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Zusammenfassung 
GTPasen der RAS-Superfamilie, zu der die RAS-, RHO- und ARF-Familien gehören, fungieren als zentrale 
molekulare Schalter. Sie koordinieren wichtige zelluläre Prozesse wie Proliferation, Migration, Differenzierung 
und intrazellulären Transport. Eine Fehlregulation dieser Proteine kann zu Krebs, Entwicklungsstörung und 
Infektionskrankheiten führen. In dieser Arbeit wird eine umfassende biochemische Untersuchung ausgewählter 
kleiner GTPasen, ihrer Modulatoren, Effektoren und pathogenen Mimikry in menschlichen, pflanzlichen und 
bakteriellen Systemen präsentiert. Der Schwerpunkt liegt auf der Aufklärung molekularer Mechanismen. Auf der 
Ebene einzelner GTPasen wurde zunächst das onkogene Potenzial der RAC1-P29S-Hotspot-Mutation 
untersucht, die häufig bei Melanomen auftritt. Detaillierte biochemische Analysen zeigten, dass RAC1-P29S 
einen beschleunigten intrinsischen Nukleotidaustausch aufweist und aufgrund einer starken Beeinträchtigung der 
GAP-vermittelten GTP-Hydrolyse überwiegend in seinem aktiven, GTP-gebundenen Zustand verbleibt. DOCK2 
aktiviert es in erster Linie, während kanonische GEFs der DBL-Familie nur eine minimale Aktivität gegenüber 
dem Mutanten zeigen. Eine verstärkte Bindung an IQGAP1 anstelle von PAK1 fördert eine anhaltende onkogene 
Signalübertragung. Dies unterstreicht die Rolle von RAC1P29S als Melanomtreiber und zeigt potenzielle 
therapeutische Ansatzpunkte auf. Zweitens wurde TITAN5 (TTN5), eine pflanzenspezifische, ARF-ähnliche 
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 
evolutionäre Relevanz der Diversifizierung der GTPase-Funktion hin und unterstreichen deren Bedeutung für die 
Pflanzenentwicklung und -signalübertragung. Darüber hinaus hat diese Arbeit die einzigartige Regulation und 
Membrandynamik von RIT-GTPasen aufgeklärt, die für Krebs und RASopathien relevant sind. RIT1 weist einen 
sehr langsamen intrinsischen Nukleotidaustausch und eine sehr langsame GTP-Hydrolyse auf. Zudem ist es 
unempfindlich gegenüber SOS1-GEF und p120RASGAP. Aufgrund seiner geringen Affinität 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 ausgeprägten 
Membranassoziation über eine basische C-terminale Region stützen diese Eigenschaften seine Einstufung als 
strukturell kanonisches, aber funktionell unterschiedliches Mitglied der RAS-Familie. In hepatischen Sternzellen 
wurde während der Ruhephase und Aktivierung ein reziprokes Regulationsmodell zwischen RAS- und RHO-
GTPasen entdeckt. ERAS und RND3 definieren den Ruhezustand, während MRAS und RHOC die fibrogene 
Aktivierung fördern. Dies eröffnet neue therapeutische Ansätze für die Leberfibrose. In dieser Arbeit wurde 
darüber hinaus die regulatorische Komplexität kleiner GTPasen durch Modulatoren wie akzessorische Proteine 
und lange nichtkodierende RNAs (lncRNAs) untersucht. Dabei wurden die Proteine IQGAP1, Galectin-3, PDEδ, 
SHOC2 und NPM1 in der KRAS-gesteuerten Signalübertragung experimentell untersucht. Mithilfe einer 
systematischen Literaturanalyse haben wir jene lncRNAs überprüft und kategorisiert, die an der KRAS- und 
RHOA-Signalübertragung beteiligt sind. Dabei haben wir ihre neuen Funktionen in der transkriptionellen und 
posttranskriptionellen Regulation, der Sequestrierung von microRNAs (miRNAs) sowie der Gerüstbildung von 
Signalkomplexen hervorgehoben. Darüber hinaus haben wir eine literaturbasierte Übersicht über PAK1-
Modulatoren erstellt, wobei der Schwerpunkt auf akzessorischen Proteinen lag, die deren räumliche und zeitliche 
Aktivierung steuern. Darüber hinaus ergab die Untersuchung der mit dem Noonan-Syndrom assoziierten LZTR1-
L580P-Mutation, dass die LZTR1-Polymerisation die Ubiquitinierung von MRAS und RIT1 beeinträchtigt. Dies 
führt zu einer Hyperaktivierung von MAPK und einer Hypertrophie der Kardiomyozyten. In Kardiomyozyten von 
Patienten konnten die molekularen und phänotypischen Effekte bestätigt werden, und die Korrektur eines Allels 
stellte die normale Signalübertragung wieder her. Schließlich konnte gezeigt werden, dass der Chlamydia-
pneumoniae-Effektor SemD strukturell und funktionell CDC42 nachahmt, indem er den CDC42-Effektor N-WASP 
direkt aktiviert. Dies fördert die Aktinpolymerisation und die Internalisierung von Pathogenen. Dies unterstreicht 
die evolutionären Strategien von Pathogenen und zeigt neue therapeutische Ansatzpunkte auf, die 
Infektionsmechanismen stören könnten. Zusammenfassend lässt sich sagen, dass diese Arbeit verschiedene 
experimentelle und literaturbasierte Ansätze integriert, um die Funktion und Regulation kleiner GTPasen in 
evolutionären Kontexten zu beleuchten. Sie betont sowohl konservierte Mechanismen als auch nicht-kanonische 
Modulatoren, um therapeutische Schwachstellen aufzudecken und unser Verständnis grundlegender 
biologischer Prinzipien zu vertiefen. 
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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 (lncRNAs). This work experimentally 
investigates IQGAP1, galectin-3, PDEδ, SHOC2, and NPM1 in KRAS-driven signaling. Through systematic 
literature analysis, we reviewed and categorized lncRNAs 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 internalization. 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.  



III 
 

Table of contents  
 
Zusammenfassung ......................................................................................................................................... I 
Summary ....................................................................................................................................................... II 
Table of contents .......................................................................................................................................... III 

List of Abbreviations ..................................................................................................................................... IV 
List of Amino Acids ....................................................................................................................................... VI 
1 Introduction ............................................................................................................................................ 1 

1.1 RAS Superfamily of Small GTPases ............................................................................................. 1 

1.1.1 RAS Family ............................................................................................................................ 2 

1.1.2 RHO Family ........................................................................................................................... 5 

1.1.3 ARF Family .......................................................................................................................... 12 

1.1.4 The Reciprocal Regulation of RAS and RHO Signaling ...................................................... 14 

1.2 Modulators of Small GTPases ..................................................................................................... 16 

1.2.1 Long Noncoding RNAs ........................................................................................................ 16 

1.2.2 Accessory Proteins .............................................................................................................. 19 

2 Aims and Objectives ............................................................................................................................ 24 
Chapter I. New insights into the classification of the RAC1 P29S hotspot mutation in melanoma as an 
oncogene ..................................................................................................................................................... 25 
Chapter II. Characterization of the small Arabidopsis thaliana GTPase and ADP-ribosylation factor-like 2 
protein TITAN 5 ........................................................................................................................................... 80 
Chapter III. LZTR1 polymerization provokes cardiac pathology in recessive Noonan syndrome ............... 99 
Chapter IV. The Chlamydia pneumoniae effector SemD exploits its host’s endocytic machinery by 
structural and functional mimicry ............................................................................................................... 124 
Chapter V. From Quiescence to Activation: The Reciprocal Regulation of Ras and Rho Signaling in 
Hepatic Stellate Cells ................................................................................................................................ 141 
Chapter VI. KRAS-related long noncoding RNAs in human cancers ........................................................ 154 
Chapter VII. RHO GTPase-related long noncoding RNAs in human cancers .......................................... 165 
Chapter VIII. Modulating PAK1: Accessory Proteins as Promising Therapeutic Targets ......................... 194 
Chapter IX. Unraveling the Impact of KRAS Accessory Proteins on Oncogenic Signaling Pathways ..... 220 
Chapter X. Distinct Regulatory and Interaction Networks of RIT GTPases .............................................. 258 
3 Discussion ......................................................................................................................................... 275 

3.1 Oncogenic Characterization of the RAC1 P29S Hotspot Mutation in Melanoma ..................... 275 

3.2 Characterization of TTN5: A Non-classical ARL-type GTPase in Arabidopsis thaliana ............ 277 

3.3 RIT GTPases: Molecular Regulation, Interaction Networks, and Membrane dynamics ........... 277 

3.4 HSC Activation and Fibrosis: The RAS–RHO Axis in Hepatic Stellate Cells ............................ 278 

3.5 Structural and Functional Mimicry of CDC42 by Chlamydia pneumoniae effector SemD in N-
WASP Activation ................................................................................................................................... 279 

3.6 Modulators of Small GTPases localization, function, and regulation: Long Noncoding RNAs and 
Accessory Proteins ................................................................................................................................ 281 

4 Conclusions and future perspectives ................................................................................................ 285 
References ................................................................................................................................................ 286 
Acknowledgements ................................................................................................................................... 297 
Eidesstattliche Erklärung ........................................................................................................................... 299 
 



IV 
 

List of Abbreviations 
A  
ACK1 Activated Cdc42-associated kin   
AKT Protein Kinase B 
aPKC Atypical Protein Kinase C 
ARF ADP-ribosylation Factor 
ARL ADP-ribosylation Factor-like 
Arp2/3 Actin-related Protein 2/3 

Complex 
ASO Antisense Oligonucleotide 
ARAF v-raf Murine Sarcoma 3611 

Viral Oncogene Homolog A 
B  
BCR-ABL Breakpoint Cluster Region-

Abelson Murine Leukemia 
Viral Oncogene 

BCYRN1 Brain Cytoplasmic RNA 1 
BRAF v-raf Murine Sarcoma Viral 

Oncogene Homolog B 
BTB Broad-Complex, Tramtrack 

and Bric à Brac 
C  
CAAX C-terminal motif for 

Prenylation 
CDC42 Cell Division Control Protein 

42 
CDK9 Cyclin-dependent Kinase 9 
CDKN2B-AS1 Cyclin Dependent Kinase 

Inhibitor 2B Antisense RNA 1 
CHD Calponin Homology Domain 
CIP4 Cdc42 Interacting Protein 4 
CNK1 Connector Enhancer of 

KSR1 
COPI Coat Protein Complex I 
COPII Coat Protein Complex II 
CRIB Cdc42/Rac Interactive 

Binding 
CRISPR Clustered Regularly 

Interspaced Short 
Palindromic Repeats 

CRAF v-raf Murine Sarcoma Viral 
Oncogene Homolog C1 

CUL3 Cullin 3 
D  
DIRAS Distinct Subgroup of RAS 

Proteins 

DIRAS Distinct Subgroup of RAS 
Proteins 

DNA Deoxyribonucleic Acid 
DOCK Dedicator of Cytokinesis 
E  
ECM Extracellular Matrix 
EFA6 Exchange Factor for ARF6 
ELK1 ETS-like Gene 1 
EMT Epithelial-Mesenchymal 

Transition 
EPAC1 Exchange Protein Directly 

Activated by cAMP 1 
ERAS Embryonic Stem Cell 

Expressed Ras 
ERK Extracellular Signal-

regulated Kinase 
ERGIC Endoplasmic Reticulum-

Golgi Intermediate 
Compartment 

ETS1 E26 Transformation-specific 
Sequence 1 

F  
FHL1 Four and a Half LIM 

Domains 1 
FMNL2 Formin-like Protein 2 
FOXO1 Forkhead Box Protein O1 
FRS2 Fibroblast Growth Factor 

Receptor Substrate 2 
G  
GAP GTPase-activating Protein 
GAB1/2 GRB2-associated Binding 

Protein 1/2 
GAL3 Galectin-3 
GBD GTPase Binding Domain 
GDP Guanosine Diphosphate 
GDI Guanine Nucleotide 

Dissociation Inhibitor 
GEF Guanine Nucleotide 

Exchange Factor 
GFAP Glial Fibrillary Acidic Protein 
GPCR G-protein-coupled Receptor 
GRB2 Growth Factor Receptor-

bound Protein 2 
GTP Guanosine Triphosphate 
H  



V 
 

HCM Hypertrophic 
Cardiomyopathy 

HES1 Hairy and Enhancer of Split-
1 

HIPPO Mammalian Hippo Pathway 
HRAS Harvey Rat Sarcoma Viral 

Oncogene Homolog 
HSPC300 Hematopoietic 

Stem/Progenitor Cell 300 
HVR Hyper-variable Region 
I  
IL3 Interleukin 3 
IQGAP IQ Motif Containing GTPase 

Activating Protein 
IRSp53 Insulin Receptor Substrate 

p53 
IRS2 Insulin Receptor Substrate 2 
J  
JAG1 Jagged Canonical Notch 

Ligand 1 
JNK c-Jun N-terminal Kinase 
K  
KRAS Kirsten Rat Sarcoma Viral 

Oncogene Homolog 
KSR1 Kinase Suppressor of Ras 1 
L  
LAT Linker for Activation of T-

cells 
LATS Large Tumor Suppressor 

Kinase 
LIMK LIM domain Kinase 
lncRNA Long Noncoding RNA 
LLPS Liquid-Liquid Phase 

Separation 
LoF Loss of Function 
LZTR1 Leucine Zipper-like 

Transcription Regulator 1 
M  
MALAT1 Metastasis Associated Lung 

Adenocarcinoma Transcript 
1 

MAPK Mitogen-Activated Protein 
Kinase 

MEK MAPK/ERK Kinase 
MLCK Myosin Light Chain Kinase 
MLK Mixed-lineage Kinase 
MLCP Myosin Light Chain 

Phosphatase 

mTORC1 Mechanistic Target of 
Rapamycin Complex 1 

mTORC2 Mechanistic Target of 
Rapamycin Complex 2 

MORG1 Mitogen-activated Protein 
Kinase Organizer 1 

MVBs multivesicular bodies  
MRAS Muscle RAS Oncogene 

Homolog 
MMP Matrix Metalloproteinase 
MST Mammalian Sterile 20-like 

Kinase 
N  
NCK1 Non-catalytic Region of 

Tyrosine Kinase Adaptor 
Protein 1 

NF1 Neurofibromatosis Type 1 
NF2 Neurofibromin 2 
NGF Nerve Growth Factor 
NPM1 Nucleophosmin 1 
NTAL Non-T cell Activation Linker 
N-WASP Neurales Wiskott-Aldrich 

Syndrome Protein 
P  
PACAP38 Pituitary Adenylate Cyclase 

Activating Polypeptide 38 
PAK p21-Activated Kinase 
PAR6 Partitioning-defective 6 
PAX Paxillin 
PI3K Phosphoinositide 3-Kinase 
PI4P5K Phosphatidylinositol 4-

Phosphate 5-Kinase 
PLCe Phospholipase C epsilon 
PKN Protein Kinase N 
PRK Protein Kinase C-related 

Kinase 
PROTACs Proteolysis targeting 

chimeras  
PTPN11 Protein Tyrosine 

Phosphatase Non-receptor 
Type 11 

p120RASGAP p120 Ras GTPase-activating 
Protein 

R  
RAL Ras-related Protein Ral 
RAP Ras-proximate Protein 
RAS Rat Sarcoma Viral Oncogene 

Homolog 



VI 
 

RASSF Ras Association Domain 
Family 

RBPs RNA-binding Proteins 
RGCT RasGAP C-terminal 
RHEB Ras Homolog Enriched in 

Brain 
RGL3 Ral Guanine Nucleotide 

Dissociation Stimulator Like 
3 

RIT Ras-like Without CAAX 
S  
SemD Secreted effector mimic D  
SH3 Src Homology 3 

SHOC2 Suppressor of Clear 
Homolog 2 

SHP2 Src Homology Phosphatase 
2 

SOS1 Son of Sevenless 1 
SPRED1 Sprouty-related EVH1 

Domain-containing Protein 1 
SPRED1 Sprouty-related EVH1 

Domain-containing Protein 2 
T  
TTN5 TITAN5 (ARF-like GTPase 

from Arabidopsis thaliana) 

List of Amino Acids 
Amino acid 3-Letter code 1-Letter code 
Alanine Ala A 

Arginine Arg R 

Asparagine Asn N 

Aspartic Acid Asp D 

Cysteine Cys C 

Glutamic acid Glu E 

Glutamine Gln Q 

Glycine Gly G 

Histidine His H 

Isoleucine Ile I 

Leucine Leu L 

Lysine Lys K 

Methionine Met M 

Phenylalanine Phe F 

Proline Pro P 

Serine Ser S 

Selenocysteine Sec U 

Threonine Thr T 

Tryptophan Trp W 

Tyrosine Tyr Y 

Valine Val V 



1 
 

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). 

 
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 I and II 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 mTORC1 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 I and II 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 I (residues 28–39) and 
switch II (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 II) form hydrogen bonds with the γ-
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 Gln-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]. 

 

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 PI3K–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, PLCε, 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 RIT1 

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 
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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 p38γ 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 II 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). 

 
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]. I 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 II 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 NRASQ61R [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]. 

RAC1P29S 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 I region, increasing flexibility and accelerating 
nucleotide exchange. Shimada and colleagues also identified reduced Mg²⁺ affinity, shifting 
RAC1P29S toward an active state [65]. Gursoy and colleagues, through molecular dynamics 
simulations, demonstrated that RAC1P29S adopts an open GTP-bound conformation that enhances 
effector interactions  [67] (Figure 4). 

Functional studies have shown elevated binding of RAC1P29S to effectors such as PAK1 and 
MLK3. 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 RAC1P29S 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). 

RAC1P29S 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 RAC1P29S promotes 
resistance to MAPK inhibitors via transcriptional reprogramming through VAV1 [73]. 

Immune evasion is another hallmark of RAC1P29S activity. Aplin and colleagues reported that 
melanoma patients harboring this mutation exhibit higher PD-L1 expression compared to RAC1WT 
patients [74]. The RAC1P29S–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 RAC1P29S-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 RAC1P29S-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 RAC1P29S is traditionally considered "undruggable," promising therapeutic strategies are 
emerging [75, 76]. Gomez and colleagues identified Rac1 inhibitor 1A-116, which binds RAC1P29S 
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 PI3Kβ-selective 
inhibitors in blocking RAC1P29S-driven melanoma proliferation  [75, 78]. Additional studies have 
shown that inhibitors of CDK9 and DOCK1 reduce invasion and growth in RAC1P29S-positive 
cancers [79]. Willimsky and colleagues successfully employed adoptive T cell therapy targeting 
the RAC1P29S neoepitope. They also demonstrated that cross-reactive peptides such as RAC2P29L 
enhance therapeutic efficacy, resulting in tumor regression [80]. 

RAC1P29S 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]. 
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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. 

CDC42 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 I and II 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], PAR6 [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 PAR6–PAR3–aPKC polarity complex 
orchestrates microtubule orientation during asymmetric division and front–rear polarity [107]. 
CDC42 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-κB 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 EFA6, 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 (TITAN5), 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 (TTN5), 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 TITAN5 GTPase 

TITAN5 (TTN5), 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 TTN5 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 
TTN5's specialization in plant developmental processes. 

As a representative 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 α-smooth muscle actin (α-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, 
PI3K–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 PI3K–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 α-SMA expression, and downregulation of GFAP, contributing to fibrogenesis. 
The MST–LATS–YAP axis further activates NOTCH2, 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 α-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, α-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 α-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 GDIs, 
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 (lncRNAs), 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]. lncRNAs 
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 lncRNAs and accessory 
proteins. Their relevance in disease, especially cancer, highlights their potential as therapeutic 
targets. 

1.2.1 Long Noncoding RNAs 

Long noncoding RNAs (lncRNAs), 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, lncRNAs 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 lncRNAs, 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, lncRNAs 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]. 

 

Figure 7. Regulatory roles of long noncoding RNAs (lncRNAs) in modulating RAS and RHO GTPase 
signaling via competing endogenous RNA (ceRNA) mechanisms. (A) Schematic representation of the 
ceRNA hypothesis, in which lncRNAs act as molecular sponges that bind and sequester microRNAs 
(miRNAs), thereby preventing them from targeting specific mRNAs. 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, lncRNAs can indirectly 
upregulate RAS mRNA expression by limiting miRNA-mediated repression. (B) Overview of KRAS-
associated lncRNAs 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 
lncRNAs, categorized by specific GTPase targets such as RHOA, RHOB, RHOC, RAC1, and CDC42. 
These lncRNAs 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 lncRNA mechanisms, especially in signaling and 
translation regulation, require further investigation  [149-152]. 
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Among their mechanisms, lncRNAs 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 lnc-ACOT9-1 and MORRBID are differentially expressed in juvenile 
myelomonocytic leukemia and contribute to disease progression [161, 162]. Therapeutic 
strategies targeting lncRNAs include antisense oligonucleotides (ASOs), CRISPR/Cas9, and 
small-molecule inhibitors aimed at modulating lncRNA expression or structure. These approaches 
highlight the therapeutic relevance of lncRNAs 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 CDC42, thereby stabilizing expression in cancer cells[146]. 

Specific lncRNAs 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]. GAS5, a tumor-
suppressive lncRNA, 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 lncRNAs such as H19, which impact cytoskeletal 
remodeling and invasiveness [146, 169, 170] (Figure 7C). 

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

Therapeutic targeting of lncRNAs 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 lncRNA 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, SHOC2), 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 α/βPIX, 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 PAK1 

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 αPIX and βPIX, 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, 
lncRNAs 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 [106].  

1.2.2.2 IQGAP1: 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 β-catenin. This regulation is GTPase-dependent. 
When RAC1 and CDC42 are active, they inhibit IQGAP1–β-catenin binding, stabilizing adhesion. 
When inactive, IQGAP1 binds β-catenin, disrupting α-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/β-
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 β-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 LZTR1: 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 TITAN5 (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, PDEδ, SHOC2, and NPM1, on KRAS-driven signaling and downstream pathway 
engagement. Concurrently, systematic literature-based reviews identify and classify long 
noncoding RNAs (lncRNAs) 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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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, GDIs, 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 RAC1P29S 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 
RAC1P29S hotspot mutation in comparison to RAC1WT, RAC1T17N, and RAC1F28L [63]. The findings 
reveal that RAC1P29S 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 RAC1P29S 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 I region. While 
the intrinsic exchange rate of RAC1P29S is faster than that of RAC1WT, it remains insufficient to 
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drive the rapid activation required for real cell signaling without GEF support. The data show that 
RAC1P29S 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 RAC1P29S regulatory interactions and suggest that DOCK2 may serve as a critical 
upstream activator in melanoma and other RAC1P29S-driven cancers [63]. 

GDI1 binding assays reveal that RAC1P29S retains moderate affinity for GDI1, indicating that GDI1 
may still modulate its localization and recycling. In contrast, RAC1T17N shows reduced GDI1 
binding and impaired GEF responsiveness, consistent with its slow-cycling active behavior. 
RAC1F28L shares a similar GEF activation profile to RAC1P29S, suggesting that both mutations may 
affect the same GEF-binding interface [63]. 

The data reveal that RAC1P29S 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 RAC1P29S, linking RAC1 signaling 
to cytoskeletal remodeling, adhesion, and migration. While PAK1 is a well-established kinase 
effector of RAC1, the relatively lower affinity of RAC1P29S 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 RAC1P29S-driven signaling, particularly in the RAF/MEK/ERK pathway [10]. 

Functionally, the accumulation of GTP-bound RAC1P29S leads 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, RAC1P29S 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 RAC1P29S is similar to RAC1WT. 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 RAC1P29S, leading 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 RAC1P29S to drive 
sustained signaling and tumorigenic processes, including proliferation, survival, invasion, and 
epithelial-mesenchymal transition [63]. 

In summary, RAC1P29S 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 RAC1P29S mutations. mutations [63]. 
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3.2 Characterization of TTN5: 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]. TTN5 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 TTN5 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 TTN5 likely functions 
independently of canonical GEF-mediated activation [125]. 

Subcellular localization studies using fluorescently tagged TTN5 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, TTN5 represents a plant-specific, non-classical ARL-type GTPase that accumulates 
in the active GTP-bound state due to its intrinsic kinetic properties. Its 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 I and II 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 II 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, PI3K/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 µM. 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 PI3K–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 PI3K–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 α-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 CDC42 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 



280 
 

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 α-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]. 



281 
 

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 GDIs, but also by emerging noncanonical regulators including long noncoding 
RNAs (lncRNAs) [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 lncRNAs 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 lncRNA that supports myeloid cell survival by repressing pro-apoptotic regulators like BIM 
[162]. These lncRNAs 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 lncRNAs 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 lncRNAs 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 lncRNA functions. Conversely, reintroduction of 
tumor-suppressive lncRNAs via synthetic mimics or viral delivery may help restore signaling 
balance. Targeting lncRNA–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 lncRNAs 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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lncRNAs relieve repression on signaling mediators. For example, the lncRNA 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 lncRNAs 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 GAS5 accelerates its degradation and indirectly sustains 
YAP signaling by lifting RHOB-mediated suppression TUG1 [166, 171]. These examples 
underscore the dual roles of lncRNAs as both regulators and downstream targets within RHO 
GTPase signaling pathways. Despite growing interest, functional studies remain limited, 
particularly for lncRNAs 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 lncRNA structure or lncRNA–protein interactions [146]. Notably, antisense 
oligonucleotides targeting MALAT1 have shown tumor-suppressive effects in preclinical models 
[173, 233]. Additional strategies include lncRNA 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 lncRNAs 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 lncRNAs, 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 PDEδ 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 PI3K–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 SHP2’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; lncRNAs 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 LZTR1L580P 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 LZTR1L580P 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 LZTR1L580P 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 



284 
 

RAC1P29S 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 lncRNAs 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 
(lncRNAs) 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, PDEδ, 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. 
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