studies have implicated GAL3 in
the stabilization of these nanoclusters (Fig. 2A). It is proposed that GTP-bound KRAS recruits
GAL3 from the cytoscl tc the membrane, where GAL3 becomes a component of the
nanocluster, thereby modulating the magnitude of KRAS.GTP signaling output in a
concentration-dependent manner [40, 46, 47]. Our data are consistent with this proposed
scaffolding role, although the precise molecular mechanisms underlying GAL3-mediated
nanocluster formation remain to be elucidated.

PDE6D (PDE&) KO impairs MAPK and PI3BK-AKT signaling

Phosphodiesterases (PDEs) comprise a large family of enzymes with 11 isoenzyme classes
and over 50 subunits that play essential roles in various signaling pathways [48]. Among them,
PDED (also known as PDEBD or PrBP) is particularly important for the spatial organization of
prenylated KRAS by facilitating its cytoplasmic diffusion and regulating its dynamic association
with cellular membranes (Fig. 5A) [49].
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Figure 3. PDES is essential for KRAS(G12V) signaling in SW-480 cancer cells. (A)
Schematic illustrating the proposed role of PDES in regulating KRAS spatial dynamics and

membrane association. (B) The PDE6GD gene, encoding PDES, was efficiently knocked out
(KO) in KRAS(G12V) SW-480 cells using CRISPR-Cas9. (C) Bar graphs represent the mean
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of three independent experiments (N = 3), normalized to the loading control vinculin. Statistical
significance was assessed by unpaired two-tailed t-test (*P < 0.05, **P < 0.01, ***P < 0.001).
(D) Growth curves show the mean daily cell counts (N = 3; Neubauer chamber) for SW-480
WT and PDES KO cells. Statistical analysis was performed by one-way ANOVA followed by
Tukey's post-hoc test (*P < 0.05, **P < 0.01, **P < 0.001, ****P < 0.0001). Original blots are
shown in Supplementary Figure S3.

To investigate the role of PDES in KRAS-driven signaling, we generated PDEGD KO cells using
CRISPR-Cas9 technology in the KRAS(G12V)-mutant SW-480 colorectal adenocarcinoma
cell line (Fig. 3B). Immunoblotting revealed a significant reduction in phosphorylated ERK and
AKT levels upon PDE6GD knockout, indicating impaired MAPK and PIBK-AKT signaling (Fig.
3C). This signaling impairment correlated with a substantial decrease in cell proliferation (Fig.
3D), suggesting a critical role for PDES in maintaining KRAS effector pathways.

Our results are consistent with previous studies showing that impairment of the PDEED-KRAS
interaction attenuates KRAS-driven signaling [49]. However, they contrast with recent siRNA-
mediated knockdown experiments that showed minimal effects on ERK activity [50]. This
discrepancy may be due to the incomplete suppression achieved by transient knockdown,
leaving residual PDES activity sufficient to support partial KRAS membrane localization. In
addition, variation in dependence on PDE[ between different KRAS-mutant cell types may
also contribute to these divergent observations.

The coordinated reduction in p-AKT(Ser473) and p-AKT(Thr308) suggests that PDES
regulates AKT signaling at multiple levels, including upstream PISK-PDK1 and mTORC2
inputs. Given that small-molecule inhibitors of PDE® have been shown to impair KRAS
membrane localization and reduce tumor growth in xenograft models [49], our data support
PDES as a promising therapeutic target in KRAS-mutant cancers, particularly colorectal
adenocarcinoma.

Nucleophosmin KO affects RAS signaling in HEK-293 cells, but not in KRAS-mutant
cancer cells

Nucleophosmin (NPM1; also known as B23, numatrin, or NO38) is a 37-kDa multifunctional
phosphoprotein of 294 amino acids. It is predominantly localized to the nucleolus and plays
critical roles in RNA processing events, including transcription, ribosome biogenesis, mRNA
stability, translation, and miRNA regulation [51]. Notably, the KRAS-responsive IncRNA
KIMAT1, a MYC target, promotes lung tumorigenesis by enhancing the processing of
oncogenic miRNAs through the stabilization of NPM1 [52, 53]. Although NPM1 functions
primarily in the nucleus, it shuttles between the nuclear and cytoplasmic compartments and
can translocate to the plasma membrane. Mutant forms of NPM1 have been shown to enhance
RAS-MAPK signaling, thereby promoting adhesion, migration, and invasion in acute myeloid
leukemia (AML) cells [54]. Furthermore, genetic ablation of NPM1 reduces tumor progression
in non-small cell lung cancer (NSCLC), validating NPM1 as a therapeutic target in KRAS-
driven tumors [55]. Interestingly, NPM1 has been reported to stabilize KRAS association with
the cytoplasmic leaflet of the plasma membrane, thereby modulating MAPK signaling (Fig. 4A)
[47].
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Figure 4. Reciprocal modulation of MAPK and PI3K-AKT signaling pathways by NPM1
in HEK-293 cells. (A) Schematic representation of the proposed role of NPM1 in stabilizing
KRAS at the plasma membrane (PM), promoting activation of the MAPK pathway while
inhibiting PI3BK—AKT signaling. (B) Confirmation of NPM1 KO in KRAS(G12V)-mutant cell lines
(Capan-1 and SHP-77) and KRAS wild-type HEK-293 cells using CRISPR-Cas$ technology.
NPM1 KO was verified by immunoblotting. (C) Representative immunoblots of phosphorylated
ERK (p-ERK) versus total ERK (-ERK), using lysates from Capan-1 and SHP-77 WT and
NPM1 KO cells. (D) Growth curves showing the mean values of daily cell counts (N = 3;
Neubauer chamber) for Capan-1 and SHP-77 WT and NPM1 KO cells. (E) Representative
immunoblots of p-ERK versus t-ERK and phosphorylated AKT (p-AKT) versus total AKT (t-
AKT), using lysates from HEK-293 WT and NPM1 KO cells. (F) Growth curves showing the
mean values of daily cell counts (N = 3; Neubauer chamber) for HEK-293 WT and NPM1 KO
cells. Bar graphs represent the mean of three independent experiments (N = 3), normalized to
the loading control GAPDH or vinculin. Statistical significance was assessed by unpaired two-
tailed t-test (*P < 0.05, **P < 0.01, ***P < 0.001; ns, not significant). For growth curves,
statistical analysis was performed using one-way ANOVA followed by Tukey’s post hoc test
(*P <0.05, *P < 0.01, ***P < 0.001, ****P < 0.0001). Original blots are shown in Supplementary
Figure S4.

Toinvestigate the functional role of NPM1 in KRAS signaling, we knocked out NPM1 in Capan-
1, SHP-77, and HEK-293 cell lines using CRISPR-Cas8 (Fig. 4B). The KO efficiency was
confirmed by immunoblotting. In the KRAS(G12V)-mutant adenocarcinoma cell lines Capan-1
and SHP-77, NPM1 KO had no significant effect on MAPK signaling as measured by p-ERK1/2
levels (Figure 4C), although a modest but reproducible reduction in proliferation was observed
(Fig. 4D). In contrast, NPM1 KO in the KRAS wild-type HEK-293 cell line resulted in a
significant reduction in p-ERK1/2 and a striking increase in p-AKT (Fig. 4E), accompanied by
a substantial decline in proliferation (Fig. 4F). These results suggest that NPM1 KO does not
reverse the strong activation of signaling in KRAS-mutant cancer cells but instead alters the
downstream signaling in KRAS wild-type HEK-293 cells. In this context, NPM1 appers to
promote the RAS-MAPK pathway while suppressing the RAS-PI3K-AKT pathway (Fig. 4A).

The role of NPM1 in cancer, particularly its mutations and interactions with KRAS, has received
considerable attention due to its impact on signaling pathways involved in cell proliferation and
differentiation. In this study, no significant changes in ERK phosphorylation were observed
upon NPM1 KO in the KRAS(G12V)-mutant adenocarcinoma cell lines. Previous studies have
reported NPM1 overexpression in various malignancies [56] and identified frameshift
mutations in approximately 35% of adult AML cases [57, 58]. These mutations often co-occur
with activating KRAS mutations [59, 60], suggesting a potential cooperative role in
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leukemogenesis. Genetic ablation of NPM7 in a mouse model of KRAS-mutant
adenocarcinoma has been shown to shift cancer cell metabolism from aerobic glycolysis to
oxidative phosphorylation and reduce tumor proliferation [55], supporting its candidacy as a
potential therapeutic target in KRAS-driven cancers. Although ectopic NPM1 expression has
been reported to increase p-ERK levels (Inder et al., 2009), we did not cbserve changes in
ERK phosphorylation in the KRAS(G12V) background, suggesting that constitutively active
KRAS maintains MAPK pathway activation independent of NPM1 status.

In contrast, NPM1 KO in the KRAS wild-type HEK-293 cell line significantly altered
downstream signaling, with decreased ERK phosphorylation and increased AKT
phosphorylation. This finding supports the idea that NPM1 is required to stabilize KRAS at the
plasma membrane [61]. Immunoprecipitation studies have shown that an AML-associated
NPM1 mutant (a four-nucleotide insertion in exon 11) interacts with KRAS [62, 63].
Overexpression of this mutant increases p-ERK levels [54], which is consistent with our
findings. It has also been suggested that this mutant promotes AML cell invasiveness by
upregulating matrix metalloproteinases (MMPs) through activation of the RAS-MAPK
pathway, further highlighting its role in leukemogenesis. However, our GST pulldown assays
with purified proteins did not confirm a direct interaction between wild-type NPM1 and KRAS
(data not shown).

Notably, NPM1 KO in HEK-293 cells also resulted in increased AKT phosphorylation, likely
due to the destabilization of PTEN, a key negative regulator of the PI3K pathway. NPM1 has
been reported to interact with PTEN and regulate its stability via ubiquitination [64]. In the
absence of NPM1, PTEN degradation may result in enhanced PISK-AKT signaling.

In conclusion, NPM1 appears to modulate both the MAPK and PISK-AKT pathways in a KRAS
context-dependent manner. In KRAS(G12V)-mutant cell lines, its KO has minimal effect due
to constitutive downstream, whereas in KRAS wild-type cells, NPM1 promotes MAPK
activation and restrains AKT signaling. These findings support a broader role for NPM1 in
KRAS signaling modulation and warrant further investigation of its mechanism and therapeutic
potential.

IQGAP1 KO does not alter MAPK signaling, but positively affects PI3K-PDK1-AKT
activation

Activation of RAF kinase at the plasma membrane through direct interaction with KRAS-GTP
is a well-established mechanism [65]. Upon activation, BRAF/RAF1 heterodimers
phosphorylate MEK1/2, which then phosphorylate ERK1/2 at the TEY motif. Activated ERK1/2
are then distributed to various subcellular compartments, where they phosphorylate
downstream substrates. The assembly of macromolecular complexes involving MAPK
components and their interaction with RAS nanoclusters at the membrane define the RAS-
MAPK signaling axis. This process is supported by homo- and heterodimerization of the
signaling proteins and orchestrated by accessory proteins that provide spatial and temporal
precision, as well as signal fidelity and amplification [18). One of the most prominent scaffold
proteins involved in this regulation is IQ Motif Containing GTPase Activating Protein 1
(IQGAP1), also known as p195 or SAR1, a multidomain protein composed of 1657 amino acids
with a molecular weight of approximately 180 kDa [18, 66, 67].

IQGAP1 has been reported to scaffold and facilitate the RAF-MEK-ERK signaling by
interacting with the epidermal growth factor receptor (EGFR) [68, 69] and to coordinate PI3K
signaling by assembling a multienzyme complex that promotes PIP: generation and
subsequent AKT activation (Fig. 5A) [70]. With over one hundred documented binding partners
[71], IQGAP1 is involved in cytoskeletal remodeling, cell proliferation, differentiation, and other
regulatory functions that vary depending on the cell type and physiological context. Because
of its central role in tumorigenesis, IQGAP1 and its associated pathways are being evaluated
as potential targets for cancer therapy [72].
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Figure 5. The regulatory role of IQGAP1 in PI3K-AKT signaling in KRAS(G12V)-mutant
Capan-1 cells. (A) IQGAP1 is proposed to function as a scaffold protein for components of
beth the MAPK (RAF, MEK, ERK) and PI3BK-AKT (PI3K, PDK1, AKT) pathways. (B) The
IQGAP1 gene was efficiently knocked out (KO} in KRAS(G12V) Capan-1 cells using the
CRISPR-Cas9 method. (C) Representative immunoblots of phosphorylated ERK (p-ERK)
versus total ERK (t-ERK), using lysates from Capan-1 WT and /QGAP71 KO cells. (D)
Representative immunoblots phospherylated STAT3 (p-STAT3), YAP (p-YAP), and JNK (p-
JNK) versus total STAT3 (t-STAT3), YAP (t-YAP), and JNK (t-JNK), using lysates from Capan-
1 WT and IQGAPT KO cells. (E) Growth curves show the mean daily cell count values (N = 3;
Neubauer chamber) for Capan-1 WT and /IQGAPT KO cells. (F) Cell migration was assessed
using a scratch assay. The plots show the mean values of wound closure (N = 3) over time for
Capan-1 WT and IQGAP1 KO cells. (G) Representative immunoblots of phosphorylated AKT
(p-AKT) versus total AKT (t-AKT), using lysates from Capan-1 WT and /QGAPT KO cells. Bar
graphs represent the mean of three independent experiments (N = 3), normalized to the
loading control GAPDH. Statistical significance was assessed using an unpaired two-tailed t-
test (*P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001; ns, not significant). Original blots are
shown in Supplementary Figure S5.

In this study, we generated /IQGAPT KO in the Capan-1 cell line using CRISPR-Cas9 (Fig. 5B).
Immunoblot analysis revealed that IQGAPT KO did not affect ERK phosphorylation (Fig. 5C).
Similarly, the phosphorylation status of other signaling proteins, including JNK, YAP, and
STAT3, remained unchanged (Fig. 5D). Cell proliferation and migration also showed no
significant difference between IQGAPT KO and wild-type cells (Fig. 5E, F). In contrast, we
observed a significant increase in AKT phosphorylation at threonine 308, the PDK1 target site
within the PI3K pathway, in IQGAP7 KO cells compared to wild-type controls (Fig. 5G). This
suggests that IQGAP1 acts as a negative modulator of the KRAS-PI3K-PDK1-AKT signaling
axis in the KRAS(G12V)-mutant Capan-1 cells.

IQGAP1 is frequently overexpressed in various cancers, including pancreatic adenocarcinoma
[73, 74], colorectal cancer [75], hepatocellular carcinoma [76], ovarian cancer [77], and glioma
[78]. As a scaffold protein for MAPK components [79, 80], it was initially thought to interact with
ERK via the WW domain, although recent evidence suggests that the IQ domain is both
necessary and sufficient for high-affinity binding [68, 80, 81]. IQGAP1 also facilitates crosstalk
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between mTOR and AKT [82] and directly promotes PIPs generation by binding to PI3K [70,
83, 84].

Interestingly, despite the proposed scaffolding functions of IQGAP1, we did not observe
changes in ERK phosphorylation following /QGAPT knockout. Instead, levels of
phosphorylated AKT at threonine 308 (p-AKT %) were significantly increased, with a modest
increase also observed at serine 473 (p-AKTS*®). These results differ from previous reports
characterizing IQGAP1 as a positive regulator of AKT signaling. For example, siRNA-mediated
knockdown of IQGAP1 in Capan-1 cells was reported to leave p-AKT levels unaffected while
reducing p-ERK levels [85]. In KRAS wild-type cells, high levels of IQGAP1 may favor the
PI3K-AKT signaling by interacting with FOXO1, a downstream target of AKT, while interfering
with the scaffolding of the MAPK pathway [86]. In KRAS-mutant cells, IQGAP1 may instead
promote ERK signaling while limiting AKT activation. Thus, loss of IQGAP1 could remove this
bias and shift the balance in favor of PI3K-AKT pathway activation. An additional explanation
may involve a feedback mechanism regulated by p70S6K. IQGAP1 has been proposed to
affect p70S6K, and its loss may relieve a negative feedback locp, thereby increasing AKT
activity [87].

SHOC2 KO selectively disrupts KRAS(G12V)-driven MAPK signaling

SHOC?2 (also known as SUR-8 or SOC2) is a scaffold protein that facilitates activation of the
RAS-MAPK pathway by coordinating the assembly of signaling complexes. It forms a ternary
complex with protein phosphatase 1 (PP1C) and GTP-bound MRAS, a member of the RAS
family. This SHOC2-MRAS-PP1C complex specifically dephosphorylates inhibitory serine
residues on RAF kinases, such as p-CRAF(S259) and p-BRAF(S365) (Fig. 6A) [88-90]. This
dephosphoerylation step relieves autoinhibition, thereby enabling RAF activation and
subsequent MEK1/2 phosphorylation. The functional importance of this complex is
underscored by gain-of-function mutations in all three components in Noonan syndrome, which
enhance complex formation and MAPK signaling [91, 92].
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Figure 6. SHOC2 selectively modulates MAPK signaling in KRAS(G12V) SHP-77 cells.
(A) Schematic representation of SHOC2-mediated RAF activation via dephosphorylation by
the SHOC2-MRAS-PP1C complex. (B) The SHOCZ gene was knocked out (KO) in
KRAS(G12V) adenocarcinoma SHP-77 cells using the CRISPR-Cas® method. (C)
Representative immunoblots of phosphorylated ERK (p-ERK) versus total ERK (t-ERK), and
phosphorylated AKT (p-AKT) versus total AKT (t-AKT), using lysates from SHP-77 WT and
SHOC?2 KO cells. Bar graphs represent the mean of three independent experiments (N = 3),
normalized to the loading control y-tubulin. Statistical significance was assessed using an
unpaired two-tailed t-test (*P < 0.05, **P < 0.01, **P < 0.001; ns, not significant). Criginal blots
are shown in Supplementary Figure S6.

After confirming SHOC2 expression in various cell lines (Fig. 1), we generated SHOC2 KO in
the KRAS(G12V) adenocarcinoma cell line SHP-77 using CRISPR-Cas@ (Fig. 6B). As shown
in Figure 8C, SHOC2 KO resulted in a marked reduction in ERK phosphorylation, whereas
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AKT phosphorylation at both T308 and S473 remained unchanged. These results demonstrate
that SHOC?2 specifically modulates the MAPK axis downstream of KRAS, without affecting the
AKT pathways.

Our results are consistent with previous studies demonstrating the essential role of SHOC2 in
the activation of the MAPK pathway [93]. SHOC2 facilitates the recruitment of PP1C to inactive
BRAF and CRAF, thereby promoting the dephosphorylation and activation of RAF kinases
(Fig. 1A). SHOC2 expression and mutation status vary among tumor types, and alterations in
the axis are implicated in multiple cancer subtypes [94, 95]. SHOC2 overexpression has been
associated with increased ERK phosphorylation in several cancers, including colorectal, lung,
and breast tumors [89, 93, 96-98]. Beyond cancer, SHOC2 deregulation has been implicated
in developmental disorders. Germline gain-of-function mutations in SHOC2 cause Noonan-like
syndrome with loose anagen hair, a distinct RASopathy characterized by aberrant MAPK
signaling [99-101].

Conclusions

In this study, we highlight a class of modulatory proteins, termed “accessory proteins’, that are
increasingly recognized as promising therapeutic targets in RAS-MAPK-driven diseases.
These proteins do not function as direct components of canonical signaling cascades, but
instead coordinate the assembly and spatiotemporal localization of key signaling molecules,
thereby shaping overall signaling output [18]. Accessory proteins can be classified into four
functional subtypes, as outlined in Box 1.

Our results demonstrate that the loss of specific KRAS-associated accessory proteins
significantly alters KRAS signaling outputs in both KRAS(G12V)-mutant adenocarcinoma cells
and KRAS wild-type HEK-293 cells. In particular, we identified GAL3, PDES, SHOC2, and
IQGAP1 as key modulators of KRAS-centric interaction networks, positioning them as strong
candidates for therapeutic intervention (Box 2).

These proteins also offer opportunities to refine combination therapeutic strategies aimed at
overcoming resistance to KRAS-targeted therapies. Notably, previous studies have shown that
depletion of accessory proteins such as SHOC2 can reduce the likelihood of acquired drug
resistance [90, 102-104]. In addition, our findings, including the reciprocal modulation of MAPK
and AKT signaling upon NPM7 KO in KRAS wild-type cells, and the unexpected increase in p-
AKT upon IQGAP1 KO, provide novel insights. These results support the concept that certain
accessory proteins may function as molecular switches that selectively activate or repress
specific signaling pathways depending on the cellular context.

Although the last three decades of research have led to major advances in cancer treatment,
more effective therapeutic strategies are still needed, particularly for cancers harboring KRAS
mutations. Several accessory proteins have been suggested as promising targets in RAS-
mutant cancers, but only a small number of inhibitors have been discovered.

A key advantage of targeting modulatory prcteins rather than core or constituent pathway
components is that hyperactive signaling can be attenuated to physiological levels rather than
blocked completely. This strategy may reduce toxicity and limit the compensatory feedback
reactivation cften observed with direct kinase inhibition. For example, Ksr KO in mice does not
eliminate ERK phosphorylation but reduces RAS-driven tumorigenesis and is well tolerated
during development [25, 105].

One illustrative example is the scaffolding protein SHOC2. Its depletion enhances the
therapeutic effect of MEK inhibitor treatment by interfering with feedback reactivation through
the RAF pathway [106]. SHOC2 forms a holoenzyme complex with PP1C and MRAS that
enables RAF dimerization by dephosphorylating inhibitory serine residues. While SHOC2 KO
is embryonic lethal in mice, it is tolerated in adult animals and human cell lines, and its loss
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inhibits the growth of RAS mutant cancer cells [106]. In addition to its role in cancer, SHOC2
mutations have been implicated in developmental disorders such as Mazzanti syndrome and
prenatal-onset hypertrophic cardiomyopathy [99, 101]. These mutations cause persistent
membrane localization or enhanced binding of MRAS and PPP1CB, highlighting the finely
tuned regulatory role of SHOC2 in RAS-MAPK signaling.

Another example is the anchoring protein CNK1, which localizes to the membrane via its
pleckstrin homology (PH) domain and promotes RAF activation by binding to both RAS and
RAF via its N- and C-terminal domains [107]. The PH domain inhibitor PHT-7.3 prevents CNKA1
from colocalizing with membrane-localized RAS and selectively inhibits the proliferation of
KRAS mutant, but not wild-type, cancer cell lines [108].

A further example is the tyrosine phosphatase SHP2, which plays a key role in integrating RTK
signals and is essential for cell growth and proliferation. Blocking SHP2 in cancers driven by
RTK activation has been shown to attenuate tumor growth. Allosteric inhibitors of SHP2
suppress signaling through the MAPK pathway and inhibit the proliferation of RTK-activated
tumors. This offers a strategy to overcome resistance in cancer treatments [109]. It alsc has
potential for combination therapies. SHP2 inhibition could enhance the efficacy of other
treatments, such as MEK inhibitors, by reducing MAPK and mTOR signaling activities [110].

As shown in our study, PDES can significantly affect both pathways and could be used in
cancer therapy. Moreover, the combination of inhibition of PDED function, when combined with
sildenafil, which activates PKG2, synergistically suppresses KRAS-driven tumor growth in
preclinical models [111].

Collectively, the results of this study provide a comprehensive functional map of KRAS-
associated accessory proteins and their influence on MAPK and AKT signaling. By uncovering
their distinct and context-dependent regulatory roles, we highlight these modulators as
attractive but underexplored therapeutic targets. Future efforts to develop selective inhibitors
of accessory proteins may pave the way for more effective and durable treatment strategies in
KRAS-driven cancers.

234



Author Contributions Statement

Funding

This study was supported by the German Research Foundation (DFG; AH 92/8-3), the
European Network on Noonan Syndrome and Related Disorders (NSEuroNet, 01GM1602B)

Acknowledgments

We would like to thank our colleague Axel Gédecke for providing reagents and Soheila Rezaei
Aradiani, Saeideh Nakhaei-Rad, and Radovan Dvrosky for their support and discussions.

Conflict of Interest
The authors declare no conflict of interest.

Abbreviations

AKT, Protein kinase B

ALK, Anaplastic lymphoma kinase

AML, Acute myeloid leukemia

BRAF, B-Rapidly accelerated fibrosarcoma
Serine/threonine-protein kinase

Cas9, CRISPR-associated protein 9
c¢GMP, Cyclic guanosine monophosphate
CK1, Casein Kinase 1

CNK1, Connector enhancer of kinase suppressor
of RAS 1

CO2, Carbon dioxide

CRAF, C-Rapidly accelerated fibrosarcoma
Serine/threonine-protein kinase

CRD, Carbohydrate recognition domain
CRISPR, Clustered regularly interspaced short
palindromic repeat

DMEM, Dulbecco's Modified Eagle Medium
EGF, Epidermal growth factor

EGFR, Epidermal growth factor receptor
ERK, Extracellular signal regulated kinase
FBS, Fetal bovine serum

FDA, Food and Drug Administration
FGFRS3, Fibroblast growth factor receptor 3
FOXO1, Forkhead box protein O1

GAL3, Galectin-3

GAP, GTPase activating protein

GAPDH, Glyceraldehyde 3-phosphate
dehydrogenase

GDP, Guanine diphosphate

GEF, Guanine nucleotide exchange factor
GPCR, G protein-coupled receptor

GRB2, Growth factor receptor-binding protein 2
GST, Glutathione S-transferase

GTP, Guanine triphosphate

HEK-293, Human embryonic kidney 293
IncRNA, long non-coding RNA

IQGAP1, 1Q Motif-containing GTPase-Activating
Protein 1

JNK, ¢-Jun N-terminal kinase

kDa, Kilodalton

KIMAT1, KRAS-induced MY C-activated
Transcript 1

KO, Knockout

KRAS, Kirsten rat sarcoma

KSR1, Kinase suppressor of RAS-1

LLPS, Liquid-Liquid phase separation

235

MAP2K1, Mitogen-activated protein kinase
kinase 1

MAPK, Mitogen-activated protein kinase

MEK, Dual specificity mitogen-activated protein
kinase kinase

MET, Mesenchymal-Epithelial Transition factor
MMPs, Matrix metalloproteinases

MRAS, Muscle RAS oncogene homolog
mRNA, Messenger Ribonucleic Acid

mTOR, Mammalian target of rapamycin
mTORC2, Mammalian target of rapamycin
complex

MYC, Avian Myelocytomatosis Viral Oncogene
Homolog

NF1, Neurofibromatosis type 1

NPM1, Nucleophosmin 1

NRAS, Neuroblastoma RAS viral oncogene
homolog

NSCLC, Non-small cell lung cancer

PDE, Phosphodiesterase

PDES6®, Delta subunit of phosphodiesterase 6
PDK1, 3-phosphoinositide-dependent protein
kinase 1

PH, Pleckstrin homology

PI3K, Phosphatidylinositol 3-kinase

PIPs, Phosphatidylinositol (3,4,5)-triphosphate
PP1C, Protein phosphatase 1

PP1CB, protein phosphatase 1 catalytic subunit
beta

PTEN, Phosphatase and tensin homolog

RAF, Rapidly accelerated fibrosarcoma

RAS, Rat sarcoma

RET, Rearranged during transfection (proto-
oncogene tyrosine-protein kinase receptor)
RNA, Ribonucleic Acid

RTK, Receptor tyrosine kinase

sgRNA, Single-guide RNA

SHP-77, Shadyside Hospital, Pittsburgh 77
SHPZ, SH2 domain-containing  tyrosine
phosphatase 2

siRNA, Small Interfering RNA

SOS, Son of sevenless

S0S1/2, Son of sevenless homolog 1/2
STAT3, Signal Transducer and Activator of
Transcription 3

WT, Wild-Type

YAP, Yes1-associated transcriptional regulator



References

1

10.

11

12,

13.

14.

15.

16.

17.

18.

19.

20.

21

22.

23,

24.

25.

26.

27.

Nakhaei-Rad, S., et al., Structural fingerprints, interactions, and signaling networks of RAS family
proteins beyond RAS isoforms. Critical reviews in biochemistry and molecular biology, 2018. 53(2): p.
130-156.

Hennig, A., et al., Ras activation revisited: role of GEF and GAP systems. Biological chemistry, 2015,
396(8): p. 831-848.

Sanclemente, M., et al., ¢-RAF ablation induces regression of advanced Kras/Trp53 mutant lung
adenocarcinomas by a mechanism independent of MAPK signaling. Cancer cell, 2018. 33(2): p. 217-
228. e4,

Moore, A.R., et al., RAS-targeted therapies: is the undruggable drugged? Nature Reviews Drug
Discovery, 2020. 19(8): p. 533-552.

Zhu, C,, et al., Targeting KRAS mutant cancers: from druggable therapy to drug resistance. Molecular
Cancer, 2022. 21(1): p. 1-19.

Scheffzek, K., et al., The Ras-RasGAP complex: structural basis for GTPase activation and its loss in
oncogenic Ras mutants. Science, 1997. 277(5324): p. 333-339.

Mittal, R., et al., Formation of a transition-state analog of the Ras GTPase reaction by Ras- GDP,
tetrafluoroaiuminate, and GTPase-activating proteins. Science, 1996. 273(5271): p. 115-117.
Ahmadian, M.R., et al., Confirmation of the arginine-finger hypothesis for the GAP-stimulated GTP-
hydrolysis reaction of Ras. Nature structural biclogy, 1997. 4(9): p. 686-689.

Ahmadian, M.R., et al., Guanosine triphosphatase stimulation of oncogenic Ras mutants. Proceedings
of the National Academy of Sciences, 1999, 96(12): p. 7065-7070.

Zhu, G., et al., Role of oncogenic KRAS in the prognosis, diagnosis and treatment of colorectal cancer.
Molecular cancer, 2021. 20(1): p. 1-17.

Saliani, M., R. Jalal, and M.R. Ahmadian, From basic researches to new achievements in therapeutic
strategies of KRAS-driven cancers. Cancer Biology & Medicine, 2019. 16(3): p. 435.

Stalnecker, C.A. and C.). Der, RAS, wanted dead or alive: Advances in targeting RAS mutant cancers.
Science signaling, 2020. 13(624): p. eaay6013.

Punekar, S.R., et al., The current state of the art and future trends in RAS-targeted cancer therapies.
Nature Reviews Clinical Oncology, 2022, 19({10}): p. 637-655.

Randelovic, 1., et al., Gluing GAP to RAS Mutants: A New Approach to an Old Problem in Cancer Drug
Development. Int J Mol Sci, 2024. 25(5).

Cooper, A.J., L.V. Sequist, and .. Lin, Third-generation EGFR and ALK inhibitors: mechanisms of
resistance and management. Nature Reviews Clinical Oncology, 2022: p. 1-16.

Cohen, P., D. Cross, and P.A. Jénne, Kinase drug discovery 20 years after imatinib: Progress and future
directions. Nature reviews drug discovery, 2021. 20(7): p. 551-569.

Awad, M.M., et al., Acquired resistance to KRASG12C inhibition in cancer. New England Journal of
Medicine, 2021. 384(25): p. 2382-2393,

Pudewell, S., et al., Accessory proteins of the RAS-MAPK pathway: moving from the side line to the
front line. Commun Biol, 2021. 4{1): p. 696.

Prelich, G., Gene overexpression: uses, mechanisms, and interpretation. Genetics, 2012. 190(3): p. 841-
854.

Lyon, A.S., W.B. Peeples, and M.K. Rosen, A framework for understanding the functions of
biomolecular condensates across scales. Nature Reviews Molecular Cell Biology, 2021. 22(3): p. 215-
235,

Sato, M., et al., Accessory proteins for G proteins: partners in signaling. Annu Rev Pharmacol Toxicol,
2006. 46: p. 151-87.

Mirzaiebadizi, A., R. Shafabakhsh, and M.R. Ahmadian, Modulating PAK1: Accessory Proteins as
Promising Therapeutic Targets. Biomolecules, 2025. 15(2).

Meore, A.R,, et al., RAS-targeted therapies: is the undruggable drugged? Nat Rev Drug Discov, 2020.
19(8): p. 533-552.

Ostrem, J.M., et al., K-Ras{G12C) inhibitors allosterically control GTP affinity and effector interactions.
Nature, 2013. 503(7477): p. 548-51.

Matallanas, D. and P. Crespo, New druggable targets in the Ras pathway? Curr Opin Mol Ther, 2010,
12(6): p. 674-83.

Vasan, N., 1. Baselga, and D.M. Hyman, A view on drug resistance in cancer. Nature, 2019, 575(7782):
p. 299-309.

Indarte, M., et al., Correction: An Inhibitor of the Pleckstrin Homology Domain of CNK1 Selectively
Blocks the Growth of Mutant KRAS Cells and Tumors. Cancer Res, 2019, 79(20): p. 5457.

236



28.

29.

30.

31

32

33.

34,

35,

36.

37.

38.

39,

40,

41,

42,

43,

45,

46.

47.

48.

43,

50.

51

52.

53.

54,

Tari, A.M., et al., Liposome-incorporated Grb2 antisense oligodeoxynucleotide increases the survival of
mice bearing ber-abl-positive leukemia xenografts. Int J Oncol, 2007. 31(5): p. 1243-50.

Dhawan, N.S., A.P. Scopton, and A.C. Dar, Small molecule stabilization of the KSR inactive state
antagonizes oncogenic Ras signalling. Nature, 2016, 537(7618): p. 112-116.

Xie, ., et al., Allosteric Inhibitors of SHP2 with Therapeutic Potential for Cancer Treatment. ] Med
Chem, 2017. 60{24): p. 10205-10218.

Mainardi, S., et al., SHP2 is required for growth of KRAS-mutant non-smali-cell lung cancer in vivo. Nat
Med, 2018. 24(7): p. 961-967.

Ruess, D.A., et al., Mutant KRAS-driven cancers depend on PTPN11/SHP2 phosphatase. Nat Med, 2018,
24(7): p. 954-960.

Fu, N.J., et al., Hexachlorophene, a selective SHP2 inhibitor, suppresses proliferation and metastasis of
KRAS-mutant NSCLC cells by inhibiting RAS/MEK/ERK and PI3K/AKT signaling pathways. Toxicol Appl
Pharmacol, 2022. 441: p. 115988.

Pudewell, 5. and M.R. Ahmadian, Spotlight on Accessory Proteins: RTK-RAS-MAPK Modulators as New
Therapeutic Targets. Biomolecules, 2021. 11(6).

Pudewell, S., et al., New mechanistic insights into the RAS-SIN1 interaction at the membrane. Front
Cell Dev Biol, 2022. 10: p. 987754.

Nakhaei-Rad, S., et al., The Role of Embryonic Stem Cell-expressed RAS (ERAS) in the Maintenance of
Quiescent Hepatic Stellate Cells. ) Biol Chem, 2016. 291(16): p. 8399-413.

Golestan, A.M., et al., The Effects of NDRG2 Overexpression on Celf Proliferation and Invasiveness of
SW48 Colorectal Cancer Cell Line. Iran ) Med Sci, 2015. 40(5): p. 430-9.

Waters, A.M., et al., Evaluation of the selectivity and sensitivity of isoform- and mutation-specific RAS
antibodies. Sci Signal, 2017. 10(498).

Califice, S., V. Castronovo, and F. Van Den Br(le, Galectin-3 and cancer (Review). Int ] Oncol, 2004.
25(4): p. 983-92.

Shalom-Feuerstein, R., et al., K-ras nanoclustering is subverted by overexpression of the scaffold
protein galectin-3. Cancer Res, 2008, 68(16): p. 6608-16.

Lewy, R., et al., Galectin-3 mediates cross-talk between K-Ras and Let-7c tumor suppressor microRNA.
PL0OS One, 2011, 6(11): p. e27490.

Elad-Sfadia, G., et al., Galectin-3 augments K-Ras activation and triggers a Ras signal that attenuates
ERK but not phosphoinositide 3-kinase activity. J Biol Chem, 2004. 279(33): p. 34922-30.

Siddiqui, F.A., et al., Novel Small Molecule Hsp90/Cdc37 Interface Inhibitors Indirectly Target K-Ras-
Signaling. Cancers (Basel), 2021. 13(4).

Bhagatiji, P., et al., Multiple cellular proteins modulate the dynamics of K-ras association with the
plasma membrane. Biophys 1, 2010. 99(10): p. 3327-35.

Plowman, S.J., et al., H-ras, K-ras, and inner plasma membrane raft proteins operate in nanoclusters
with differential dependence on the actin cytoskeleton. Proc Natl Acad Sci U S A, 2005. 102(43): p.
15500-5.

Tian, T., et al., Mathematical modeling of K-Ras nanociuster formation on the plasma membrane.
Biophys J, 2010. 99(2): p. 534-43.

Inder, K.L., et al., Nucleophosmin and nucleolin regulate K-Ras plasma membrane interactions and
MAPK signal transduction. ) Biol Chem, 2009. 284(41): p. 28410-28419.

Maurice, D.H., et al., Cyclic nucleotide phosphodiesterases (PDEs): coincidence detectors acting to
spatially and temporally integrate cyclic nucleotide and non-cyclic nucleotide signals. Biochem Soc
Trans, 2014, 42(2): p. 250-6.

Zimmermann, G., et al., Small molecule inhibition of the KRAS-PDEdelta interaction impairs oncogenic
KRAS signalfling. Nature, 2013. 497(7451): p. 638-42.

Chen, Y.H., et al., EPHAZ2 feedback activation limits the response to PDEdelta inhibition in KRAS-
dependent cancer cells. Acta Pharmacol Sin, 2020. 41(2): p. 270-277.

Nouri, K., et al., Biophysical Characterization of Nucleophosmin Interactions with Human
Immunodeficiency Virus Rev and Herpes Simplex Virus US11. PLoS One, 2015. 10(12): p. e0143634.
Saliani, M., et al., KRAS-related long noncoding RNAs in human cancers. Cancer Gene Ther, 2022.
29(5): p. 418-427.

Shi, L., et al., A KRAS-responsive long non-coding RNA controls microRNA processing. Nat Commun,
2021, 12(1): p. 2038.

Xian, 1., et al., Nucleophosmin Mutants Promote Adhesion, Migration and Invasion of Human Leukemia
THP-1 Cells through MMPs Up-regulation via Ras/ERK MAPK Signaling. Int ] Biol Sci, 2016. 12(2): p.
144-55.

237



55.

56.

57.

58.

59.

60.

61.

62,

63.

64,

65.

66.

67.

68.

69.

70.

71,

72.
73.

74,

75.

76.

77.

78.

79.

80.

81.

82.

83.

Li, F., et al., Epigenetic CRISPR Screens Identify Npm1 as a Therapeutic Vulnerability in Non-Small Cell
Lung Cancer. Cancer Res, 2020, 80(17): p. 3556-3567.

Lim, M.1. and X.W. Wang, Nucleophosmin and human cancer. Cancer Detect Prev, 2006. 30(6): p. 481-
90.

Falini, B., et al., Both carboxy-terminus NES motif and mutated tryptophan(s) are crucial for aberrant
nuclear export of nucleophosmin leukemic mutants in NPMc+ AML. Blood, 2006. 107(11): p. 4514-23.
Falini, B., et al., Cytoplasmic nucleophosmin in acute myelogenous leukemia with a normal karyotype.
N Engl J Med, 2005. 352(3): p. 254-66.

Reuter, C.W., et al., Lack of noncanonical RAS mutations in cytogenetically normal acute myeloid
leukemia. Ann Hematol, 2014. 93(6): p. 977-82.

Verhaak, R.G., et al., Mutations in nucleophosmin (NPM1) in acute myeloid leukemia (AML):
associotion with other gene abnormalities and previously established gene expression signatures and
their favorable prognostic significance. Blood, 2005. 106(12): p. 3747-54.

Inder, K.L., M.M. Hill, and J.F. Hancock, Nucfeophosmin and nucleolin regulate K-Ras signaling.
Commun Integr Biol, 2010. 3(2): p. 188-90.

Meloni, G., et al., Late relapse of acute myeloid leukemia with mutated NPM1 after eight years:
evidence of NPM1 mutation stability. Haematologica, 2009. 94(2): p. 298-300.

Meloni, G., et al., Late relapse of acute myeloid leukemia with mutated NPM1 after eight years:
evidence of NPM1 mutation stability. Haematologica, 2008. 94(2): p. 298-300.

Noguera, N.l., et al., Nucleophosmin/B26 regulates PTEN through interaction with HAUSP in acute
myeloid leukemia. Leukemia, 2013. 27(5): p. 1037-43.

Rezaei Adariani, S., et al., Structural snapshots of RAF kinase interactions. Biochem Soc Trans, 2018.
46(6): p. 1393-1406.

Weissbach, L., et al., Identification of a human rasGAP-related protein containing calmodulin-binding
motifs. | Biol Chem, 1994. 269(32): p. 20517-21.

Weissbach, L., A. Bernards, and D.W. Herion, Binding of myosin essential light chain to the
cytoskeleton-associated protein IQGAP1. Biochem Bicphys Res Commun, 1998, 251(1): p. 269-76.
Bardwell, A.l., et al., The WW domain of the scaffolding protein [QGAP1 is neither necessary nor
sufficient for binding to the MAPKs ERK1 and ERKZ. ] Biol Chem, 2017. 292(21): p. 8750-8761.
McNulty, D.E., et al., MAPK scaffold IQGAP1 binds the EGF receptor and modulates its activation. | Biol
Chem, 2011. 286(17): p. 15010-21.

Choi, S., et al., Agonist-stimulated phosphatidylinositol-3,4,5-trisphosphate generation by scaffolded
phosphoinositide kinases. Nat Cell Biol, 2016. 18(12): p. 1324-1335.

Smith, J.M., A.C. Hedman, and D.B. Sacks, IQGAPs choreograph cellular signaling from the membrane
to the nucleus. Trends Cell Biol, 2015. 25(3): p. 171-84.

Wei, T. and P.F. Lambert, Rofe of IQGAPI in Carcinogenesis. Cancers (Basel), 2021. 13(16).

Lu, Z., et al., Differential expression profiling of human pancreatic adenocarcinoma and healthy
pancreatic tissue. Proteomics, 2004. 4(12): p. 3975-88.

Wang, X.X., et al., Overexpression of IQGAP1 in human pancreatic cancer. Hepatobiliary Pancreat Dis
Int, 2013. 12(5): p. 540-5.

Hayashi, H., et al., Overexpression of IQGAP1 in advanced colorectal cancer correlates with poor
prognosis-critical role in tumor invasion. Int ) Cancer, 2010. 126(11): p. 2563-74.

White, C.D., et al., IQGAP1 and IQGAPZ are reciprocally aftered in hepatocellular carcinoma. BMC
Gastroenterol, 2010. 10: p. 125.

Dong, P., et al., Overexpression and diffuse expression pattern of IQGAP1 at invasion fronts are
independent prognostic parameters in ovarian carcinomas. Cancer Lett, 2006. 243(1): p. 120-7.
McDonald, K.L,, et al., IQGAP1 and IGFBP2: valuable biomarkers for determining prognosis in glioma
patients. ] Neuropathol Exp Neurol, 2007. 66(5): p. 405-17.

Ren, 1.-G., Z. Li, and D.B. Sacks, IQGAP1 modulates activation of B-Raf. Proceedings of the National
Academy of Sciences, 2007. 104(25): p. 10465-10469.

Roy, M., Z.G. Li, and D.B. Sacks, IQGAP1 is a scaffold for mitogen-activated protein kinase signaling.
Molecular and Cellular Biology, 2005. 25(18): p. 7940-7952.

Jameson, K.L., et al., IQGAP1 scaffold-kinase interaction blockade selectively targets RAS-MAP kinase-
driven tumors. Nat Med, 2013, 19(5): p. 626-630.

Chen, F., et al., IQGAP1 is overexpressed in hepatocellular carcinoma and promotes cell proliferation by
Akt activation. Exp Mol Med, 2010. 42(7): p. 477-83.

Chen, M., et al., The Specificity of EGF-Stimulated IQGAP1 Scaffold Towards the PI3K-Akt Pathway is
Defined by the 1Q3 motif. Scientific Reports, 2019. 9(1}): p. 9126.

238



84,

85.

86.

87.

88.

89.

90.

91

92.

93.

94,

95.

96.

97.

98.

98.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

Rameh, L.E. and A.M. Mackey, IQGAP1 makes PI{3)K signalling as easy as PIP, PIP(2), PiP(3]. Nat Cell
Biol, 2016. 18(12): p. 1263-1265.

Li, 1.H., et al., IQGAP1 Maintains Pancreatic Ductal Adenocarcinoma Clonogenic Growth and
Metastasis. Pancreas, 2019, 48(1): p. 94-98.

Choi, S. and R.A. Anderson, And Akt-ion! IQGAP1 in control of signaling pathways. EMBO J, 2017.
36(8): p. 967-969.

Tekletsadik, Y.K., R. Sonn, and M.A. Osman, A conserved role of IQGAP1 in regulating TOR complex 1. )
Cell Sci, 2012. 125(Pt 8): p. 2041-52.

Young, L.C., et al., An MRAS, SHOC2, and SCRIB complex coordinates ERK pathway activation with
polarity and tumorigenic growth. Mol Cell, 2013, 52(5): p. 679-92.

Rodriguez-Viciana, P., et al., A phosphatase holoenzyme comprised of Shoc2/Sur8 and the catalytic
subunit of PP1 functions as an M-Ras effector to modulate Raf activity. Mol Cell, 2006, 22(2): p. 217-
30.

Boned Del Rio, ., et al., SHOC2 complex-driven RAF dimerization selectively contributes to ERK
pathway dynamics. Proc Natl Acad Sci U S A, 2019. 116(27): p. 13330-13339.

Zambrano, R.M., et al., Further evidence that variants in PPP1CB cause a rasopathy similar to Noonan
syndrome with loose anagen hair. Am ) Med Genet A, 2017. 173(2): p. 565-567.

Young, L.C., et al., SHOC2-MRAS-PP1 complex positively regulates RAF activity and contributes to
Noonan syndrome pathogenesis. Proc Natl Acad Sci U S A, 2018. 115(45): p. E10576-E10585.

You, X., et al., SHOC2 plays an oncogenic or tumor-suppressive role by differentially targeting the
MAPK and mTORC1 signals in liver cancer. Life Med, 2024. 3(3): p. Inae023.

Xie, C.M., et al., The FBXW7-SHOC2-Raptor Axis Controls the Cross-Talks between the RAS-ERK and
mTORC1 Signaling Pathways. Cell Rep, 2019. 26(11): p. 3037-3050 e4.

lang, H., et al., The leucine-rich repeat signaling scaffolds Shoc2 and Erbin: cellular mechanism and role
in disease. FEBS J, 2021. 288(3): p. 721-739.

Kaduwal, S., et al., Sur8/Shoc2 promates cell motility and metastasis through activation of Ras-PI3K
signaling. Oncctarget, 2015. 6(32): p. 33091-105.

leoung, M., et al., Shoc2-tranduced ERK1/2 motility signals-—-Novel insights from functional genomics.
Cell Signal, 2016. 28(5): p. 448-459.

Gu, A.Y., et al., Whole-genome CRISPR-Cas9 knockout screens identify SHOC2 as a genetic dependency
in NRAS-mutant melanoma. Cancer Commun (Lond), 2025.

Cordeddu, V., et al., Mutation of SHOC2 promotes aberrant protein N-myristoylation and causes
Noonan-like syndrome with loose anagen hair. Nat Genet, 2009. 41(9): p. 1022-6.

Hannig, V., et al., A Novel SHOC2 Variant in Rasopathy. Hum Mutat, 2014. 35(11): p. 1290-4.

Motta, M., et al., Clinical and functional characterization of a novel RASopathy-causing SHOC2
mutation associated with prenatal-onset hypertrophic cardiomyopathy. Hum Mutat, 2019. 40(8): p.
1046-1056.

Kaplan, F.M., et al., SHOC2 and CRAF mediate ERK1/2 reactivation in mutant NRAS-mediated
resistance to RAF inhibitor. ] Biol Chem, 2012, 287(50): p. 41797-807.

Sulahian, R., et al., Synthetic Lethal Interaction of SHOC2 Depletion with MEK Inhibition in RAS-Driven
Cancers. Cell Rep, 2019. 29(1): p. 118-134 e8.

Geng, W., et al., SHOC2 mediates the drug-resistance of triple-negative breast cancer cells to
everolimus. Cancer Biol Ther, 2023. 24(1): p. 2206362.

Nguyen, A., et al., Kinase suppressor of Ras (KSR} is a scaffold which facilitates mitogen-activated
protein kinase activation in vive. Mol Cell Biol, 2002, 22(9): p. 3035-45.

Jones, G.G., et al., SHOC2 phosphatase-dependent RAF dimerization mediates resistance to MEK
inhibition in RAS-mutant cancers. Nat Commun, 2019. 10(1): p. 2532.

Therrien, M., et al., Functional analysis of CNK in RAS signaling. Proc Natl Acad Sci U S A, 1999. 96(23):
p. 13259-63.

Indarte, M., et al., An Inhibitor of the Pleckstrin Homology Domain of CNK1 Selectively Blocks the
Growth of Mutant KRAS Celis and Tumors. Cancer Res, 2019. 79(12): p. 3100-3111.

Sun, Y., et al., Allosteric SHP2 Inhibitor, JACS-13909, Overcomes EGFR-Dependent and EGFR-
Independent Resistance Mechanisms toward Osimertinib. Cancer Res, 2020. 80(21): p. 4840-4853.
Valencia-Sama, ., et al., SHP2 Inhibition with TNO155 Increases Efficacy and Overcomes Resistance of
ALK Inhibitors in Neuroblastoma. Cancer Res Commun, 2023, 3{(12): p. 2608-2622.

Kaya, P., et al., An Improved PDE6D Inhibitor Combines with Sildenafil To Inhibit KRAS Mutant Cancer
Cell Growth. ) Med Chem, 2024, 67(11): p. 8569-8584.

239



112.

113.
114,

115.

116.

117.

118.

119.

120.

121.

122,

123,

124,

125,

126.

127.

128.

129.

130.

Xiao-Pei, H., et al., Systematic identification of Celastrol-binding proteins reveals that Shoc2 is inhibited
by Celastrol. Biosci Rep, 2018. 38(6).

Hauseman, Z.J., et al., Targeting the SHOC2-RAS interaction in RAS-mutant cancers. Nature, 2025.
Schneeweis, C., et al., AP1/Fral confers resistance to MAPK cascade inhibition in pancreatic cancer.
Cell Mol Life Sci, 2022, 80(1): p. 12.

Sodir, N.M., et al., SHP2: A Pleiotropic Target at the Interface of Cancer and its Microenvironment.
Cancer Discov, 2023, 13(11): p. 2339-2355,

Yuan, X., et al., Recent Advances of SHP2 Inhibitors in Cancer Therapy: Current Development and
Clinical Application. ] Med Chem, 2020. 63(20): p. 11368-11396.

Chen, Y.N., et al., Allosteric inhibition of SHP2 phosphatase inhibits cancers driven by receptor tyrosine
kinases. Nature, 2016. 535(7610): p. 148-52.

Zhang, Y., et al., Identification of linderalactone as a natural inhibitor of SHP2 to ameliorate CCl(4)-
induced fiver fibrosis. Front Pharmacol, 2023. 14: p. 1098463.

Ahmed, R., K. Anam, and H. Ahmed, Development of Galectin-3 Targeting Drugs for Therapeutic
Applications in Various Diseases. Int ] Mol Sci, 2023. 24(9).

Ruvolo, P.P., Galectin 3 as a guardian of the tumor microenvironment. Biochim Biophys Acta, 2016.
1863(3): p. 427-437.

Sigamani, A., et al., An Oral Galectin Inhibitor in COVID-19-A Phase Il Randomized Controlled Trial.
Vaccines (Basel), 2023. 11(4).

Michael, 1.V. and L.E. Goldfinger, Concepts and advances in cancer therapeutic vulnerabilities in RAS
membrane targeting. Semin Cancer 8iol, 2019. 54: p. 121-130.

Stasenko, M., et al., Targeting galectin-3 with a high-affinity antibody for inhibition of high-grade
serous ovarian cancer and other MUC16/CA-125-expressing malignancies. Sci Rep, 2021. 11(1): p.
3718.

Vuong, L., et al., An Orally Active Galectin-3 Antagonist Inhibits Lung Adenocarcinoma Growth and
Augments Response to PD-L1 Blockade. Cancer Res, 2019. 79(7): p. 1480-1492,

Siddigui, F.A., et al., PDEED Inhibitors with a New Design Principle Selectively Block K-Ras Activity. ACS
Omega, 2020. 5(1): p. 832-842.

Papke, B., et al., Identification of pyrazolopyridazinones as PDEdelta inhibitors. Nat Commun, 2016. 7:
p. 11360.

Martin-Gago, P., et al., A PDE6delta-KRas Inhibitor Chemotype with up to Seven H-Bonds and
Picomolar Affinity that Prevents Efficient Inhibitor Release by Arl2. Angew Chem Int Ed Engl, 2017.
56(9): p. 2423-2428.

Canovas Nunes, S., et al., Validation of a small molecule inhibitor of PDE6D-RAS interaction with
favorable anti-leukemic effects. Blood Cancer 1, 2022. 12(4): p. 64.

Issa, G.C., et al., The menin inhibitor revumenib in KMT2A-rearranged or NPMI1-mutant leukaemia.
Nature, 2023. 615(7954): p. 920-924.

Ranieri, R., et al., Current status and future perspectives in targeted therapy of NPMI-mutated AML.
Leukemia, 2022. 36{10): p. 2351-2367.

20

240



Box 1
Accessory proteins related to the RTK-RAS-MAPK signaling cascade can be divided into at
least four subgroups (see for more details [18].

+ Anchoring proteins bind to the membrane and other effectors (mostly kinases):
CNK1, FLOT1, FLOT2, GAB1, GABZ2, LAT, NTAL, PAQR10, PAQR11, PDES, SEF1

« Docking proteins that bind to receptors (e.g., RTKs and GPCRs) and more than ocne
effector: B-Arrestin 1, B-Arrestin 2, DOK1, DOK2, FRS2, IRS2

e Adaptor proteins that link two signaling components (e.g., receptor and GEF): CRKL,
CBL, GRBZ, SHC, SHP2

» Scaffold proteins that bind two or more partners and provide a signaling platform:
ASPP1, ASPP2, Calmodulin, Erbin, FHL1, FHL2, Galectin 1, Galectin 3, GIT1,
IQGAP1, KSR1, Merlin, MORG1, MP1, Nucleolin, Nucleophosmin, Paxillin, PEA15,
RGS14, RKIP, SHOC2, SPRED1, SPRED2, SPRED3, SPRY1, SPRY2
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Box 2

Primary Inhibitors or | Approval status Comment Referenc
targets Compo es
unds
KSR APS-2-79 Not FDA-approved; | APS-2-79 antagonizes heterodimerization of RAF and | [29]
currently used only as | prevents conformational changes necessary for
an experimental drug phosphorylation of KSR-bound MEK. Increased potency of
MEK-inhibitors in RAS-mutant cell lines
SHOC2 Celastercl Not approved by the | Celasterol decreased ERK1/2 phosphorylation and | [112]
FDA due to low | proliferation in SW480 colorectal cancer cellline
bioavailability and
physiological instability.
Compound6 | Preclinical (in vitro and | Compound 6 decreases MAPK-signaling and proliferation in | [113]
in vivo studies) NRAS(QE1L) mutated cells
dTAG-13 Preclinical  (cell-based | dTAG-13 is an inhibitor of FRAT. Inhibition of FRA1 | [114]
models) increases the sensitivity of KRAS-mutated pancreas
adenocarcinomas to RAF-, MEK- and ERK-inhibition
CNK1 PHT-7.0 Not FDA-approved; | Binding of the pleckstrin homology (PH-) domain of CNK1 | [108]
PHT-7.3 currently used only as | inhibits proliferation, as well as RAS/RAF/MEK/ERK-, RHO-
PHT-7.10 an experimental drug in | and RAL A/B- signaling in KRAS mutated lung und colon
laboratory research cancer cells, but show less effect on KRAS-wildtype cells.
SHP2 JAB-3068 Cumently in  clinical | SHP2 Inhibition disrupts SOS1's GEF function. A wide | [115, 116]
TNO155 trials; not yet approved | varety of SHP2-inhibitors are being tested, especially in
RMC-4630 by the FDA combination with other known inhibitory cancer drugs, as
RLY-1971 SHP2 is known to be a link between several oncogenic
BBP-398 signaling pathways
BR790
BPI-442096
BR790
ET0038
GDC-1971
GH21
HBI-2376
HS-10381
ICP-189
JAB-3312
PF-07284892
SH3809
ERAS-601
SHP099 Still in clinical trials and | An allosteric SHP2 inhibitor that stabilizes the auto-inhibited | [117]
not FDA-approved, but | conformation, thereby suppressing RAS-ERK signaling and
widely used in | inhibiting proliferation of RTK-driven cancer cells.
preclinical research as
an SHP2 inhibitor
Linderal- Preclinical research An orthosteric SHP2 inhibitor that blocks the substrate- | [118]
actone (LIN) binding site, effective against gain-of-function mutants and
reduces liver fibrosis in vivo.
GAL3 MCP Cumently in  clinical | Modified citrus pectin {MCP) inhibits GAL3 by blocking its | [119]
trials; not yet approved | carbohydrate-binding domain, reducing tumor cell adhesion,
by the FDA aggregation, and metastasis. It has demonstrated anti-
metastatic effects in vitro and in vivo, particularly in breast
and prostate cancer models.
GCS-100 Cumently in dclinical | A modified pectin GAL3 inhibitor that restores T cell activity | [120]
trials; not yet approved | and induces IFN-y production, enhancing anti-tumor
by the FDA immune responses in vitro and in vivo.
GM-CT-01 Cumently in  clinical | A galactomannan polysaccharide that binds to GAL3, | [120]
trials; not yet approved | disrupting its interaction with glycoproteins on tumor and
by the FDA immune cells. It has been studied for its potential to enhance
immune responses and inhibit tumor growth.
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GR-MD-02
(Belapectin)

Curently in  clinical
trials; not yet approved
by the FDA

It is a complex carbohydrate drug that targets GAL3, a
protein implicated in various fibrotic and inflammatory
diseases. By binding to GAL-3, GR-MD-02 disrupts its
function, thereby modulating the tumor microenvironment
and enhancing anti-tumor immune responses.

[119]

ProLectin-M
{PL-M)

Cumently in  clinical
trials; not yet approved
by the FDA

It is an orally administered galectin-3 antagonist that binds
to the N-terminal domain of Gal-3, thereby inhibiting SARS-
CoV-2 from entering host cells.

[21]

TD139

Cumently in  clinical
trials; not yet approved
by the FDA

A potent inhaled GAL3 inhibitor that demonstrated safety,
farget engagement, and reduced plasma biomarkers linked
to IPF progression in a Phase 1/2a study

[122]

14D11

Preclinical research

A high-affinity monoclonal antibody that inhibits GAL3 by
blocking its carbohydrate-binding domain, reducing
AKT/ERK signaling and tumor invasion, Effective against
MUC16/CA-125-expressing cancers, including high-grade
Serous ovarian cancer.

23]

GB1107

Preclinical research

GB1107 is an orally active small-molecule GAL3 inhibitor
that suppresses lung adenocarcinoma growth and
metastasis. It enhances anti-tumor immunity by promoting
M1 macrophage polarization and increasing CD8* T-cell
infiltration. When combined with PD-L1 blockade, GB1107
amplifies cytotoxic and apoptotic responses.

[124]

PDE6D
(PDED)

Deltafiexind, 2

Still under clinical trials,
not FDA approved

These are selective PDE6D inhibitors that disrupts the
interaction between PDEGD and oncogenic K-Ras, impairing
K-Ras membrane localization and nanoclustering. This
leads to reduced proliferation in K-Ras-mutant cancer cells
and inhibition of tumor sphere formation, while sparing H-
Ras signaling pathways.

[125]

Deltaflexin 3

Still under clinical trials,
not FDA approved

It is an improved PDE6D inhibitor that blocks KRAS
membrane localization by disrupting its interaction with the
chaperone PDE6D. It selectively impairs the growth of
KRAS-mutant cancer cells and shows enhanced anti-tumor
efficacy when combined with Sildenafil.

[111]

Deltarasin

Still under clinical trials,
not FDA approved

Deltarasin is a small-molecule inhibitor that disrupts the
interaction between KRAS and the prenyl-binding protein
PDE®S, thereby preventing KRAS membrane localization.
This inhibition impairs KRAS signaling pathways, such as
MAPK and mTOR, leading to reduced proliferation and
increased apoptosis in KRAS-dependent cancer cells.

[126]

Deltazinone-1

Still under clinical trials,
not FDA approved

It is a selective pyrazolopyridazinone inhibitor of PDES,
exhibiting a high binding affinity. It impedes the PDEd-Ras
interaction, leading to the delocalization of prenylated Ras
proteins and a dose-dependent reduction in proliferation of
KRas-dependent cancer cell lines.

[126]

Deltason-
amide-1,2

Still under clinical trials,
not FDA approved

These are advanced PDES-KRas inhibitors with picomolar
affinity and up to seven hydrogen bonds, designed to resist
Ar2-mediated release. They effectively disrupt KRas
localization and signaling, showing strong anti-proliferative
effects in KRas-driven cancer cells.

[127]

DW0254

Preclinical research

DW0254 is a potent small-molecule inhibitor of the PDES-
RAS interaction that disrupts RAS membrane localization by
binding PDE&'s hydrophobic pocket. It inhibits RAC
activation and MAPK/ERK and PISK/AKT pathways,
reducing proliferation and inducing apoptosis in RAS-mutant
leukemia cells, with notable tumor suppression in vivo.

[128]

NPM1

Revumenib

FDA-approved inhibitor

Revumenib is a selective menin inhibitor that targets the
menin-KMT2A interaction, showing promising efficacy in
KMT2A-rearranged and NPM1-mutant acute leukaemias by
restoring myeloid differentiation

[129)

NSC348884

Still under clinical trials,
not FDA approved

Disrupts NPM1 oligomerization, inducing apoptosis in
leukemic cells.

[130]
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Avrainvill- Still under clinical trials, | Binds to the C-terminal domain of NPM1, promoting its | [130]

amide not FDA approved relocalization to the nucleolus.

Leptomycin B, | Still under clinical trials, | Animeversible XPO1 inhibitor that blocks nuclear export but | [130]
not FDA approved is limited by toxicity.

SINE Still under clinical trials, | Reversible XPO1 inhibitors that impede nuclear export; | [130]

compounds: not FDA approved selinexor showed limited efficacy due to dosing constraints.

KPT-185

KPT-249

KPT-251

KPT-276

KPT-335

Selinexor)

Eltanexor Still under clinical trials, | A second-generation XPO1 inhibitor with improved | [130]

(KPT-8602) not FDA approved folerability and efficacy, especially when administered

frequently.

Ziftomenib Still under clinical trials, | A menin inhibitor that downregulates HOX/MEIS1 | [130]

(KO539) not FDA approved expression, showing promise in NPM1-mutated AML.

Dactinomycin | Still under clinical trials, | Induces nucleolar stress, leading to NPM1 degradation. [130]

(Actinomycin | not FDA approved

D)

ATRAJATO Still under clinical trials, | Promote selective degradation of mutant NPM1, sparing the | [130]
not FDA approved wild-type protein.

Deguelin Still under clinical trials, | Natural compounds that induce degradation of mutant | [130]

(-)-Epigallo- not FDA approved NPM1 protein.

catechin-3-

gallate

Imidazo-

quinoxaline

Derivatives:

CBS9106 Still under clinical trials, | Reversible inhibitor of exportin-1 (XPO1). It blocks nuclear | [130]
not FDA approved export of proteins such as mutant NPM1, leading to their

nuclear retention and promoting apoptosis in leukemic cells
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Supplementary Information

Table S1. Human cell lines used in this study.

Cell line? Accession Origin/Tissue KRAS Other mutations®
number mutation®
HEK-293 CVCL_0063  Kidney WT SV40 large T antigen
PANC-1 CVCL_0480 Pancreas G12D (1) CDKN2a (2), TP53 (2)
MIA PaCa-2 CVCL_0428 Pancreas G12C (2) CDKN2a (2), TP53 (2)
SHP-77 CVCL_1693  Lung G12V (2) ABL1 (2), RAC1 Y32C (2), TP53 (2)
SW4380 CVCL_0546 Colon G12V (2) APC (1), TP53 (2)
Capan-1 CVCL_0237  Pancreas G12V (2) BRCAZ2 (2), SMAD4 (2), TP53 (2)

@ Resource: Cellosaurus. ® Numbers in brackets represent the number of mutant alleles (1,
heterozygous; 2, homozygous); amp., amplification; HEK, Human embryonic kidney 293T.

Table S2. Guide-RNAs?® used in this study.

PDES (PDE6GD) ACCTTCGGGATGCTGAGACA
GAL3 (LGALS3) CATGATGCGTTATCTGGGTC
IQGAP1 GGGGTCTACCTTGCCAAACT
NPM1 TGCAGAGTCAGAGATGAAG

SHOC2 GCGAAGAGAATTCAATGCGTT

2 Guide RNAs have been ordered from Thermofisher Scientific.
(https:/fwww.thermofisher.com/de/de/homellife-science/genome-editing/crispr-libraries/trueguide-

grnas.html)

Table §3. Antibodies used in this study.

Antibody? Species Supplier Reference
AKT Mouse Cell Signaling 29208
pAKT (T308) Rabbit Cell Signaling 29658
pAKT (S473) Rabbit Cell Signaling 9271, 4060S
ERK1/2 Rabbit Cell Signaling 9102
pERK1/2 Mouse Cell Signaling 9106S
Galectin-3 Mouse Abcam ab2785
GAPDH Rabbit Cell Signaling 21188
GAPDH Mouse Thermo Fisher Scientific 39-8600
IQGAP1 Mouse Abcam ab56529
JNK Rabbit Cell Signaling 92525
pJNK (T183/Y185) Rabbit Cell Signaling 9251
KRASG12V Rabbit Cell Signaling D2H12
NPM1 Mouse Abcam ab10530
Pan-RAS Mouse Millipore 05-516
Paxillin Mouse Sigma-Aldrich MAB3060
PDES Rabbit Abcam ab5665
SHOC?2 Rabbit Sigma-Aldrich HPA009164
STAT3 Mouse Cell Signaling 9139
pSTAT3 Rabbit Cell Signaling 4324
a-tubulin Rabbit Abcam ab52866
y-tubulin Mouse Sigma-Aldrich T5326
Vinculin Mouse Sigma-Aldrich V8131
YAP Rabbit Cell Signaling 4912
PYAP (S127) Rabbit Cell Signaling 4911
IR®Dye 680RD anti-mouse Donkey Licor 926-68072
IR®Dye 800CW anti-rabbit Donkey Licor 926-32213

@ The anbibody diultions were 1:1000, except for IR®Dye 680RD anti-mouse and IR®Dye 800CW
anti-rabbit, which were 1:10.000.
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Figure S1. Qriginal blots of KRAS and KRAS-related accessory proteins in cancer cell lines.
See Figure 1 for more details.
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Figure S2. Original blots of GAL3 WT and KO SW-480 cells. See Figure 2 for more details.
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Figure S4. Original blots of NPM1 WT and KO Capan-1, SHP-77 and HEK-293 cells. See
Figure 4 for more details.
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Abstract: RIT1, a ubiquitously expressed small GTPase, and its neuron-specific paralog RIT2
are members of the RAS superfamily involved in the regulation of cell survival, proliferation,
differentiation, and morphogenesis. Dysregulation of RIT proteins has been linked to various
cancers and developmental disorders, including Parkinson’s disease, autism, schizophrenia, and
Noonan syndrome. Although frequently equated with classical RAS proteins, RIT1 and RIT2
exhibit distinct regulatory properties. This study demonstrates that RIT1 undergoes classical
GTPase cycling but exhibits remarkably slow intrinsic nuclectide exchange and GTP hydrolysis,
and is unresponsive to canonical RAS regulators, such as SOS1 and p120GAP. Most pathogenic
RIT1 mutations cluster near the P-loop and switch Il region, potentially interfering with GAP-
mediated GTP hydrolysis. Functionally, germline RIT1 mutations have only a limited effect on
canonical MAPK, PI3K/AKT, and JNK signaling pathways. Unlike classical RAS proteins, RIT1
interacts with galectin-1 rather than typical RAS effectors. Moreover, the C-terminal extension of
RIT1 and RIT2 mediates membrane association via direct binding to phosphoinositides,
independent of prenylation. These findings highlight RIT1 and RIT2 as structurally and
functionally distinct RAS family members, regulated through unique mechanisms involving both
specialized effectors and terminal extension-mediated membrane targeting.

Keywords: RIT1; RIT2; small GTPases; RAS superfamily; non-canonical regulation; membrane
targeting; phosphoinositide binding; galectin-1; MAPK signaling; neurodevelopmental disorder

Introduction

Small GTPases of the RAS family function as molecular switches within cells by cycling between
an active GTP-bound and an inactive GDP-bound state [1]. These proteins mediate intracellular
responses to extracellular signals transmitted via receptors or adaptor proteins, ultimately
influencing diverse downstream targets. Through this signaling relay, RAS proteins regulate
essential cellular processes, including gene expression, metabolism, cell cycle progression,
proliferation, survival, and differentiation. Somatic or germline mutations in RAS family genes or
their regulators are frequently associated with cancer and developmental disorders, collectively
termed RASopathies [2]. The latter are typically driven by germline mutations in components of
the highly conserved RAS-MAPK pathway. Mild hyperactivation of this pathway is considered the
central pathogenic feature of clinically overlapping syndromes such as Noonan syndrome,
Costello syndrome, and cardiofaciocutaneous syndrome [3].

Among the best-characterized RAS proteins are HRAS, NRAS, and KRAS4B, which exhibit
overlapping functions yet differ in expression patterns, regulators, and subcellular localization,
underscoring both functional specificity and redundancy [4, 5]. Most RAS proteins undergo
posttranslational modification at a conserved C-terminal CAAX motif (C for cysteine, A for aliphatic
amino acid, and X for any amino acid), which enables membrane anchoring through prenylation.
In contrast, RIT1 (also called RIT, RIBB, ROC1) and RIT2 (also called RIN, ROC2) lack this motif
and instead associate with membranes through a distinct mechanism involving their positively
charged C-terminal extensions [1, 6]. The individual functions of the remaining 22 members of
the RAS family, including RIT1 and RIT2, remain incompletely characterized. RIT1, which is
ubiquitously expressed, and its neuron-specific paralog RIT2 were first identified in the mouse
retina in 1996 as a distinct RAS-related subfamily [7]. Since then, various animal models have
highlighted their roles in regulating cell survival, proliferation, differentiation, and morphogenesis
(Figure 1) [1, 8]. RIT1 and RIT2 also contribute to neurogenesis, neurite outgrowth, and branching
[8]. Genetic studies link RIT1 and RIT2 signaling to both malignancies and developmental
syndromes, including Parkinson’s disease, autism, schizophrenia, and Noonan syndrome [8-14].
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For instance, HIF-1a drives RIT1 overexpression in hepatocellular carcinoma under hypoxic
conditions, promoting tumor migration, invasion, and drug resistance [15].

Although the upstream signals converging on RIT1 and RIT2 appear broadly similar, the precise
mechanisms of regulation remain poorly defined. A variety of extracellular stimuli, including EGF,
NGF, IGF1, and PACAP38, activate RIT1 and RIT2 in both neuronal and non-neuronal contexts
[16-18]. To date, no guanine nucleotide exchange factors (GEFs) or GTPase-activating proteins
(GAPs) have been identified that directly regulate RIT1 or RIT2. EPAC1, a cAMP-dependent
RAPGEF, has been shown to link PACAP38 signaling to RIT1 activation, although it does not
exhibit direct catalytic activity on RIT1 [19]. EPAC1 was later shown to activate SRC-dependent
TRKA, which may in turn activate RIT1 through SOS1 and SOS2 [20]. However, neither EPAC1
nor SOS1 demonstrates direct GEF activity on RIT1 under cell-free conditions [20].

Effector binding and downstream pathway activation are central to RAS-family signaling, and
several pathways have been proposed for RIT1 and RIT2 through potential interactions with
known RAS effectors (Figure 1) [1, 8, 9]. For instance, RIT1 is suggested to interact with RALGDS
family members such as RALGDS and RGL3, potentially linking it to RAL signaling [21]. A GST-
tagged RGL3 RAS-association domain (residues 610 to 709) has proven useful for detecting
GTP-bound RIT1 in cell lysates. RIT1 also activates a p38 MAPK-dependent stress resistance
pathway that promotes cell survival [22]. This and other studies support a unique cytoprotective
role for RIT1 not shared by other RAS family members. Additionally, RIT1 activates the p38-
MSK1-CREB pathway to induce anti-apoptotic proteins such as BCL-2 and BCL-XL [23], and
drives c-JUN transcription via the MKK3 and MKKB-p38y axis. RIT1 also promotes AKT activation
and BAD phosphorylation through the p38-MK2-HSP27 cascade, thereby suppressing ROS-
induced apoptosis [22]. In neuronal contexts, RIT1 links NGF signaling to the MEK-ERK pathway
via BRAF and p38, but not through PI3K-AKT [16, 24, 25]. It regulates the proliferation and
differentiation of adult brain neural progenitors via the SIN1T-mTORC2-AKT axis, which also
mediates SOX2 phosphorylation, a key stem cell transcription factor [26]. RIT1 binds to SIN1 and
may regulate mTORC2-mediated AKT phosphorylation [27]. On the other hand, RIT2 is
implicated in PACAP38-Gas—SRC signaling, controlling neuronal differentiation via RAC1 and
CDC42, as well as actin cytoskeleton remodeling [28]. RIT2 regulates RAC1 and CDC42
activation via PARS, influencing neurite outgrowth [29]. RIT1 also modulates actin dynamics
through complex formation with RAC1 and CDC42 and PAK1 [29, 30]. iven this diversity in
downstream signaling, it is plausible that RIT proteins function through scaffold proteins capable
of coordinating multiple pathways (Figure 1).

In this study, we investigated the molecular regulation and interaction networks of RIT1 and RIT2
to better understand their disease-associated mechanisms. These insights are critical for
developing targeted therapies for patients with RIT1 and RIT2 mutations that drive developmental
disorders and malignancies.

Materials and Methods

Constructs and proteins. pGEX vectors were used for bacterial expression of full-length RIT1
wild-type, HRAS wild-type, and RIT1 mutants (K23N, G31R, A57G, Q79L, F82L, M90V, and
G95A), and were transformed into Escherichia coli BL21 (Rosetta) for protein production. To
investigate membrane targeting, the C-terminal extensions of RIT1 and RIT2 were cloned into
pGEX-4T-1 and expressed in the same strain. The following constructs were used: RIT1-WT
(183-219: RRKEKEAVLAMEKKSKPKNSVWKRLKSPFRKKKDSVT), RIT1-M1 (EEKEKEAVLAM
EKKSKPKNSVWKRLKSPFRKKKDSVT), RIT1-M2 (RRKEKEAVLAMEKKSEPENSVWKRLK
SPFRKKKDSVT), RIT1-M3 (RRKEKEAVLAMEKKSKPKNSVWEELESPFRKKKDSVT), RIT1-M4
(RRKEKEAVLAMEKKSKPKNSVWKRLKSPFREEEDSVT), RIT1-M5 (EEKEKEAVLAMEKK
SEPENSVWEELESPFREEEDSVT), and RIT2-WT (182-217: RKKESMPSLMEKKLKRKDSL
WKKLKGSLKKKRENMT). Protein expression was induced in bacterial cultures, and cell pellets
were lysed by sonication in buffer containing DNase |, lysozyme, Triton X-100, and a protease
inhibitor cocktail. Clarified lysates were used for purification of GST-tagged fusion proteins via
glutathione-Sepharose. Where applicable, GST tags were cleaved using thrombin. Proteins were

2
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then buffer-exchanged into a solution containing 30 mM HEPES or Tris-HCI, 150-500 mM NacCl,
5-10 mM MgCl,;, 3mM DTT, and 0.1 mM GDP, with the pH adjusted to approximately one unit
above or below each protein’s isoelectric point. Nucleotide-free and fluorescently labeled proteins
were prepared enzymatically using alkaline phosphatase (Roche) and phosphodiesterase
(Sigma-Aldrich) at 4 °C. Flucrescent nucleotides included mant-GppNHp, mant-dGDP, and EDA-
GTP-5/6-TAMRA. Excess unbound nucleotide was removed using NAP-5 desalting columns.
Protein quality was assessed by SDS-PAGE, and aliquots were stored at =80 °C. For mammalian
expression, HA-tagged RIT1 ceonstructs were cloned into pMTZ2 vectors and transfected into
HEK293T cells.
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Figure 1. Putative RIT1 and RIT2 signal transduction pathways. RIT1 and RIT2 function as molecular
switches by cycling between an inactive GDP-bound (off) state and an active GTP-bound (on) state. Their
activation is mediated by specific guanine nucleotide exchange factors (GEFs) and inactivation by GTPase-
activating proteins (GAPs), although the relevant regulators for RIT1 and RIT2 have not yet been identified.
Multiple upstream signals are known to influence RIT1 and RIT2 activities through proposed effector
proteins (indicated in blue), thereby regulating different cellular processes. Further details are provided in
the main text.

Cell culture and lysis. HEK293T cells were seeded in 10 cm culture dishes and maintained in
Dulbecco’s Modified Eagle Medium (DMEM; #12320032, Thermo Fisher Scientific, Waltham, MA,
USA) supplemented with 10% fetal bovine serum (FBS) and 1% penicillin/streptomycin. Cells
were incubated at 37 °C in a humidified atmosphere containing 5% CO,. Twelve hours before
transfection, fresh medium was added. When cells reached approximately 70% confluency, they
were transfected using TurboFect transfection reagent (Thermo Fisher, #R0532). After 24 hours,
cells were washed with ice-cold phosphate-buffered saline (PBS) and lysed on ice for 5 minutes
in lysis buffer containing 50 mM Tris-HCI (pH 7.5), 5mM MgCl,, 100 mM NaCl, 1% Igepal CA-
830, 10% glycerol, 20 mM B-glycerophosphate, 1 mM sodium orthovanadate, and one EDTA-free
protease inhibitor tablet per 50mL. Lysates were cleared by centrifugation at 12,000 x g for 10
minutes at 4 °C, and the supernatants were collected for analysis.

Western blotting. Western blotting was performed to assess protein expression and
phosphorylation states in HEK293T cells after transfection. Lysates were mixed with Laemmli
sample buffer, resolved on 12.5% SDS-polyacrylamide gels, and transferred to PVDF
membranes. Membranes were blocked and incubated with the following primary antibodies: anti-
HA (Cell Signaling Technology, Cat# 2367) for detection of HA-tagged RIT1 and RIT2, anti-RIT1
(Abcam, Cat# ab53720), anti-RIT2 (Thermo Fisher Scientific, Cat# PA1-25559), anti-phospho-
ERK1/2 (Thr202/Tyr204, CST, Cat# 4370), anti-total ERK1/2 (CST, Cat# 4696), anti-phospho-
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AKT (Serd473, CST, Cat# 4060), anti-phospho-AKT (Thr308, CST, Cat# 2965), anti-total AKT
(CST, Cat# 2920), anti-phospho-JNK (CST, Cat# 9251), anti-total JNK (CST, Cat# 9252), anti-
phospho-p38 MAPK (Thr180/Tyr182, CST, Cat# 9211), anti-total p38 MAPK (CST, Cat# 8690),
anti-y-tubulin (Sigma Aldrich, Cat# T5326), and anti-GAPDH (CST, Cat# 2118). GST-tagged
proteins were detected using an in-house anti-GST antibody. Secondary detection was carried
out using IRDye 680RD or 800CW-conjugated antibodies (LI-COR: anti-rabbit Cat# 926-68073
and 926-32213; anti-mouse Cat# 926-68072 and 926-32212). Immunoreactive bands were
visualized using the Odyssey Fc Imaging System (LI-COR Biosciences), and quantified by
densitometry relative to the appropriate loading controls.

Structural modeling. Structural modeling and sequence analysis were performed to investigate
the conserved and variant features of RIT1 and its disease-associated mutations. Amino acid
alignments of RIT1, RIT2, HRAS, and KRAS were carried out using the ClustalW algorithm within
the BioEdit software suite to identify conserved G-motifs (G1-G5) and map mutational hotspots
across paralogs. The refined GDP-bound structure of RIT1 (PDB ID: 4KLZ) was used to visualize
the secondary structure elements, including a-helices, B-strands, and switch regions | and I, as
well as the clustering of germline and somatic mutations found in cancers and RASopathies.
Mutational residues were displayed on the RIT1 surface using PyMOL molecular viewer, and their
spatial proximity to functional motifs was analyzed. The alignment revealed that key residues
involved in GTP binding and hydrolysis (such as G31, K34, and S35) are conserved, while
deviations in switch regions and at specific sites (e.g., F82, corresponding to Y64 in HRAS) may
underlie the insensitivity of RIT1 to canonical RAS regulators. Comparative surface
representations highlighted the distribution of disease-related mutations and their localization at
structurally tolerant regions or near functionally relevant pockets, providing a framework to explain
their biochemical consequences. All structural figures were rendered using PyMOL and annotated
according to the domain architecture identified from the crystallographic model.

Liposome preparation and sedimentation. For liposome sedimentation assays, multilamellar
vesicles were prepared using a defined mixture of synthetic lipids. Each sample contained 100 pg
of total lipid, combined at the following weight ratios: 37% phosphatidylserine (PS), 20%
phosphatidic acid (PA), 2% NBD-labeled phosphatidylethanolamine (NBD-PE), 10.5%
phosphatidylethanolamine (PE), 20% phosphatidylcholine (PC), and a phosphoinositide mix
comprising 2% PIP3, 2% PI(4,5)P;, 1.5% PI(3,5)P;, 1.5% PI(3,4)P;, 1.5% PI(3,4,5)P;, and 1%
each of PI3, Pl4, and PI5. Lipids were dried overnight under a laminar flow hood to form a thin
film. The dried film was rehydrated in buffer containing 20 mM HEPES-NaCH (pH 7.4) and
100 mM NaCl, followed by three cycles of snap-freezing and thawing. Lipid dispersion was further
enhanced by 5 minutes of bath sonication. To produce uniformly sized unilamellar vesicles, the
suspension was passed 21 times through a 100 nm polycarbonate filter using an Avanti extruder.
For sedimentation assays, purified proteins were incubated with the prepared liposomes for 30
minutes on ice. Samples were then centrifuged at 180,000 x g for 30 minutes at 4 °C. Superatant
and pellet fractions were collected separately and analyzed by SDS-PAGE, followed by
immunoblotting.

Surface plasmon resonance. Surface plasmon resonance (SPR) measurements were
performed using a Biacore X100 instrument (GE Healthcare) equipped with an L1 sensor chip to
evaluate the lipid membrane binding properties of full-length RIT1 and its C-terminal extension.
All experiments were carried out at 25 °C using a running buffer consisting of 20 mM HEPES-
NaOH (pH7.4) and 150mM NaCl. Prior to liposome immobilization, the chip surface was
conditioned by sequential injection of 20 mM CHAPS and 40mM octyl-B-D-glucopyranoside
(octylglucoside). Liposomes were prepared as described above and immobilized onto the L1 chip
surface by injecting 0.5 mM liposome suspensions at a flow rate of 5 uL/min for 900 seconds.
Unbound vesicles were removed by washing with 10 mM NaOH at 30 uL/min for 30 seconds.
Binding of purified RIT1 proteins to immobilized liposomes was assessed by single-cycle injection
at increasing concentrations. Each protein injection was performed at a flow rate of 30 plL/min for
180 seconds, followed by dissociation in running buffer for up to 600 seconds. Sensorgrams were
double-referenced using a blank flow cell and buffer-only controls. Kinetic parameters and
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apparent affinities were determined by fitting the response curves to a 1:1 Langmuir binding model
using Biacore X100 Evaluation Software (version 2.0.1).

Nucleotide exchange and binding assays. Nucleotide exchange and binding kinetics of RIT1
variants and HRAS were analyzed using a Horiba Fluoromax-4 fluorimeter and an SX20 stopped-
flow spectrometer (Applied Photophysics). Intrinsic and GEF-stimulated reactions were
performed in buffer containing 30 mM Tris-HCI (pH 7.5), 10 mM KH,PO/K;HPO,, 5 mM MgCl;,
and 3mM DTT at 25°C. For intrinsic exchange, 0.1 yM mant-dGDP—loaded protein was rapidly
mixed with a 200-fold excess of unlabeled GDP. GEF-mediated exchange was initiated by adding
10 M of the DH—PH domain of SOS1 under identical conditions. Fluorescence changes were
monitored with excitation at 355 nm and emission above 408 nm, and k_obs values were
determined by fitting the curves to a single-exponential model using OriginLab software. For
nuclectide binding assays, varying concentrations of nucleotide-free protein (0.2-0.8 pM) were
mixed with 0.2 pM mant-dGDP. Association rate constants (ko) were calculated from linear plots
of kebs VErsus protein concentration, and dissociation rate constants (kor) were determined by
displacement with excess unlabeled nucleotide. Equilibrium dissociation constants (Kd) were
calculated as the ratio of Ke to kon.

GTP hydrolysis measurements. Intrinsic and GAP-stimulated GTP hydrolysis rates of RIT1
variants and HRAS were measured using fluorescence-based assays on a Fluoromax-4
spectrofluorometer (Horiba Scientific, Loos, France). For intrinsic measurements, 1puM of
TAMRA-labeled GTP (TAMRA-GTP) preloaded onto purified proteins was diluted into a final
volume of 200 L in a quartz cuvette containing assay buffer composed of 30 mM Tris-HCI
(pH7.5), 150 mM NaCl, 5mM MgCl,, and 3 mM dithiothreitol (DTT). Reactions were conducted
at 25°C, and TAMRA fluorescence was recorded over time to monitor nucleotide hydrolysis.
Excitation and emission wavelengths were set to 543 nm and 580 nm, respectively, using slit
widths of 8 nm (excitation) and 10 nm (emission). For GAP-stimulated assays, 1 pM of TAMRA-
GTP-loaded protein was incubated with 1 uM of the catalytic domain of p120GAP under the same
buffer and temperature conditions. Fluorescence decay was continuously monitored, and the
observed rate constants (koss) were obtained by fitting the decay curves to a single exponential
function using OriginLab software.

Fluorescence polarization. Fluorescence polarization assays were performed to determine the
dissociation constants (Kq) of direct protein—protein interactions involving RIT1 and RAS effectors.
Measurements were carried out using a Fluoromax-4 fluorimeter (Horiba Scientific) operated in
polarization mode. Purified RIT1 proteins, preloaded with mant-GppNHp, were used at a fixed
concentration in a total volume of 200 L. Binding reactions were conducted in quartz cuvettes at
25°C in buffer containing 30 mM Tris-HCI (pH 7.5), 50 mM NaCl, 5 mM MgCl;, and 3mM DTT.
Increasing concentrations of binding partners were titrated into the solution, and polarization
changes were monitored over time using an excitation wavelength of 360 nm (slit width: 8 nm)
and an emission wavelength of 450 nm (slit width: 10 nm). The resulting binding curves were
analyzed in GraFit 5 by fitting the data to a quadratic ligand-binding equation to determine
apparent Ky values.

Results and Discussions

RIT1 and RIT2 are subject to classical regulation. Extensive advances in the study of small
GTPases have provided key insights into their structural features, regulatory mechanisms, and
roles in diverse cellular functions and diseases. These frameworks now offer a valuable basis to
explore the lesser-known RIT proteins. Like other RAS family members, RIT1 and RIT2 contain
a conserved GDP/GTP-binding domain (G domain) that governs their conformational switching
between active and inactive states. This domain comprises five conserved motifs (G1 to G5),
which are essential for guanine nucleotide binding, hydrolysis, and interaction with regulatory
proteins such as GEFs, GAPs, and effectors (Figure 2a). Structural differences between the GDP-
and GTP-bound states are primarily localized to two dynamic regions: switch | (residues 48-58)
and switch |l (residues 77-86) (Figure 2a) [31]. While the switching mechanism is universally
conserved among RAS GTPases, the structural and functional adaptations of the G domain allow
for interaction with distinct sets of regulators and effectors, thereby enabling diverse signaling
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outcomes (Figure 1) [32]. The crystal structure of the RIT1 G domain reveals a similar fold and
secondary structure architecture to that of classical RAS proteins (Figure 2a). These conserved
structural features support the conclusion that RIT1 and RIT2 undergo classical RAS-like
regulation and participate in comparable molecular switching mechanisms.
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Figure 2. Disease-causing RIT1 mutations are conservative and located at permissible structural
sites. (a) Schematic of the RIT1 G-domain highlighting secondary structure elements (a-helices and B-
strands) and five conserved motifs critical for guanine nucleotide binding and hydrolysis: G1 or P-loop
(aquamarine), G2 or switch | (pale yellow), G3 or switch Il (light orange), G4 (NKxD), and G5 (SAK).
Positions of germline and somatic RIT1 mutations identified in individuals with malignancies or
developmental disorders are mapped onto the linear domain representation. Secondary structure elements
are derived from the RIT1-GDP structure (PDB ID: 4KLZ). In both KRAS and RIT1, germline mutations are
shown in red, somatic mutations in blue, and mutations reported in both contexts are marked in green
(adapted from Van et al., 2020 [9]). Orange-colored residues in RIT2 indicate positions that differ from
RIT1, while purple residues in HRAS denote positions that are conserved with RIT1 and implicated in
intrinsic and GAP-stimulated GTP hydrolysis. Underlined mutations represent those experimentally
analyzed in Figure 4a. Unlike HRAS (CVLS) and KRAS (CVIM), RIT1 and RIT2 lack a canonical C-terminal
CAAX box yet retain membrane-binding capacity, likely through residues 203-214 (double-underlined). (b)
Surface representation of the refined RIT1-GDP structure (PDB ID: 4KLZ) illustrating the spatial distribution
of disease-associated mutations. Mutations linked to malignancies are shown in blue, developmental
disorders in red, and those associated with both conditions in green. Front and back views of the structure,
rotated by 180 degrees, are presented. The P-loop (aquamarine), switch | (pale yellow), and switch Il (light
orange) are highlighted to show the clustering of mutations in these regions. Residues buried within the
hydrophobic core are boxed in yellow.

RIT1 displays slow intrinsic nucleotide exchange and GTP hydrolysis rates and does not
respond to the classical HRAS regulators SOS1 and p120GAP. Biochemical comparisons of
RIT1 and RIT2 with classical RAS family members such as HRAS and KRAS revealed notable
sequence differences, particularly within the conserved G-domain motifs G2, G3, and G5 (Figure
2). These deviations suggest that RIT1 and RIT2 have selective biochemical behaviors, especially
in terms of GDP/GTP exchange, GTP hydrolysis, and interactions with regulators and effectors.
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To explore the functional consequences of these substitutions, we analyzed the nucleotide-
binding characteristics of RIT1 in direct comparison with HRAS, the archetypal RAS GTPase.

Using fluorescence spectroscepy with mant-dGDP, we found that RIT1 binds nucleotide with
substantially lower affinity than HRAS. As shown in Figures 3a—g, RIT1 displayed a 30-fold lower
association rate (kon), a 6.5-fold faster dissociation rate (ker), and an overall 190-fold higher
dissociation constant (K4). These data indicate that the diminished nucleotide affinity of RIT1 is
predominantly driven by its reduced association rate rather than enhanced nucleotide release.
This suggests that RIT1 activation in cells is unlikely to occur spontaneously and instead requires
a specific guanine nuclectide exchange factor (GEF). Given additional sequence divergence
between RIT1 and RIT2 across the G1-G5 motifs (Figure 2), we anticipate distinct biochemical
behaviors for RIT2, which will be investigated in future studies.
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Figure 3. RIT1 GDP binding and GTP hydrolysis kinetics. (a, b) Rapid association of increasing
concentrations of fluorescent mant-dGDP with 0.2 yM nucleotide-free RIT1 (@) and HRAS (b) was
measured using stopped-flow fluorimetry. Association rate constants (kon) were determined by linear fitting
of the observed rate constants (kows) at increasing ligand concentrations (¢, d). Intrinsic nucleotide
dissociation from RIT1 and HRAS was monitored by following mant-dGDP release in the presence of
excess unlabeled GDP, and the dissociation rate constants (ko) were obtained by fitting the data to a single
exponential function (e, f). Calculated values for ken, kor, and dissociation constant Kd (Kor’kon) are
presented as bar graphs for comparison between RIT1 and HRAS (g). Nucleotide exchange (h) and GTP
hydrolysis (i) rates were assessed using 0.2 yM mant-dGDP-bound or TAMRA-GTP-loaded RIT1 and
HRAS in the absence or presence of 10 uM SOS1 catalytic domain (residues 601-1020) or 1 uM p120GAP
catalytic domain (residues 714—1049). All kinetic parameters were calculated by single-exponential fitting
of the fluorescence of the data. Data are expressed as the mean + S.D.

We next tested whether RIT1 is responsive to canconical RAS regulators. The catalytic core of
S0O81, comprising the CDC25 and REM domains (SOS1-Cat), robustly stimulated nuclectide
dissociation from HRAS but had no effect on RIT1 (Figure 3h). This suggests that RIT1 is not a
substrate for SOS1. One possible explanation lies in the sequence difference at residue F82 in
RIT1, which corresponds to Y64 in HRAS, a critical contact site for SOS1. Mutation of Y64 in
HRAS has previously been shown to abolish SOS1-mediated exchange activity [32, 33]. We then
examined GTP hydrolysis in the presence of the GAP protein p120GAP. TAMRA-GTP hydrolysis
by HRAS was strongly accelerated by the catalytic domain of p120GAP, whereas RIT1 remained
unresponsive (Figure 3i). Although most RAS-GAP interaction residues are conserved in RIT1
and RIT2, key substitutions at H50 (Y32 in HRAS) in switch | and A80 and F82 (E62 and Y84 in
HRAS) in switch || may impair GAP recognition. Similar results were observed for the catalytic
domain of Neurofibromin (NF1), although data are not shown. Together, these results
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demonstrate that RIT1 does not respond to canonical RAS regulators and likely requires its own
dedicated GEFs and GAPs, which remain to be identified.

Disease-associated RIT1 mutations cluster near critical regulatory regions and may
interfere with GAP-stimulated GTP hydrolysis. The overall location and spatial orientation of
Pathogenic RIT1 mutations are predominantly located near the P-loop and switch Il region,
suggesting that they may impair GAP-stimulated GTP hydrolysis. Structural localization and
spatial orientation of these altered residues were deduced based on the available GDP-bound
RIT1 crystal structure (PDB ID: 4KLZ). Since the structure lacks certain regions, we performed
additional modeling and refinement. To evaluate whether specific mutations might directly affect
nucleotide binding or hydrolysis, we analyzed their proximity to the bound GDP. Three residues
in particular are positioned at key contact points: G31 and K34 interact with the B-phosphate of
GDP, while S35 coordinates the essential Mg?* ion (Figure 2b). Substitution of S35 with
asparagine (S35N) may sterically disrupt Mg?* binding, leading to reduced nucleotide affinity. This
effect mirrors that seen in HRAS, where such mutations abolish nucleotide binding and produce
a dominant-negative phenotype by sequestering native GEFs and preventing activation of
endogenous RAS [34]. However, the majority of germline and somatic RIT1 mutations reside on
the protein surface near the P-loop and switch || (Figure 2), suggesting that they more likely affect
interactions with GAPs or downstream effectors [32, 50]. While effector-binding interfaces vary
substantially between RIT1 and HRAS, the core residues involved in GAP recognition and
catalysis are nearly identical (Figure 2a, magenta), supperting the idea that RIT1 shares a
conserved mechanism of GAP-mediated inactivation with HRAS.

Functional characterization of germline and somatic RIT1 mutations reveals only weak
MAPK activation and suggests distinct signaling properties. Germline RIT1 mutations result
in only weak activation of the MAPK, PI3K/AKT, and JNK pathways. Previous studies have shown
that germline mutations in genes such as HRAS, NRAS, KRAS, RRAS2 (TC21), and MRAS
(RRAS1) typically lead to a mild gain-of-function phenotype [2, 35, 36]. Biochemical analyses of
various RAS and RAS-related germline mutations have allowed classification into five
mechanistic categories, most of which differ markedly from classical oncogenic RAS mutations.
These functional alterations include enhanced intrinsic or GEF-stimulated nucleotide exchange,
impaired GAP-mediated GTP hydrolysis, or reduced effector interaction. Despite often presenting
with overlapping developmental phenctypes, these mutations can cause highly variable
biochemical effects, ultimately resulting in a relatively moderate gain-of-function output.

Beyond their role in cancer [12, 13, 37, 38], RIT1’s developmental importance was underscored
by the identification of germline mutations in individuals with Noonan syndrome. This RASopathy
is characterized by craniofacial abnormalities, congenital heart defects, and lymphatic dysfunction
[11, 13, 39-41]. Compared to other Noonan subtypes, individuals with RIT1 mutations exhibit a
higher frequency of cardiovascular and lymphatic anomalies [10, 42]. Notably, the RIT1 P128L
mutation was identified in a patient with lung adenocarcinoma and was linked to resistance to the
KRAS G12C inhibitor adagrasib [43]

To explore the functional consequences of somatic and germline RIT1 mutations found in cancer
and developmental disorders, we mapped their structural positions and compared them to known
KRAS mutations (Figure 2). Most mutational hotspots in both RIT1 and KRAS are located near
the G1 to G3 motifs, which are critical for nucleotide binding, hydrolysis, and interaction with
regulatory proteins and effectors. This pattern suggests functional parallels with previously
studied NRAS mutants [2, 44]. Since gain-of-function RIT1 mutations have been implicated in
Noonan syndrome, a disorder associated with MAPK signaling, we investigated their ability to
modulate MAPK and related pathways [9, 11, 39, 41].

We overexpressed various RIT1 mutants in HEK-293T cells, including S35N (a dominant-
negative mutant) and Q79L (a constitutively active mutant), and assessed downstream activation
of MEK/ERK, JNK, and p38 kinases in comparison to wild-type RIT1 (Figure 4a). Unlike KRAS
mutations, which strongly activate MEK and ERK [2, 44], most RIT1 mutants showed only mild or
no increase in MEK1/2 and ERK1/2 phosphorylation. This effect was restricted to a subset of
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variants. Overexpression of wild-type RIT1 alone increased phosphorylation of MEK1/2, ERK1/2,
AKT*® and JNK1/2, but expression of the mutants did not further enhance this activity.

Although the Q79L variant is predicted to be constitutively active based on its impaired GTP
hydrolysis and reduced GAP sensitivity [35], its expression in HEK-293T cells did not result in
enhanced MAPK signaling compared to wild-type. A previous study using PC8 cells, a neuron-
like pheochromocytoma cell line, reported elevated ERK1/2 and p38 phosphorylation in response
to GFP-tagged RIT1 Q79L [16, 45]. However, in HEK-293T cells, both Q79L and wild-type RIT1
exhibited comparable GTP loading under serum-starved conditions [46]. This discrepancy may
reflect saturating activation of MAPK signaling due to overexpression of wild-type RIT1, potentially
masking any additional effect of Q79L. Verification of protein levels and dose-response analysis
in future experiments could clarify this. Furthermore, HEK-293T cells may lack neuronal or
context-specific cofactors required for full engagement of RIT1 signaling, which could explain the
stronger effects observed in PC8 cells. These findings collectively suggest that RIT1 does not
mimic classical RAS signaling and likely engages a distinct set of effectors and regulatory
pathways [9]

The dominant-negative RIT1 S35N mutant sequesters endogenous RIT1-specific GEFs. A
particularly informative observation was made with the RIT1 S35N variant, which exhibited
markedly reduced phosphorylation of MEK, ERK, and AKT™%, but not of AKTS*3, JNK, or p38,
despite showing lower protein expression levels (Figure 4a). This variant harbors a mutation at a
conserved residue within the P-loop (Figure 2a, b), resulting in a nucleotide-free form of RIT1 that
displays dominant-negative behavior by forming a stable complex with endogenous GEFs [34].
Supporting this mechanism, expression of RIT1 S35N led to significant suppression of MAPK and
AKTT® signaling, consistent with sequestration of a limiting pool of upstream RIT 1-specific GEFs.
Importantly, the degree of signaling inhibition appeared disproportionate to the observed
reduction in S35N protein levels, further supporting a dominant-negative mechanism rather than
a simple expression loss. This dominant-negative property highlights S35N as a useful molecular
tool, and future experiments should help elucidate the identity of RIT1-specific GEFs.

RIT1 interacts with non-classical effectors, including galectin-1. Previous studies have
implicated several proteins, such as CRAF, PARS, PAK1, SIN1, RALGDS, RGL3, and calmodulin
(CaM), as potential RIT1 effectors [7, 27, 29, 30, 45, 47, 48]. This is surprising, given the
considerable diversity in both structure and function among these proteins, and their roles in
signaling pathways that do not converge. However, in most cases, these interactions were
predicted based on indirect evidence such as co-expression, in silico screening, or analogies to
classical RAS proteins, rather than direct binding assays. To experimentally assess binding
specificity, we tested several candidate effectors using purified proteins and fluorescence
polarization assays.

We recently reported that the RASSF family members RASSF7 and RASSF9 bind to mGppNHp-
loaded RIT1 with dissociation constants (Kq) of 34 uM and 27 uM, respectively (Figure 4b) [49].
These values were determined by titrating increasing concentrations of RASSF proteins against
fluorescently labeled RIT1 in its active conformation. The results are presented in Figure 4c.

Because galectin-1 (GAL1) and CaM have previously been reported to interact with HRAS and
KRAS and influence their membrane targeting [50], we included GAL1 as a positive control in our
experiments exploring the RIT1-CaM interaction [7]. Unexpectedly, GAL1 bound to RIT1 with a
Ka of 35 puM, whereas no significant interaction was observed for CaM under these assay
conditions. Whether CaM binding to RIT1 requires calcium ions or membrane association remains
to be experimentally verified. These findings raise the possibility that GAL1 may modulate RIT1
localization or function, although this will need to be confirmed through additional cellular assays.

We also assessed the binding of RIT1 to several classical RAS effectors (Figure 4c). While most
interactions were weak, RGL3 bound with an affinity comparable to GAL1 and RASSF7/9.
Notably, binding of the isolated Ras-binding domain (RBD) of CRAF was modest, but improved
approximately 2.5-fold when combined with the cysteine-rich domain (CRD) in a tandem RBD-
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CRD construct. Although these interactions are detectable, none fall within the nanomolar affinity
range typical of strong, biologically significant RAS-effector interactions.

Based on these data, we prcpose that RIT1 and RIT2 operate through a distinct set of
downstream signaling pathways not shared with classical RAS proteins. Proteomic profiling,
ideally under conditions mimicking cellular membranes or signaling activation, will be necessary
to identify high-confidence RIT1 effectors. Furthermore, sequence differences between RIT1 and
RIT2 (Figure 2) support the hypothesis that they may differ in effector selectivity, but this
prediction should be validated by performing similar binding assays with RIT2.
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Figure 4. RIT1 signaling and effector binding characteristics. (a) HEK-293T cells were transfected with
RIT1 variants and assessed for activation of MAPK, PI3K/AKT, and JNK signaling via Western blotting.
Phosphorylation levels of MEK1/2, ERK1/2, AKT (Ser473 and Thr308), JNK1/2, and p38 were analyzed,
with y-tubulin as a loading control. Quantification was normalized to loading controls, and data represent
mean + SD from triplicate experiments. Statistical significance was determined using an unpaired t-test (*p
< 0.05, *p < 0.01, ™p < 0.001). (b, c) Fluorescence polarization was used to measure dissociation
constants (Kd) between mGppNHp-bound RIT1 and various effector proteins. Representative binding
curves for RASSF7 and RASSF9 are shown in (b), and Kd values for all tested interactions are presented
in (c) as bar charts with fitting errors indicated. “n.b.0.” denotes ne binding observed. Abbreviations: CaM,
calmodulin; CRD, cysteine-rich domain; GAL1, galectin-1; GBD, GTPase-binding domain; RA, RAS-
association domain; RBD, RAS-binding domain. (d) Immunoblot analysis of endogenous RIT1 (Abcam
#ab53720) across various human and mouse cell lines including fibroblasts, stem cells, carcinoma lines,
primary cells, and immortalized lines. All lanes were loaded with 20 ug of total lysate.

RIT1 has been implicated in a range of cellular processes, including proliferation, differentiation,
and migration, suggesting that it functions through specific regulatory mechanisms and engages
with a distinct set of effectors. Despite multiple reports proposing candidate RIT1-binding proteins
[16, 46, 48], direct effectors capable of mediating its downstream functions remain poorly defined.
A comprehensive, multidirectional strategy to map the regulatory and effector landscape of RIT1
is still lacking. To address this gap, a systematic approach is needed to identify and validate novel
RIT1-associated signaling proteins. Rather than relying solely on overexpression systems, future
studies should examine endogenous RIT1 in physiologically relevant models, such as primary
human dermal fibroblasts (Figure 4b), employing a combination of bicphysical, proteomic, and
cellular assays. In particular, gel overlay assays represent a highly sensitive technique for
detecting direct protein—protein interactions and have been effectively applied in the context of
small GTPase-binding protein studies [51].

The C-terminal extension of RIT1 mediates plasma membrane localization through
phosphoinositide binding. Although RIT1 and RIT2 share a conserved G domain, they differ
markedly in sequence and structure outside this region. In particular, their N-terminal (Nex) and
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C-terminal (Cex) extensions display the highest variability, centributing to their functional
specificity (Figure 2). While the overall sequence identity between RIT1 and RITZ2 is approximately
73%, most differences lie outside the canonical G1-G5 motifs. Such extensions are not unique
to RIT1 and RIT2 but are also feund in other RAS family proteins. Classical RAS proteins rely on
posttranslational modifications (e.g., prenylation) for membrane association, which typically
occurs via a C-terminal CAAX box. However, RIT1 and RIT2 lack a CAAX motif (Figure 2), and
RIT2 membrane localization has been previously attributed to its C-terminal extension (Cex) [1,
6, 51].
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Figure 5. RIT1 associates with the plasma membrane via its Cex. (a) Confocal microscopy of NIH-3T3
fibroblasts transiently expressing GFP-tagged RIT1 variants shows that both full-length RIT1 (FL; residues
1-219) and the isolated C-terminal extension (Cex; residues 186-219) localize predominantly to the plasma
membrane under serum-starved and serum-stimulated conditions, whereas the Cex-deleted variant (ACex;
residues 1-185) remains cytoplasmic, similar to GFP alone. Nuclei were stained with DAPI (blue). Images
were acquired using an LSM 510-Meta microscope (Zeiss); scale bars, 20 pum. (b) Immunoblotting
confirmed the expression and purification of GST-tagged Cex constructs for wild-type RIT1 and RIT2, as
well as RIT1 charge-reversal mutants (M1-M5; see Figure 6), using an anti-RIT1 antibody (Abcam, Cat#
ab53720). (c) Lipid-binding specificity was assessed using phosphoinositide (PIP) strip overlay assays.
Membranes were incubated with 200 ng/mL of purified GST-tagged constructs. GST-RIT1, GST-RIT1-
Cex(\WT), and GST-RIT2-Cex(WT) bound specifically to phosphoinositides, while no signal was detected
for GST-RIT1-Cex(M5) or GST alone. (d) Surface plasmon resonance (SPR) analysis using an L1 sensor
chip with immobilized liposomes revealed that GST-RIT1-Cex(WT) directly interacts with lipid bilayers.
Kinetic analysis yielded a kon 0f0.0111 uM™"s7", a ko 01 0.0182 577, and a Kq of 1.6396 uM. The inset shows
the concentration-dependent binding of GST-RIT1-Cex(WT), ranging from 0.5 uM to 8 pM. GST was used
as a negative control. Notably, incomplete dissociation was observed during the wash phase, suggesting
that RIT1 may be retained on membranes. This supports the possibility that accessory proteins, such as
galectin-1, may modulate RIT1's membrane localization and dynamics. Lipid abbreviations: PA,
phosphatidic acid; PC, phosphatidylcholine; PE, phosphatidylethanolamine; Pl, phosphatidylinositol; PI3P,
PtdIns(3)P; PI14P, Ptdins(4)P; PI5P, Ptdins(5)P; PI(3,4)P2, PtdIns(3 4)P; PI(3,5)P2, PtdIns(3,5)P; PI(4,5)P-,
Ptdins(4,5)P; PI(3.,4,5)Ps, Ptdins(3,4,5)P; LPA, lysophosphatidic acid; LPC, lysophosphocholine; PS,
phosphatidylserine; S1P, sphingosine 1-phosphate.

To evaluate whether the Cex region is responsible for RIT1 membrane targeting, we examined
the subcellular localization of GFP-tagged RIT1 variants in NIH-3T3 fibroblasts. As shown in
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Figure 5a, full-length RIT1 (FL) localized predominantly at the plasma membrane, while a ACex
variant (residues 1-185) did not. In contrast, a construct containing only the Cex region (residues
186-219) also localized to the membrane, suggesting that the Cex is sufficient for plasma
membrane association.

Two major structural classes of membrane-binding peptides exist. amphipathic a-helices and
unstructured polybasic regions. The Cex regions of RIT1 and RIT2 fall into the latter category,
each containing 15 lysine and arginine residues within 35 amino acids, forming a strongly basic
stretch that facilitates electrostatic interaction with negatively charged phospholipids (Figure 2a)
[52]. Molecular dynamics simulations have proposed a mechanism by which RIT1 engages with
lipid bilayers via a stretch of 12 basic residues (residues 203-214; Figure 2a, double-underlined)
[53].

To test lipid specificity, we expressed and purified full-length and truncated GST-RIT1 proteins
and performed lipid-binding assays using phosphoinositide (PIP) strips (Figure 5b, c) [47]. Full-
length RIT1, as well as isolated Cex constructs of RIT1 and RIT2, bound selectively to
phosphoinositides but not to other membrane lipids. This binding was abolished in a GST-RIT1
Cex mutant (M5), which harbors charge-reversing mutations (Figure 5c), and in GST-only
controls. These results demonstrate that RIT1 and RIT2 specifically associate with membranes
through their C-terminal polybasic regions.

In addition, we analyzed the interaction of RIT1 with lipid bilayers using surface plasmon
resonance (SPR). Using an L1 sensor chip coated with immobilized liposomes, we observed
direct binding of RIT1 C-terminal constructs to lipid membranes. Kinetic analysis revealed a ko
of 0.0111 uM™"s™", a kerof 0.0182 577, and a dissociation constant (Ka) of 1.6396 uM. No binding
was observed for GST alone, which served as a negative control. Notably, RIT1 did not fully
dissociate from the liposome surface during the dissociation phase, suggesting that membrane
detachment may be regulated by accessory proteins. This observation supports a potential role
for galectin-1, previously shown to interact with RIT1, as a modulator of membrane retention.
These findings underscore a non-canonical membrane association mechanism within the RIT
subfamily. This distinguishes RIT1 from classical RAS proteins and provides a basis for future
investigations into Cex-mediated membrane interactions.

Conclusions and future Perspectives

This study provides new insights into the regulatory and membrane-associating mechanisms of
RIT1 and RIT2, two understudied members of the RAS superfamily. Our findings reveal that RIT1
and RIT2 diverge significantly from classical RAS proteins in their regulatory behavior, effector
interactions, and mechanisms of membrane localization. These distinctions suggest that RIT
proteins are governed by unique molecular principles rather than following the canonical RAS
signaling pathways. Specifically, the functional roles of their terminal extensions and their distinct
responsiveness to guanine nucleotide exchange and hydrolysis imply a separate regulatory axis
that remains to be fully characterized [35, 36].

A key finding of this study is that RIT1 is largely unresponsive to known RAS regulators such as
SOS1 and p120GAP. Our biochemical and structural data suggest the involvement of yet
unidentified GEFs and GAPs that specifically regulate RIT1 function. Furthermore, the use of
dominant-negative and GTPase-deficient RIT1 variants has proven valuable in dissecting these
regulatory pathways and offers a foundation for future proteomic efforts aimed at isolating native
regulators. Continued investigation of these proteins in relevant cellular systems, such as human
dermal fibroblasts, where endogenous RIT1 is expressed, will be essential to identify context-
specific regulatory partners.

Additionally, our data indicate that RIT1 interacts with candidate effectors such as RGL3,
RASSF7, and RASSF9, though with only low affinity. These interactions alone cannot explain the
biological impact of disease-associated RIT1 mutations. High-affinity, functionally relevant
effectors likely exist and should be identified using state-specific RIT1 mutants that mimic the
persistently GTP-bound form. Further studies should also investigate the impact of these
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interactions in signaling contexts relevant to development, cancer, and neurodevelopmental
disorders.

An important distinguishing feature of RIT1 and RIT2 is their mode of membrane association.
Unlike prenylated RAS proteins, both RIT1 and RIT2 lack a CAAX motif and instead utilize a
highly basic C-terminal extension to associate with phosphoinositide-enriched membranes. We
showed that this region is both necessary and sufficient for plasma membrane targeting.
Mutational analysis further confirmed the importance of positively charged residues within this
region, and PIP strip assays identified a strong preference for specific phosphoinositides. These
findings underscore the functional specificity of the RIT1 C-terminal domain in lipid recognition.

The ability of RIT1 to bind membranes independently of prenylation raises important questions
about its regulation by accessory proteins. Our observation that galectin-1, but not calmodulin,
binds to RIT1 and may influence its membrane association introduces a new layer of complexity.
Although the exact role of galectin-1 in modulating RIT1’s subcellular localization remains to be
elucidated, future studies should examine whether this interaction promotes membrane retention
or facilitates spatial compartmentalization of signaling.

Biophysical analyses, including surface plasmon resonance with defined synthetic liposcmes,
represent a powerful approach for quantitatively assessing the binding kinetics of RIT1 and RIT2.
Our preliminary SPR experiments suggest that RIT1 exhibits incomplete dissociation from
liposomes, implying that additional factors may stabilize its membrane association. Follow-up
studies should focus on determining the lipid specificity of the RIT C-terminal domains under
controlled conditions and on exploring the influence of accessory proteins such as galectin-1 in
this context.

In summary, our findings establish RIT1 as a functionally distinct small GTPase with non-
canonical regulatory mechanisms, membrane interactions, and potential effector pathways.
Understanding these processes in greater detail will not only clarify the physiological and
pathological roles of RIT1 and RIT2 but also provide opportunities to target their pathways in
diseases where their dysregulation plays a critical role.
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Abbreviations

AKT: Protein kinase B

CAAX: Cysteine-aliphatic—aliphatic—=X motif
CaM: Calmodulin

CBB: Coomassie Brilliant Blue

Cex: C-terminal extension

CRD: Cysteine-rich domain

DMEM: Dulbecco’s Modified Eagle Medium
DTT: Dithiothreitol

EGF: Epidermal growth factor

EPAC1: Exchange protein directly activated
by cAMP 1

FBS: Fetal bovine serum

GAL1: Galectin-1

GAP: GTPase-activating protein

GBD: GTPase-binding domain

GDP; Guanosine diphosphate

GEF: Guanine nucleotide exchange factor
GTP: Guanosine triphosphate

HA: Hemagglutinin

HDF: Human dermal fibroblasts

HRAS: Harvey rat sarcoma viral oncogene
homolog

IGF1: Insulin-like growth factor 1

JNK: c-Jun N-terminal kinase

Kd: Dissociation constant

kon: Assaociation rate constant

koff: Dissociation rate constant

MAPK: Mitogen-activated protein kinase
mGppNHp: Non-hydrolyzable GTP analog
MSK1: Mitogen- and stress-activated kinase

272

Nex: N-terminal extension

NGF: Nerve growth factor

PACAP38: Pituitary adenylate cyclase-
activating polypeptide 38

PARS: Partitioning defective protein 6
PAKA1: p21-activated kinase 1

PBS: Phosphate-buffered saline

PC: Phosphatidylcholine

PE: Phosphatidylethanolamine

Pl: Phosphatidylinositol

PI3K: Phosphoinositide 3-kinase

PIP: Phosphatidylinositol phosphate
PKA: Protein kinase A

PS: Phosphatidylserine

PVDF: Polyvinylidene difluoride

RA: RAS-association domain

RAS: Rat sarcoma

RBD: RAS-binding domain

RGL3: Ral guanine nucleotide dissociation
stimulator-like 3

RIT1: Ras-like without CAAX 1

RIT2: Ras-like without CAAX 2
ROSS: Ras of small size

S1P: Sphingosine 1-phosphate

SIN1: Stress-activated protein kinase-
interacting protein 1

SOS1; Son of sevenless homolog 1
SPR: Surface plasmon resonance
TAMRA: Tetramethylrhodamine

WT: Wild type
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3 Discussion

Small GTPases are evolutionarily conserved molecular switches that regulate key aspects of
cellular behavior, including cytoskeletal dynamics, intracellular trafficking, signal transduction, and
gene expression [1, 9]. Their activity is precisely controlled by regulatory elements such as GEFs,
GAPs, GDls, as well as more recently characterized modulators including accessory proteins and
long noncoding RNAs [9, 10, 106, 145, 146]. Dysregulation of these signaling networks contributes
to a wide range of diseases, including cancer, developmental syndromes, and infections, making
small GTPases central to biological and biomedical research.

This thesis presents a comprehensive biochemical investigation of small GTPases and their
modulators across human, plant, and bacterial systems. It covers both canonical and non-
canonical GTPases, including RAC1, RIT1, and the plant-specific GTPase TTN5, integrating
mechanistic insights with cellular and molecular function [63, 125, 131]. A major focus was placed
on the melanoma-associated RAC1P2°S hotspot mutation, which was biochemically characterized
to uncover its altered regulation by upstream factors and changes in effector interactions and
signaling output [63]. In the plant system, TTN5 was studied for its atypical nucleotide cycling
properties, providing insight into plant-specific adaptations of GTPase regulation [125]. In the
bacterial context, the effector protein SemD from Chlamydia pneumoniae was shown to
structurally and functionally mimic active CDC42, thereby hijacking the host endocytic machinery
[87].

Beyond the GTPases themselves, this thesis examines key modulators such as LZTR1 [218], long
noncoding RNAs [145, 146], and a range of accessory proteins that shape small GTPase signaling
through spatial and temporal regulation [106]. Collectively, these studies map a multilayered
regulatory architecture that governs small GTPase function across different biological systems.
The following subsections provide a detailed discussion of each chapter, highlighting conserved
principles of regulation alongside context-specific adaptations. This work aims to deepen our
understanding of how cells achieve precise and dynamic signal regulation across the tree of life,
and how disruption of these mechanisms leads to pathologies ranging from cancer to infection
and developmental disorders.

3.1 Oncogenic Characterization of the RAC1 P29S Hotspot Mutation in Melanoma

This study presents a comprehensive biochemical characterization of the melanoma-associated
RAC1P?°S hotspot mutation in comparison to RAC1WT, RAC1™"N and RAC1F2 [63]. The findings
reveal that RAC1P2°8 exhibits impaired nucleotide binding, accelerated intrinsic nucleotide
exchange, and severely reduced sensitivity to GAP-mediated GTP hydrolysis, while maintaining
activation via DOCK2 but not canonical DBL family GEFs. These combined properties promote
the persistent accumulation of RAC17?%S in its active GTP-bound state, resulting in the
hyperactivation of downstream signaling pathways including ERK1/2 and p38 MAPK. This
persistent activation, together with altered effector binding, most notably enhanced interaction with
IQGAP1 over PAK1, supports its classification as a constitutively active, gain-of-function mutant
and oncogenic driver [63].

Kinetic analyses demonstrate that the P29S mutation increases intrinsic GDP dissociation and
GTP loading rates. Despite this behavior, the mutant shows reduced nucleotide-binding affinity,
likely due to conformational changes induced by increased flexibility in the switch | region. While
the intrinsic exchange rate of RAC172% s faster than that of RAC1"T, it remains insufficient to
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drive the rapid activation required for real cell signaling without GEF support. The data show that
RAC1P?%S is primarily activated by DOCK2, a GEF from the DOCK family, while DBL family GEFs
such as TIAM1, PREX1, and VAV2 exhibit minimal activity. These observations underscore the
specificity of RAC1P2°S regulatory interactions and suggest that DOCK2 may serve as a critical
upstream activator in melanoma and other RAC1P2*S-driven cancers [63].

GDI1 binding assays reveal that RAC1P2% retains moderate affinity for GDI1, indicating that GDI1
may still modulate its localization and recycling. In contrast, RAC1™"N shows reduced GDI1
binding and impaired GEF responsiveness, consistent with its slow-cycling active behavior.
RAC1F?8L shares a similar GEF activation profile to RAC1P2%8, suggesting that both mutations may
affect the same GEF-binding interface [63].

The data reveal that RAC1P2°S exhibits approximately 30-fold higher binding affinity for IQGAP1
than for PAK1 in stopped-flow fluorimetry assays. This was further corroborated by increased
binding in cell lysates under both serum-stimulated and serum-starved conditions. The stronger
affinity for IQGAP1 positions it as a key effector downstream of RAC172%S, linking RAC1 signaling
to cytoskeletal remodeling, adhesion, and migration. While PAK1 is a well-established kinase
effector of RAC1, the relatively lower affinity of RAC1P2°S for PAK1 in biochemical assays
compared to cell lysates suggests that other cellular components may influence its interaction in
vivo [63]. These findings highlight the critical role of scaffolding proteins such as IQGAP1 in
spatially modulating RAC172°S-driven signaling, particularly in the RAF/MEK/ERK pathway [10].

Functionally, the accumulation of GTP-bound RAC1P?°S |eads to robust phosphorylation of
ERK1/2 and p38 MAPK [63]. ERK hyperactivation promotes uncontrolled proliferation, while p38
MAPK activation supports cellular adaptation to stress and contributes to tumor invasion and
therapy resistance. Although AKT and STAT1 phosphorylation were also observed, their effects
were less pronounced, suggesting possible context-dependent roles. Notably, RAC1P2%S remains
GTP-bound even under serum-starved conditions, where most GTPases are inactive, further
reinforcing its constitutive activity [63].

Importantly, the intrinsic GTP hydrolysis rate of RAC172°S is similar to RAC1"T. However, the
mutation severely impairs GAP-stimulated GTP hydrolysis. Specifically, the catalytic activity of
p50GAP is reduced more than 200-fold in the context of RAC1P2%S, |eading to prolonged retention
in the GTP-bound form. This impaired negative regulation is a key oncogenic mechanism based
not solely on enhanced exchange but also on defective inactivation. It enables RAC1P2°S to drive
sustained signaling and tumorigenic processes, including proliferation, survival, invasion, and
epithelial-mesenchymal transition [63].

In summary, RAC1P2%S is a causative oncogenic driver with a unique biochemical signature:
impaired nucleotide binding, accelerated nucleotide exchange, resistance to GAP-mediated
inactivation, and altered effector selectivity. These features result in persistent GTP loading and
hyperactivation of cancer-related signaling cascades. The identification of DOCK2 as a preferred
GEF, p50GAP resistance as a key mechanism of inactivation failure, and IQGAP1 as a dominant
effector provides multiple avenues for therapeutic targeting in melanoma and other cancers
harboring RAC1P2% mutations. mutations [63].
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3.2 Characterization of TTNS5: A Non-classical ARL-type GTPase in Arabidopsis
thaliana

This study identifies TTN5 as a functional member of the ARF-like (ARL) GTPase family in
Arabidopsis thaliana, exhibiting distinctive features that set it apart from canonical small GTPases
[125]. TTNS displays unusually rapid nucleotide exchange kinetics, a strong preference for GTP
over GDP, and a notably slow GTP hydrolysis rate. These biochemical properties indicate that
TTN5 predominantly exists in a GTP-bound, active state. Sequence and functional comparisons
reveal a high degree of similarity to human ARL2, supporting its classification as a non-classical
ARL-type GTPase [125].

Biochemical analysis demonstrated that TTNS and its variants can bind guanine nucleotides [125].
The Q70L mutant exhibited the highest affinity for GTP and a faster exchange rate than the wild-
type protein, while the T30N mutant, commonly used as a dominant-negative variant, displayed
reduced GDP affinity and altered exchange kinetics. Compared to small GTPases such as HRAS
and RAC1, TTN5 exhibits a nucleotide exchange rate approaching that of other non-classical
GTPases like RHOD and RIF [220]. These observations suggest that TTNS likely functions
independently of canonical GEF-mediated activation [125].

Subcellular localization studies using fluorescently tagged TTNS variants revealed associations
with the plasma membrane, Golgi apparatus, multivesicular bodies, and endosomes [125]. The
distribution patterns were dependent on the nucleotide-bound state of the protein, with Q70L
showing preferential localization to intracellular compartments compared to the T30N mutant.
Notably, TTN5 lacks N-myristoylation, similar to ARL2, and is predicted to associate with
membranes via an N-terminal amphipathic helix [221, 222]. This mode of membrane interaction
appears to be largely nucleotide-independent, further supporting its non-canonical regulatory
behavior[125].

Colocalization analyses confirmed overlap between TTN5 and organelle markers, especially with
the Golgi and multivesicular bodies (MVBs) in its GTP-bound form. TTN5 also localized to ARA7-
positive compartments and FM4-64-labeled vesicles, suggesting a role in endocytic trafficking and
plasma membrane material recycling [223]. These observations point to a broader role for TTN5
in vesicle transport, protein degradation, and endomembrane dynamics. The altered localization
and signaling behavior of the T30N variant also underscore the importance of nucleotide binding
and exchange in TTN5 function [125].

In summary, TTNS represents a plant-specific, non-classical ARL-type GTPase that accumulates
in the active GTP-bound state due to its intrinsic kinetic properties. lts association with key
trafficking compartments and membrane systems suggests a role in endomembrane organization
and vesicular transport. These findings expand our understanding of small GTPase regulation in
plant systems and illustrate how conserved GTPase modules have been evolutionarily adapted to
meet the functional demands of plant development. Future studies will be essential to identify
TTN5’s specific GEFs, GAPs, effectors, and cargoes to fully define its role in intracellular trafficking
and plant physiology [125].

3.3 RIT GTPases: Molecular Regulation, Interaction Networks, and Membrane
dynamics

This study provides comprehensive insights into the biochemical and regulatory features of RIT1
and RIT2, two less-characterized members of the RAS family. Although RIT proteins have often
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been grouped with classical RAS proteins, the data presented here emphasize their unique
regulatory profile. Structural analysis confirms that RIT1 shares the conserved G-domain
architecture of canonical RAS proteins, including the G1-G5 motifs and switch | and Il regions,
suggesting conserved GDP/GTP cycling mechanisms [33, 35, 41]. However, fluorescence-based
kinetic assays reveal that RIT1 exhibits significantly lower nucleotide binding affinity due to a
markedly reduced association rate despite an increased dissociation rate, distinguishing it from
HRAS. These results indicate that RIT1 activation in cells likely requires a specific GEF that
remains to be identified, as the canonical RAS GEF SOS1 [224] shows no activity toward RIT1.

Likewise, p120GAP [225], a known GAP for HRAS, fails to stimulate GTP hydrolysis in RIT1,
indicating that RIT1 may also rely on a distinct GAP. Mutational analysis shows that germline
mutations associated with developmental syndromes, such as Noonan syndrome, cluster near the
P-loop and switch Il regions. These mutations may impair GAP binding or catalytic efficiency rather
than causing direct constitutive activation as observed in classical oncogenic RAS mutations.
Notably, the RIT1 Q79L variant, despite its predicted GTPase deficiency, did not exhibit elevated
basal GTP loading or significant downstream activation of MAPK, PISK/AKT, or JNK pathways in
HEK-293T cells. In contrast, the S35N mutant exhibited a dominant-negative effect by reducing
phosphorylation of MEK, ERK, and AKT, likely through sequestration of endogenous RIT1-specific
GEFs.

Effector-binding studies using fluorescence polarization revealed only low-affinity interactions
between RIT1 and previously proposed RAS effectors, including RGL3, RASSF7/9, and CRAF
[35, 88, 226]. Surprisingly, galectin-1 [227], but not calmodulin, bound to RIT1 with a dissociation
constant of ~35 uM. These results suggest that RIT1 may signal through unconventional effectors,
distinct from the classical RAS effectors [4].

In addition to its regulatory distinctions, RIT1 exhibits a unique mode of membrane association.
Unlike most RAS proteins, RIT1 lacks a C-terminal CAAX motif required for prenylation [35].
Instead, its C-terminal extension (Cex) is rich in basic residues and binds directly to
phosphoinositides. Confocal imaging and PIP strip assays confirm that both full-length RIT1 and
its Cex fragment associate with the plasma membrane via electrostatic interactions. This
membrane association is abolished in Cex-deleted or charge-reversed mutants, and galectin-1
binding may modulate this interaction.

Together, these findings position RIT1 and RIT2 as distinct RAS family members with canonical
GDP/GTP cycling mechanisms but unique regulatory and membrane-targeting features. The
study supports a model in which RIT proteins integrate classical G-domain regulation with lineage-
specific membrane localization. Future identification of specific GEFs, GAPs, and physiological
effectors will be crucial to understand RIT1 and RIT2’s roles in developmental disorders and
tumorigenesis.

3.4 HSC Activation and Fibrosis: The RAS-RHO Axis in Hepatic Stellate Cells

This study explores the reciprocal regulation of RAS and RHO family GTPases in hepatic stellate
cells (HSCs), providing new insights into their roles in maintaining quiescence and driving
activation and differentiation [131]. In quiescent HSCs, elevated levels of ERAS and RND3
correlate with enhanced PI3BK-AKT and NOTCH signaling activity. In contrast, activated HSCs
exhibit increased expression of MRAS and RHOC, which is associated with the activation of the
MAPK and ROCK signaling pathways [131].
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ERAS is selectively expressed in quiescent HSCs and contributes to the maintenance of their
undifferentiated state by activating the PI3BK—AKT signaling axis [132]. Its downregulation during
HSC activation is accompanied by reduced phosphorylation of AKT and FOXO1, indicating a
decline in survival and homeostatic signaling. In parallel, MRAS expression rises in activated
HSCs and promotes MAPK signaling via the SHOC2-PP1-RAF1 complex, leading to ERK
phosphorylation and fostering transdifferentiation [131].

A similar reciprocal pattern is observed in the RHO family: RND3, enriched in quiescent HSCs,
antagonizes RHOC-ROCK signaling and stabilizes the cytoskeleton, whereas RHOC
predominates in activated HSCs. This switch supports the induction of a-SMA expression and
cytoskeletal remodeling, hallmark features of the myofibroblastic phenotype. Both immunoblotting
and mRNA profiling confirm these reciprocal expression patterns [131].

NOTCH1 signaling also plays a critical role in sustaining quiescence [228]. Its intracellular domain
(N1ICD) and downstream target gene HES1 suppress pro-fibrotic markers. The cytosolic
localization of NOTCH1/N1ICD in quiescent HSCs, along with sustained HES1 expression,
supports its transcriptionally active, anti-fibrotic function downstream of ERAS [131].

Pharmacological inhibition of ROCK using Y-27632 maintains the quiescent morphology of HSCs,
further validating the role of RHOC-ROCK signaling in promoting activation. Together, these
findings support a regulatory model in which the ERAS—PI3K-AKT and NOTCH1-RND3 axis
preserves quiescence, while the MRAS-MAPK and RHOC-ROCK pathways drive activation
[131].

Additionally, the ERAS-ARG1-polyamine axis emerges as a critical regulator of HSC
homeostasis. ARG1 is co-expressed with ERAS and catalyzes polyamine biosynthesis, including
spermidine, which supports autophagy and self-renewal. Inhibition of ARG1 or polyamine
synthesis accelerates HSC activation, as demonstrated by the loss of stellate morphology and
lipid droplet reservoirs [143] [131].

In conclusion, this study proposes a reciprocal regulatory model in which ERAS, RND3, and
NOTCH1 define the quiescent state through PI3K-AKT and anti-fibrotic signaling, while MRAS,
RHOC, and ROCK signaling drive HSC activation. This dynamic switch represents a central
mechanism controlling HSC fate and offers promising therapeutic targets for the treatment of
chronic liver disease and fibrosis [131, 132].

3.5 Structural and Functional Mimicry of CDC42 by Chlamydia pneumoniae effector
SemD in N-WASP Activation

This study provides detailed structural and biochemical insights into the host-cell subversion
mechanism employed by the early-secreted Chlamydia pneumoniae effector protein SemD [87].
As an obligate intracellular pathogen, C. pneumoniae relies on a precisely coordinated
internalization process to enter non-phagocytic epithelial cells [114]. The successful uptake of its
large elementary body (EB) requires extensive remodeling of the plasma membrane and actin
cytoskeleton [115]. Our findings demonstrate that SemD plays a central role in orchestrating these
events by functioning as a multifunctional adaptor protein that mimics key features of the host
RHO GTPase CDCA42 in order to directly activate N-WASP and facilitate Arp2/3-dependent actin
nucleation and branching [87].

Structurally, SemD is composed of multiple functional domains connected by flexible intrinsically
disordered linker sequences, allowing it to simultaneously engage several host proteins [87]. Its
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C-terminal rigid core contains a negatively charged surface that mimics the effector-binding
interface of CDC42-GTP, thereby enabling high-affinity binding to the basic region (BR) and CRIB
domain of N-WASP. This interaction releases the autoinhibited VCA domain of N-WASP,
promoting actin polymerization at the site of bacterial entry. Biochemical assays, including
pulldown and stopped-flow experiments, confirm that SemD binds N-WASP with significantly
stronger and faster interaction than CDC42-GTP and can displace N-WASP from preformed
CDC42-GTP-N-WASP complexes, highlighting its ability to outcompete endogenous host
regulators [87].

Importantly, SemD selectively activates N-WASP without binding other CDC42 effectors such as
FMNL2, indicating a level of substrate specificity that maximizes efficiency while avoiding
unintended activation of competing pathways. This selectivity is likely enabled by structural
differences between CDC42—-N-WASP and CDC42-FMNL2 complexes, where SemD reproduces
the electrostatic features of CDC42 required for N-WASP activation but lacks the hydrophobic
interface necessary for FMNL2 binding [87, 118].

In addition to activating N-WASP, SemD coordinates the recruitment of other essential
components of the endocytic machinery [87]. Its proline-rich domain (PRD1) interacts specifically
with the SH3 domain of the membrane-remodeling protein SNX9 [229], while its N-terminal
amphipathic helix anchors the protein to the cytosolic leaflet of the plasma membrane. Together,
these interactions facilitate the spatial organization of SemD into a membrane-associated hub
capable of synchronously recruiting N-WASP, SNX9, and monomeric G-actin. Structural modeling
and experimental validation using GUV systems further support this simultaneous interaction
model.

Moreover, SemD carries two WH2 motifs predicted to bind G-actin, with WH2_1 located on a-helix
1 of the core domain being structurally accessible. This domain likely contributes to the local
enrichment of actin monomers at the site of bacterial entry, further enhancing SemD-mediated
actin polymerization. The combined action of SemD on membrane curvature (via SNX9), actin
recruitment (via WH2 domains), and actin nucleation (via N-WASP activation) enables the efficient
formation of a branched actin network that drives the engulfment of the chlamydial EB [87].

Unlike many other bacterial effectors that regulate host RHO GTPases through covalent
modification or enzymatic activity targeting upstream regulators (GEFs, GAPs, GDIs) [90] [9],
SemD operates as a direct structural mimic [87]. This positions SemD as a unique effector that
bypasses host signaling cascades by directly engaging and activating a central actin nucleator.
Its action also differs from that of the EHEC effector EspFU [230], which mimics N-WASP’s own
VCA domain to relieve autoinhibition, or the chlamydial effector TmeA [231], which may act
through a similar mechanism. In contrast, SemD directly substitutes for CDC42-GTP in a
structurally resolved manner [87].

Collectively, these findings highlight SemD as a highly specialized and efficient effector that has
evolved to perform multiple coordinated functions within a compact framework. By structurally and
functionally mimicking host proteins, SemD maximizes its impact on the host endocytic machinery
despite the limited coding capacity of the C. pneumoniae genome. This multifunctional mimicry
not only facilitates bacterial entry but may also represent a broader strategy employed by
intracellular pathogens to subvert host-cellular processes using compact, domain-rich effectors
[87].
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3.6 Modulators of Small GTPases localization, function, and regulation: Long
Noncoding RNAs and Accessory Proteins

This section explores how small GTPases are regulated not only by classical modulators such as
GEFs, GAPs, and GDls, but also by emerging noncanonical regulators including long noncoding
RNAs (IncRNAs) [145, 146] and accessory proteins [10, 106, 174, 218]. While the classical
regulators control the activation state, membrane association, and signal fidelity of GTPases,
accumulating evidence highlights additional layers of regulation that modulate expression levels,
subcellular localization, protein complex assembly, and spatiotemporal signaling coordination.
LncRNAs contribute by regulating gene expression at both transcriptional and post-transcriptional
levels, often through microRNA sequestration in competing endogenous RNA (ceRNA) networks
or by scaffolding chromatin remodeling and signaling complexes [145, 146]. Accessory proteins,
including scaffolds, adaptors, anchors, and docking factors, help spatially organize and stabilize
GTPase—effector complexes, ensuring precise signaling fidelity through mechanisms such as
multivalent binding and compartmentalization, sometimes involving liquid-phase separation [10,
106, 218]. Collectively, these modulators fine-tune small GTPase signaling with remarkable
specificity and flexibility, contributing to diverse biological outcomes including development,
immune responses, cancer progression, and host—pathogen interactions. Their integration into
small GTPase regulatory networks underscores the complexity and adaptability of intracellular
signaling, and highlights promising avenues for both fundamental research and therapeutic
targeting. [1, 10, 106, 145, 146, 218].

KRAS mutations represent some of the most prevalent oncogenic alterations across human
cancers, particularly in hematologic malignancies such as juvenile myelomonocytic leukemia
(JMML) [232]. While their role in activating canonical signaling cascades is well established, recent
transcriptomic studies have revealed significant remodeling of the noncoding RNA landscape in
KRAS-driven cancers [145]. Multiple KRAS-associated IncRNAs have emerged as critical
regulators of leukemogenesis, often through their capacity to modulate apoptosis, cell survival,
and signaling feedback. For instance, comparative analyses in JMML have identified MORRBID
as a IncRNA that supports myeloid cell survival by repressing pro-apoptotic regulators like BIM
[162]. These IncRNAs frequently function by sequestering tumor-suppressive miRNAs, thereby
stabilizing oncogenic transcripts and promoting persistent KRAS pathway activation. MALAT1, for
example, sponges miR-101 to preserve MCL1 expression, contributing to drug resistance [233].
Beyond competing endogenous RNA mechanisms, KRAS-related IncRNAs also engage in
chromatin remodeling, control mRNA stability, facilitate the localization of signaling components,
and scaffold ribonucleoprotein complexes [234] . Notably, some of these transcripts encode small
peptides with signaling regulatory potential, further expanding their functional regulatory impact.
Through both direct modulation of KRAS mRNA and indirect control of pathway components,
these IncRNAs exert broad regulatory influence [149, 151, 152, 234]. Their high specificity and
multifunctionality render them attractive therapeutic targets. Strategies such as antisense
oligonucleotides, RNA interference, CRISPR-based gene silencing, and aptamer-guided targeting
have shown potential in disrupting oncogenic INcRNA functions. Conversely, reintroduction of
tumor-suppressive INCRNAs via synthetic mimics or viral delivery may help restore signaling
balance. Targeting IncRNA—protein complexes or their encoded peptides also presents novel
avenues for therapeutic intervention. Advancing our understanding of the spatial, temporal, and
mechanistic roles of KRAS-associated IncRNAs will be essential for identifying effective treatment
strategies in KRAS-driven cancers and beyond [145, 234].

LncRNAs modulate RHO GTPase signaling through both post-transcriptional and epigenetic
mechanisms that impact upstream regulators, downstream effectors, and core family members
such as RHOA, RAC1, CDC42 [146]. One key mechanism involves miRNA sequestration, where
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IncRNAs relieve repression on signaling mediators. For example, the IncRNA CTC-497E21.4
promotes RHOA activation by sponging miR-22, thereby upregulating NET1, a RHOA-specific
GEF. Similarly, MALAT1 enhances osteosarcoma cell invasion by upregulating ROCK1 and
ROCK2, two major effectors downstream of RHOA [146]. Beyond cytoplasmic interactions,
nuclear-localized IncRNAs regulate gene expression through chromatin remodeling. TUG1, for
instance, recruits the histone methyltransferase EZH2 to the RND3 promoter, silencing its
transcription, while m6A modification of GASS5 accelerates its degradation and indirectly sustains
YAP signaling by lifing RHOB-mediated suppression TUG1 [166, 171]. These examples
underscore the dual roles of INcRNAs as both regulators and downstream targets within RHO
GTPase signaling pathways. Despite growing interest, functional studies remain limited,
particularly for IncRNAs associated with less-characterized RHO family members. Further
investigation is required to map their interactions with miRNAs, epigenetic modifiers, and signaling
proteins [146]. Therapeutically, several approaches are under exploration, including antisense
oligonucleotides, siRNAs, ribozymes, CRISPR/Cas9-based editing, and small molecules that
disrupt IncRNA structure or IncRNA—-protein interactions [146]. Notably, antisense
oligonucleotides targeting MALAT1 have shown tumor-suppressive effects in preclinical models
[173, 233]. Additional strategies include INcRNA promoter-driven cytotoxic gene expression, such
as the H19-regulated BC-819 plasmid used in clinical trials [160, 170]. The tissue-specific
expression profiles of many IncRNAs further support their potential as selective therapeutic targets
[146]. However, challenges remain, including delivery efficiency, off-target effects, and limited
understanding of their context-dependent functions. Advancing the systematic characterization of
RHO-related IncRNAs, aided by high-throughput sequencing, proteomics, and functional
screening, will be key to uncovering how they contribute to spatiotemporal regulation of
cytoskeletal dynamics, cell migration, differentiation, and disease progression [146].

Accessory proteins play critical roles in shaping the signaling dynamics of the KRAS pathway,
acting as spatial and temporal modulators of complex molecular interactions [10]. Although
traditional research has focused on the core components of the RTK—-RAS-MAPK cascade,
growing evidence shows that accessory proteins, often operating at the periphery, are equally
important in refining signaling specificity and output [174]. These proteins primarily function as
scaffolds, adaptors, or docking modules that regulate the localization, activation, and clustering of
signaling molecules within defined subcellular compartments [10, 174]. In cancer, dysregulation
of accessory proteins contributes to aberrant KRAS signaling and therapy resistance. Mutations
in scaffold proteins such as IQGAP1, KSR, and SHOC2 have been linked to tumor progression,
invasion, and poor clinical outcomes [10, 235-237]. Our experimental findings reveal distinct
consequences of accessory protein loss in KRAS(G12V)-driven cancer cells. Specifically,
CRISPR-Cas9 knockout of GAL3 or PDEd in KRAS-mutant lung cancer models interferes with
membrane-associated signaling and reduces downstream activation of ERK and AKT, whereas
loss of IQGAP1 unexpectedly increases AKT signaling, suggesting a context-dependent
regulatory role. SHOC2 knockout selectively reduces MAPK signaling while leaving PISBK-AKT
activity unaffected and sensitizes cells to MEK inhibition, indicating a therapeutic opportunity for
combination treatments. The significance of accessory proteins is further supported by their role
in RASopathies, where germline mutations in SHOC2, SPRED1, and SHP2 cause hyperactive
MAPK signaling and developmental abnormalities [10, 188, 190, 194, 238]. Therapeutic strategies
increasingly focus on targeting accessory proteins rather than the central components of KRAS
signaling. Approaches include antisense oligonucleotides, peptide inhibitors, small molecules that
block protein—protein interactions, and proteolysis-targeting chimeras (PROTACs) [10, 106]. For
example, IQGAP1-derived peptides and KSR inhibitors like APS-2-79 have been shown to reduce
ERK activation and inhibit tumor growth in preclinical models [185, 193]. Accessory proteins are
also involved in immune regulation, as illustrated by SHPZ2'’s role in both RAS signaling and PD-1
checkpoint pathways [189]. Taken together, accessory proteins represent a mechanistically
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diverse and therapeutically promising group of regulators, offering new opportunities to target
KRAS-driven cancers with improved specificity and reduced toxicity [10].

PAK1 is a key downstream effector of RAC1 and CDC42, integrating upstream signals to regulate
actin cytoskeletal remodeling, cell migration, proliferation, and survival [84, 106, 195]. In several
cancers, including melanoma, non-small cell lung cancer, and estrogen receptor—positive breast
cancer, PAK1 hyperactivation correlates with poor prognosis, therapeutic resistance, and
increased tumor aggressiveness. Although direct pharmacological inhibition of PAK1 has been
explored, it often leads to toxicity and compensatory signaling due to the protein's essential roles
in normal physiology [106]. As an alternative, targeting accessory proteins that control the spatial
and temporal activation of PAK1 offers a more refined therapeutic strategy. These include
scaffolding proteins such as PIX and Paxillin, which guide PAK1 localization to membrane
compartments and focal adhesions; adaptor proteins like NCK and GRB2, which mediate
upstream interactions; and additional scaffolds such as CKIP1 and RIT1, which influence PAK1
recruitment and engagement with GTPase inputs [106]. Disrupting these interactions, for example,
with small-molecule inhibitors like AX-024 targeting NCK1, can attenuate PAK1-driven
cytoskeletal remodeling and invasion [208]. Moreover, a PAK1-selective degrader, BJG-05-039,
has been shown to inhibit both catalytic and scaffolding functions of PAK1, improving the response
to therapies such as BRAF, MEK, and CDK4/6 inhibitors [106, 239]. Transcriptomic regulation
also contributes to PAK1 modulation; IncRNAs such as H19 and MALAT1 enhance CDC42/PAK1
signaling by sequestering miRNAs or scaffolding upstream activators, linking noncoding RNA
function to protein signaling networks [170]. Collectively, these accessory components form a
regulatory hub that ensures the spatial and temporal precision of PAK1 signaling. Their targeted
manipulation presents a promising avenue for suppressing oncogenic outputs, overcoming drug
resistance, and minimizing side effects associated with direct inhibition of core pathway
components [106].

LZTR1 has emerged as a key accessory protein acting as a negative regulator of RAS-MAPK
signaling through its role as an adaptor in the cullin 3 ubiquitin ligase complex [147, 217, 219]. By
promoting ubiquitin-mediated degradation of RAS GTPases, LZTR1 controls the availability and
signaling output of various RAS isoforms[218]. Initially associated with both autosomal dominant
and recessive forms of Noonan syndrome, recent studies have revealed mutation-specific
mechanisms that disrupt its regulatory function [218]. Notably, the LZTR1-%8%° missense variant,
located in the BACK1 domain, induces aberrant polymerization of LZTR1, impairing the formation
of functional ubiquitination complexes. This leads to reduced degradation and pathological
accumulation of RAS proteins, particularly MRAS and RIT1, resulting in MAPK pathway
hyperactivation. These findings were validated in patient-derived cardiomyocytes, where
homozygous expression of LZTR1-58 reproduced key molecular and cellular disease features,
including elevated RAS signaling, cytoskeletal abnormalities, and a hypertrophic phenotype.
Correction of a single allele restored homeostasis, underscoring both the recessive impact of this
variant and its therapeutic potential [218]. Although LZTR1 can bind multiple RAS isoforms,
current evidence suggests a preference for degrading MRAS and RIT1 over HRAS, KRAS, and
NRAS, indicating cell type- and context-specific substrate specificity [218]. Domain-specific
mutations also yield distinct outcomes: Kelch domain variants impair substrate recognition, while
BTB-BACK mutations like LZTR1-%8% disrupt complex assembly and localization. The discovery
that disease-associated polymerization alters LZTR1’s spatial organization introduces a novel
mechanism of signaling disruption [218]. These insights position LZTR1 as a finely tuned regulator
of RAS pathway dynamics with important implications for developmental disorders, cardiac
hypertrophy, and therapeutic targeting in RASopathies and RAS-driven malignancies [218].

In summary, this thesis presents an integrated biochemical and mechanistic dissection of small
GTPases and their modulators across diverse biological contexts, spanning human, plant, and
bacterial systems. From canonical signaling alterations caused by oncogenic mutations like
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RAC1P?°S and KRAS-associated regulatory RNAs to atypical regulatory mechanisms observed in
TTN5 and RIT1, the work highlights both conserved and context-specific strategies that fine-tune
small GTPase activity [63, 125]. It further emphasizes the reciprocal regulation between RAS and
RHO GTPases in controlling cell fate decisions, such as hepatic stellate cell activation[131]. In
parallel, the study of the Chlamydia pneumoniae effector SemD uncovers a unique example of
structural and functional mimicry, demonstrating how pathogens can hijack host actin remodeling
by imitating CDC42 [87]. The thesis also underscores the emerging significance of accessory
proteins and IncRNAs in orchestrating the spatial and temporal control of small GTPase signaling
[106, 145, 146]. These noncanonical modulators, including KRAS and PAK1 accessory proteins
as well as the RAS-degrading adaptor LZTR1, offer new insights into disease mechanisms and
therapeutic vulnerabilities in cancers, RASopathies, and infectious diseases [106, 218]. Together,
these findings map a multilayered regulatory landscape in which classical regulators and
accessory components converge to direct GTPase-mediated signaling, reinforcing the therapeutic
potential of targeting this network and its value as a framework for understanding cellular signaling
dynamics.
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4  Conclusions and future perspectives

This thesis presents a comprehensive investigation of selected small GTPases of the RAS
superfamily, including the RAS, RHO, and ARF families, and their regulatory networks across
human, plant, and bacterial systems, with a focus on their biochemical properties and molecular
mechanisms. The work begins by characterizing the melanoma-associated RAC1 P29S mutation,
demonstrating its predominant activation by DOCK2 GEF, resistance to GAP-mediated
inactivation, and enhanced effector interaction with IQGAP1, establishing its role in driving
oncogenic signaling. The plant-specific ARF-like GTPase TITAN5 (TTN5) from Arabidopsis
thaliana is identified as a non-classical GTPase with rapid nucleotide exchange and slow
hydrolysis, accumulating in its active state and localizing to vesicle trafficking compartments,
highlighting its role in plant development. RIT1 is studied as a structurally canonical but
functionally distinct RAS-family member with unique membrane-binding properties and low
nucleotide turnover, requiring the identification of its specific GEFs, GAPs, and effectors. The
Chlamydia pneumoniae effector SemD is shown to mimic CDC42, directly activating N-WASP to
promote actin polymerization and pathogen entry, exemplifying bacterial exploitation of host
GTPase signaling. In hepatic stellate cells, a reciprocal signaling model between RAS and RHO
GTPases is revealed, with ERAS and RND3 supporting quiescence and MRAS and RHOC
promoting fibrogenic activation, offering insight into cell state transitions relevant to liver disease.

The second part of this work focuses on the regulatory complexity introduced by noncanonical
modulators. Literature-based analyses identified and categorized long noncoding RNAs
(IncRNAs) involved in KRAS and RHOA signaling, highlighting their roles in transcriptional control,
miRNA sequestration, and spatial regulation of signaling complexes. Similarly, accessory
regulators of PAK1 were reviewed, emphasizing their therapeutic potential in PAK1-related
diseases including cancer cell invasion. Experimentally, key accessory proteins such as IQGAP1,
Galectin-3, PDES, SHOC2, and NPM1 were investigated in the context of KRAS-driven signaling.
The thesis also examines the LZTR1 L580P mutation, showing that this accessory adaptor impairs
CUL3-mediated degradation of RIT1 and MRAS, leading to MAPK hyperactivation and
cardiomyocyte hypertrophy.

Together, these findings map a multilayered regulatory framework governing small GTPase
signaling across distinct biological systems. Yet, fundamental questions remain: How are RAS
signaling networks coordinated in space and time to optimize strength, efficiency, and specificity?
How is the pre-assembly of protein complexes encoded to ensure accurate signaling? How do
cells transmit rapid and precise signals within a densely packed cytoplasm? To what extent are
these principles conserved across evolution? And ultimately, can we define a unifying rule that
governs the spatiotemporal organization of signaling pathways such as RAS across the tree of
life? Addressing these questions will guide future efforts to unravel the dynamic regulation of
intracellular signaling.

285



References

g

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

Wittinghofer, A., Ras superfamily small G proteins: biology and mechanisms. 2014: Springer.
Trabalzini, L. and S.F. Retta, Ras signaling: methods and protocols. 2014: Springer.

Alesi, N. and E.P. Henske, Keeping up with the Rag GTPases. Nature Cell Biology, 2022. 24(9): p.
1330-1331.

Nakhaei-Rad, S., et al., Structural fingerprints, interactions, and signaling networks of RAS family
proteins beyond RAS isoforms. Critical reviews in biochemistry and molecular biology, 2018.
53(2): p. 130-156.

Bourne, H.R., D.A. Sanders, and F. McCormick, The GTPase superfamily: conserved structure and
molecular mechanism. nature, 1991. 349(6305): p. 117-127.

Jaiswal, M., R. Dvorsky, and M.R. Ahmadian, Deciphering the Molecular and Functional Basis of
Dbl Family Proteins: A NOVEL SYSTEMATIC APPROACH TOWARD CLASSIFICATION OF SELECTIVE
ACTIVATION OF THE Rho FAMILY PROTEINS* #. Journal of Biological Chemistry, 2013. 288(6): p.
4486-4500.

Amin, E., et al., Deciphering the molecular and functional basis of RHOGAP family proteins: a
systematic approach toward selective inactivation of RHO family proteins. Journal of Biological
Chemistry, 2016. 291(39): p. 20353-20371.

Dovas, A. and J.R. Couchman, RhoGDI: multiple functions in the regulation of Rho family GTPase
activities. Biochemical Journal, 2005. 390(1): p. 1-9.

Mosaddeghzadeh, N. and M.R. Ahmadian, The RHO family GTPases: mechanisms of regulation
and signaling. Cells, 2021. 10(7): p. 1831.

Pudewell, S., et al., Accessory proteins of the RAS-MAPK pathway: moving from the side line to
the front line. Communications biology, 2021. 4(1): p. 696.

Malumbres, M. and M. Barbacid, RAS oncogenes: the first 30 years. Nature Reviews Cancer,
2003. 3(6): p. 459-465.

Vetter, I.R. and A. Wittinghofer, The guanine nucleotide-binding switch in three dimensions.
Science, 2001. 294(5545): p. 1299-1304.

Kontani, K., et al., Di-Ras, a distinct subgroup of ras family GTPases with unique biochemical
properties. Journal of Biological Chemistry, 2002. 277(43): p. 41070-41078.

Aksamitiene, E., A. Kiyatkin, and B.N. Kholodenko, Cross-talk between mitogenic Ras/MAPK and
survival PI3K/Akt pathways: a fine balance. Biochemical Society Transactions, 2012. 40(1): p.
139-146.

Ehrhardt, A., et al., Distinct mechanisms determine the patterns of differential activation of H-
Ras, N-Ras, K-Ras 4B, and M-Ras by receptors for growth factors or antigen. Molecular and
cellular biology, 2004. 24(14): p. 6311-6323.

Spencer, M.L., H. Shao, and D.A. Andres, Induction of neurite extension and survival in
pheochromocytoma cells by the Rit GTPase. Journal of Biological Chemistry, 2002. 277(23): p.
20160-20168.

Scheffzek, K. and M.R. Ahmadian, GTPase activating proteins: structural and functional insights
18 years after discovery. Cellular and Molecular Life Sciences CMLS, 2005. 62: p. 3014-3038.
Gureasko, J., et al., Membrane-dependent signal integration by the Ras activator Son of
sevenless. Nature structural & molecular biology, 2008. 15(5): p. 452-461.

Desideri, E., A.L. Cavallo, and M. Baccarini, Alike but different: RAF paralogs and their signaling
outputs. Cell, 2015. 161(5): p. 967-970.

Unal, E.B., F. Uhlitz, and N. Bliithgen, A compendium of ERK targets. FEBS letters, 2017. 591(17):
p. 2607-2615.

Vanhaesebroeck, B., et al., Synthesis and function of 3-phosphorylated inositol lipids. Annual
review of biochemistry, 2001. 70(1): p. 535-602.

286



22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

Ferro, E. and L. Trabalzini, RalGDS family members couple Ras to Ral signalling and that's not all.
Cellular signalling, 2010. 22(12): p. 1804-1810.

Carloni, V., et al., Tyrosine phosphorylation of focal adhesion kinase by PDGF is dependent on ras
in human hepatic stellate cells. Hepatology, 2000. 31(1): p. 131-140.

Hynds, D.L., et al., Rit promotes MEK-independent neurite branching in human neuroblastoma
cells. Journal of cell science, 2003. 116(10): p. 1925-1935.

Simanshu, D.K., D.V. Nissley, and F. McCormick, RAS proteins and their regulators in human
disease. Cell, 2017. 170(1): p. 17-33.

Ligon, A.H., et al., Identification of a novel gene product, RIG, that is down-regulated in human
glioblastoma. Oncogene, 1997. 14(9): p. 1075-1081.

Ellis, C.A., et al., Rig is a novel Ras-related protein and potential neural tumor suppressor.
Proceedings of the National Academy of Sciences, 2002. 99(15): p. 9876-9881.

Harrison, L.M., Rhes: a GTP-binding protein integral to striatal physiology and pathology. Cellular
and molecular neurobiology, 2012. 32: p. 907-918.

Navaroli, D.M., et al., The plasma membrane-associated GTPase Rin interacts with the dopamine
transporter and is required for protein kinase C-regulated dopamine transporter trafficking.
Journal of Neuroscience, 2011. 31(39): p. 13758-13770.

Wes, P.D., M. Yu, and C. Montell, RIC, a calmodulin-binding Ras-like GTPase. The EMBO journal,
1996. 15(21): p. 5839-5848.

Berger, A., et al., Oncogenic RIT1 mutations in lung adenocarcinoma. Oncogene, 2014. 33(35): p.
4418-4423.

Aoki, Y., et al., Gain-of-function mutations in RIT1 cause Noonan syndrome, a RAS/MAPK
pathway syndrome. The American Journal of Human Genetics, 2013. 93(1): p. 173-180.

Van, R,, et al., The molecular functions of RIT1 and its contribution to human disease. Biochemical
Journal, 2020. 477(15): p. 2755-2770.

Shao, H., et al., Biochemical characterization of the Ras-related GTPases Rit and Rin. Archives of
biochemistry and biophysics, 1999. 371(2): p. 207-219.

Cuevas-Navarro, A, et al., RAS-dependent RAF-MAPK hyperactivation by pathogenic RIT1 is a
therapeutic target in Noonan syndrome—associated cardiac hypertrophy. Science Advances,
2023.9(28): p. eadf4766.

Lee, C.-H.J., et al., Rin, a neuron-specific and calmodulin-binding small G-protein, and Rit define a
novel subfamily of ras proteins. Journal of Neuroscience, 1996. 16(21): p. 6784-6794.

Fang, Z., et al., Biochemical classification of disease-associated mutants of RAS-like protein
expressed in many tissues (RIT1). Journal of Biological Chemistry, 2016. 291(30): p. 15641-15652.
Montuori, N., et al., Urokinase-type plasminogen activator up-regulates the expression of its
cellular receptor. FEBS letters, 2000. 476(3): p. 166-170.

Hoshino, M., T. Yoshimori, and S. Nakamura, Small GTPase proteins Rin and Rit Bind to PAR6
GTP-dependently and regulate cell transformation. Journal of Biological Chemistry, 2005.
280(24): p. 22868-22874.

Meyer zum Blschenfelde, U., et al., RIT1 controls actin dynamics via complex formation with
RAC1/CDC42 and PAK1. PLoS genetics, 2018. 14(5): p. e1007370.

Castel, P., et al., RIT1 oncoproteins escape LZTR1-mediated proteolysis. Science, 2019. 363(6432):
p. 1226-1230.

Kapp, F.G., et al., Somatic RIT1 delins in arteriovenous malformations hyperactivate RAS-MAPK
signaling amenable to MEK inhibition. Angiogenesis, 2024: p. 1-14.

Li, J.-T., et al., Amplification of RIT1 in hepatocellular carcinoma and its clinical significance. Ai
zheng= Aizheng= Chinese journal of cancer, 2003. 22(7): p. 695-699.

Song, Z., et al., HIF-1a-induced RIT1 promotes liver cancer growth and metastasis and its
deficiency increases sensitivity to sorafenib. Cancer letters, 2019. 460: p. 96-107.

287



45.

46.

47.
48.

49.
50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.
62.

63.

64.

65.

66.

67.

68.
69.

Feng, Y.-F., et al., RIT1 suppresses esophageal squamous cell carcinoma growth and metastasis
and predicts good prognosis. Cell death & disease, 2018. 9(11): p. 1085.

Gomez-Segui, l., et al., Novel recurrent mutations in the RAS-like GTP-binding gene RIT1 in
myeloid malignancies. Leukemia, 2013. 27(9): p. 1943-1946.

Hall, A., Rho GTPases and the actin cytoskeleton. Science, 1998. 279(5350): p. 509-514.
Wheeler, A.P. and A.J. Ridley, Why three Rho proteins? RhoA, RhoB, RhoC, and cell motility.
Experimental cell research, 2004. 301(1): p. 43-49.

Burridge, K. and K. Wennerberg, Rho and Rac take center stage. Cell, 2004. 116(2): p. 167-179.
Shi, J., et al., Distinct roles for ROCK1 and ROCK2 in the regulation of cell detachment. Cell death
& disease, 2013. 4(2): p. e483-e483.

Wallar, B.J. and A.S. Alberts, The formins: active scaffolds that remodel the cytoskeleton. Trends
in cell biology, 2003. 13(8): p. 435-446.

Fujisawa, K., et al., Different regions of Rho determine Rho-selective binding of different classes of
Rho target molecules. Journal of Biological Chemistry, 1998. 273(30): p. 18943-18949.

Madaule, P., et al., Role of citron kinase as a target of the small GTPase Rho in cytokinesis.
Nature, 1998. 394(6692): p. 491-494.

Haeusler, L.C., et al., Purification and biochemical properties of Racl, 2, 3 and the splice variant
Raclb. Methods in enzymology, 2006. 406: p. 1-11.

Gu, Y., et al.,, Hematopoietic cell requlation by Racl and Rac2 guanosine triphosphatases.
Science, 2003. 302(5644): p. 445-449.

de Curtis, ., The Rac3 GTPase in neuronal development, neurodevelopmental disorders, and
cancer. Cells, 2019. 8(9): p. 1063.

Chan, A.Y,, et al., Roles of the Racl and Rac3 GTPases in human tumor cell invasion. Oncogene,
2005. 24(53): p. 7821-7829.

Wennerberg, K. and C.J. Der, Rho-family GTPases: it's not only Rac and Rho (and | like it). Journal
of cell science, 2004. 117(8): p. 1301-1312.

Haeusler, L.C., et al., Comparative functional analysis of the Rac GTPases. FEBS letters, 2003.
555(3): p. 556-560.

Hodge, R.G., et al., RAS and RHO family GTPase mutations in cancer: twin sons of different
mothers? Critical reviews in biochemistry and molecular biology, 2020. 55(4): p. 386-407.
Halaban, R., RAC1 and melanoma. Clinical therapeutics, 2015. 37(3): p. 682-685.

Krauthammer, M., et al., Exome sequencing identifies recurrent somatic RAC1 mutations in
melanoma. Nature genetics, 2012. 44(9): p. 1006-1014.

Mirzaiebadizi, A. and M.R. Ahmadian, New insights into the classification of the RAC1 P29S
hotspot mutation in melanoma as an oncogene. bioRxiv, 2025: p. 2025.03. 04.637030.

Davis, M.J., et al., RAC1P29S is a spontaneously activating cancer-associated GTPase.
Proceedings of the National Academy of Sciences, 2013. 110(3): p. 912-917.

Toyama, Y., et al., Conformational landscape alternations promote oncogenic activities of Ras-
related C3 botulinum toxin substrate 1 as revealed by NMR. Science advances, 2019. 5(3): p.
€aav8945.

Kawazu, M., et al., Transforming mutations of RAC guanosine triphosphatases in human cancers.
Proceedings of the National Academy of Sciences, 2013. 110(8): p. 3029-3034.

Senyuz, S., et al., Mechanistic differences of activation of Rac1P29S and Rac1A159V. The Journal
of Physical Chemistry B, 2021. 125(15): p. 3790-3802.

Hodis, E., et al., A landscape of driver mutations in melanoma. Cell, 2012. 150(2): p. 251-263.
Mohan, A.S., et al., Enhanced dendritic actin network formation in extended lamellipodia drives
proliferation in growth-challenged Rac1P29S melanoma cells. Developmental cell, 2019. 49(3): p.
444-460. 9.

288



70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

Cannon, A.C,, et al., Unique vulnerability of RAC1-mutant melanoma to combined inhibition of
CDK9 and immune checkpoints. Oncogene, 2024. 43(10): p. 729-743.

Watson, I.R., et al., The RAC1 P29S hotspot mutation in melanoma confers resistance to
pharmacological inhibition of RAF. Cancer research, 2014. 74(17): p. 4845-4852.

Lionarons, D.A,, et al., RAC1P29S induces a mesenchymal phenotypic switch via serum response
factor to promote melanoma development and therapy resistance. Cancer cell, 2019. 36(1): p.
68-83. e9.

Zhu, E.Y., et al., Understanding cancer drug resistance with Sleeping Beauty functional genomic
screens: Application to MAPK inhibition in cutaneous melanoma. Iscience, 2023. 26(10).

Vu, H.L,, et al.,, RAC 1 P29S regulates PD-L1 expression in melanoma. Pigment cell & melanoma
research, 2015. 28(5): p. 590-598.

Araiza-Olivera, D., et al., Suppression of RAC1-driven malignant melanoma by group A PAK
inhibitors. Oncogene, 2018. 37(7): p. 944-952.

Foth, M., et al., RACImutation is not a predictive biomarker for PI13’-kinase-8-selective pathway-
targeted therapy. Pigment Cell & Melanoma Research, 2020. 33(5): p. 719-730.

Gonzdlez, N., et al., Computational and in vitro pharmacodynamics characterization of 1A-116
Racl inhibitor: relevance of Trp56 in its biological activity. Frontiers in Cell and Developmental
Biology, 2020. 8: p. 240.

Uribe-Alvarez, C., et al., Targeting effector pathways in RAC1P29S-driven malignant melanoma.
Small GTPases, 2021. 12(4): p. 273-281.

Tomino, T., et al., DOCK1 inhibition suppresses cancer cell invasion and macropinocytosis induced
by self-activating Rac1P29S mutation. Biochemical and biophysical research communications,
2018. 497(1): p. 298-304.

Immisch, L., et al., Targeting the recurrent Rac1P29S neoepitope in melanoma with heterologous
high-affinity T cell receptors. Frontiers in Immunology, 2023. 14: p. 1119498.
Etienne-Manneuville, S., Cdc42-the centre of polarity. Journal of cell science, 2004. 117(8): p.
1291-1300.

Miller, K.E., P.J. Kang, and H.-O. Park, Regulation of Cdc42 for polarized growth in budding yeast.
Microbial cell, 2020. 7(7): p. 175.

Johnson, D.l., Cdc42: an essential Rho-type GTPase controlling eukaryotic cell polarity.
Microbiology and Molecular Biology Reviews, 1999. 63(1): p. 54-105.

Tu, H. and M. Wigler, Genetic evidence for Pak1 autoinhibition and its release by Cdc42.
Molecular and cellular biology, 1999. 19(1): p. 602-611.

Stengel, K. and Y. Zheng, Cdc42 in oncogenic transformation, invasion, and tumorigenesis.
Cellular signalling, 2011. 23(9): p. 1415-1423.

Nouri, K., D.J. Timson, and M.R. Ahmadian, New model for the interaction of IQGAP1 with CDC42
and RAC1. Small GTPases, 2020. 11(1): p. 16-22.

Kocher, F., et al., The C hlamydia pneumoniae effector SemD exploits its host’s endocytic
machinery by structural and functional mimicry. Nature Communications, 2024. 15(1): p. 7294.
Adariani, S.R., et al., A comprehensive analysis of RAS-effector interactions reveals interaction
hotspots and new binding partners. Journal of Biological Chemistry, 2021. 296.

Bishop, A.L. and A. Hall, Rho GTPases and their effector proteins. Biochemical Journal, 2000.
348(2): p. 241-255.

Jaffe, A.B. and A. Hall, Rho GTPases: biochemistry and biology. Annu. Rev. Cell Dev. Biol., 2005.
21(1): p. 247-269.

Truebestein, L., et al., A molecular ruler regulates cytoskeletal remodelling by the Rho kinases.
Nature communications, 2015. 6(1): p. 10029.

Zhao, Z.-s. and E. Manser, PAK and other Rho-associated kinases—effectors with surprisingly
diverse mechanisms of regulation. Biochemical Journal, 2005. 386(2): p. 201-214.

289



93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

Bernard, O., Lim kinases, regulators of actin dynamics. The international journal of biochemistry
& cell biology, 2007. 39(6): p. 1071-1076.

Gallo, K.A. and G.L. Johnson, Mixed-lineage kinase control of JINK and p38 MAPK pathways.
Nature reviews Molecular cell biology, 2002. 3(9): p. 663-672.

Watanabe, G., et al., Protein kinase N (PKN) and PKN-related protein rhophilin as targets of small
GTPase Rho. Science, 1996. 271(5249): p. 645-648.

Watanabe, N., et al., Cooperation between mDial and ROCK in Rho-induced actin reorganization.
Nature cell biology, 1999. 1(3): p. 136-143.

Rohatgi, R., H.-y.H. Ho, and M.W. Kirschner, Mechanism of N-WASP activation by CDC42 and
phosphatidylinositol 4, 5-bisphosphate. The Journal of cell biology, 2000. 150(6): p. 1299-1310.
Miki, H., et al., IRSp53 is an essential intermediate between Rac and WAVE in the regulation of
membrane ruffling. Nature, 2000. 408(6813): p. 732-735.

Liu, C.-A., et al., Rho/Rhotekin-mediated NF-kB activation confers resistance to apoptosis.
Oncogene, 2004. 23(54): p. 8731-8742.

Brown, M.D. and D.B. Sacks, IQGAP1 in cellular signaling: bridging the GAP. Trends in cell
biology, 2006. 16(5): p. 242-249.

Mosaddeghzadeh, N., et al., Selectivity determinants of RHO GTPase binding to IQGAPs.
International Journal of Molecular Sciences, 2021. 22(22): p. 12596.

Maekawa, M., et al., Signaling from Rho to the actin cytoskeleton through protein kinases ROCK
and LIM-kinase. Science, 1999. 285(5429): p. 895-898.

Totsukawa, G., et al., Distinct roles of ROCK (Rho-kinase) and MLCK in spatial regulation of MLC
phosphorylation for assembly of stress fibers and focal adhesions in 3T3 fibroblasts. The Journal
of cell biology, 2000. 150(4): p. 797-806.

Ding, B., et al., Structures reveal a key mechanism of WAVE regulatory complex activation by
Racl GTPase. Nature Communications, 2022. 13(1): p. 5444.

Shibasaki, Y., et al., Massive actin polymerization induced by phosphatidylinositol-4-phosphate 5-
kinase in vivo. Journal of Biological Chemistry, 1997. 272(12): p. 7578-7581.

Mirzaiebadizi, A., R. Shafabakhsh, and M.R. Ahmadian, Modulating PAK1: Accessory Proteins as
Promising Therapeutic Targets. Biomolecules, 2025. 15(2): p. 242.

Garrard, S.M., et al., Structure of Cdc42 in a complex with the GTPase-binding domain of the cell
polarity protein, Par6. The EMBO journal, 2003.

Rolland, Y., et al., The CDC42-interacting protein 4 controls epithelial cell cohesion and tumor
dissemination. Developmental Cell, 2014. 30(5): p. 553-568.

Modzelewska, K., et al., Ackl mediates Cdc42-dependent cell migration and signaling to p130Cas.
Journal of Biological Chemistry, 2006. 281(49): p. 37527-37535.

Miyano, K. and H. Sumimoto, Role of the small GTPase Rac in p22phox-dependent NADPH
oxidases. Biochimie, 2007. 89(9): p. 1133-1144.

Teramoto, H., et al., Signaling from the small GTP-binding proteins Racl and Cdc42 to the c-Jun
N-terminal kinase/stress-activated protein kinase pathway: a role for mixed lineage kinase
3/protein-tyrosine kinase 1, a novel member of the mixed lineage kinase family. Journal of
Biological Chemistry, 1996. 271(44): p. 27225-27228.

Miralles, F., et al., Actin dynamics control SRF activity by regulation of its coactivator MAL. Cell,
2003. 113(3): p. 329-342.

Blumenstein, L. and M.R. Ahmadian, Models of the cooperative mechanism for Rho effector
recognition: implications for RhoA-mediated effector activation. Journal of Biological Chemistry,
2004. 279(51): p. 53419-53426.

Nans, A., C. Ford, and R.D. Hayward, Host-pathogen reorganisation during host cell entry by
Chlamydia trachomatis. Microbes and infection, 2015. 17(11-12): p. 727-731.

290



115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

Hahn, D.L., Chlamydia pneumoniae and chronic asthma: updated systematic review and meta-
analysis of population attributable risk. PLoS One, 2021. 16(4): p. e0250034.

Shin, N., et al., Sorting nexin 9 interacts with dynamin 1 and N-WASP and coordinates synaptic
vesicle endocytosis. Journal of Biological Chemistry, 2007. 282(39): p. 28939-28950.

Prehoda, K.E., et al., Integration of multiple signals through cooperative regulation of the N-
WASP-Arp2/3 complex. Science, 2000. 290(5492): p. 801-806.

Kihn, S., et al., The structure of FMNL2—Cdc42 yields insights into the mechanism of lamellipodia
and filopodia formation. Nature communications, 2015. 6(1): p. 7088.

Sztul, E., et al., ARF GTPases and their GEFs and GAPs: concepts and challenges. Molecular
biology of the cell, 2019. 30(11): p. 1249-1271.

Cherfils, J., Arf GTPases and their effectors: assembling multivalent membrane-binding platforms.
Current opinion in structural biology, 2014. 29: p. 67-76.

Burd, C.G., T.l. Strochlic, and S.R.G. Setty, Arf-like GTPases: not so Arf-like after all. Trends in cell
biology, 2004. 14(12): p. 687-694.

D'Souza-Schorey, C. and P. Chavrier, ARF proteins: roles in membrane traffic and beyond. Nature
reviews Molecular cell biology, 2006. 7(5): p. 347-358.

Donaldson, J.G. and C.L. Jackson, ARF family G proteins and their regulators: roles in membrane
transport, development and disease. Nature reviews Molecular cell biology, 2011. 12(6): p. 362-
375.

Nagai, H., et al., A bacterial guanine nucleotide exchange factor activates ARF on Legionella
phagosomes. Science, 2002. 295(5555): p. 679-682.

Mohr, 1., et al., Characterization of the small Arabidopsis thaliana GTPase and ADP-ribosylation
factor-like 2 protein TITAN 5. Journal of Cell Science, 2024. 137(15).

McElver, J., et al., The TITAN5 gene of Arabidopsis encodes a protein related to the ADP
ribosylation factor family of GTP binding proteins. The Plant Cell, 2000. 12(8): p. 1379-1392.
Veltel, S., et al., Specificity of Arl2/ArlI3 signaling is mediated by a ternary Arl3-effector-GAP
complex. Febs Letters, 2008. 582(17): p. 2501-2507.

Lloyd, J. and D. Meinke, A comprehensive dataset of genes with a loss-of-function mutant
phenotype in Arabidopsis. Plant physiology, 2012. 158(3): p. 1115-1129.

Bhamidipati, A., S.A. Lewis, and N.J. Cowan, ADP ribosylation factor-like protein 2 (Arl2) regulates
the interaction of tubulin-folding cofactor D with native tubulin. The Journal of cell biology, 2000.
149(5): p. 1087-1096.

Friedman, S.L., Hepatic stellate cells: protean, multifunctional, and enigmatic cells of the liver.
Physiological reviews, 2008. 88(1): p. 125-172.

Nakhaei-Rad, S., et al., From Quiescence to Activation: The Reciprocal Regulation of Ras and Rho
Signaling in Hepatic Stellate Cells. Cells, 2025. 14(9): p. 674.

Nakhaei-Rad, S., et al., The role of embryonic stem cell-expressed RAS (ERAS) in the maintenance
of quiescent hepatic stellate cells. Journal of Biological Chemistry, 2016. 291(16): p. 8399-8413.
Barry, A.E., et al., Hepatic stellate cells and hepatocarcinogenesis. Frontiers in cell and
developmental biology, 2020. 8: p. 709.

Klein, S., et al., Rho-kinase inhibitor coupled to peptide-modified albumin carrier reduces portal
pressure and increases renal perfusion in cirrhotic rats. Scientific reports, 2019. 9(1): p. 2256.
Kordes, C., . Sawitza, and D. Haussinger, Canonical Wnt signaling maintains the quiescent stage
of hepatic stellate cells. Biochemical and biophysical research communications, 2008. 367(1): p.
116-123.

Huang, Z., et al., Hydrostatic pressure induces profibrotic properties in hepatic stellate cells via
the RhoA/ROCK signaling pathway. FEBS Open Bio, 2022. 12(6): p. 1230-1240.

Carloni, V., et al., Cell adhesion regulates platelet-derived growth factor-induced MAP kinase and
PI-3 kinase activation in stellate cells. Hepatology, 2002. 36(3): p. 582-591.

291



138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

157.

158.

159.

160.

Xie, G., et al., Cross-talk between Notch and Hedgehog regulates hepatic stellate cell fate in mice.
Hepatology, 2013. 58(5): p. 1801-1813.

Kato, M., et al., Role of Rho small GTP binding protein in the regulation of actin cytoskeleton in
hepatic stellate cells. Journal of hepatology, 1999. 31(1): p. 91-99.

Li, L., et al., Effect of Rho A on transforming growth factor 81-induced rat hepatic stellate cell
migration. Liver International, 2012. 32(7): p. 1093-1102.

Lakner, A.M., et al., Daily genetic profiling indicates JAK/STAT signaling promotes early hepatic
stellate cell transdifferentiation. World journal of gastroenterology: WJG, 2010. 16(40): p. 5047.
Mannaerts, |., et al., The Hippo pathway effector YAP controls mouse hepatic stellate cell
activation. Journal of hepatology, 2015. 63(3): p. 679-688.

Pudewell, S., et al., Physical interaction between embryonic stem cell-expressed Ras (ERas) and
arginase-1 in quiescent hepatic stellate cells. Cells, 2022. 11(3): p. 508.

Cherfils, J. and M. Zeghouf, Regulation of small gtpases by gefs, gaps, and gdis. Physiological
reviews, 2013. 93(1): p. 269-309.

Saliani, M., et al., KRAS-related long noncoding RNAs in human cancers. Cancer gene therapy,
2022.29(5): p. 418-427.

Saliani, M., et al., RHO GTPase-related long noncoding RNAs in human cancers. Cancers, 2021.
13(21): p. 5386.

Abe, T., et al., LZTR1 facilitates polyubiquitination and degradation of RAS-GTPases. Cell Death &
Differentiation, 2020. 27(3): p. 1023-1035.

Mattick, J.S., et al., Long non-coding RNAs: definitions, functions, challenges and
recommendations. Nature reviews Molecular cell biology, 2023. 24(6): p. 430-447.

Quinn, J.J. and H.Y. Chang, Unique features of long non-coding RNA biogenesis and function.
Nature reviews genetics, 2016. 17(1): p. 47-62.

Uszczynska-Ratajczak, B., et al., Towards a complete map of the human long non-coding RNA
transcriptome. Nature Reviews Genetics, 2018. 19(9): p. 535-548.

Mercer, T.R., M.E. Dinger, and J.S. Mattick, Long non-coding RNAs: insights into functions. Nature
reviews genetics, 2009. 10(3): p. 155-159.

Luo, J., et al., LncRNAs: architectural scaffolds or more potential roles in phase separation.
Frontiers in Genetics, 2021. 12: p. 626234.

Yao, Z.T., et al., New insights into the interplay between long non-coding RNAs and RNA-binding
proteins in cancer. Cancer communications, 2022. 42(2): p. 117-140.

Xu, W., et al., Ribosome profiling analysis identified a KRAS-interacting microprotein that
represses oncogenic signaling in hepatocellular carcinoma cells. Science China Life Sciences,
2020. 63: p. 529-542.

Liu, P., et al., The IncRNA MALAT1 acts as a competing endogenous RNA to regulate KRAS
expression by sponging miR-217 in pancreatic ductal adenocarcinoma. Scientific Reports, 2017.
7(1): p. 5186.

Chu, J., et al., LncRNA MIR31HG functions as a ceRNA to regulate c-Met function by sponging
miR-34a in esophageal squamous cell carcinoma. Biomedicine & Pharmacotherapy, 2020. 128: p.
110313.

Yang, L., et al., Long non-coding RNA BCYRN1 exerts an oncogenic role in colorectal cancer by
regulating the miR-204-3p/KRAS axis. Cancer cell international, 2020. 20: p. 1-13.

Poliseno, L., et al., A coding-independent function of gene and pseudogene mRNAs regulates
tumour biology. Nature, 2010. 465(7301): p. 1033-1038.

Li, X., et al., Hypoxia-induced IncRNA-NUTF2P3-001 contributes to tumorigenesis of pancreatic
cancer by derepressing the miR-3923/KRAS pathway. Oncotarget, 2016. 7(5): p. 6000.

Lim, YW.S., et al., The double-edged sword of H19 IncRNA: Insights into cancer therapy. Cancer
Letters, 2021. 500: p. 253-262.

292



161.

162.

163.

164.

165.

166.

167.

168.

169.

170.

171.

172.

173.

174.

175.

176.

177.

178.

179.

180.

Hofmans, M., et al., Long non-coding RNAs as novel therapeutic targets in juvenile
myelomonocytic leukemia. Scientific reports, 2021. 11(1): p. 2801.

Cai, Z., et al., Role of IncRNA Morrbid in PTPN11 (Shp2) E76K-driven juvenile myelomonocytic
leukemia. Blood Advances, 2020. 4(14): p. 3246-3251.

Xiao, H., Q. Zhu, and J. Zhou, Long non-coding RNA MALATI interaction with miR-429 regulates
the proliferation and EMT of lung adenocarcinoma cells through RhoA. International journal of
clinical and experimental pathology, 2019. 12(2): p. 419.

Li, H., et al., Long noncoding RNA NORAD, a novel competing endogenous RNA, enhances the
hypoxia-induced epithelial-mesenchymal transition to promote metastasis in pancreatic cancer.
Molecular cancer, 2017. 16: p. 1-14.

Liu, J., Y. Zhu, and C. Ge, LncRNA ZFAS1 promotes pancreatic adenocarcinoma metastasis via the
RHOA/ROCK2 pathway by sponging miR-3924. Cancer cell international, 2020. 20: p. 1-15.

Yao, X., et al., LncRNA GAS5 regulates osteosarcoma cell proliferation, migration, and invasion by
regulating RHOB via sponging miR-663a. Cancer Management and Research, 2020: p. 8253-
8261.

Chen, S., et al., The role of the long non-coding RNA TDRG1 in epithelial ovarian carcinoma
tumorigenesis and progression through miR-93/RhoC pathway. Molecular Carcinogenesis, 2018.
57(2): p. 225-234.

Liu, Y., et al., The role of long non-coding RNA PCA3 in epithelial ovarian carcinoma tumorigenesis
and progression. Gene, 2017. 633: p. 42-47.

Li, J., et al., Long noncoding RNA AURKAPS1 potentiates malignant hepatocellular carcinoma
progression by regulating miR-142, miR-155 and miR-182. Scientific reports, 2019. 9(1): p. 19645.
Zhou, Y., et al., LncRNA-H19 activates CDC42/PAK1 pathway to promote cell proliferation,
migration and invasion by targeting miR-15b in hepatocellular carcinoma. Genomics, 2019.
111(6): p. 1862-1872.

Xu, Y., et al., The IncRNA TUG1 modulates proliferation in trophoblast cells via epigenetic
suppression of RND3. Cell death & disease, 2017. 8(10): p. e3104-e3104.

Li, Z., et al., FTO plays an oncogenic role in acute myeloid leukemia as a N6-methyladenosine RNA
demethylase. Cancer cell, 2017. 31(1): p. 127-141.

Amodio, N., et al., Drugging the IncRNA MALAT1 via LNA gapmeR ASO inhibits gene expression of
proteasome subunits and triggers anti-multiple myeloma activity. Leukemia, 2018. 32(9): p.
1948-1957.

Pudewell, S. and M.R. Ahmadian, Spotlight on accessory proteins: RTK-RAS-MAPK modulators as
new therapeutic targets. Biomolecules, 2021. 11(6): p. 895.

Buday, L., L. Wunderlich, and P. Tamas, The Nck family of adapter proteins: regulators of actin
cytoskeleton. Cellular signalling, 2002. 14(9): p. 723-731.

McKay, M.M., D.A. Ritt, and D.K. Morrison, Signaling dynamics of the KSR1 scaffold complex.
Proceedings of the National Academy of Sciences, 2009. 106(27): p. 11022-11027.

McNulty, D.E., et al., MAPK scaffold IQGAP1 binds the EGF receptor and modulates its activation.
Journal of biological chemistry, 2011. 286(17): p. 15010-15021.

Sheikh, F., et al., An FHL1-containing complex within the cardiomyocyte sarcomere mediates
hypertrophic biomechanical stress responses in mice. The Journal of clinical investigation, 2008.
118(12): p. 3870-3880.

MacDonald, J.1., et al., Direct binding of the signaling adapter protein Grb2 to the activation loop
tyrosines on the nerve growth factor receptor tyrosine kinase, TrkA. Journal of Biological
Chemistry, 2000. 275(24): p. 18225-18233.

Therrien, M., et al., Functional analysis of CNK in RAS signaling. Proceedings of the National
Academy of Sciences, 1999. 96(23): p. 13259-13263.

293



181.

182.

183.

184.

185.

186.

187.

188.

1809.

190.

191.

192.

193.

194.

195.

196.

197.

198.

199.

200.

Amaddii, M., et al., Flotillin-1/reggie-2 protein plays dual role in activation of receptor-tyrosine
kinase/mitogen-activated protein kinase signaling. Journal of Biological Chemistry, 2012.
287(10): p. 7265-7278.

Melillo, R., et al., Docking protein FRS2 links the protein tyrosine kinase RET and its oncogenic
forms with the mitogen-activated protein kinase signaling cascade. Molecular and Cellular
Biology, 2001.

Mackinnon, A.C., et al., Paxillin expression and amplification in early lung lesions of high-risk
patients, lung adenocarcinoma and metastatic disease. Journal of clinical pathology, 2011. 64(1):
p. 16-24.

Yoshida, T., et al., Spreds, inhibitors of the Ras/ERK signal transduction, are dysregulated in
human hepatocellular carcinoma and linked to the malignant phenotype of tumors. Oncogene,
2006. 25(45): p. 6056-6066.

Jameson, K.L., et al., IQGAP1 scaffold-kinase interaction blockade selectively targets RAS-MAP
kinase—driven tumors. Nature medicine, 2013. 19(5): p. 626-630.

Young, L.C., et al., SHOC2—MRAS—PP1 complex positively regulates RAF activity and contributes to
Noonan syndrome pathogenesis. Proceedings of the National Academy of Sciences, 2018.
115(45): p. E10576-E10585.

Martinelli, S., et al., Molecular diversity and associated phenotypic spectrum of germline CBL
mutations. Human mutation, 2015. 36(8): p. 787-796.

Brems, H. and E. Legius, Legius syndrome, an update. Molecular pathology of mutations in
SPRED1. The Keio Journal of Medicine, 2013. 62(4): p. 107-112.

Zhao, M., et al., SHP2 inhibition triggers anti-tumor immunity and synergizes with PD-1 blockade.
Acta Pharmaceutica Sinica B, 2019. 9(2): p. 304-315.

Jones, G.G,, et al., SHOC2 phosphatase-dependent RAF dimerization mediates resistance to MEK
inhibition in RAS-mutant cancers. Nature communications, 2019. 10(1): p. 2532.

Indarte, M., et al., An inhibitor of the pleckstrin homology domain of CNK1 selectively blocks the
growth of mutant KRAS cells and tumors. Cancer research, 2019. 79(12): p. 3100-3111.

Tari, A.M., et al., Liposome-incorporated Grb2 antisense oligodeoxynucleotide increases the
survival of mice bearing bcr-abl-positive leukemia xenografts. International journal of oncology,
2007. 31(5): p. 1243-1250.

Dhawan, N.S., A.P. Scopton, and A.C. Dar, Small molecule stabilization of the KSR inactive state
antagonizes oncogenic Ras signalling. Nature, 2016. 537(7618): p. 112-116.

Xie, J., et al., Allosteric inhibitors of SHP2 with therapeutic potential for cancer treatment. Journal
of medicinal chemistry, 2017. 60(24): p. 10205-10219.

Kichina, J.V., et al., PAK1 as a therapeutic target. Expert opinion on therapeutic targets, 2010.
14(7): p. 703-725.

Manser, E., et al., A brain serine/threonine protein kinase activated by Cdc42 and Racl. Nature,
1994. 367(6458): p. 40-46.

Manser, E., et al., PAK kinases are directly coupled to the PIX family of nucleotide exchange
factors. Molecular cell, 1998. 1(2): p. 183-192.

Nayal, A., et al., Paxillin phosphorylation at Ser273 localizes a GIT1-PIX—PAK complex and
regulates adhesion and protrusion dynamics. The Journal of cell biology, 2006. 173(4): p. 587-
589.

Kim, Y.-B., et al., The role of the pleckstrin homology domain-containing protein CKIP-1 in
activation of p21-activated kinase 1 (PAK1). Journal of Biological Chemistry, 2015. 290(34): p.
21076-21085.

Puto, L.A,, et al., p21-activated kinase 1 (PAK1) interacts with the Grb2 adapter protein to couple
to growth factor signaling. Journal of Biological Chemistry, 2003. 278(11): p. 9388-9393.

294



201.

202.

203.

204.

205.

206.

207.

208.

209.

210.

211.

212.

213.

214,

215.

216.

217.

218.

219.

220.

221.

222.

Galisteo, M.L., et al., The adaptor protein Nck links receptor tyrosine kinases with the serine-
threonine kinase Pak1. Journal of Biological Chemistry, 1996. 271(35): p. 20997-21000.

Turner, C.E., et al., Paxillin LD4 motif binds PAK and PIX through a novel 95-kD ankyrin repeat,
ARF—GAP protein: a role in cytoskeletal remodeling. The Journal of cell biology, 1999. 145(4): p.
851-863.

Talukder, A., Q. Meng, and R. Kumar, CRIPak, a novel endogenous Pak1 inhibitor. Oncogene,
2006. 25(9): p. 1311-13109.

Kissil, J.L., et al., Merlin, the product of the Nf2 tumor suppressor gene, is an inhibitor of the p21-
activated kinase, Pak1. Molecular cell, 2003. 12(4): p. 841-849.

Alahari, S.K., P.J. Reddig, and R.L. Juliano, The integrin-binding protein Nischarin regulates cell
migration by inhibiting PAK. The EMBO journal, 2004. 23(14): p. 2777-2788.

Xia, C., et al., Regulation of the p21-activated kinase (PAK) by a human GB-like WD-repeat
protein, hPIP1. Proceedings of the National Academy of Sciences, 2001. 98(11): p. 6174-6179.
ljuin, T. and T. Takenawa, Regulation of insulin signaling and glucose transporter 4 (GLUT4)
exocytosis by phosphatidylinositol 3, 4, 5-trisphosphate (PIP3) phosphatase, skeletal muscle, and
kidney enriched inositol polyphosphate phosphatase (SKIP). Journal of Biological Chemistry, 2012.
287(10): p. 6991-6999.

Alarcon, B. and A. Borroto, Small molecule AX-024 targets T cell receptor signaling by disrupting
CD3e-Nck interaction. The Journal of Biological Chemistry, 2020. 295(29): p. 10076.

Sun, X., L. Luo, and J. Li, LncRNA MALAT1 facilitates BM-MSCs differentiation into endothelial
cells via targeting miR-206/VEGFA axis. Cell Cycle, 2020. 19(22): p. 3018-3028.

Johnson, M., M. Sharma, and B.R. Henderson, IQGAP1 regulation and roles in cancer. Cellular
signalling, 2009. 21(10): p. 1471-1478.

Fukata, M., et al., Cdc42 and Racl regulate the interaction of IQGAP1 with 8-catenin. Journal of
Biological Chemistry, 1999. 274(37): p. 26044-26050.

Hu, W., et al., IQGAP1 promotes pancreatic cancer progression and epithelial-mesenchymal
transition (EMT) through Wnt/B-catenin signaling. Scientific reports, 2019. 9(1): p. 7539.

Le Clainche, C,, et al., IQGAP1 stimulates actin assembly through the N-WASP-Arp2/3 pathway.
Journal of Biological Chemistry, 2007. 282(1): p. 426-435.

Jin, S.H., et al., IQGAP2 inactivation through aberrant promoter methylation and promotion of
invasion in gastric cancer cells. International journal of cancer, 2008. 122(5): p. 1040-1046.
Stylli, S.S., A.H. Kaye, and P. Lock, Invadopodia: at the cutting edge of tumour invasion. Journal of
clinical neuroscience, 2008. 15(7): p. 725-737.

Sakurai-Yageta, M., et al., The interaction of IQGAP1 with the exocyst complex is required for
tumor cell invasion downstream of Cdc42 and RhoA. The Journal of cell biology, 2008. 181(6): p.
985-998.

Bigenzahn, J.W., et al., LZTR1 is a regulator of RAS ubiquitination and signaling. Science, 2018.
362(6419): p. 1171-1177.

Busley, A.V., et al., Mutation-induced LZTR1 polymerization provokes cardiac pathology in
recessive Noonan syndrome. Cell reports, 2024. 43(7).

Zhang, H., et al., LZTR1: A promising adaptor of the CUL3 family. Oncology Letters, 2021. 22(1): p.
564.

Jaiswal, M., et al., New insight into the molecular switch mechanism of human Rho family
proteins: shifting a paradigm. Biological Chemistry, 2013. 394(1): p. 89-95.

Lee, M.C,, et al., Sar1p N-terminal helix initiates membrane curvature and completes the fission
of a COPIl vesicle. Cell, 2005. 122(4): p. 605-617.

Kapoor, S., et al., Effect of the N-terminal helix and nucleotide loading on the membrane and
effector binding of Arl2/3. Biophysical journal, 2015. 109(8): p. 1619-1629.

295



223. Lee, G.-J., et al., The Arabidopsis rab5 homologs rhal and ara7 localize to the prevacuolar
compartment. Plant and Cell Physiology, 2004. 45(9): p. 1211-1220.

224.  Freedman, T.S., et al., A Ras-induced conformational switch in the Ras activator Son of sevenless.
Proceedings of the National Academy of Sciences, 2006. 103(45): p. 16692-16697.

225.  Ahmadian, M.R,, et al., Confirmation of the arginine-finger hypothesis for the GAP-stimulated
GTP-hydrolysis reaction of Ras. Nature structural biology, 1997. 4(9): p. 686-689.

226.  Shao, H. and D.A. Andres, A novel RalGEF-like protein, RGL3, as a candidate effector for rit and
Ras. Journal of Biological Chemistry, 2000. 275(35): p. 26914-26924,

227. Blazevits, O, et al., Galectin-1 dimers can scaffold Raf-effectors to increase H-ras nanoclustering.
Scientific reports, 2016. 6(1): p. 24165.

228. Duncan, A.W,, et al., Integration of Notch and Whnt signaling in hematopoietic stem cell
maintenance. Nature immunology, 2005. 6(3): p. 314-322.

229. Lundmark, R. and S.R. Carlsson, SNX9—a prelude to vesicle release. Journal of cell science, 2009.
122(1): p. 5-11.

230. Sallee, N.A,, et al., The pathogen protein EspFU hijacks actin polymerization using mimicry and
multivalency. Nature, 2008. 454(7207): p. 1005-1008.

231. Keb, G., et al., Chlamydia trachomatis TmeA directly activates N-WASP to promote actin
polymerization and functions synergistically with TarP during invasion. Mbio, 2021. 12(1): p.
10.1128/mbio. 02861-20.

232.  Flotho, C., et al., RAS mutations and clonality analysis in children with juvenile myelomonocytic
leukemia (JMML). Leukemia, 1999. 13(1): p. 32-37.

233.  Wang, X,, et al., Silencing of long noncoding RNA MALAT1 by miR-101 and miR-217 inhibits
proliferation, migration, and invasion of esophageal squamous cell carcinoma cells. Journal of
biological chemistry, 2015. 290(7): p. 3925-3935.

234.  Han, P. and C.-P. Chang, Long non-coding RNA and chromatin remodeling. RNA biology, 2015.
12(10): p. 1094-1098.

235.  Wei, T. and P.F. Lambert, Role of IQGAP1 in Carcinogenesis. Cancers, 2021. 13(16): p. 3940.

236. Neilsen, B.K., et al., KSR as a therapeutic target for Ras-dependent cancers. Expert opinion on
therapeutic targets, 2017. 21(5): p. 499-509.

237. Hauseman, Z.J., et al., Targeting the SHOC2—-RAS interaction in RAS-mutant cancers. Nature,
2025: p. 1-10.

238.  Zhang, J., F. Zhang, and R. Niu, Functions of Shp2 in cancer. Journal of cellular and molecular
medicine, 2015. 19(9): p. 2075-2083.

239.  Kichina, J.V., A. Maslov, and E.S. Kandel, PAK1 and therapy resistance in melanoma. Cells, 2023.
12(19): p. 2373.

296



Acknowledgements

Firstly, | would like to express my deepest gratitude to my supervisor, Prof. Reza Ahmadian, for
his continuous guidance, scientific insight, and unwavering support throughout the course of my
Ph.D. His deep knowledge, scientific curiosity, and relentless motivation have profoundly shaped
my research direction and scientific growth. Without you, Reza, finalizing this Ph.D. journey would
not have been possible. Thank you for everything. You opened the path, threw me into the ocean,
and trusted that | would survive and reach the goal. | am deeply grateful for your incredible trust.
| am proud to be your last Ph.D. student and will carry that pride with me for the rest of my life.

I am also sincerely thankful to Prof. Dieter Willbold for serving as my second supervisor and for
giving me the opportunity to access and work in his laboratory. | am grateful for his support and
his contribution as the second reviewer of this thesis.

My sincere thanks go to Prof. Petra Bauer for her valuable collaboration and insightful input on
the TTNS project.

| would like to extend my heartfelt appreciation to Dr. Lothar Gremer for his exceptional mindset,
generosity, and extraordinary scientific quality. His innovative thinking, deep passion for protein
biochemistry, and constant enthusiasm for science have been a continuous source of motivation
throughout my Ph.D. journey and beyond.

| am grateful to Prof. Johannes H. Hegemann for his trust in me and to Prof. Sander H. J. Smits
as well, for their inspiring collaboration on the SemD project.

| am also sincerely thankful to Dr. Lukas Cyganek for our collaboration on the LZTR1 project.

| also wish to thank the entire team at the Institute of Biochemistry and Molecular Biology Il at
Heinrich Heine University DiUsseldorf for providing a supportive environment for my doctoral
research. Special thanks to Prof. Jirgen Scheller, Dr. Roland Piekorz, and Dr. Doreen M. Flof3 for
managing the institute and creating an atmosphere in which we could work, grow, and accomplish
what we set out to do.

| am especially grateful to all colleagues and friends who have contributed to this journey with their
scientific input, encouragement, and friendship. In particular, Petra, your kindness gave me the
feeling that | could truly trust people, even far from home. Carmen, thank you for all your support
and for always being there to listen when | needed it. | will never forget your generosity and
compassion. Fereshteh and Yvonne, your support was always appreciated. Niloufar, your
presence at the beginning of this journey made the early days easier. Thank you for your help and
for the memories from the first month of my Ph.D. Julia, | could always count on you to discuss
science and technical matters, and you helped make the work environment better. Vanshika,
Parmis, and Assma, supporting you in your thesis work was a rewarding start to my mentorship
experience. Hamid Agha and Puyan, your friendship in Germany was a true gift, and | thank you
both for everything.

| would like to thank my father, Hamid, who worked tirelessly to give us a better life until the very
last moment of his own. | dedicate this work to you, and | hope | have made you proud. Your
strength and sacrifices mean everything to me. | will always be proud of you and truly believe that
no one could have been a better father. To my mother, Shahnaz, thank you for your endless
prayers, your values, and for teaching me that being a good human matters more than wealth or

297



academic achievement. | hope | have been a good son to you. To my brother Iman and sister
Azam, thank you for reminding me what it means to have a family. Azam, your warmth and support
since childhood have always been a comfort. There is truly nothing more valuable in life than
family.

Thank you to my parents-in-law, whose kindness and support made me feel like a true part of their
family. | never felt like a son-in-law, but like a son. | am proud to have you in my life.

Finally, | thank my wife, my best friend and partner, with whom | have grown and built the life we
now share. Thank you for being the wonderful mother of the most fascinating little being in the
world, our son Mehrad. There are no words to express what you mean to me or how deeply | value
you. Without you, | would not be where | am or who | have become.

And above all, | thank the source of all existence, the light that guided me, the beginning and the
end, the origin of every cell and molecule in me, the one whose mercy has never ceased. | thank
you for my existence, for the vision, for who | am, and for everything. There are no words to
describe how kind and loving you are. | love you, and | wish to draw ever closer to you, to reach
clarity, to feel you more fully, and to walk toward you always. | long for the moment when you are
satisfied, and | am in the limitless realm where there is only you. Though this truth is already
present, | long for the moment when | can fully feel it and find redemption.

298



Eidesstattliche Erklarung

Ich versichere an Eides Statt, dass die Dissertation von mir selbstdndig und ohne unzulassige
fremde Hilfe unter Beachtung der ,Grundsatze zur Sicherung guter wissenschaftlicher Praxis an
der Heinrich-Heine-Universitat Dusseldorf‘ erstellt worden ist. Diese Dissertation wurde in der
vorgelegten oder einer ahnlichen Form noch bei keiner anderen Institution eingereicht und es
wurden bisher keine erfolglosen Promotionsversuche von mir unternommen.

Dusseldorf, May 2025

£ /f/ Y, [[1 (e &/ ———

Amin Mirzaiebadizi

299



	Zusammenfassung
	Table of contents

	List of Abbreviations
	List of Amino Acids
	1 Introduction
	1.1 RAS Superfamily of Small GTPases
	1.1.1 RAS Family
	1.1.1.1 RIT1

	1.1.2 RHO Family
	1.1.2.1 RHO GTPases
	1.1.2.2 RAC GTPases
	1.1.2.2.1 RAC1 P29S Hotspot Mutation in Melanoma

	1.1.2.3 CDC42 GTPases
	1.1.2.4 RHO GTPases Signaling and Their Downstream Effectors
	1.1.2.5 The Mimicry Behavior of the Chlamydia pneumoniae Effector SemD to CDC42

	1.1.3 ARF Family
	1.1.3.1 TITAN5 GTPase

	1.1.4 The Reciprocal Regulation of RAS and RHO Signaling

	1.2 Modulators of Small GTPases
	1.2.1 Long Noncoding RNAs
	1.2.1.1 KRAS-Related Long Noncoding RNAs in Human Cancers
	1.2.1.2 RHO GTPase-Related Long Noncoding RNAs in Human Cancers

	1.2.2 Accessory Proteins
	1.2.2.1 Accessory Modulator of PAK1
	1.2.2.2 IQGAP1: A Versatile Scaffolding Protein
	1.2.2.3 LZTR1: A Negative Modulator of the RAS-MAPK Signaling Pathway



	2 Aims and Objectives
	Chapter I. New insights into the classification of the RAC1 P29S hotspot mutation in melanoma as an oncogene
	Chapter II. Characterization of the small Arabidopsis thaliana GTPase and ADP-ribosylation factor-like 2 protein TITAN 5
	Chapter III. Mutation-induced LZTR1 polymerization provokes cardiac pathology in recessive Noonan syndromes
	Chapter IV. The Chlamydia pneumoniae effector SemD exploits its host’s endocytic machinery by structural and functional mimicry
	Chapter V. From Quiescence to Activation: The Reciprocal Regulation of Ras and Rho Signaling in Hepatic Stellate Cells
	Chapter VI. KRAS-related long noncoding RNAs in human cancers
	Chapter VII. RHO GTPase-related long noncoding RNAs in human cancers
	Chapter VIII. Modulating PAK1: Accessory Proteins as Promising Therapeutic Targets
	Chapter IX. Unraveling the Impact of KRAS Accessory Proteins on Oncogenic Signaling Pathways
	Chapter X. Distinct Regulatory and Interaction Networks of RIT GTPases
	3 Discussion
	3.1 Oncogenic Characterization of the RAC1 P29S Hotspot Mutation in Melanoma
	3.2 Characterization of TTN5: A Non-classical ARL-type GTPase in Arabidopsis thaliana
	3.3 RIT GTPases: Molecular Regulation, Interaction Networks, and Membrane dynamics
	3.4 HSC Activation and Fibrosis: The RAS–RHO Axis in Hepatic Stellate Cells
	3.5 Structural and Functional Mimicry of CDC42 by Chlamydia pneumoniae effector SemD in N-WASP Activation
	3.6 Modulators of Small GTPases localization, function, and regulation: Long Noncoding RNAs and Accessory Proteins

	4 Conclusions and future perspectives
	References
	Acknowledgements
	Eidesstattliche Erklärung



