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ZUSAMMENFASSUNG

Das RAS Signalnetzwerk ist eine zentrale Komponente fiir das Uberleben, die Proliferation,
die Migration und viele weitere essenzielle Prozesse von Zellen. Es umfasst neben den gut
untersuchten kanonischen Signalwegen, die extrazellulare Stimuli Uber die RAF-MEK-ERK-
und PI3K-AKT-Kaskade weiterleiten, auch mehrere weniger bekannte, nicht-kanonische
Signalwege. In dieser Arbeit konnte ein neuer nicht-kanonischer Bindungspartner des
embryonalen in Stammzellen exprimierten RAS (ERAS), die Arginase 1 (ARG1), in
hepatischen Sternzellen (HSZs) identifiziert werden. Die Ureohydrolase, welche
vorwiegend im Urea Zyklus bekannt ist, interagiert direkt und ist zudem Co-lokalisiert mit
ERAS in ruhenden HSZs. Darlber hinaus konnten wir die Bedeutung von ARG1, und seiner
nachgeschalteten Produktion von Polyaminen, fur die Aufrechterhaltung undifferenzierter,
ruhender HSZ durch den Einsatz verschiedener Inhibitoren wahrend des
Aktivierungsprozesses aufdecken. Die Auswirkungen der direkten ERAS-ARG1-Interaktion
missen noch weiter erforscht werden, kdnnten aber auf der spezifischen Translokalisierung
beider Proteine in derselben Mikrodomane beruhen. Ein weiterer eher ungewohnlicher
RAS-Binder ist das Stress-activated MAP kinase-interacting protein 1 (SIN1), ein
unverzichtbares Mitglied des mMTORC2-Komplexes, der fur die Phosphorylierung
verschiedener AGC-Kinasen wie AKT benétigt wird. Obwohl iber die Interaktion von RAS
mit der RAS-Bindungsdomane (RBD) von SIN1 bereits vor 15 Jahren berichtet wurde, ist
die Funktion dieser Interaktion noch weitgehend ungeklart. In unserer Studie konnten wir
die Bindung von SIN1 an alle klassischen RAS-Proteine (HRAS, KRAS4A, KRAS4B und
NRAS), sowie RIT1 und ERAS bestatigen und zusatzlich wichtige Aminosauren fir ihre
Interaktion identifizieren. Darliber hinaus konnten wir die autoinhibitorische Beziehung
zwischen der RBD- und der PH (Pleckstrin-Homologie)-Domane von SIN1 nachweisen und
zeigten zum ersten Mal, dass die Interaktion der PH-Domane mit Liposomen durch die
Anwesenheit von RAS reduziert wird. Diese Ergebnisse deuten darauf hin, dass die
Interaktion von RAS und SIN1 mdglicherweise nicht fordernd, sondern inaktivierend wirkt
und eine negative Ruckkopplungsschleife der aktivierten kanonischen RAS-Signalwege
unterstitzt. In diesem Zusammenhang haben wir uns auch auf die Modulatoren des RAS-
MAPK-Signalwegs, die akzessorischen Proteine, konzentriert und ihre Rolle in der
Signalkaskade, aber auch ihre Beteiligung an der Krankheitsentstehung und -progression
in einem ausflhrlichen Artikel beschrieben. SchlieRlich beinhaltet diese Arbeit eine
detaillierte Studie Uber das akzessorische Protein IQGAP, das im Mittelpunkt einer
kontroversen Debatte Uber die entscheidende Bindungsstelle mit der RHO-GTPase CDC42
steht. Hier konnten wir durch ein breites Spektrum an Mutationsanalysen verschiedene
IQGAP-Domanen ein- und ausschliefen und Diskrepanzen zu anderen Publikationen
aufklaren, indem wir den Unterschied zwischen der konstitutiv aktiven Mutante CDC42%61t
und dem Wildtyp-Protein hinsichtlich ihres Bindungsverhaltens aufzeigen.



SUMMARY

The RAS signaling network is a central component for cell survival, proliferation, migration
and many other cellular processes. Besides the well-studied canonical pathways, which
transmit extracellular stimuli via the prominent RAF-MEK-ERK and PI3K-AKT cascades, it
further comprises several less known, non-canonical signaling pathways. In this thesis,
arginase 1 (ARG1) was identified in hepatic stellate cells (HSCs) as a novel non-canonical
binding partner of the embryonic stem cell expressed RAS (ERAS). ARG1, a key enzyme
of the urea cycle, was demonstrated to directly interact and co-localizes with ERAS in
quiescent HSCs. Furthermore, the importance of ARG1 and its downstream production of
polyamines for the maintenance of undifferentiated, quiescent HSCs was pointed out by
using a variety of inhibitors during the activation process. The impact of direct ERAS-ARG1
interaction still requires a more detailed examination, but could be based on the specific
translocalization of both proteins in the same microdomain of the plasma membrane.
Another rather unusual RAS binder is the stress-activated MAP kinase-interacting protein 1
(SIN1), an indispensable member of the mTORC2 complex, which is needed for the
phosphorylation of several AGC-kinases, such as AKT. Even though the interaction of RAS
with the RAS binding domain (RBD) of SIN1 was already reported 15 years ago, the
consequence of their interaction remains largely unanswered. In our study, we confirmed
the binding of SIN1 to all classical RAS proteins (HRAS, KRAS4A, KRAS4B, and NRAS),
as well as to RIT1, and ERAS and additionally pinpointed critical residues for their
interaction. We further investigated the auto-inhibitory relationship of the RBD and PH
(Pleckstrin homology) domain of SIN1 and demonstrated for the first time that the interaction
of the PH domain with liposomes is reduced due to the presence of RAS. These results
suggest that the interaction of RAS and SIN1 may be inactivating rather than promoting,
supporting a negative feedback loop of the activated canonical RAS signaling pathways.
Accordingly, we also focused on the modulators of the RAS-MAPK pathway, collectively
referred to as accessory proteins, and described not only their role in the signaling cascade
but also their involvement in the development and progression of diseases in a detailed
overview. Finally, this thesis includes an in-depth study of the accessory protein IQGAP,
which is the center of a controversial debate about the decisive binding site with the RHO
GTPase CDC42. Here, we could in- and exclude different IQGAP domains by a broad range
of mutational analyses and clarify discrepancies with other publications by demonstrating
the difference between the constitutively active mutant CDC42%¢'-and the wild type protein
regarding their binding behavior.
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1. INTRODUCTION

In order to act on upcoming stimuli from the environment, extracellular signals need to be
transferred into the cell to consequently trigger downstream signaling cascades and cellular
responses. Direct cell-cell communication, as well as autocrine, paracrine, and endocrine
signaling is needed to sustain cell homeostasis and a healthy organism. Conserved
signaling pathways assure fast and specific cellular responses that control proliferation,
survival, and metabolism but also cell differentiation, quiescence, and many more. This
thesis will focus on the role of non-canonical RAS interaction partners on a mechanistic,
biochemical and functional basis, including the cellular context of hepatic stellate cells
(HSCs) and the maintenance of their quiescent state.

1.1 RAS SUPERFAMILY

The RAS (Rat sarcoma) superfamily of GTPases describes small guanine nucleotide-
binding proteins and comprises more than 150 members that can be grouped into at least
5 subclasses: RAS, RHO (Ras homologous), RAB (Ras-related in brain), ARF (ADP-
ribosylation factor) and RAN (Ras-related nuclear protein) [1,2]. Small GTPases are
molecular switches that share conserved regions called G-domains, which are responsible
for nucleotide binding and effector interaction [3]. Most GTPases of the RAS superfamily
cycle between an active GTP- and an inactive GDP-bound state and are regulated by GEFs
(Guanine-nucleotide exchange factors) and GAPs (GTPase activating proteins).
Additionally, RHO GTPases are regulated by GDIs (Guanine nucleotide dissociation
inhibitors), which can control their subcellular localization by trafficking them from the
membrane to the cytosol.

A B C GD' (for RHO
Cellular functions proteins only)
\ RAS D . Dys-
RAS - Cell proliferation, survival, Signal placement
s RHO gene expression g
H ARF RHO - Cytoskeleton reorganisation,
B RAB migration, vesicular transport
B RAN ARF - Vesicular and nonvesicular
B Unclassified transport RAS

RAB - Vesicular transport

RAN - Nucleo-cytoplasmic transport
Total = 154 of RNA and proteins

Effector
FIGURE 1. RAS superfamily, functions and regulation. The RAS superfamily consists of 154
members in 5 subfamilies with distinct functions: RAS (36) — regulate cell proliferation, survival and
transcription; RHO (20) — mainly regulate cytoskeleton reorganization and migration; ARF (27) —
important for vesicular and nonvesicular transport; RAB (61) — regulate vesicular transport, and RAN
(1) — regulates the nucleo-cytoplasmic transport of RNA and proteins. Seven more proteins do not
belong to any of these five subfamilies and are unclassified. The regulation of RAS superfamily
GTPases is dependent on their nucleotide loading and catalyzed by guanine-nucleotide exchange
factors and GTPase activating proteins. RHO GTPases are further regulated by guanine nucleotide
dissociation inhibitors that translocate these proteins from the membrane to the cytosol.

Within the RAS subfamily, HRAS (Harvey Rat sarcoma virus), NRAS (Neuroblastoma RAS)
and the isoforms KRAS (Kirsten rat sarcoma virus) 4A and 4B are collectively called the
classical RAS proteins. Excluding their hypervariable region (HVR), the sequence homology
of these 4 proteins is over 90%, but still allows specific functions and interaction partners of
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each paralogue. The HVR comprises the last 24 amino acids and is highly variable among
the proteins. All classical RAS proteins contain a CAAX-box at their C-terminus, consisting
of a cysteine (c), followed by two aliphatic (aa) and one final (x) amino acid. This motif gets
recognized by farnesyl- or geranylgeranyl-transferases, which transfer an isoprenyl moiety
to the protein at the cysteine of the CAAX-box. The x residue of the motif determines the
type of prenylation, in this case methionine, serine, glutamine, alanine and cysteine indicate
a farnesylation, whereas leucine and glutamate enable geranylgeranylation [4]. In the case
of RAS proteins, all classical RAS proteins are getting farnesylated. In contrast, the typical
RHO proteins CDC42 (Cell division control protein 42 homolog), RHOA (Ras homolog
family member A) and RAC1 (Ras-related C3 botulinum toxin substrate 1) are all
geranylgeranylated. Additionally to this isoprenylation, KRAS4A, NRAS (one time each) and
HRAS (two times) get palmitoylated, a reversible lipid modification which is central for the
association in lipid rafts and clustering events [5]. KRAS4B, for instance, does not get further
post-translationally modified but includes a lysine rich domain, which is likely to associate
with the membrane due to its positive charge [6]. The differences in the HVR and the post-
translational processing of the classical RAS proteins determine their very own special
function in signaling and localization. A more uncommon member of the RAS subfamily is
ERAS (embryonic stem cell expressed RAS). ERAS contains a unique N-terminal extension
of 38 amino acids and shares around 40% sequence homology of the conserved G-domains
with HRAS. Due to a serine instead of a glycine on position 50 (corresponding to a G12S
mutation in HRAS), ERAS is GAP insensitive and therefore, constitutively active [7,8].
Furthermore, ERAS gets post-translationally modified by farnesylation and is likely to get
palmitoylated similar to HRAS (marked as yellow background in Figure 2) [8]. Still, the
function of ERAS seems to differ strongly from those of the classical RAS proteins, mainly
signaling via PI3K (Phosphoinositide 3-kinases) and is expressed specifically in embryonic
stem cells, hepatic stellate cells and some tumor types [7,9,10].

o1 [e2[ es3] cd et ENGE
L
HRAS, KRAS4A, KRAS4B and NRAS identity 90.24%

Nex G2|  |G3] cs NG
L

|
l ERAS homology with HRAS 39.9% l
hsERAS MELPTKPGTFDLGLATWSP 165 189
Nex FQGETHRAQARRRDVGRQ HRAS - ---QHKLRKLNPPDESGPG_MSCK----CVLS
KRAS4A - - - -QYRLKK| SK-EEKTPG_UVKIKK---CI IM
KRAS4B - - - - KHK- EKMSKDGKKKKKKSKTK- - - -CVIM
NRAS ----QYRMKKLNSSDDGTQGCMGLP - - - -CVVM
ERAS RVQEAMAKEPMARSCREKTRHQKATCHCGCSVA
@ Farnesylation @ Palmitoylation CAAX box

FIGURE 2. Domain organization of classical RAS proteins and ERAS. RAS proteins contain five
conserved G-domains (G1-5), which determine nucleotide recognition, nucleotide binding and
effector interaction. The classical RAS proteins HRAS, KRAS4A, KRAS4B and NRAS share 90.24%
sequence homology in these conserved domains. In contrast, the more uncommon RAS GTPase
ERAS shares 39.9% homology but includes furthermore a unique N-terminal extension of 38 amino
acids. The alignment of the hypervariable region (HVR) displays a highly diverse sequence upon the
proteins, but a collectively shared CAAX-box motif for cysteine farnesylation (red). Other post-
translational modifications (palmitoylation) are indicated in yellow. For ERAS, palmitoylation is
predicted on yellow highlighted cysteines, but not proven yet.



1.2 RAS SIGNALING PATHWAYS

RAS proteins are molecular switches for some of the most important signaling pathways.
Their effectors got studied extensively during the past 40 years, in which the RAS signaling
cascades were roughly divided into canonical and non-canonical processes. The canonical
RAS signaling pathway acts via RAF (rapidly growing fibrosarcoma) -MEK (MAPK, mitogen-
activated protein) -ERK (extracellular-signal regulated kinases) and PI3K-AKT
(Proteinkinase B). ERK and/or AKT phosphorylation induce cell proliferation, survival and
growth and are main players in cell homeostasis. As a proto-oncogene, RAS is often
mutated in cancer and constitutively activates the canonical RAS signaling pathways
contributing to cancer formation and progression. The non-canonical RAS signaling
pathways comprise, among others, TIAM1 (T-cell ymphoma invasion and metastasis-
inducing protein 1), RALGDS (Ral guanine nucleotide dissociation stimulator) and RLIP76
(Ral interacting protein of 76 kDa), which can be mostly connected to cytoskeleton
reorganization, endocytosis and cell migration [11]. Besides those proteins, multiple other
RAS interactors could be included in the list of non-canonical signaling effectors, like the
Stress-activated MAP kinase-interacting protein 1 (SIN1, also: MAPKAP1) or the so-called
liver arginase 1 (ARG1), which will be discussed and highlighted in this thesis.

1.2.1 THE CANONICAL RAS SIGNALING PATHWAY

The RTK-RAS-MAPK and RAS-PI3K pathways are highly conserved signaling cascades
and fundamental for cell proliferation and survival. A rough outline of the signaling pathways
is illustrated in Figure 3.

The function of the signaling pathways is to integrate extracellular stimuli to an intracellular
cell response. Upon ligand binding to receptor tyrosine kinases (RTKSs), like the epidermal
growth factor receptor (EGFR), most RTKs dimerize and autophosphorylate their catalytic
domains [12,13]. In the next step, direct effectors, adaptor or docking proteins can bind to
the phosphorylated residues mostly via SH2 (Src homology) or PTB (Phosphotyrosine
binding) domains [14,15]. One of the most extensively studied adaptor proteins is GRB2
(Growth factor receptor-bound protein 2), a 25 kDa protein consisting of one SH2 and two
SH3 domains [16,17]. GRB2 can activate SOS1 (Son of Sevenless 1), a RAS GEF that
exchanges RAS+GDP to RAS*GTP and activates RAS downstream signaling effectors like
the RAF kinase [18,19]. RAF gets activated in a multi-step mechanism starting with the
(i) recruitment of RAF to the membrane and binding to active RAS, (i) homo- or
heterodimerization of RAF isoforms (ARAF, BRAF, CRAF), (iii) kinase domain
transphosphorylation and finally (iv) stabilization of the activated state and downstream
signaling [20,21]. Activated RAF can transmit the signal towards MEK1/2 and subsequently
to ERK1/2 [22]. ERK phosphorylation triggers nuclear as well as cytosolic responses by
activation of for example ELK1 (ETS Like-1 protein), c-FOS (Cellular oncogene fos), MYC
and NFkB (nuclear factor 'kappa-light-chain-enhancer' of activated B-cells) or RSK (90 kDa
ribosomal S6 kinase) respectively, which results in cell responses to sustain cell
proliferation and survival [23—-26].
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FIGURE 3. Classical RAS Signaling Pathways. The RAS-MAPK (1) and RAS-PI3K (2) pathways
are the two most common canonical RAS signaling cascades. Receptor tyrosine kinases get
activated by growth factors or hormones and subsequently intrinsically auto-phosphorylated. The
signal gets transmitted directly via adaptor proteins like GRB2 to guanine-nucleotide exchange
factors like SOS1. SOS1 exchanges GDP to GTP and therefore activates RAS. GTP-bound RAS
can signal down the RAF-MEK-ERK axis, triggering cell survival and proliferation and additionally
directly activate PI3K, which catalyzes the phosphorylation of PIP2 to PIP3 and finally phosphorylates
AKT via PDK1. AKT effectors induce, among others, proliferation, glycogen and fatty acid synthesis
and translation.

The second important signaling cascade acts through the phosphatidylinositol 3-kinase
(PI3K), a protein consisting of two subunits. The regulatory domain p85 incorporates two
SH2 domains and can directly associate with a phosphorylated RTK. The catalytic domain
p110 phosphorylates phosphatidylinositol-4,5-bis-phosphate (PIP-) to phosphatidylinositol-
3,4,5-tris-phosphate (PIP3). This modified lipid can trigger various associations of for
example the pleckstrin homology (PH) domain of AKT [27]. The direct activation of p110
subunit can also be carried out by G-protein coupled receptors or activated RAS, which
makes PI3K one of the most important effectors and downstream signaling cascades of the
RAS signaling pathway [28]. The recruitment of AKT to the membrane by the second
messenger PIPsis the rate limiting step in AKT activation. AKT can be phosphorylated on
two sites: threonine 308 and serine 473. Thr308 is mainly phosphorylated by 3-
phosphoinositide-dependent protein kinase-1 (PDK1), a PH domain containing protein that
binds to PIPs as well [29]. The full activation of AKT is obtained by additional
phosphorylation on Ser473, which is mainly carried out by the mTORC2 (mammalian target
of rapamycin complex 2) complex that will be discussed below. The main downstream
effects of AKT cover cell survival and proliferation via FOXO (Forkhead box protein O) [30],
glucose metabolism by the inhibition of GSK3B (Glycogen synthase kinase-3 beta) [31],
fatty acid synthesis via direct ACL (ATP-citrate lyase) phosphorylation [32], and translational
control via the mTORC1 (mammalian target of rapamycin complex 1) complex [33].



1.2.2 ACCESSORY PROTEINS OF THE RAS-MAPK SIGNALING PATHWAY

Many processes of the RAS-MAPK pathways are not only regulated by phosphorylation
and activation events but get furthermore modulated and fine-tuned in a spatiotemporal
manner by accessory proteins [15]. Accessory proteins are defined as non-constituent
members of the signaling pathway and can be divided into four subgroups. Scaffold
proteins connect two or more proteins and organize them in a functional unit. Those
proteins usually contain many domains and might be found in several complexes, also
enabling crosstalk between different signaling cascades.

Adaptor proteins:
P " - SH2/SH3 domains
Docking proteins:

- receptor interaction (PTB) | e.g. CBL, GRB2, SHP2
and often membrane binding

domains e.g. GAL3, IQGAP1, KSR1
e.g. B-Arrestin, DOK1

Anchoring proteins:
- membrane association

domains (PH, PHB, TM)
e.g. CNK1, FLOT1, GAB1

Scaffold proteins:
-» multi domain proteins (might
contain LDs, RRMs or IDRs)

FIGURE 4. Accessory proteins in RAS-MAPK pathway. Accessory proteins can be categorized
into four subgroups: (1) Anchoring proteins, (2) docking proteins, (3) adaptor proteins and (4) scaffold
proteins. Anchoring proteins contain domains that associate with membranes, like pleckstrin
homology (PH) prohibitin homologues (PHB) and transmembrane (TM) domains. Examples are the
connector enhancer of kinase suppressor of RAS1 (CNK1), Flotillin-1 (FLOT1) or GRB2-associated-
binding protein (GAB1). Docking proteins usually contain a phosphotyrosine-binding domain (PTB),
like B-arrestin or the docking protein 1 (DOK1). Adaptor proteins like casitas B-lineage lymphoma
proto-oncogene (CBL), growth factor receptor binding protein 2 (GRB2) or SH2 domain-containing
tyrosine phosphatase 2 (SHP2) all contain SRC homology 2 (SH2) and mostly SH3 domains.
Scaffold proteins do need to contain specific domains but frequently include leucine-rich sequence
motifs (LDs) or other repeats, RNA recognition motifs (RRMs) and intrinsically disordered regions
(IDRs). Scaffold proteins are for example galectin-3 (GAL3), IQ motif containing GTPase activating
protein 1 (IQGAP1) or kinase suppressor of RAS-1 (KSR1).

An example for a scaffold protein is the 1Q motif containing GTPase activating protein 1
(IQGAP1), a 189 kDa multi-domain protein with over 100 binding partners [34]. Besides its
scaffolding function in the RAS-MAPK pathway, which is performed by direct interaction
with RAF, MEK and ERK [35], IQGAP1 is further involved in the direct binding and
stimulation of PI3K and AKT [36,37], as well as the association of RHO GTPases like RAC1
and CDC42 [38]. The number of interaction partners and the size of the protein makes it
easy to believe in the multitude of functions IQGAP1 is involved in, which spread from
cytoskeleton organization, cell adhesion, protein trafficking to transcription and many more
[39,40]. To understand the role of IQGAP1 in distinct signaling pathways, the identification
of binding sites and the mechanisms of binding selectivity are important fields to cover and
analyze in detail [41].



The second group of accessory proteins are adaptor proteins. These proteins often
contain SH2 and SH3 domains and simply connect two proteins to bring them in a close
distance and orientation to each other. An example here is the already mentioned linker
GRB2. The third group are so called anchoring proteins, which not only bind components
of the signaling cascade, but also intracellular membranes. Therefore, these proteins
localize the signaling machinery to a very specific site of action and can further sequester
proteins from diffusion into other cytoplasmic areas. The last group of accessory proteins
are named docking proteins. These proteins assemble activated receptors like RTKs and
G-protein coupled receptors with signaling components at the membrane. They usually
contain phosphotyrosine-binding (PTB) domains, as well as membrane associating
domains to increase the residence time at the site of action. Reducing the dimensionality of
protein-protein interactions by binding multiple components and structures is one main
functions of accessory proteins. Their interaction with the constituent members of signaling
cascades is highly important to modulate and sustain the fine-tuned signaling machinery
within the cell [15,42].

1.2.3 THE NON-CANONICAL RAS SIGNALING PATHWAY

The interaction and activation of RAS with other downstream effectors than PI3K and RAF
are less prominent and here collectively called the non-canonical signaling pathways. These
pathways are connected to a broad variety of cell responses that are not necessarily
involved in cell survival and proliferation like the canonical signaling pathways. TIAM1 for
instance, a specific GEF for RAC1, gets activated by RAS and therefore stimulates the
cytoskeleton reorganization and regulates cell migration [43]. The interaction of RAS and
the RALGDS was already discovered in 1998 and results in the activation of RAL and its
downstream cascades, also leading to cell migration and the regulation of gene expression
and vesical trafficking [44,45].

Many approaches were done to identify new RAS interaction partners. By searching for
domains that directly associate (RAs) or bind (RBs) to RAS, 39 RA and 14 RB domain
containing proteins were found in the human proteome [46]. Among these proteins were
familiar faces like RAF, PI3K and TIAM1, but also accessory proteins like RGS14 (Regulator
of G-protein signaling 14) and other hotspot binding partners like RASSF (Ras association
domain family) proteins, increasing the number of RAS signaling cascades drastically.
Lately, a study by Béganton et al. in 2020 determined over 800 high confidence proximal
interactors of HRAS, KRAS4B and NRAS using the proximity-dependent biotin identification
technology [47]. Although not all mentioned proteins are direct interactors, this study gives
a great impression of how big the RAS interaction, clustering, microdomain formation and
crosstalk network really is or can be.



1.2.31 THE MTORC2 SIGNALING PATHWAY

One of the more unknown RAS binding domain (RBD) containing proteins is the stress-
activated MAP kinase-interacting protein 1 (SIN1, mSIN1 also: MAPKAP1), a subunit of the
MTORC2 complex. The mTORC2 complex consists of four distinct members. First, the
mammalian or mechanistic target of rapamycin (mTOR), which was discovered 31 years
ago in yeast [48] and carries out the kinase activity of the complex, and second, the
mammalian lethal with SEC13 protein 8 (mLST8). Those two proteins form a heterodimer
and are also part of the mTORC1 complex [49]. The presence of mLST8 seems to be
dispensable for mTORC1 but essential for mTORC2 complex integrity and function [50,51].
The second half of mTORC2 consists of RICTOR (Rapamycin-insensitive companion of
mTOR), another large scaffolding protein of the complex, and SIN1.
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Figure 5. Members and domain organization of the mTORC2 complex. The mTORC2 complex
consists of four irreplaceable members: mTOR, mLST8, RICTOR, and SIN1. mTOR comprises five
domains. The HEAT repeats (Huntington, EF3A, ATM, TOR repeats) cover the N-terminal side of
mTOR, followed by the FAT (Frap, ATM, TRRAP) and FRB (FKBP12 rapamycin binding) domains.
The C-terminal part consists of the kinase domain (KD) and the CD (C-terminal domain). mLST8 is
a 326 aa protein and is built up from WD40 repeats. The domain organization of RICTOR s still not
clearly defined but incorporates Armadillo and HEAT repeats on the N-terminal side, a disordered
region, which can get phosphorylated and a folded C-terminal domain in the other half. SIN1 is built
up out of the N-terminal domain (NTD), the conserved region in the middle (CRIM), a RAS-binding
domain (RBD) and a pleckstrin homology (PH) domain in the C-terminus. All four members are
needed to assemble a functional mMTORC2 complex and carry out substrate phosphorylation.

STRESS-ACTIVATED MAPK INTERACTING PROTEIN 1 (SINT)

SIN1 is one of the core proteins and an irreplaceable member of the mTORC2 complex. Its
knock out leads to an impaired kinase activity and therefore decreased AKT
phosphorylation, which is embryonically lethal [52,53]. The protein can be divided into four
domains (see Figure 5). The N-terminal domain (NTD, aa 1-137) integrates into RICTOR
and is needed for its connection with the mTORC2 complex. Several interaction sites of the
NTD with RICTOR were identified, and the deletion or the extension of this domain disrupts
the mTORC2 complex [54,55]. The conserved region in the middle (CRIM, aa 137-266)
directly interacts with effectors and is responsible for effector recognition and complex
specificity. Mutations in the CRIM domain lead as well to impaired kinase activity [56,57].
The RAS binding domain (RBD, aa 279-353) is followed by a PH domain (aa 376-486).
Those two domains could not be structurally characterized within the mTORC2 complex as
they obtain a flexible, wobbly structure [54]. The crystallization of the SIN1-PH domain alone



was solved by Pan and Matsuura in 2012 (PDB: 3VOQ) [58] and indicates the typical
features that are also found in for example the PH domain of AKT. Functionally, the AKT-
PH domain can be exchanged with the SIN1-PH domain without affecting the
phosphorylation level of AKT, implementing a similar localization of SIN1 and AKT within
the cell, as well as the ability to bind phosphoinositide-tri-phosphate (PI1(3,4,5)P) [59].
Interestingly, an additional binding site of the PH domain with mTOR was observed,
generating the idea of an inactive closed conformation of the mTORC2 substrate binding
pocket whenever SIN1-PH connects with mTOR and an open “active” conformation while
associating with the membrane [60,61]. In 2021, Castel et al. were able to structurally solve
the conformation of SIN1-RBD (PDB: 7LC2) and RBD-PH domain (PDB: 7LC1) bound to
KRAS®'R (1-169) [62]. In this paper, an additional “alternative RBD” (aRBD) of SIN1 was
introduced, located between the RBD and PH domain that specifically interacts with the
HVR of KRAS4A but no other classical RAS proteins. Zheng et al. disproved this hypothesis
in 2022 by publishing another structure of direct HRAS-SIN1-RBD interaction and showed
direct binding of SIN1-RBD with all classical RAS G-domains [63]. The binding of the earlier
defined RBD to the switch | and Il region of RAS, which was introduced by Schroder et al.
in 2007, could further be confirmed by both groups [62,64]. The function of the RBD in SIN1
still remains unsolved. The stimulation of MTORC2 activity upon RAS activation as well as
the inhibition of the RAS-MAPK pathway via SIN1 interaction were both intensively
discussed [64,65]. Still, the meaning of the interaction of SIN1 and RAS needs to be
elucidated in the future.

For SIN1, six isoforms are known, which are displayed in the table below. Isoform 1 is
encoding for the longest protein and is referred to as the full length (FL) protein, including
12 of the 13 exons of the gene (exon 8 is not included in any of the transcript variants).
Besides isoform 4, which lacks the NTD and can therefore not associate with RICTOR, all
other isoforms could be found as part of the mTORC2 complex. Interestingly, isoform 6,
which contains an additional exon 9a right after the RBD, but misses the PH domain, was
suggested to play a unique role outside of the mTORC2 complex, associating with the basal
body [66]. The certain roles of the different SIN1 isoforms are not yet defined, but the fact
that isoform 3 specifically lacks the recently defined aRBD and that isoform 2 only misses
the second part of the RBD, makes it tempting to speculate about the role of RAS binding
in SIN1.

TABLE 1: SIN1 ISOFORMS

1 522 - Includes all domains (NTD-CRIM-RBD-PH)  Q9BPZ7-1
2 486  321-356 missing Lacks second half of the RBD Q9BPZ7-2
3 475 357-403 missing Lacks the aRBD between RBD and PH QoBPZ7-3
4 330 1-192 missing NTD and first half of the CRIM are missing

- Not part of mMTORC2 complex QOBPZ7-4
5 323 321-438 and Lacks almost the whole C-terminus from the

442-522 missing second half of the RBD (no PH domain) QIBPZ7-5

6 372 373-522 missing Lacks the PH domain and has an
Alternative exon alternative ending of the RBD which differs Q9BPZ7-6
9a to the aRBD



REGULATION OF THE MTORCZ2 COMPLEX

Compared to the mTORC1 complex, which is mainly regulated via nutrients, growth factors,
and stress [67], the mTORC2 activation is less extensively studied but shifted a lot more
into the focus of researchers lately. For a long time, the received opinion of mTORC2
activation cycled around growth factor dependent signaling, mainly via the PI3K activation
[60]. The readout of most studies is the phosphorylation of AKT at serine 473 [68].
Generally, the mTORC2 complex targets AGC (protein kinases A/IPKG/PKC) kinases, which
include AKT, PKC (protein kinase C) and SGK (serum- and glucocorticoid-induced protein
kinase) [57,69,70]. The downstream effects of the AGC kinases cover a wide variety of cell
responses, like the regulation of ion channels via SGK or the reorganization of the
cytoskeleton by activation of RHO GTPases via PKC [71,72].
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Figure 6. Regulation of mMTORC1 and mTORC2 complex. Nutrient and amino acid levels are
common mTORC1 upstream regulators, whereas growth factors activate the mTORC2 complex via
the PI3K axis. PI3K activity leads to AKT phosphorylation by trans-localization of AKT and PDK1 to
the membrane, where the mTORC2 complex can phosphorylate AKT at serine 473. If this pathway
is also directly affecting mTORC2 upstream needs to be clarified in the future. Downstream targets
of MTORC2, like SGK and PKC, lead to ion transport and cytoskeleton regulation respectively. AKT
signaling pathway leads to a variety of cell responses but can furthermore positively regulate
mTORC1 complex by inhibiting TSC1/TSC2 (Tuberous sclerosis 1/2 protein) and therefore activate
RHEB (Ras homolog enriched in brain) which in turn activates mTORC1. Downstream effectors of
mTORC1 are ATG13 (Autophagy-related protein 13), which controls autophagy, 4EBP1 (Eukaryotic
translation initiation factor 4E (elF4E)-binding protein 1), a regulator in protein synthesis and S6K
(S6 kinase), which induces cell proliferation and growth and further phosphorylate SIN1 at threonine
86 and 356, which negatively regulates the mTORC2 complex integrity.

A new study identified different pools of mTORC2 within the cell, using a novel reporter
called LocaTOR2 [73]. This work, among others, implements that the subcellular
localization of MTORC2 is fundamental for its regulation and activity towards AKT and other
downstream effectors. Growth factor induced mTORC2 activation is achieved by PI3K
activity and subsequent recruitment of AKT and PDK1 to the membrane. Studies showed
that the mTORC2 complex can be recruited to the plasma membrane (PM) as well, but
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might also have a stimulation independent pool at the PM that acts upon effector availability
[60,73]. Another process of growth factor response is the activation of RAC1, which itself
binds to mTOR in a nucleotide independent manner and activates mTORC2 by
translocating it to a specific subcellular membrane [74]. The activation of mMTORC2 on
ribosomes was shown in a PI3K dependent manner and can phosphorylate AKT during
translation at T450 to increase its stability [75—77]. Besides those pools, the mTORC2
complex could be found on the outer mitochondrial membrane, early and late endosomes,
lysosomes and in the nucleus [73,78]. Another direct way to regulate mTORC2 activity is
the phosphorylation of SIN1 at T86 and T398. Single phosphorylation of SIN1 increases
mTORC?2 activity and can be executed by pAKTT3%/$473 in a positive feedback loop. The
order of the phosphorylation events is not determined yet [79]. On the contrary, the double
phosphorylation of SIN1 at T86 and T398 dissociates the protein from the complex and
disrupts mTORC2 integrity [80,81]. The ribosomal protein S6 kinase (S6K) is, besides from
the eukaryotic translation initiation factor 4E-binding protein 1 (4EBP1) and the autophagy-
related protein 13 (ATG13), one of the main effectors of the mTORC1 complex and can
positively but also negatively connect mTORC1 and mTORC2 signaling to each other by
phosphorylation of SIN1 [82,83]. The localization of mMTORC2, the phosphorylation, and
pathway cross talks play a critical role in mMTORC2 activity. How SIN1 is involved in those
events and especially in the membrane association needs extensive studies and will be
discussed in this thesis.

1.2.3.2 ARG1 SIGNALING PATHWAY

Another quite unusual interaction partner of RAS (specifically ERAS) is arginase 1 (ARG1),
the so called liver arginase, that was just discovered by our study in 2022 [84]. Its connection
with the RAS signaling pathway still needs a lot more research, as ARG1 is predominantly
known for its role in the urea cycle by catalyzing the last step, converting L-arginine into L-
ornithine and urea [85,86]. The urea cycle mainly takes place in the liver, more precisely in
the hepatocytes. The process to detoxify the cells from ammonia is performed by five
enzymes and located in the mitochondria and the cytosol. The major role of ARG1 can also
be estimated by the cell type specific expression, which is extremely high in hepatocytes
compared to other cell types (see Table 2). Still, the decent expression of ARG1 in red blood
cells, Kupffer cells (liver resident macrophages), hepatic stellate cells, cholangiocytes
(epithelial cells of the bile duct), B-cells, T-cells, and endothelial cells, which all lack a
complete urea cycle, suggests another role of ARG1 activity in those liver resident cells.
Noticeably, a low ARG1 expression could also be found in a variety of other cell types like
macrophages, spermatids, or astrocytes, covering a wide expression profile in organs from
bone marrow, spleen, to skeletal muscle and brain (for Ref. see Table 2, adapted from The
Human Protein Atlas [87]).
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TABLE 2: CELL TYPE SPECIFIC ARG1 EXPRESSION

[ £ 8| =
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Hepatocytes 9914 | X
Erythroid cells 43.6 X X
Kupffer cells 27.6 X
Hepatic stellate
cells 23.2 X
Cholangiocytes 17.2 X
B-cells 2.7 X X X X
T-cells 2.1 X X X X X X | X X
Endothelial cells 1.5 X X X X
Macrophages 0.9 X X X X
Late spermatids 0.6 X
Excitatory
neurons 0.5 X
Astrocytes 0.3 X
Early spermatids 0.3 X
Reference (88] | [89] 89] | [89] | [90] | [o1] | [92] | [93] | [94] | [95] | [96] | [97]

nTPM = normalized transcripts per million

Besides its detoxification function, arginase fulfills two more important tasks, which are
(i) the production of ornithine to produce proline and polyamines, and (ii) antagonizing nitric
oxide synthase (NOS) activity, which consumes the same substrate L-arginine and converts
it to L-citrulline and nitric oxide (NO) [98]. Proline is a non-essential amino acid and is crucial
for collagen synthesis [99]. It is synthesized by the ornithine aminotransferase (OAT) from
L-ornithine, while the latter can also be consumed by the ornithine decarboxylase 1 (ODC1),
the rate limiting enzyme in polyamine production. Polyamines comprise the three molecules
putrescine, spermine, and spermidine, which can all be transformed into each other and are
involved in many cellular processes like autophagy, immune cell regulation, protection from
oxidative damage, and are best known for their promoting effect on cell proliferation and
gene expression [100—104]. The counteraction of ARG1 and NOS depends on the isoform
expression, cell type and catalytic activity of the proteins. NOS exists in three isoforms:
NNOS (NOS1) is the neuronal isoform and strongly expressed in brain, iINOS (NOS2) is the
inducible isoform that is occasionally regulated on transcriptional levels mainly via NFkB
[105] and eNOS (NOS3) the endothelial NOS, which is essential for the maintenance of the
blood pressure and therefore critical for vascular health and disease [98,106,107]. The
arginine paradox describes the misbalance of the substrate affinity (Kn), the maximal
enzymatic velocity (Vm) of arginase and NOS and the extra- and intracellular L-arginine
concentration. NO synthases have a much lower K (higher affinity) for L-arginine than
arginase (2-20 uM vs. 2-20 mM respectively) [106,108] and should therefore not be able to
compete with each other. However, NO synthases possess a much lower enzymatic
capacity than arginase (1 pmol/min/mg vs. 1400 ymol/min/mg respectively) and could
therefore lose the advantage of better affinity [106,109]. In addition, the intracellular
concentration of L-arginine of around 100-800 pM is high enough to completely saturate
NOS but not arginase enzyme activity, still, extracellular changes of L-arginine
concentration are altering the NO production, suggesting the consumption of extracellular
L-arginine by arginase and/or NO synthases is needed for their activity [110,111]. As this
paradox, as well as the counteraction of ARG1 and NOS, are not completely understood
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yet, cell type and context specific investigations are highly needed to answer open
questions about their regulation and function.

Interestingly, erythrocytes contain both ARG1 and eNOS [112]. In animal studies,
postischemic recovery could be improved by arginase inhibition via NO production,
suggesting a competitive relationship in which ARG1 steals away L-arginine from eNOS
[113]. In vivo knock out models of endothelial cell eNOS and/or red blood cell eNOS could
independently show effects on blood pressure homeostasis, giving an insight into the
function of the high ARG1 levels in erythroid cells (Table 2) [114]. An intensively studied
field is the role of arginase and NOS in macrophages. The immune cells shift from the M1
“kill/fight” mode to M2 “healing/fixing” mode and change from NOS to arginase expression
respectively. In M1 state, NO production is needed for immune response and inflammation
reactions, whereas the M2 state is important for wound healing by collagen production from
proline and increased proliferation via polyamines as well as anti-inflammatory events [115].
NOS and arginase pathways crosstalk and negatively regulate each other for example via
the intermediate of NOS reaction NOHA (N(omega)-hydroxy-nor-l-arginine), a potent
inhibitor of arginase, or the S-nitrolysation and the resulting inhibition of ODC1 by NO
[116,117]. Arginase, on the other hand, can inhibit the nuclear localization of NFkB by
spermine and therefore inhibit specifically INOS and also its cationic amino acid (CAA)
transporter (CAT) CAT2B expression [118]. Another example of arginase/NOS regulation
and counteraction can be found in astrocytes, where iINOS and ARG1 expression are
directly regulated by each other. The elF2a (eukaryotic translation initiation factor 2 alpha)
kinase GCN2 (general control nonderepressible 2), can sense amino acid concentrations
and phosphorylate its substrate elF2a upon low L-arginine concentrations, which could be
lowered by high arginase activity. elF2a is needed for INOS mRNA translation and
drastically lowered upon ARG1 expression. On the other hand, ARG1 depletion led again
to high INOS expression [119]. This effect could also be observed in hepatic stellate cells
during activation in our study [84]. As astrocytes and hepatic stellate cells have several
things in common [120], the regulating system of ARG1 and iNOS could only be one of
them and might also be true for several other cell types that have not been investigated yet.

1.3 HEPATIC STELLATE CELLS

1.3.1 THE LIVER IN HEALTH AND DISEASE

The liver is a central organ for the body’s metabolism and detoxification. It is involved in
protein synthesis, balancing of hormonal levels, and storage of minerals and vitamins.
Anatomically, the liver can roughly be divided into the left and the right liver lobe. The latter
additionally contains the caudate and quadrate lobe. The portal vein enters the liver from
the bottom, bringing in nutrient loaded blood from the intestines, while the hepatic artery is
supplying the liver with fresh blood from the heart. Both blood vessels branch out within the
liver into sinusoids and combine again into the central or hepatic vein, leaving the liver
towards the heart. Associated with the liver is the gall bladder, which collects, stores, and
concentrates bile acid and releases it towards the small intestine.

Histologically, the liver is composed of around 500.000 smaller units, called the liver lobules.
A lobule has a hexagonal shape, containing a portal triad (hepatic artery, portal vein and
bile duct) at each corner. The blood from the hepatic artery and portal vein combines in the
sinusoid and exits the lobule through the central vein in the middle of the lobule [121]. The
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sinusoid is lined with sinusoidal endothelial cells (SECs), which represent around 10% of
the total liver cells [122]. The major cell type is represented by the hepatocytes with around
70%. Hepatocytes execute the main functions of the liver. They produce bile and directly
secrete it into the bile canaliculus, a capillary system that flows into the bile duct. Bile is
needed to metabolize lipids, but also to get out components like bilirubin and toxins like
drugs or alcohol, that have been metabolized by the hepatocytes into less harmful products
and can be excreted through the kidneys. Furthermore, hepatocytes produce a vast amount
of blood plasma proteins and store glycogen, the fat soluble vitamins B12 and D, and
minerals like iron and copper. Another vitamin that is stored predominantly in the liver is
vitamin A. Vitamin A is converted into retinol and is stored in hepatic stellate cells (HSCs),
also called fat-storing cells or Ito cells, which are located in the space of Disse between
hepatocytes and SECs. The function of these cells will be discussed in the next chapter in
detail. Kupffer cells display around 7% of the total liver cells and represent the last of the
four major cell types abundant in the liver. The function of these liver resident macrophages
is to safeguard the body from bacterial infiltration mainly coming from the intestine, and
clear the blood from endotoxins and phagocytose debris [123,124].

Liver Lobule ) Portal
Right lobe Heart Portal vein e

Hepatic vein

Left lobe
_ Hepatic artery
&Hi’ft'?_ia::;ty Sinusoid
Wel vein
Gall il Intestines :
bladder Bile to Centraéi}l: Ic?ucl

Interstines

Hepatocytes Bile canaliculus

m Bt Space of Disse
\O/"/

Endothelial cell

Kupffer cell
Sinusoid

Figure 7. Anatomy and microanatomy of the liver. The liver consists of four liver lobes which are
all built up out of liver lobules, the smaller functional units of the organ. Nutrients, metabolites, and
other substances from the intestines enter the liver from the portal vein and combine with oxygen
loaded blood from the hepatic artery within the liver lobule. Together with the bile duct, which collects
the bile from the hepatocytes and sends it towards the gall bladder, these three vessels form the
portal triad. The blood passes through the sinusoid, safeguarded by Kupffer cells, and leaves the
lobule by the central vein. The sinusoid is built from sinusoidal endothelial cells, followed by the
space of Disse, where hepatic stellate cells are located, and hepatocytes. The blood exits the liver
by the hepatic vein towards the heart.
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The liver has a great regeneration potential as after the exposure or consumption of toxins
(e.g., poisonous plants), the self-healing of the certain organ was evolutionarily
advantageous. It is striking that the liver is the only organ that can re-grow up to 2/3 of its
total mass within 1-2 weeks. This process is mainly covered by a fast proliferation of
hepatocytes and can be investigated after partial hepatectomy [125]. Upon chronic liver
damage, ongoing inflammation is leading to liver fibrosis and ultimately to cirrhosis.
Reasons for these states are often chronic hepatitis B and C infections or long-term alcohol
abuse [126,127]. Liver fibrosis is predominantly driven by activated HSCs that produce high
amounts of extracellular matrix proteins as well as pro-inflammatory and fibrogenic
cytokines [128].

1.3.2 CHARACTERISTICS OF QUIESCENT AND ACTIVATED HEPATIC STELLATE CELLS

Hepatic stellate cells make up about 5-8% of the total liver cells [122] and run under several
different names: perisinusoidal cells, Ito-cells, lipocytes, fat-storing cells or liver resident
mesenchymal stem cells. The cells were first described by Kupffer in 1876 [129] as star-
shaped cells and further characterized by Ito and Wake almost a century later. [130,131]
Today, much more research has been done to elucidate the function, characteristics, and
signaling pathways of HSCs in health and disease.
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FIGURE 8. Quiescence, activation and reversion of hepatic stellate cells. Quiescent HSCs
(qHSCs) activate upon liver damage and extracellular triggers that can be sent out by surrounding
cells like hepatocytes, SECs and immune cells. Activated HSCs (aHSCs) display a myofibroblast-
like phenotype and get reprogrammed in their protein expression profile, as well as their function.
Upon liver recovery, aHSCs can undergo apoptosis or get reverted into quiescent-like HSCs which
are called reversed HSCs (rHSCs). The phenotype resembles the qHSC, still, the gene expression
is not completely recovered which results in a much faster and stronger reactivation if liver damage
reoccurs. The quiescence marker GFAP can only be found in gHSCs, the activation marker a-SMA
is strongly expressed in aHSCs and decently expressed in rHSCs. COL1A1 (collagen type 1 alpha 1)
is only expressed in aHSCs and gets downregulated after reversion. Loss of lipid droplets can also
be an indicator for aHSCs in vitro and reappear in rHSCs.
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In a healthy liver, HSCs exist in a non-proliferating quiescent state (qHSCs) and activate
upon liver injury into contractile myofibroblast-like cells (aHSCs). The main functions of
quiescent HSCs comprise (i) storage of vitamin A, (ii) regulation of the sinusoidal blood flow,
(i) production and degradation of extracellular matrix (ECM) proteins and (iv) auto-, endo-
and paracrine communication to maintain tissue homeostasis [128]. qHSCs can easily be
recognized by their stellate cell shape and the high amount of lipid droplets in their cytosol.
These fat globules store around 80% of the body’s vitamin A as retinyl esters, which also
play a role in gene expression, proliferation, immune signaling, and tissue homeostasis
[132,133]. Furthermore, qHSCs express a specific set of proteins, including GFAP (glial
fibrillary acid protein), CD133 (prominin-1), nestin, the hepatocyte growth factor (HGF), and
ERAS which hint toward the developmental potential of HSCs [8,134—-136]. Indeed, HSCs
are mesenchymal stem cells and can differentiate for example into osteocytes, adipocytes
or chondrocytes and show similarities with the protein expression profile of bone marrow
MSCs [137,138]. qHSCs get activated via a vast number of extracellular stimuli including
hormones, cytokines, growth factors, chemokines, reactive oxygen species (ROS) and pro-
inflammatory and fibrogenic signals from surrounding cells like hepatocytes, endothelial
cells, platelets, and a big range of immune cells [139]. Furthermore, HSCs are activated by
changes in ECM composition, epithelial cell injury and intestinal dysbiosis [139]. The
characteristics of activated HSCs differ strongly from quiescent cells. Within the cell, many
signaling and metabolizing pathways are reprogrammed during trans-differentiation,
including autophagy regulation, retinol metabolism, ECM production and more. The
expression of a-smooth muscle actin (a-SMA) is one of the distinct activation markers of
HSCs [140]. Additionally, the phenotype of the cells changes during activation, as it can be
observed while in vitro cultivation of primary HSCs, which differentiate upon isolation and
cultivation on uncoated plastic dishes. The cell shape and size increase to a myofibroblast-
like appearance exhibiting a high density of stress fibers. During this process, the rodent
HSCs lose their lipid droplets, even though, this observation cannot completely be
confirmed by in vivo fibrosis models. A fibrotic liver, which is mainly driven by activated
HSCs, can recover and go back into a normal state if the disease is not fairly advanced
(cirrhosis). Most of the aHSCs undergo apoptosis, still, a smaller amount gets reverted into
a quiescent-like state and can be called reverted HSCs (rHSCs). Their genetic program
does not recover completely, resulting in a much faster and more intensive activation of
rHSCs after a recurrence of fibrotic initiators [141,142].

In order to understand the activation processes of HSCs, by pinpointing crucial signaling
pathways, HSC trans-differentiation could be medically treated before liver fibrosis is
strongly advanced. More research in this area will allow new and alternative therapeutic
possibilities in the future.
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2. AIMS AND OBJECTIVES

Especially the classical RAS proteins and their downstream effectors attract the attention
of the research community due to their role as gatekeepers in cell signaling, but also their
involvement in a great deal of cancer types and RASopathies, during the past decades.
Basic research is much needed to understand not only the preferred canonical but also the
more uncommon non-canonical RAS-signaling pathways. Non-canonical signaling
pathways might be cell type-specific, only occur under certain conditions, for example cell
differentiation, or might even be related to the emergence and progression of diseases.

Hepatic stellate cells (HSCs) are liver resident stem cells that switch from a quiescent to an
activated state during liver fibrosis. Here, they are the main drivers of extracellular matrix
production and contribute significantly to disease progression. Understanding the signaling
cascades central to maintaining the quiescent state of HSCs and the proteins important for
reprogramming cell signaling, will help expand our understanding of liver fibrosis and
develop new therapeutic approaches.

This thesis aimed to investigate RAS-connected signaling pathways in the maintenance of
hepatic stellate cell quiescence. This included: (i) analyzing the interaction of ERAS and its
novel binding partner ARG1 by biophysical, biochemical, and cell biological approaches, as
well as (ii) exploring the function of the ERAS-ARG1 axis for the quiescent state of HSCs.
Furthermore, this thesis focused on (iii) the basic understanding of RAS-SIN1 interaction
that was previously observed for ERAS and SIN1 in quiescent HSCs. In addition, part of
this work was (vi) to extend the picture of accessory proteins, the modulators of the RAS-
signaling pathway, and to move these proteins from the side line to the center of attention
regarding new therapeutic approaches and, (v) investigate the binding site of the accessory
protein IQGAP in a complex with CDC42 in detail.

Taken together, this thesis should improve the understanding of the RAS signaling network
by focusing on less prominent members of the RAS family and providing insights into
modulators, non-canonical interactors, specific binding modes, and new feedback
mechanisms.
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Accessory proteins of the RAS-MAPK pathway:
moving from the side line to the front line

Silke Pudewell!, Christoph Wittich!, Neda S. Kazemein Jasemi!, Farhad Bazgir1 &
Mohammad R. Ahmadian® 1

Health and disease are directly related to the RTK-RAS-MAPK signalling cascade. After more
than three decades of intensive research, understanding its spatictemporal features is
afflicted with major conceptual shortcomings. Here we consider how the compilation of a
vast array of accessory proteins may resolve some parts of the puzzles in this field, as they
safeguard the strength, efficiency and specificity of signal transduction. Targeting such
modulators, rather than the constituent components of the RTK-RAS-MAPK signalling
cascade may attenuate rather than inhibit disease-relevant signalling pathways.

integrate diverse external signals, and ultimately generate the appropriate cellular

response. Signals are processed by evolutionarily conserved signalling cassettes that
comprise specific constituent components acting as receptors, mediators, effectors and regulatory
proteins. Activated receptor tyrosine kinases (RTKs), for instance, link the RAS activator SOSI to
RAS paralogs, e.g, the proto-oncogene KRAS4B, which in turn regulate various signalling
pathways, including the mitogen-activated protein kinase (MAPK) pathwayl. This pathway
contains a three-tiered kinase cascade comprising the serine/threonine kinases ARAF/BRAF/
CRAF, the dual specificity kinase MEKI/2 and the serine/threonine kinases ERK1/212, The
RTK-RAS-MAPK axis is a highly conserved, intracellular signalling pathway that has an essential
role throughout mammalian development, from embryogenesis to tissue-specific cellular
homoeostasis in the adult®. Dysregulation of components or regulators of this cascade is
frequently associated with tumour growth and a distinct subset of developmental disorders called
the RAS-MAPK syndromes or RASopathies?~0. This signalling cascade has rapidly taken centre
stage in cancer and RASopathy therapies (see below).

However, the strength, efficiency, specificity and accuracy of signal transduction are controlled
by mechanisms that increase the connectivity of the signalling molecules and thus increase their
local concentration and reduce their dimensionality. This state can be achieved by liquid-liquid
phase separation (LLPS), a mechanism in which two separate liquid phases with different protein
compositions emerge from one mixed solution?. A large number of proteins, hereafter, collec-
tively designated as the “accessory proteing’, fulfil the requirements to drive LLPS and have been
reported to act as adaptor, anchoring, docking or scaffold proteins. Accessory proteins link
constituent components of individual signal transduction pathways by forming physical com-
plexes. What the functions of the accessory proteins are, why are they crucial for signal trans-
duction, and whether they represent better therapeutic targets for different human diseases are
questions that will be addressed in this article in the context of the RTK-RAS-MAPK signalling
pathway.

N ature has evolved sophisticated, cell type-specific mechanisms to sense, amplify and

Structural and functional variety of accessory proteins. Rapidly emerging reports on signalling
networks support the idea that various signalling molecules operate together in functional
protein complexes. For example, activated protein nanoclusters in specialised membrane
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microdomains selectively connect with and subsequently activate
cytosolic signalling components or complexes®. RAS nanoclus-
ters form and locally increase the concentration of RAS paralogs
in membrane microdomains!®.

Membrane-resident signalling proteins, such as transmembrane
(TM) and membrane-associated proteins, are predominantly
trafficked to the plasma membrane via the secretory pathways!l.
But how are the cytosolic proteins trafficked to their cognate
membrane nanoclusters? Mounting evidence has emerged recently
that a large number of membraneless compartments (also called
non-membrane-bound organelles or biomacromolecular conden-
sates) are assembled via LLPS!Z. The formation of cytoselic
signalling condensates is based on two processes. First multivalent
molecules undergo phase separation, whereas in a second step
other proteins are able to diffuse into the phase without
considerably contributing to the stability of the phase. This process
can increase local concentrations of molecules by several folds. One
example is the enrichment of kinases in membrane-associated
liquid droplets around T-cell receptors while phosphatases are
excluded!?.

An essential group of proteins that are themselves not
constituent components of signal transduction but allow assembly
and spatiotemporal organisation of a signalling cascade are
accessory proteins. These proteins have the features to interact
with and assemble other biomolecules, ranging from lipids, over
proteins to nucleic acids. They mostly lack enzymatic activity but
are equipped with different types of protein-protein interaction
domains, motifs and intrinsically disordered regions (IDRs). Thus,
accessory proteins dictate the local formation of macromolecular
protein complexes through modular multivalent interactions, and
thereby organise and facilitate signal transduction.

Accessory proteins bind and connect at least two constituent
components to orchestrate their spatiotemporal localisation and
enhance their assembly by reducing the dimensionality of
interactions and/or increasing local concentrations of interacting
proteins!4-16, They can be categorised in four distinct groups
based on their structure and mode of action: (1) scaffold proteins
are cytosolic multidomain proteins that bind two or more distinet
components to organise them in a functional unit and modulate
their function. (2) Adaptor proteins link two partners usually via
SH2 and/or SH3 domains and may also regulate their specific
downstream signalling pathways. (3) Anchoring proteins bind to
the membrane and other proteins, which are usually protein
kinases, and therefore, bring them to their site of action. (4)
Docking proteins assemble signalling complexes by binding to
effectors and RTKs or G-proteins at the membrane.

Accessory proteins of the RTK-RAS-MAPK pathway. New
discoveries and concepts regarding the receptor-driven RAS-
MAPK signal transduction have emerged during the last three
decades: novel pathway components, structure elucidation, bio-
physical principles, biomimetic strategies and clinical drug can-
didates. By focusing particularly on the signalling process itself,
the emphasis of this article is on the implementation of the
accessory proteins, which bind molecular components and
orchestrate their assembly and eventually activity in a context-
dependent manner. We believe that the spatial arrangements of
such biophysical features over time determine specificity, effi-
ciency, fidelity of signal transduction and safeguard against any
deleterious effects.

A multitude of accessory proteins, which largely vary in size
and domain architecture (Fig. 1), are involved in orchestrating
RTK-RAS-MAPK signal transduction. The high variability of
scaffold proteins is—due to their high interaction specificity—
comprehensible. Certain domains or repeats frequently exist in

individual proteins, for example, LDs (repeated leucine-rich
sequence) in Paxillin, WDs (WD-repeat) in MORGI, RRMs
(RNA recognition motif) in nucleolin and LIMs in FHL1/2,
Furthermore, IDRs are found in several proteins, which may fold
upon interaction with their binding partner. IDRs are also
involved in oligomerization for example in galectin-3!7. Anchor-
ing proteins contain membrane-binding domains, such as the PH
domain in CNKI and GAB1/2, and TM segment, e.g, in LAT,
NTAL and SEF1. PAQRI10/11 contain 7 TM segments and anchor
RAS to the Golgi apparatus via their N-terminal cytoplasmic
taill®. The PHB domain of FLOT1 has been reported to be a
membrane association domain as it is post-translationally
modified by palmitoylation!®. This leads to FLOT1 association
with lipid rafts of phagosomes and the plasma membrane.
Docking proteins frequently possess both PH domains, which
increase their residence time at the membrane, and PTB domains,
which enable them to interact specifically with activated RTKs.
Adaptor proteins are specialised in linking activated RTKs via
SH2 domains with their downstream signalling molecules, in
most cases, via SH3 domains.

Linking TM receptors to RAS. GRB2 links activated RTKs or
anchoring proteins, such as LAT, with SOS1/2 to activate RAS
paralogs (Fig. 2a)¥. The adaptor protein function of GRB2 is
accomplished by a central SH2 domain that binds to the tyrosine-
phosphorylated RTK and two flanking SH3 domains, which bind
to the C-terminal proline-rich domain of $OS1 and translocate it
to the plasma membrane?l-22, Activated SOSI, in turn, stimulates,
as a RASGFF, the GDP/GTP exchange of RAS paralogs and
thereby activates amongst others the MAPK cascade®.

Furthermore, direct GRB2 association with activated RTKs
leads to the recruitment of GAB1 and CBL. GABI provides a
docking platform for several signalling molecules, e.g, SHPZ,
PLCy and PI3K, thereby cross-linking different signalling
pathways?® CBL was originally described to act as an adaptor
protein as it contains several domains and motifs for
protein-protein interactions (Fig. 1). Later, it was identified as a
RING-dependent E3-ubiquitin-protein-ligase that transfers the
ubiquitin to RTKs for endocytic internalisation, and recycling or
degradation®”. It also regulates signalling processes of the non-
RTKs SYK, ZAP70 and SRC26. CBL constitutively interacts with
GRB2, mediating hematapoietic cell proliferation??, and T-cell
and B-cell receptor and cytokine receptor signalling via interac-
tion with CRKL SH2 domain?®. As CBL and SOSI bind to the
same region of GRB2, the overexpression of CBL inhibits
complex formation between SOS81 and GRB2 underlining the
fine-tuning mechanism of accessory proteins by binding other
pathway modulators??.

Engagement of GRB2 is versatile and leads to different
outcomes depending on the cellular context. GRB2 can bind
indirectly to RTKs wia Interaction with the tyrosine-
phosphorylated adaptor proteins SHC and FRS2. SHC links
activated TRKA receptors to GRB2 in PCI2nnr5 cells?-22.30,
which can recruit SOS to the PM and control the extent of RAS
activation??. Upon activation of the B-cell antigen receptor (BCR)
in B-lymphocytes, the tyrosine kinase SYK phosphorylates SHC
which leads to translocation of GRB2-S0S1 and activation of
membrane-associated RAS signalling®!. The SHC-GRB2 com-
plex, downstream of cytokine receptors, also activates the PI3K
pathway to control cell survival and/or proliferation®”. A similar
mechanism of GRB2-SOS-RAS activation is operated via FRS2,
which acts downstream of TRKA in neurons?!, and FGFR in
embryonic stem cells®334, FRS2 has multiple tyrosine phosphot-
ylation sites to activate, in response to a wide range of agonists,
PI3K and RAS-MAPK pathways in various cell types via binding
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to GRB2 and SHP2, respectively>®3°. The binding of the
ubiquitous protein tyrosine phosphatase SHP2 to GRB2, induces
recruitment by the FRS2-SHP2 complex, which controls retinal
precursor preliferation and lens development®,

Modulating the RAS cycle. The RAS cycle between an inactive,
GDP-bound state and an active, GTP-bound state is strictly
controlled by multidomain regulatory prateins?l-#. Unlike the
well-understood cellular process of RAS activation by RASGEFs,
such as SOSI little is known about the recruitment and activation
of RASGAPs. The first evidence has emerged that the RASGAPs
neurofibromin and pl20 are recruited to the plasma membrane
and RAS«GTIP by two distinct scaffold proteins, SPREDI and
merlin (Fig. 2b). The EVH domain of SPREDI, a member of the
sprouty family, binds the GAP domain of neurofibromin without
interfering with its GAP function*#. SPRED1 appears to
directly contact BRAF and thus to interfere with KRAS
signalling®”. Merlin, 2 member of the ERM family, directly binds
to, on the one hand, p120 and RAS (probably KRAS4B), a
mechanism that potentiates RAS inactivation in Schwann cells,
and on the other hand, CRAF and blocks its interaction with
RAS*4% p120 modulates many regulators and signalling

proteins via its N-terminal protein interaction domains, appar-
ently independent of its GAP function®?->1,

RAS-RAF connection. Lipidation and clustering of the RAS para-
logs are critical steps for a tight control of signal transduction through
the MAPK pathway. This process connects two distinet macro-
molecular clusters, plasma membrane-associated RAS-containing
dusters” and cytosolic RAF/MEK/ERK-containing clusters®>.

The scaffold proteins galectin 1 and 3 are carbohydrate-binding
proteins that are involved in many physiological functions. While
galectin 1 homodimer binds to HRAS-RAF complex and
stabilises HRAS«GTP at the plasma membrane!%~?, galec-
tin 3 selectively binds and clusters KRAS4B.GTP (Fig. 2c)*%
The nucleolar phosphoproteins nucleophosmin and nucleolin
shuttle between nucleus and PM and are different types of RAS
scaffold proteins, which have been reported to stabilise KRAS4B
levels in a nucleotide-independent manner at the plasma
membrane. Nucleophosmin also increases the KRAS4BGTP
clusters and enhances MAPK signal transduction®.

Another type of clustering is performed by the scaffold protein
SHOC?2 (also known as SURS), which connects activated RAS
with the RAF kinases (Fig. 2d). SHOC2 is an integral element of a
heterotrimeric holoenzyme complex with PP1 and MRAS, which
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dephosphorylates and releases RAF from its inhibited state™®7,
and subsequently activates the MAPK pathway®®. The scaffold
protein Frbin interferes with this process™. It binds and
sequesters SHOC2 from its RAS/RAF complex, and inhibits
ERK activation®. Erbin is a large scaffold protein (Fig. 1). As
such, it links different pathways by binding, besides SHOC2, also
various other accessory proteins, incduding GRB261, CBILS2,
Merlin®? and KSR1%64,

RAF/MEK/ERK cascade. RAF kinase translocation to the plasma
membrane and activation by direct interaction with RASGTP is
well described6°-67, Activated BRAF/CRAF heterodimer phos-
phorylates MEKI1/2, which in turn phosphorylates ERK1/2 at the
TEY motif in the activation loop®®6°. Activated ERK1/2 are
ultimately recruited to their substrates in various subcellular
compartments’®7!. The assembly of macromolecular complexes
of the MAPK components and their connection with RAS
nanoclusters at the membrane, which constitutes the RAS-ERK
axis, is arranged by homo- and heterodimerization of the mem-
bers of this pathway®®. To achieve signal diversity, specificity and
fine-tuning, the spatiotemporal flux through the pathway is
organised by various distinct accessory proteins, which bind
either ERK, MEK/ERK, or RAF/MEK/ERK!-70-72,

PEAL5 modulates ERK activity towards its cytosolic substrates,
including RSK2. It enhances ERK-dependent phosphorylation of
RSK2 by binding both of them independently (Fig. 2e)73. PEAL5
phosphorylation by PKC, AKT, or CaMKII inhibits this process.
In addition, PEAL5 steers subcellular localisation of ERK by
facilitating its nucleocytoplasmic export™.

The MEK/ERK accessory proteins are illustrated in Fig. 2f.
GIT1 binds MEK1 and ERKI in response to integrin, RTK and
GPCR activation. Its activity is directly regulated by different
downstream effectors, such as PIX/PAK complex?®. MP1 binds
and translocates MEK1 and ERKI to late endosomes by
associating with pl4 and pl87677. The anchoring protein SEF
binds activated MEK on the Golgi apparatus, and subsequently
binds ERK, leading to activation of ERK and finally its cytosolic
substrates such as RSK278. The latter phosphorylates SEF and
induces its translocation to the plasma membrane, where it
directly inhibits FGFRs, and enhances EGFR signalling instead”®.
RKIP acts as a competitive inhibitor of MEK phosphorylation. It
binds ERK and mutually exclusively RAF or MEK, and thus,
dissociates active RAF/MEK complexes®V. The phosphorylation
of RKIP by PKC results in the release of RAF1 and enables the
activation of the MAPK pathway®!.

The scaffolding of RAF/MEK/ERK is dependent on several
factors, including the tissue specificity, cellular localisation of the
signalling complexes and the type of upstream signals (Fig. 2g).
KSR1 is one of the best-studied scaffolds that binds to all three
members of the RAF/MEK/ERK cascade”?. KSR1 translocates,
upon RTK-RAS activation, in a complex with MEK to CAV 1-rich
microdomains in the plasma membrane to bind activated RAF
and modulate MEK and ERK activation. Feedback phosphoryla-
tion of KSRI and BRAF by ERK promotes their dissociation and
results in the release of KSR1/MEK from the plasma membrane®?,
In this way, MEK is sequestered from upstream signals and
cannot itself regulate ERK activation.

The multidomain protein IQGAP1 scaffolds and activates the
RAF/MEK/ERK kinases by directly associating with the EGF

4 COMMUNICATIONS BIOLOGY [ (2021)4:696 | https://dol.org/10.1038/542003-021-02149-3 [ www.nature.com/commsbio

21



COMMUNICATIONS BIOLOGY | https.//doi.org/10.1038/542003-021-02145-3

PERSPECTIVE

receptor®#, With over 100 binding partners, the localisation and
effect of IQGAPI interacton reach from actin cytoskeleton
reorganisation in the context of neuwrite outgrowth, migration or
vascular barrier integrity to insulin secretion via exocytosis or cell
proliferation and differentiation via ERK signalling. The extensive
interactions of IQGAPI vary according to cell types and environ-
mental conditions®>. In contrast, MORGI, FHLI, paxillin and pB-
arrestin act EGF-independent (Fig. 2g). MORGI exists in a complex
with MP1 and facilitates ERK1/2 activation in response to LPA and
PMA, and GPCR activation®¢. The focal adhesion protein paxillin
modulates the activation of the RAF/MEK/ERK complex through the
binding of other proteins, controlling the remodelling of the actin
cytoskeleton®. FHLI scaffolds RAF/MEK/ERK on the N2B domain
of the giant protein titin at the sarcomere of the mammalian muscle
cells®®. B-arrestin stimulates ERK signalling in response to activation
of GPCR or other receptors on the plasma membrane but also on
endosomes. FLOT1/2 are membrane raft-associated proteins that
form heterodimers. They are not only involved in the EGF receptor
dustering and activation, but also directly bind CRAF, MEK and
ERK enhancing their activity upon stimulation®?. CNKI1 physically
interacts with RAF facilitating its activation by assisting RAF
membrane localisation and oligomerization upon RAS activation®?,
whereas being able to interact with RAS as well via the N-terminal
regions’L,

Accessory proteins as in human disease. Even if dysregulated
constituent components of the RTK-RAS-MAPK pathway are
among the most intensively studied target structures for disease
treatment, new emphasis should be laid on accessory proteins
(Fig. 3). Their loss-of-function or gain-of-function mutations are
mostly and frequently associated with the initiation and pro-
gression of human diseases and disorders. The hyperactivation
of the RTK-RAS-MAPK pathway is a known cause of many
diseases, like cancer and developmental disorders, including
RASopathies.

Cancer. The upregulation of activating proteins or the down-
regulation of inhibiting proteins leads to gain-of-function of the
RTK-RAS-MAPK pathway in almost all types of cancer (Fig. 3a).
The expression of accessory proteins is tightly controlled and
often dysregulated in tumours. Paxillin is a scaffold protein,
which is involved in focal adhesion. A gain-of-function mutation
in Paxillin has been found in 9% of all non-small cell lung cancers
(NSCLC) (1)2. Furthermore, genomic amplification of Paxillin in
lung cancer promotes tumour growth, invasion and migration®?.
SPREDI/2, negative modulators of RAS signalling, are down-
regulated in 84% of patients with hepatocellular carcinoma (2)7%,
The scaffold protein IQGAPL promotes tumour formation,
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diseases as cancer and RASopathies (a) The genomic amplification of Paxillin is found in many NSCLC patients and activates the focal adhesion complex
downstream of integrins (1). Loss-of-function mutations of SPRED1 activate the RAS-MAPK pathway and lead to Legius syndrome (germline) and
hepatocellular carcinoma (somatic) (2). IQGAPT mutations are often associated with tumour formation and metastasis (3), whereas KSR is a central player
in KRAS-driven cancers, inducing proliferation and survival (4). Mild gain-of-function mutations of SHOC2 lead to Noonan-like syndrome with loose
anagen hair or Mazzanti syndrome, other somatic mutations can lead te hypertrophic cardiomyopathy or tumourigenesis (5). The signalling of BCR-ABL-
positive cells in chronic myeloid leukaemia is also dependent on GAB2 activation, cross-linking AKT and RAS pathway (6). The adaptor protein SHP2 is not
only part of hyperactive RAS signalling in cancer cells, but is of major importance in the inactivation of T cells, inhibiting the TCR signal in response te
ligand binding to PD-1(b). FHL1is involved in the development of cardiac hypertrophy, which is caused by a gain-of-function mutation, leading to increased
ERK signalling ().
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transformation, invasion and metastasis in various cancer types
(3)%°. A study of a KSR/~ mouse model proves the resistance
against RAS-dependent tumour formation®, highlighting the
pro-oncogenic function of KSR in RAS-driven cancers (4).
SHOC2 mediates tumourigenesis and metastasis in different
cancer types via tethering RAS and CRAF proteins in close
proximity and thus promoting RAS-mediated CRAF
activation®”?®. Knockout models of SHOC2 in KRAS mutated
lung adenocarcinoma in mice have revealed a significant redue-
tion of tumour growth, as well as a prolonged survival, accent-
uating the scaffold protein as a potential therapeutic target (5)°%.
GAB2 has been implicated as a central modulator for oncogenic
BCR-ABL signalling!"®. GAB2-deficient mice have exhibited
resistance against cancer cell transformation of myeloid pro-
genitors in the presence of BCR-ABL, which is found in 90% of
patients with chronic myeloid leukemia (6)!0%101, SHP2 is not
only associated with a large number of cancers but plays a central
role in PD-L1/PD-1 singling that inhibits the TCR-activated
pathways, including RAS-MAPK, in T cells (Fig. 3b (7))!°2 This
leads to an inactivation of the T cells, guarding the tumour cells
against the immune system. Thus, SHP2 inhibitors have a dual
role as a possible therapeutic target by reducing RAS signalling
and inducing the body’s immune response.

RASopathies. RASopathies or RAS-MAPK syndromes are
defined as a group of developmental disorders that are caused by
mild gain-of-function germline mutations in genes related to not
only the constituent members of the RTK-RAS-MAPK
pathway'®? but also various accessory proteins, including CBIL,
SHP2, SPRED1 and SHOC?2 (Fig. 3a)!0,

Germline CBL mutations exhibit a wide phenotypic variability
related to Noonan syndrome, which is characterised by a
relatively high frequency of neurological features, predisposition
to juvenile myelomonocytic leukaemia and low prevalence of
cardiac defects, reduced growth and cryptorchidism!%%. The
mutations are mainly located in the central region of CBL, which
is known to abolish the ubiquitination of RTKs by impairing
CBLs E3 ligase activity!®® Legius syndrome-associated
mutations in SPREDI, mostly result in loss-of-function of the
scaffold protein, and gain-of-function of the RAS-MAPK
pathway10%196, In contrast, mutations in genes encoding SHP2
and SHOC2 lead to a gain-of-function and contribute to MAPK
signalling upregulation that causes diverse developmental
phenotypes®®3»107 A recurrent activating mutation at the very
N-terminus of SHOC2 (Ser-2 to Gly) leads to N-myristoylation
of SHOC2, confers continuous membrane association and
consequently causes Mazzanti syndrome, a RASopathy char-
acterised by features resembling Noonan syndromel0?108,
Another RASopathy-causing SHOCZ mutation (GIn-269 to His
and His-270 to Tyr) has been recently identified to be associated
with prenatal-onset hypertrophic cardiomyopathy!®”. This
mutation changes the relative orientation of the two leucine-
rich repeat domains of SHOC2 and enhances its binding to
MRAS and PPPICB, two other RASopathy genes!®®, and thus,
increased signalling through the MAPK cascade!?”.

Other diseases. Moyamoya angiopathy is characterised by pro-
gressive stenosis of the terminal portion of the internal carotid
arteries and the development of a network of abnormal collateral
vessels, This is a rare condition that can be caused by de novo
CBL mutations even in the absence of obvious signs of
RASopathy!10. Evidence linking CNKI1 dysfunction to autosomal
recessive intellectual disability in patients emphasises the
importance of this anchoring protein in the orchestration of the
RTK-RAS-MAPK signalling in brain development and

cognition!!!. The scaffold proteins FHL1/2 link RAS-MAPK
signalling to the sarcomere and is a critical component of the
hypertrophy signalling in cardiac cells (Fig. 3¢)®. FHL1/2
mutations are associated with cardiac diseases!'2, FLOTI has
been implicated in the development of Alzheimer and type 2
diabetes and could be a promising proteomic biomarker!!*11%,

Accessory proteins as therapeutic targets. Direct targeting of
constituent members of the RTK-RAS-MAPK axis in the context
of disease treatment, such as cancer, is a big challenge. Therapies
for KRAS mutated cancers remain a major clinical need, despite
allele-specific inhibitors that trap and inactivate mutant KRAS
(G12C)115116 . Three decades of tesearch led to significant
advances in tumour treatment!!?. However, the side-effects can
still be severe and more-specific treatments could ease patient
suffering. Unfortunately, many of the expectations for RAS
pathway-targeted drugs have not been fulfilled. High toxicity and
resistance acquisition have hampered many of the drugs devel-
oped to datell”118 An alternative therapeutic strategy to treat
KRAS mutant cancers aims at protein degradation via proteolysis
targeting chimeras (PROTACs)!!®. The ablation of CRAF in
advanced tumours driven by KRAS oncogene leads to significant
tumour regression with no detectable appearance of resistance
mechanisms and limited toxicities!?V. In this context, a recent
study has reported first progress to develop degrader molecules
that target KRAS oncogene in NSCLC!21,

Emerging evidence suggests that constituent signalling proteins
assemble into macromolecular complexes and co-operate in
clusters at specific sites of the cell. Therefore, it is important to
note that the stoichiometric imbalance of each subunit of a
complex—either by gene overexpression on the one side, and
depletion, knockout or targeted protein degradation on the
other—perturbs the equilibrium, and interferes at some level with
the function of the protein or its complex!??. With accessory
proteins being of immense relevance for the whole signalling
machinery and operating particularly from the side line, we
propose that functional interference with a defined site of
accessory proteins may attenuate rather than inhibit the signalling
of hyperactivated RTK-RAS-MAPK axis.

The knockout or knockdown of accessory proteins in cell-
based or animal models could already show the importance of
these modulators in cancer signalling. The scaffold protein
SHOC2 has an important role in embryogenesis, therefore, loss-
of-SHOC2 is embryonically lethal. In contrast, the systemic
knockout in adult mice as well as in human cell lines is quite well
tolerated and leads to growth inhibition of RAS-mutated NSCLC
cell lines®. Furthermore, the depletion of SHOCZ leads to a
sensitisation towards MEK inhibitor treatment, by interfering
with the feedback-loop of MEK inhibition via BRAF/CRAF
dimerisation, which is SHOC2 dependent”. Therefore, dual
targeting of SHOC2 and MEK appears as a promising treatment
strategy in RAS-mutated cancers. Another approach deals with
the scaffold protein GIT1. The knockdown of GIT1 in human
osteosarcoma cells has shown in vivo and in vitro reduced
tumour cell growth, invasion and angiogenesis, which could make
GIT1 a potential target in gene therapy!'23.

There is a number of approaches to target specific functions of
accessory proteins (Table 1). The CNK1 inhibitor PHT-7.3 binds
to its PH domain and prevents the colocalisation with prenylated
KRAS4B on the plasma membrane!?*. PHT-7.3 successfully
inhibits the growth of tumour cells induced by mutated but not
wild type KRAS4B. The interference of GRB2 mRNA by
liposome-incorporated nuclease-resistant antisense oligodeoxy-
nucleotides in BCR-ABL fusion protein-positive cancer cells,
leads to reduced tumour growth in Xenograft models!?>. Tt

6 COMMUNICATIONS BIOLOGY [ (2021)4:696 | https://dol.org/10.1038/542003-021-02149-3 [ www.nature.com/commsbio

23



COMMUNICATIONS BIOLOGY | https.//doi.org/10.1038/542003-021-02145-3

PERSPECTIVE

Table 1 Accessory proteins as attractive therapeutic targets.

GRB2 BCR-ABL-positive Anti-miDNA L-GRB2 Xenograft
leukaemia model

1QGAPT Cancers with KRAS  WW competitive Mouse model
mutations peptide

KSR Cancers with KRAS ~ APS-2-79 Cell-based
mutations model

SHP2 Cancers SHPOS9 Xenograft

model

Accessory Disease Drug State of art  Comment Ref.

protein

CNK1 Cancers with KRAS PHT-7.3 Cell-based PHT-7 .3 binds selectively to CNK1 PH domain, interferes its 124
mutations model colocalisation with KRAS4AB on the plasma membrane and

diminishes RAF/MEK/ERK signalling

L-GRBZ selectively targets GRB2 mRNA and inhibits its translation 125
WW competitive peptide antagonist of IQGAPT interferes with its 120
scaffolding ERK interaction; it is applied in combination with the

BRAF inhibitor vemurafenib (PLX-4032) against KRAS4B oncogene

APS-2-79 binds and stabilises KSR in its inactive state, interferes 128129
with KSR/RAF heterodimerization and inhibit oncogenic KRAS4B
signalling

130-133

SHPOS9 binds SHP2 as an allosteric inhibitor, stabilises its
autoinhibited state and inhibit encogenic Ras signalling

interferes with the RAS/MAPK pathway and the cross-talk
towards AKT pathway via GAB2. A WW-peptide of IQGAPL
binds ERK and competes with endogenous IQGAPI, which leads
to attenuation of ERK activation!2%. This treatment together with
the BRAF inhibitor vemurafenib (PLX-4032), was very successtul
in tumour mouse models!26. It has later been shown that not the
WW-domain but the 1Q domain is necessary to bind ERK1Z7,
The effects on the tumour growth suppression may stem from the
interference with another yet unknown binding partner of
IQGAPL as an integral element of its complex scaffolding
function. Another interesting example of accessory proteins as a
therapeutic target is the small molecule APS-2-79, which binds
KSR in its inactive state and interferes with RAT binding and thus
blocks MEK phosphorylation!?®, The cell-based experiments with
APS-2-79 have shown not only reduced ERK activation and
growth inhibition in combination with the MEK inhibitor
trametinib, but also antagonising its resistance mechanism?!2®.
Besides active site inhibitors, an allosteric inhibitor of SHP2
SHP099 stabilises the autoinhibited state and interferes with the
enzymatic activity as well as its adaptor protein function to bind,
for example, the GRB2-50S complex!?0, A combination of
SHP099 with a MEK inhibitor has been shown to interfere with
the feedback mechanism via SHP2 and to block the resistance
initiation observed in KRAS4B-driven cancer therapy'30-132, In
addition, SHP2 inhibition by SHP099 has been shown to have a
positive effect on anti-tumour immunity in colon cancer
xenograft models, especially in a co-treatment with an anti-PD-
1 antibody! %2,

Given that the majority of accessory proteins are now emerging
as attractive therapeutic targets, still a very small number of
accessory inhibitors have been discovered yet.

Concluding remarks and outlook

Accessory proteins tightly control signal transduction by fine-
tuning spatiotemporal organisation of signalling components and
maintaining specificity and function of the pathway on a cell type
and even subcellular level. They operate from the side line, from
which they specifically leverage their multivalent domains on the
formation of macromolecular clusters, as highlighted in this arti-
cle. Even though interest in accessory proteins has grown in the
past few years, the possibilities to practically visualise them, track
their pathway and experimentally and selectively affect their
functions in human cells are keys to address questions about their
cell type specificities, subcellular distribution and physical inter-
actions in a context-dependent manner. To investigate the impact
of an accessory protein in the context of RAS-MAPK signalling,

we suggest the following approach: (i) It is necessary to first
determine a cell line that expresses the gene related to the acces-
sory protein of interest using quantitative real-time PCR. (ii) It is
crucial to investigate the accessory protein at the endogenous
levels. The overexpression studies cause in spite of their experi-
mental advantages various difficulties!?2. A prominent example is
KSR overexpression that has been erroneously identified as a
suppressor of RAS signalling, (iii) The major challenges faced and
likely to be faced in near future are the difficult task of the direct
use of antibodies post-purchase without careful validation!34 Tt is
of major importance to validate the antibody specificity by
immunoblotting purified protein or protein fragments, and cell
lysates overexpressing gene or gene fragments encoding the
accessory protein. (iv) Cell fractionation and confocal imaging
under-stimulated and non-stimulated conditions will prove if the
proteins pre-assemble in complexes with their binding partners
(as predicted for KSR-MEK) and where they are located within the
cell; as we expect the accessory proteins to orchestrate the RTK-
RAS-MAPK signalling in specific subcellular compartments (e.g,
plasma membrane, early endosomes, lysosomes, Golgi or ER). (v)
Gene knockout cell lines, generated by CRISPR/Cas9 technology,
will allow measuring the impact of the accessory proteins as
positive or negative modulators of the RAS-MAPK pathway, by
determining the p-ERK/ERK ratio. Moreover, this approach will
give an idea about possible feedback or compensation mechanisms
of accessory proteins among each other. Thus, exploring these
concepts in greater detail will provide the framework for future
research that will fill existing gaps in our knowledge and expand
our understanding of more effective therapies.

Received: 12 February 2021; Accepted: 23 April 2021;
Published online: 08 June 2021

References

1. McKay, M. M. & Morrison, D. K. Integrating signals from RTKs to ERK/
MAPK. Oncogene 26, 3113-3121 (2007).

2. Lavoie, H. & Therrien, M. Regulation of RAF protein kinases in ERK
signalling. Nat. Rev. Mol. Cell Biol. 16, 281-298 (2015).

3. Nakhaei-Rad, S. et al. Structural fingerprints, interactions, and signaling
networks of RAS family proteins beyond RAS isoforms. Crit. Rev. Biochem.
Mol. Biol. 53, 130-156 {2018).

4. Tartaglia, M. & Gelb, B. D. Disorders of dysregulated signal traffic through the
RAS-MAPK pathway: phenotypic spectrum and molecular mechanisms. Ann.
N. Y. Acad. Sci 1214, 99-121 {2010).

5. Dhillon, A. 8., Hagan, S, Rath, O. & Kolch, W. MAP kinase signalling
pathways in cancer. Oncogene 26, 3279-3290 {2007).

COMMUNICATIONS BICLOGY [ {2021)4:696 | https://dolorg/10.1038,/542003-021-02149-3 | www.nature.com/commsbic 7

24



PERSPECTIVE

COMMUNICATIONS BIOLOGY | https://doiorg/10.1038/542003-021-02146-3

20.

21

22.

23,

24.

25.

26.

27.

28.

29.

30.

31.

32

33,

34,

35.

Castel, P., Rauven, K. A. & McCormick, F. The duality of human oncoproteins:
drivers of cancer and congenital disorders. Nat. Rev. Cancer 20, 383-397
{2020).

Lyon, A. S, Peeples, W. B. & Rosen, M. K. A framework for understanding the
functions of biomeolecular condensates across scales. Nat. Rev. Mol. Cell Biol.
18, 285-298 (2020).

Kholodenko, B. N., Hancock, J. F. & Kolch, W. Signalling ballet in space and
time. Nat. Rev. Mol Cell Biol 11, 414-426 {2010).

Zhou, Y., Prakash, P., Gorfe, A. A. & Hancodk, J. P. Ras and the plasma
membrane: a complicated relationship. Cold Spring Harb. Perspect. Med. 8,
2031831 {2018).

BlaZevits, O. et al. Galectin-1 dimers can scaffold Raf-effectors to increase H-
ras nanoclustering. Sci. Rep. 6, 24165 {2016).

Omerovic, J. & Prior, I. A. Compartmentalized signalling: ras proteins and
signalling nanoclusters. FEBS J. 276, 1817-1825 {2009).

Banani, §. F., Lee, H. O, Hyman, A. A. & Rosen, M. K. Biomolecular
condensates: organizers of cellular biochemistry. Nat. Rev. Mol. Cell Biol. 18,
285-298 (2017).

Su, X. et al. Phase separation of signaling melecules promotes T cell receptor
signal transduction. Science 352, 595-599 (2016).

Hunter, T. Signaling - 2000 and beyond. Cef 100, 113-127 (2000) .

. Tian, T. et al. Plasma membrane nanoswitches generate high-fidelity Ras

signal transduction. Nat. Ceil Biol. 9, 905-914 {2007).

Ivakhno, §. & Armstrong, J. D. Non-linear dimensionality reduction of
signaling networks. BMC Syst. Biol. 1, 1-17 {2007).

Lin, Y. H. et al. The intrinsically disordered N-terminal domain of galectin-3
dynamically mediates multisite self-association of the protein through fuzzy
interactions. J. Biol. Chem. 292, 17845-17856 {2017).

Jin, T. et al. PAQR10 and PAQRI1 mediate Ras signaling in the Golgi
apparatus. Celf Res. 22, 661-676 (2012).

Morrow, L C. et al. Flotillin-1/reggie-2 traffics to surface raft domains via a
novel Golgi-independent pathway. Identification of a novel membrane
targeting domain and a role for palmitoylation. [ Biol. Chem. 277,
4883448841 (2002).

Huang, W. Y. C. et al. A molecular assembly phase transition and kinetic
proofreading modulate Ras activation by SO8. Science 363, 1098-1103 {2019) .
MacDonald, J. L 8., Gryz, E. A, Kubu, C. I, Verdi, ). M. & Meakin, 5. O.
Direct binding of the signaling adapter protein Grb2 to the activation loop
tyrosines on the nerve growth factor receptor tyrosine kinase, TrkA. J. Biol.
Chem, 275, 18225-18233 {2000).

Biernat, W. Epidermal growth factor receptor in glioblastoma. Folia
Neuropathol. 43, 123-132 {2005).

Ravichandran, K. §.,, Lorenz, U., Shoelson, 8. E. & Burakoff, 8. J. Interaction of
She with Grb2 regulates association of Grb2 with mSOS. Mol Cell. Biol. 15,
593-600 (1995).

‘Wohrle, B. U, Daly, R. ]. & Brummer, T. Function, regulation and
pathological roles of the Gab/DOS docking proteins. Cell Commun. Signal. 7,
22 (2009).

Joazeiro, C. A. P. et al. The tyrosine kinase negative regulator c-Cbl as a
RING-type, E2- dependent ubiquitin-protein ligase. Science 286, 309-312
{1999).

Sanjay, A., Home, W. C. & Baron, R. The Cbl family: ubiquitin ligases
regulating signaling by tyrosine kinases. Sci. Signal. 2001, pe40—pe40 (2001).
Brizzi, M. E. et al. Discrete protein interactions with the Grb2/c-Cbl complex
in SCF- and TPO-mediated myeloid cell proliferation. Oncogene 13,
2067-2076 {1996).

Elly, C. et al. Tyrosine phosphorylation and complex formation of Cbl-b upon
T cell receptor stimulation. Oncogene 18, 1147-1156 {1999).

‘Wong, A, Lamothe, B, Lee, A, Schlessinger, ]. & Lax, 1. FRS2a attenuates
PGP receptor signaling by Grb2-mediated recruitment of the ubiquitin ligase
Cbl. Proc. Nat! Acad. Sci. USA 99, 6684-6689 (2002).

Stephens, R. M. et al. Trk receptors use redundant signal transduction
pathways involving SHC and PLC-gamma 1 to mediate NGF responses |
TSpace Repository. Neuron 3, 691-705 {1994).

Harmer, 5. L. & DeFranco, A. L. $he contains two Grb2 binding sites needed
for efficient formation of complexes with SOS in B lymphocytes. Mol. Cell.
Biol. 17, 4087—4095 {1997).

Gu, H. et al. New role for Shc in activation of the phosphatidylinositol 3-
kinase/ Akt pathway. Mol Cell. Biol 20, 7109-7120 {2000).

Kouhara, H. et al. A lipid-anchored Grb2-binding protein that links RPGP-
receptor activation to the Ras/MAPXK signaling pathway. Cel! 89, 693-702
{1997).

Murchashi, M. et al. An BGP4-PRS20-Cdx2 axis in trophoblast stem cells
induces Bmp4 to regulate proper growth of early mouse embryos. Stem Cells
28, 113-121 {2010).

Zhang, S. Q. et al. Shp2 regulates Src family kinase activity and Ras/Erk
activation by centrolling Csk recruitment. Mol. Cell 13, 341-355 (2004).

36.

37.

38.

39.

40.

41.

42,

43,

45.

46.

47.

48.

49,

50.

51.

52

53.

55.

56.

57.

58.

59.

6l.

62.

Hadari, Y. R, Kouhara, H., Lax, I. & Schlessinger, J. Binding of Shp2 tyrosine
phosphatase to FRS2 is essential for fibroblast growth factor-induced PC12
cell differentiation. Mol. Cell. Biol. 18, 3966-3973 {1998).

Dance, M., Montagner, A., Salles, J. P., Yart, A. & Raynal, P. The molecular
functions of Shp2 in the Ras/mitogen-activated protein kinase (ERK1/2)
pathway. Cell. Signal. 20, 453459 {2008).

Tajan, M., de Rocca Serra, A., Valet, P., Edouard, T. & Yart, A. SHP2 sails
from physiology to pathology. Eur. j. Med. Genet. 58, 509-525 {2015).
Chen, P. Y. & Priesel, R. PGPR1 forms an PRS2-dependent complex with
mTOR to regulate smooth muscle marker gene expression. Biochem. Biophys.
Res. Commun. 382, 424-429 (2009).

Gotoh, N. et al. Tyrosine phosphorylation sites on PRS2a responsible for Shp2
recruitment are critical for induction of lens and retina. Proc. Na#! Acad. Sdi.
UUSA 101, 1714417149 {2004).

Quilliam, L. A, Rebhun, J. E. & Castro, A. F. A growing family of guanine
nucleotide exchange factors is responsible for activation of ras-family
GTPases. Prog. Nucleic Acid Res. Mol. Biol. 71, 391444 {2002).

Scheffzek, K. & Shivalingaiah, G. Ras-specific gtpase-activating proteins—
structures, mechanisms, and interactions. Cold Spring Harb. Perspect. Med. 9,
2031500 (2019).

Simanshu, D. K., Nissley, D. V. & McCormick, F. RAS proteins and their
regulators in human disease. Cef! 170, 17-33 (2017).

Haghighi, F. et al. bFGE-mediated pluripotency maintenance in human
induced pluripotent stem cells is associated with NRAS-MAPK signaling. Cell
Commun. Signal. 16, 96 {2018).

Stowe, I. B. et al. A shared molecular mechanism underlies the human
rasopathies Legius syndrome and Neurofibromatosis-1. Geres Dev. 26,
1421-1426 (2012).

Dunzendorfer-Matt, T., Mercado, E. L., Maly, K., McCormick, F. & Scheffzek,
K. The neurofibromin recruitment factor Spredl binds to the GAP related
domain without affecting Ras inactivation. Proc. Nat! Acad. Sci. USA 113,
7497-7502 (2016).

Siljamiki, E. & Abankwa, D. SPREDI interferes with K-ras but Not H-ras
membrane anchorage and signaling. Mol Cell. Biol. 36, 2612-2625 (2016).
Cui, Y. et al. The NF2 tumor suppressor merlin interacts with Ras and
RasGAP, which may modulate Ras signaling. Oncogene 38, 6370-6381 {2019).
Cui, Y. et al. Merlin cooperates with neurofibromin and Spredl to suppress
the Ras-Erk pathway. Hum. Mol. Genet. 29, 3793-3806 {2020).
Pamonsinlapatham, P. et al. P120-Ras GTPase activating protein {RasGAP): a
multi-interacting protein in downstream signaling. Biochimie 91, 320-328
(2009).

Jaiswal, M. et al. Punctional cross-talk between ras and rho pathways: a ras-
specific gtpase-activating protein {pl20RasGAP) competitively inhibits the
rhogap activity of deleted in liver cancer (DLC) tumeor suppressor by masking
the catalytic arginine finger. J. Biol Chem. 289, 6839-6849 {2014).

An, S. et al. Raf-interactome in tuning the complexity and diversity of Raf
function. FEBS J. 282, 32-53 (2015).

Belanis, L., Plowman, S. ], Rotblat, B., Hancock, J. . & Kloog, Y. Galectin-1 is
a novel structural component and a major regulator of H-Ras nanodusters.
Mol. Biol Cell 19, 1404-1414 (2008).

Shalom-Peuerstein, R. et al. K-Ras nanoclustering is subverted by
overexpression of the scaffold protein galectin-3. Cancer Res. 68, 6608-6616
(2008).

Inder, K. L. et al. Nucleophosmin and nucleolin regulate K-ras plasma
membrane interactions and MAPK signal transduction. [ Biok. Chem. 284,
2341028419 {2009).

Young, L. C. et al. SHOC2-MRAS-PP1 complex positively regulates RAF
activity and contributes to Noonan syndrome pathogenesis. Proc. Nat! Acad.
Sci. USA 115, E10576-E10585 {2018).

Rodriguez-Viciana, P, Oses-Prieto, ), Burlingame, A., Pried, M. &
McCormick, F. A phosphatase holoenzyme comprised of Shoc2/Sur8 and the
catalytic subunit of PP1 functions as an M-Ras effector to modulate Raf
activity. Mol. Cell 22, 217-230 (2006) .

del Rio, L. B. et al. SHOC2 complex-driven RAF dimerization selectively
contributes to ERK pathway dynamics. Proc. Nat! Acad. Sci. USA 116,
13330-13339 (2019).

Jang, H., Stevens, P., Gao, T. & Galperin, E. The leucine-rich repeat signaling
scaffolds Shoc2 and Erbin: cellular mechanism and role in disease. FEBS .
288, 721-739 {2020).

. Dai, P, Xiong, W. C. & Mei, L. Erbin inhibits RAP activation by disrupting the

Sur-8-Ras-Raf complex. J. Biol. Chem. 281, 927-933 {2006).

Zheng, Z. et al. miR-183-5p inhibits occurrence and progression of acute
myeloid leukemia via targeting erbin. Mol Ther. 27, 542-558 {2019).
Yao, §. et al. Erbin interacts with c-Cbl and promotes tumourigenesis
and tumour growth in colorectal cancer by preventing c-Cbl-mediated
ubiquitination and down-regulation of EGRR. [ Pathol. 236, 65-77
(2015).

COMMUNICATIONS BIOLOGY [ (2021)4:696 | https://dol.org/10.1038/542003-021-02149-3 [ www.nature.com/commsbio

25



COMMUNICATIONS BIOLOGY | https.//doi.org/10.1038/542003-021-02145-3

PERSPECTIVE

63. Wilkes, M. C. et al. Erbin and the NE2 tumor suppressor merlin cooperatively 95. White, C. D, Brown, M. D. & Sacks, D. B. IQGAPs in cancer: a family of
regulate cell-type-specific activation of PAK2 by TGF-p. Dev. Cell 16, 433-444 scaffold proteins underlying tumorigenesis. FEBS Lett. 583, 1817-1824 (2009).
{2009). 96. Nguyen, A. et al. Kinase suppressor of Ras {(KSR) is a scaffold which facilitates

64. Stevens, P. D. et al. Erbin suppresses KSR1-mediated RaS/RAF signaling and mitogen-activated protein kinase activation in vivo. Mol. Ceil. Biol. 22,
tumorigenesis in colorectal cancer. Cancer Res. 78, 48394852 (2018). 3035-3045 {2002).

65. Matallanas, D. et al. Raf family kinases: old dogs have learned new tricks. 97. Kaduwal, 8. et al. Sur8/Shoc2 promotes cell motility and metastasis through
Genes Cancer 2, 232-60 {2011). activation of Ras-PI3K signaling. Oncoterget 6, 33091-33105 {2015).

66. Rezaei Adariani, S. et al. Structural snapshots of RAF kinase interactions. 98. Lee, Y. M. et al. Sur8 mediates tumorigenesis and metastasis in colorectal
Biochem. Soc. Trans. 46, 1393-1406 {2018). cancer. Exp. Mol. Med. 48, €249 {2016).

67. Terrell, E. M. & Morrison, D. K. Ras-mediated activation of the Raf family 99. Jones, G. G. et al. SHOC2 phosphatase-dependent RAF dimerization mediates
kinases. Cold Spring Harb. Perspect. Med. 9, a033746 (2019). resistance to MEK inhibition in RAS-mutant cancers. Nat. Commun. 10, 2532

68. Santos, E. & Crespo, P. The RAS-ERK pathway: a route for couples. Sci. Signal. {2019).

11, eaav0917 (2018). 100. Gu, S. et al. Distinct GAB2 signaling pathways are essential for myeloid and

69. Roskoski, R. ERK1/2 MAP kinases: structure, function, and regulation. lymphoid transformation and leukemogenesis by BCR-ABL1. Blood 127,
Pharmacol, Res. 66, 105-143 {2012). 18031813 (2016).

70. Wortzel, I. & Seger, R. The ERK cascade: distinct functions within various 101. Shtivelman, E., Lifshitz, B., Gale, R. P. & Canaani, E. Pused transcript of abl
subcellular organelles. Genes Cancer 2, 195-209 {2011). and ber genes in chronic myelogenous leukaemia. Nature 315, 550-554

71. Kolch, W. Meaningful relationships: The regulation of the Ras/Raf/MEK/ERK {1985).
pathway by protein interactions. Biochem. J. 351, 289-305 {2000). 102. Patsoukis, N. et al. Selective effects of PD-1 on Akt and ras pathways regulate

72. Kolch, W. Coordinating ERK/MAPK signalling through scaffolds and molecular components of the cell cycle and inhibit T cell proliferation. Sei.
inhibitors. Nat. Rev. Mol. Cell Biol. 6, 827-837 (2005). Signal. 5, ra46 (2012).

73. Vaidyanathan, H. et al. ERK MAP kinase is targeted to RSK2 by the 103. Tajan, M., Paccoud, R, Branka, S., Edouvard, T. & Yart, A. The RASopathy
phosphoprotein PEA-15. Proc. Nat! Acad. Sci. USA 104, 19837-19842 {2007). family: consequences of germline activation of the RAS/MAPK pathway.

74. Pormstecher, E. et al. PEA-15 mediates cytoplasmic sequestration of ERK Endocr. Rev. 39, 676-700 {2018).

MAP kinase. Dev. Cell 1, 239-250 {2001). 104. Martinelli, §. et al. Molecular diversity and associated phenotypic spectrum of

75. Zhang, N.et al. GIT1 is a novel MEK1-ERK1/2 scaffold that localizes to focal germline CBL mutations. Hum. Mutat. 36, 787-796 (2015).
adhesions. Cel! Biol. Int. 34, 41-47 {2009). 105. Brems, H. & Legius, E. Legius syndrome, an update. molecular pathology of

76. Teis, D, Wunderlich, W. & Huber, L. A. Localization of the MP1-MAPK mutations in SPRED1. Keio j. Med. 62, 107-112 {2013).
scaffold complex to endosomes is mediated by p14 and required for signal 106. Yan, W. et al. Structural Insights into the SPRED1-Neurofibromin-KRAS
transduction. Dev. Cell 3, 803-814 (2002). Complex and Disruption of SPRED1-Neurofibromin Interaction by

77. Nada, 8. et al. The novel lipid raft adaptor p18 controls endosome dynamics Oncogenic EGER. Celf Rep. 32, 107909 {2020).
by anchoring the MEK-ERK pathway to late endosomes. EMBO J. 28,477-489  107. Motta, M. et al. Clinical and functional characterization of a novel
{2009). RASopathy-causing SHOC2 mutation associated with prenatal-onset

78. Kovalenko, D, Yang, X, Nadeau, R. )., Harkins, L. K. & Priesel, R. Sef inhibits hypertrophic cardiomyopathy. Hum. Mutat. 40, 23767 (2019).
fibroblast growth factor signaling by inhibiting BGFR1 tyrosine 108. Cordeddu, V. et al. Mutation of SHOC2 promotes aberrant protein N-
phosphorylation and subsequent ERK activation. . Biol. Chem. 278, myristoylation and causes Noonan-like syndrome with loose anagen hair. Nat.
14087-14091 {2003). Genet. 41, 1022-1026 {2009).

79. Ren, Y. et al. Tyrosine 330 in hSef is critical for the localization and the 109. Motta, M. et al. Activating MRAS mutations cause Noonan syndrome
inhibitory effect on FGF signaling. Biochem. Biophys. Res. Commun. 354, associated with hypertrophic cardiomyopathy. Hum. Mol. Genet. 29,
741-746 (2007). 1772-1783 (2019).

80. Yeung, K et al. Suppression of Raf-1 kinase activity and MAP kinase 110. Guey, S. et al. De novo mutations in CBL causing early-onset paediatric
signalling by RKIP. Nature 401, 173-177 {1999). moyamoya angiopathy. f. Med. Genet. 54, 550-557 {2017).

81. Keller, E. T., Pu, Z. & Brennan, M. The role of Raf kinase inhibitor protein 111. Kazeminasab, 8. et al. CNKSR1 gene defect can cause syndromic autosomal
{RKIP) in health and disease. Biochem. Pharmacol. 68, 1049-1053 {2004). recessive intellectual disability. Am. J. Med. Genet. Part B Neuropsychiatr.

82. McKay, M. M, Ritt, D. A. & Morrison, D. K. Signaling dynamics of the Genet. 177, 691-699 (2018).

KSR1 scaffold complex. Proc. Nat! Acad. Sci USA 106, 11022-11027 {2009).  112. Liang, Y., Bradford, W. H., Zhang, J. & Sheikh, F. Four and a half LIM

83. McNulty, D. E,, Li, Z,, White, C. D, Sacks, D. B. & Annan, R 5. MAPK domain protein signaling and cardiomyopathy. Biophys. Rev. 10, 1073-1085
scaffold IQGAPI binds the EGF receptor and modulates its activation. J. Biol. {2018).

Chem, 286, 15010-15021 {2011). 113. Angelopoulou, E,, Paudel, Y. N, Shaikh, M. F. & Piperi, C. Flotillin: a

84. Bafidbn-Rodriguez, 1. et al. EGFR controls IQGAP basolateral membrane promising biomarker for alzheimer’s disease. J. Pers. Med. 10, 20 (2020).
localization and mitotic spindle orientation during epithelial morphogenesis. 114. Galazis, N., Afxentiou, T., Xenophontos, M., Diamanti-Kandarakis, £. &
EMBO . 33, 129-145 {(2014). Atiomo, W. Proteomic biomarkers of type 2 diabetes mellitus risk in women

85. Hedman, A. C, Smith, J. M. & Sacks, D. B. The biology of IQGAP proteins: with polycystic ovary syndrome. Eur. J. Endocrinol. 168, R33-R43 (2013).
beyond the cytoskeleton. EMBO Rep. 16, 427-446 (2015). 115. Moore, A. R, Rosenberg, 8. C., McCormick, . & Malek, S. RAS-targeted

86. Vomastek, T. et al. Modular construction of a signaling scaffold: MORG1 therapies: is the undruggable drugged? Nat. Rev. Drug Discov. 19, 533-552
interacts with components of the ERK cascade and links ERK signaling to {2020).
specific agonists. Proc. Natl Acad. Sci. USA 101, 6981-6986 {2004). 116. Ostrem, ). M., Peters, U., Sos, M. L., Wells, ]. A. & Shokat, K. M. K-Ras(G12C)

87. Turner, C. E. Paxillin and focal adhesion signalling. Nat. Cel! Biol. 2, inhibitors allosterically control GTP affinity and effector interactions. Nature
E231-E236 (2000). 503, 548-551 (2013).

88. Sheikh, P et al. An PHLI-containing complex within the cardiomyocyte 117. Matallanas, D. & Crespo, P. New druggable targets in the Ras pathway? Curr.
sarcomere mediates hypertrophic biomechanical stress responses in mice. f. Opin. Mol Ther. 12, 674-683 {2010).

Clin. Invest. 118, 3870-3880 (2008). 118. Vasan, N., Baselga, J. & Hyman, D. M. A view on drug resistance in cancer.

89. Amaddii, M. et al. Flotillin-1/Reggie-2 protein plays dual role in activation of Nature 575, 299-309 {2019).
receptor-tyrosine kinase/mitogen-activated protein kinase signaling. J. Biol. 119. Khan, 5. et al. PROteclysis TArgeting Chimeras {(PROTACs) as emerging
Chem. 287, 7265-7278 (2012). anticancer therapeutics. Oncogene 39, 4909-4924 {2020).

90. Therrien, M., Wong, A. M. & Rubin, G. M. CNK, a RAP-binding multidomain 120. Sanclemente, M. et al. c-RAF ablation induces regression of advanced Kras/
protein required for RAS signaling. Cell 95, 343-353 {1998). Trp53 mutant lung adenccarcinomas by a mechanism independent of MAPK

91. Therrien, M., Wong, A. M., Kwan, E. & Rubin, G. M. Punctional analysis of signaling. Cancer Cell 33, 217-228.e4 (2018).

CNK in RAS signaling. Proc. Natl Acad. Sci. USA 96, 13259-13263 (1999). 121. Zeng, M. et al. Exploring targeted degradation strategy for oncogenic

92. Mackinnon, A. C. et al. Paxillin expression and amplification in early lung KRASG12C. Cell Chem. Biol. 27, 19-31.e6 {2020).
lesions of high-risk patients, lung adenocarcinoma and metastatic disease. J. 122. Prelich, G. Gene overexpression: uses, mechanisms, and interpretation.
Clin. Pathol. 64, 16-24 {2011). Genetics 190, 841-854 {2012).

93. Jagadeeswaran, R. et al. Paxillin is a target for somatic mutations in lung 123. Zhang, Z., Hu, P, Xiong, J. & Wang, §. Inhibiting GIT1 reduces the growth,
cancer: implications for cell growth and invasion. Cancer Res 68, 132-142 invasion and angiogenesis of osteosarcoma. Cancer Manag Res. 10,

{2008). 6445-6455 (2018).

94. Yoshida, T. et al. Spreds, inhibitors of the Ras/ERK signal transduction, are 124. Indarte, M. et al. An inhibitor of the pleckstrin homeology domain of
dysregulated in human hepatocellular carcinoma and linked to the malignant CNKI1 selectively blocks the growth of mutant KRAS cells and tumors. Cancer
phenotype of tumors. Oncogene 25, 6056-6066 {2006). Res. 79, 3100-3111 {2019).

COMMUNICATIONS BICLOGY [ {2021)4:696 | https://dolorg/10.1038,/542003-021-02149-3 | www.nature.com/commsbic 9

26



PERSPECTIVE

COMMUNICATIONS BIOLOGY | https://doiorg/10.1038/542003-021-02146-3

125. Tari, A. M. et al. Liposome-incorporated Grb2 antisense oligodeoxynucleotide
increases the survival of mice bearing ber-abl-positive leukemia xenografts.
Int. J. Oncol. 31, 1243-1250 {2007).
126. Jameson, K. L. et al. IQGAP1 scaffold-kinase interaction blockade
selectively targets RAS-MAP kinase-driven tumors. Nat. Med. 19, 626-630
(2013).
. Bardwell, A. ], Lagunes, L., Zebarjedi, R. & Bardwell, L. TheWWdomain of
the scaffolding protein IQGAP! is neither necessary nor sufficient for binding
to the MAPKs ERK1 and ERK2. [. Biol. Chem. 292, 8750-8761 {2017).
128. Dhawan, N. 8, Scopton, A. P. & Dar, A. C. Small molecule stabilization of the
KSR inactive state antagonizes oncogenic Ras signalling. Nature 537, 112-116
(2016).
. Neilsen, B. K, Frodyma, D. E., Lewis, R. E. & Fisher, K. W. KSR as a
therapeutic target for Ras-dependent cancers. Expert Opin. Ther. Targets 21,
499509 (2017).
. Xie, J. et al. Allosteric inhibitors of SHP2 with therapeutic potential for cancer
treatment. j. Med. Chem. 60, 10205-10219 {2017).
. Mainardi, S. et al. SHP2 is required for growth of KRAS-mutant non-small-
cell lung cancer in vivo letter. Nat. Med. 24, 961-967 (2018).
132. Ruess, D. A. et al. Mutant KRAS-driven cancers depend on PTPN11/SHP2
phosphatase. Nat. Med. 24, 954-960 (2018).

133. Zhao, M. et al. SHP2 inhibition triggers anti-tumor immunity and synergizes
with PD-1 blockade. Acta Pharm. Sin. B 9, 304-315 {2019).

134. Acharya, P., Quinlan, A. & Neumeister, V. The ABCs of finding a good
antibody: how to find a good antibody, validate it, and publish meaningful
data. FI000Res. 6, 851 (2017).

12

~1

12

=

13

=]

13

=

Acknowledgements

‘We are grateful to our colleagues Ehsan Amin, [on C. Cirstea, Oliver Krumbach, Niloufar
Mosaddeghzadeh, Sacideh Nakhaei-Rad and K. Nouri, for stimulating discussion. This
study was supported by the Research Committee of the Medical Faculty of the Heinrich
Heine University Diisseldorf (grant number: 2020-70/9772617), the German Research
Foundation {Deutsche Forschungsgemeinschaft or DFG; grant number: AH 92/8-1), the
German Research Foundation (Deutsche Forschungsgemeinschaft or DFG) through the
International Research Training Group ‘Intra- and interorgan communication of the
cardiovascular system' {grant number: [RTG 1902-pé), the Earopean Network on
Noonan Syndrorme and Related Disorders (NSEuroNet; grant number: 61GM1621B); the

German Federal Ministry of Education and Research (BMBF)—German Network of
RASopathy Research {GeNeRARe; gant numbers: (1GM1302C).

Author contributions

SP., NSK]J, EB. and CW. systematically searched and read the literature using the
PubMed database; C.W. generated Fig. 1, and S.P. generated Figures 2 and 3. All authors,
including M.R.A. designed, wrote and approved the final version of the manuscript.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information The online version contains supplementary material
available at https://doiorg/10.1038/542003-021-02145-3.

Correspondence and requests for materials should be addressed to M.R.A.

Reprints and permission information is available at http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit o the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article's Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this license, visit http://creativecommons.orgf
licenses/by/4.0/.

@ The Author{s) 2021

10 COMMUNICATIONS BIOLOGY [ (2021)4:696 | https://dol.org/10.1038/542003-021-02149-3 [ www.nature.com/commsbio

27



4. SPOTLIGHT ON ACCESSORY PROTEINS: RTK-RAS-MAPK
MODULATORS AS NEW THERAPEUTIC TARGETS

Commentary
Silke Pudewell and Mohammad Reza Ahmadian

doi: 10.3390/biom11060895

ISttt
é&&ﬁ&%&ﬁ&éeﬁngﬁﬁﬁékﬁ

it
ceccaassccee

Journal: Biomolecules, Volume 11, Article number: 895 (2021)
Published: 16 June 2021
Impact factor: 6.064

Own contribution: 90%

Concept and preparation of the manuscript, figure illustration,
reference management, discussion and conclusions

28



biomolecules

by

Commentary

Spotlight on Accessory Proteins: RTK-RAS-MAPK Modulators
as New Therapeutic Targets

Silke Pudewell and Mohammad Reza Ahmadian *

check for

updates
Citation: Pudewell, S.; Ahmadian,
M.R. Spotlight on Accessory Proteins:
RTK-RAS-MAPK Modulators as New
Therapeutic Targets. Biomolecules
2021, 11, 895. https:/ /doi.org/
10.3390 /biom11060895

Academic Editor: Daniel Abankwa

Received: 10 May 2021
Accepted: 15 June 2021
Published: 16 June 2021

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /

40/

Institute of Biochemistry and Molecular Biology I, Medical Faculty, Heinrich-Heine University,
40225 Diisseldotf, Germany; sipud101@uni-duesseldorf.de
# Correspondence: reza.ahmadian@hhu.de

Abstract: The RTK-RAS-MAPK axis is one of the most extensively studied signaling cascades and is
related to the development of both cancers and RASopathies. In the last 30 years, many ideas and
approaches have emerged for directly targeting constituent members of this cascade, predominantly
in the context of cancer treatment. These approaches are still insufficient due to undesirable drug
toxicity, resistance, and low efficacy. Significant advances have been made in understanding the
spatiotemporal features of the constituent members of the RTK-RAS-MAPK axis, which are linked
and modulated by many accessory proteins. Given that the majority of such modulators are now
emerging as attractive therapeutic targets, a very small number of accessory inhibitors have yet to
be discovered.

Keywords: adaptor proteins; anchoring proteins; docking proteins; KRAS; scaffold proteins; RAF
kinase; RTK; MEK; ERK

External signals are sensed, integrated, and amplified by conserved signaling cassettes.
The activation of the RTK-RAS-MAPK signaling cascade is regulated by several different
extracellular signals and intracellular proteins. Growth factors activate receptor tyrosine
kinases (RTKs) at the plasma membrane, which in turn activate RAS via the GDP/GTP
exchange reaction. These reactions are catalyzed by guanosine exchange factors (GEFs),
such as SO51 (son of sevenless 1). GTP-bound RAS initiates RAF dimerization and in-
duces the phosphorylation cascade towards MEK and ERK [1]. Aberrant regulation or
hyperactivation of the pathway leads to cancer and a group of developmental discrders
with a mild gain-of-function of the RAS-MAPK pathway, which are collectively called
RASopathies [2,3].

Targeting the constituent components of the RTK-RAS-MAPK signaling cascade often
leads to high toxicity and activation of backup mechanisms, lowering the treatment effi-
cacy and increasing the burden of the therapy. In this context, we have to consider that
RASopathies are caused by germline mutations, therefore, most patients are children.

Here, we highlight a group of proteins named “accessory proteins”, which are emerg-
ing as new potential therapeutic targets for the treatment of RAS-MAPK-related diseases.
These proteins orchestrate the assembly and spatiotemporal localization of the constituent
members of the cascade, without being part of the signaling pathway themselves [4]. Acces-
sory proteins can be categorized into four distinct subgroups (see Figure 1): (1) anchoring
proteins that bind to the membrane and other effectors (mostly kinases); (2) docking pro-
teins that bind to receptors (e.g., RTKs and GPCRs) and more than one effector; (3) adaptor
proteins that simply link two signaling components (e.g., receptor and GEF); and (4) scaf-
fold proteins that bind two or more partners and provide a signaling platform.

Biomolecules 2021, 11, 895. https: / /doi.org/10.3390 /biom 11060895
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Figure 1. Accessory proteins can be divided into at least four subgroups: anchoring, docking, adaptor, and scaffold
proteins. All groups include several different binders of the RTK-RAS-MAPK signaling pathway, such as RAE, MEK, and/or
ERK, and often share common domains. Anchoring proteins include membrane-associated domains, such as pleckstrin
homology (PH) and transmembrane (M) domains or a posttranslational modification, (e.g., myristoylation in FLOT2) to
determine a special subcellular localization and increase the dwell time of the proteins at the membrane. Docking proteins
connect receptors with downstream effectors and feature receptor binding domains, such as PTBs (phosphotyresine binding
domains). FRS2, for example, interacts with the FGFR (fibroblast growth factor receptor) and links activated RTKs (receptor
tyrosine kinases) with adaptor proteins such as GRB2 and SHC, and with other effectors, such as SOS1. Adaptor proteins
can simply connect two proteins and often exhibit SH (SRC homology) 2 and SH3 demains. GRB2 is a well-known adaptor
protein of RTKs and SOS1 but can also, as mentioned before, bind to other accessory proteins and RTKs and fine-tune the
signaling machinery and the cross-talk of different pathways. Scaffold proteins can simultaneously bind several signaling
components. They can contribute to clustering events by oligomerization via special domains or intrinsically disordered
regions (such as galectin 1 and 3), recruit proteins to the site of action (such as SPRIID1), or determine RAS signaling at a
specific subcellular localization (such as MP1, which binds MEK1 and ERK1 on late endosomes). Scaffold proteins are also
able to bind other accessory proteins and allow tight control of the RAS-MAPK pathway.

As modulators of the RTK-RAS-MAPK axis, accessory proteins are multidomain
proteins that bind several interaction partners and connect them as a functional unit.
Accordingly, they contribute to liquid-liquid phase separation (LLPS) events, which are
crucial for a directed assembly of the respective signaling machinery [5,6]. Furthermore,
they can fine-tune the crosstalk between signaling pathways, increase the dwell time of
proteins on the membrane, induce nanoclustering, sequester effectors, and shield them from
activation, or determine the cell type specificity and subcellular localization of signaling
cassettes [7]. These modulating abilities turn accessory proteins into incredibly flexible
and important proteins within a very specific context. In fact, it is easy to understand why
the dysregulation of accessory proteins not only leads to cancer development and cancer
progression in RAS-mutant tumors but also contributes to RASopathies.

The last 30 years of research have led to significant discoveries and improvements in
cancer treatment, but new therapeutic approaches are still needed, especially for cancers
with KRAS mutations. Several accessory proteins have been suggested to be promising
targets in RAS-mutant cancer treatment, but a very limited number of inhibitors have yet
to be discovered. The major advantage of targeting modulators rather than main plavers is
that the hyperactive signaling mechanism is attenuated and reduced to a physiological level,
but not abolished, through robust inhibition. For example, the knockout of KSR in mice
does not abolish ERK phosphorylation completely, furthermore, it is quite well tolerated
while mouse development and is resistant against RAS-driven tumor formation [8]. This
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can lead to less toxicity, particularly regarding side effects (including feedback mechanisms)
and decrease the burden of the treatment [9]. An example of the advantage of targeting
modulators is the case of the scaffold protein SHOCZ2; depletion of this protein leads to a
better response with MEK inhibitor treatment by interfering with the feedback mechanism
towards RAF [10]. SHOC2 binds PP1 and MRAS in a holoenzyme complex, which enables
RAF dimerization by dephosphorylation and the release of RAF from its autoinhibited
state. The knockout of SHOC? in mice is embryonic lethal but quite well tolerated in adult
animals and human cell lines, and the knockout of SHOC2 leads to growth inhibition
of RAS-mutant cell lines [10]. In addition to cancer involvement of SHOC2, mutations
of this protein were also detected in Mazzanti syndrome (a RASopathy) and in prenatal-
onset hypertrophic cardiomyopathy [11,12]. The mutations cause continuous membrane
localization or enhanced binding of MRAS and PPP1CB, respectively, and highlight the
fine-tuned signaling modulation of the scaffold protein. Another example is the anchoring
protein CNK1. It localizes at the membrane via a pleckstrin homology (PH) domain and
binds RAF and RAS with different C- and N-terminal domains, facilitating RAF activation
and MAPK signaling [13]. The PH-domain inhibitor PHT-7.3 effectively prevents the
colocalization of CNK1 with membrane-localized RAS and inhibits cell growth of KRAS-
mutant cancer cell lines but not KRAS wild-type cell lines [14].

These two examples highlight the importance of a tightly controlled spatiotemporal
organization of signaling components through accessory proteins and are just small insights
into the large group of these modulators [4]. More research can pave the way for new
therapeutic strategies involving single and cotreatment approaches that directly target the
specific scaffold, adaptor, docking, or anchoring function of accessory proteins.
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Abstract: Embryonic stem cell-expressed Ras (ERas) is an atypical constitutively active member
of the Ras family and controls distinct signaling pathways, which are critical, for instance, for the
maintenance of quiescent hepatic stellate cells (HSCs). Unlike classical Ras paralogs, ERas has a
unique N-terminal extension (Nex) with as yet unknown function. In this study, we employed
affinity pull-down and quantitative liquid chromatography-tandem mass spectrometry (LC-MS/MS)
analyses and identified 76 novel binding proteins for human and rat ERas Nex peptides, localized in
different subcellular compartments and involved in various cellular processes, One of the identified
Nex-binding proteins is the nonmitochondrial, cytosolic arginase 1 (ARG1), a key enzyme of the urea
cycle and involved in the de novo synthesis of polyamines, such as spermidine and spermine. Here,
we show, for the first time, a high-affinity interaction between ERas Nex and purified ARG1 as well as
their subcellular colocalization. The inhibition of ARG activity strikingly accelerates the activation
of HSCs ex vivo, suggesting a central role of ARG1 activity in the maintenance of HSC quiescence.

Keywords: arginase 1; ARG1; embryonic stem cell-expressed Ras; ERas; hepatic stellate cells; quiescence;
iNOS5; L-arginine; L-ornithine; polyamines; spermidine; spermine; urea cycle

1. Introduction

Embryonic stem cell expressed Ras (ERas) is a unique member of the Ras superfamily
that was first identified in undifferentiated mouse embryonic stem cells (ESCs). ERas
expression has also been reported in gastric cancer, breast cancer, and neuroblastoma cell
lines [1-6] and has been proposed to be critical for growth and tumor-like properties in
these cells [1,7]. We have already demonstrated that ERas is expressed in quiescent rat
hepatic stellate cells (HSCs), where it controls HSC quiescence in the liver through distinct
signaling pathways, including PI3K-AKT and MST-LATS-YAT [8]. HSCs are pericytes
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that reside in close contact with sinusoidal endothelial cells in the space of Disse [9].
This unique space in liver sinusoids is bordered by endothelial cells and hepatocytes
providing a niche that helps to sustain HSC quiescence [10]. Once activated, H5Cs show
typical characteristics and functions of mesenchymal stem cells and have therefore been
classified as such [11]. A mechanism that has since been described for pericytes of other
organ systems as well [12]. An intact stem cell niche is crucial for the maintenance of
stemness, differentiation and developmental fate decisions of stem cells [10,13]. In a
normal, healthy liver, H5Cs represent 5-8% of the total liver cells and store about 85% of
the body’s vitamin A as retinyl palmitate in membrane-coated vesicles [9]. The expression
of neural and mesodermal markers, i.e., glial fibrillary protein (GFAP) and desmin, are
known to be displayed in a quiescent phenotype. Following liver injury, quiescent HSCs
(qHSCs) activate and develop into proliferative and contractile myofibroblast-like cells
(aH5Cs), revealing profibrogenic transcriptional properties and accounting for extracellular
matrix accumulation [14,15]. Activated H5Cs show downregulation of GFAP and ERas,
upregulation of a-smooth muscle actin (x-SMA) and collagen type I, as well as loss of lipid
droplets [8,10].

Arginase (EC 3.5.3.1)) is a manganese-containing enzyme that catalyzes the hydrolysis
of L-arginine to L-ornithine and urea. It is a key enzyme of the hepatic urea cycle but
is also expressed in extrahepatic tissues lacking a complete urea cycle. There are two
paralogs that differ in expression, regulation, and localization [16]. The nonmitochondrial,
cytosolic enzyme, arginase 1 (ARG1), is the predominant paralog in the liver and red
blood cells [17], whereas the mitochondrial arginase 2 is mainly expressed in extrahepatic
tissues [16,18-20]. L-arginine is not only a substrate for arginase, but can alternatively be
converted to nitric oxide (NO) and L-citrulline by nitric oxide synthases (NOS). Thus, one
biological function of arginase in extra-hepatic organs lies in the regulation of NO synthesis,
by competing with NOS for the common substrate L-arginine [21] and also participates
in numerous inflammatory diseases by the downregulation of NOS activity, the induction
of fibrosis and tissue regeneration [22]. Interestingly, the much higher Ky, of the NO
synthases (2-20 uM) [23] and the quite low Vpax (1 pmol/min/mg) [23] in contrast to the
low K (2-20 mM) [24] and high Vinax (1400 pmol/min/mg) [25] of arginase together with
a high extracellular and low intracellular L-arginine concentration, respectively, describes
the arginine paradox, which might be solved by the consumption of different pools of
L-arginine by these two competing enzymes.

The aim of this study was to identify the ERas interaction partners that play a role in
the homeostasis of HSC quiescence. Using a proteomic approach, we identified numerous
novel potential ERas Nex interactors, including ARGI, that are involved in diverse cellular
processes. We characterized ERas-ARG] interaction on protein and cellular levels. Further-
more, we demonstrate the L-arginine metabolism as a central mediator of HSC quiescence
and propose that the ARGI-polyamine axis plays a role in hepatic stellate cell homeostasis.

2. Materials and Methods
2.1. Reagents

Dulbecco’s modified Fagle medium (DMEM), fetal bovine serum (FBS) and
penicillin/streptomycin were obtained from Gibco® Life Technologies. Primary and
secondary antibodies for immunoblotting and immunocytochemistry are listed in the
Supplementary Table 52. The nucleotides mant-GppNHp and Gpp(CHpy)p were obtained
from Jena Bioscience GmbH. CellTiter-Blue® was purchased from Promega
(Mannheim, Germany).

2.2. Constructs and Proteins
ARG (P05089; aa 1-322), human ERas FL (Q7Z444; aa 1-233), AC (aal-201), Nex

(aa 1-38), rat ERas FL (D3ZTFE4; aa 1-227), Nex (aa 1-38), and AC (aa 1-201) were cloned
into pMal-c5X-His or pGEX-4T1-N-TEV. Expression was carried out in Escherichia coli.
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Proteins and peptides were prepared using glutathione and Ni-NTA-based affinity and
size exclusion chromatography as described previously [26].

2.3. Cell Culture

HSC isolation was done as described previously [8]. HSCs were seeded and cultured for
4 or 8 days in DMEM supplemented with 10% FBS and 1% penicillin/streptomycin. HEK293
were cultured in DMEM supplemented with 10% FBS and 1% penicillin/streptomycin. The
cells were cultured in an exponential growth phase at 37 °C, 5% CO», and 95% humidity.
Transfection was performed by TurboFect™ Transfection Reagent (Thermo Fisher Scientific,
Waltham, MA, USA) following the manufactures’ protocol.

2.4. Affinity Pull-Down Assay

GST-fusion proteins were immobilized on GSH agarose beads and subsequently mixed
with purified proteins or total cell Iysates and incubated for 1 h, at 4 °C to pull down associ-
ating proteins. The beads were washed four times, boiled in SDS (sodium dedecyl sulfate)
loading buffer at 95 °C for 5 min. Samples were separated using SDS polyacrylamide
gels. The gels were either immunoblotted and stained with specific antibodies as described
previously [8] or directly stained with Coomassie brilliant blue (CBB).

2.5, Immunocprecipitation

Immunoprecipitation was performed as described previously [8]. In brief, freshly
isolated HSC cells or HEK293 cells were lysed in immunoprecipitation buffer (20 mM Tris-
HCl, pH 7.4, 150 mM NaCl, 5 mM MgCl,, 0.5% Nonidet P-40, 10 mM {3-glycerolphosphate,
0.5 mM Na3zVOy, 10% glycercl, EDTA-free protease inhibitor). Total cell lysates of HSCs
were incubated with ERas antibody or IgG control respectively for 1 h, at 4 °C, followed
by 1 hincubation at 4 °C with Protein G beads. TCL of HEK293 cells was incubated with
GFP-coupled nanobeads (kindly provided by Manuel Franke) for 1 h, at 4 °C as described
before [8]. Eluted proteins were finally denatured in SDS loading buffer at 95 °C and
analyzed by immunoblotting as described previously [8].

2.6. Quantitative Real Time-Polymerase Chain Reaction

Cells were disrupted by QIAzol lysis reagent (Qiagen, Hilden, Germany) and total
RNA was extracted via RNeasy plus kit (Qiagen) according to the manufacturer’s pro-
tocol. The quality and quantity of isclated RNA samples were analyzed on 1% agarose
gels and using a Nanodrop spectrophotometer (Thermo Fisher Scientific), respectively.
Possible genomic DNA contaminations were removed using the DNA-free™ DNA Re-
moval Kit (Ambion, Life Technologies, Carlsbad, CA, USA). DNase-treated RNA was
transcribed into complementary DNA (cDNA) using the ImProm-1I™ reverse transcrip-
tion systern (Promega, Madison, WI, USA). Quantitative real-time reverse transcriptase-
polymerase chain reaction (QRT-PCR) was performed using SYBR Green reagent (Life
Technologies). Primer sequences are listed in Supplementary Table 53. The 274t method
was employed for estimating the relative mRINA expression levels. HprtI was used as
a housekeeping gene.

2.7. Arginase Activity Assay

Purified ARG1 from E. coli was activated by incubation with 10 mM MnCly, 50 mM
Tris-HC1 pH 7.5, at 55 °C for 10 min. ARG1 activity was determined by mixing 100 nM
of ARGI with increasing concentrations of L-arginine (250-2000 M) at 37 °C. Samples
were taken at various time points between 20 s and 5 min and denatured at 95 °C for
5 min. The L-arginine concentration was determined via HPLC (Beckman Coulter System
Gold, LC118/LC116) in a reversed-phase Discovery C18 column (250 mm). As a mobile
phase, 10% acetonitrile and 20 mM Na,HPO4 monchydrate with a final pH of 6 was
used. The absorbance was measured at 210 nm with a flow rate of 1 mL/min at room
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temperature. Michaelis-Menten kinetics were determined by plotting the reaction velocity
(v) as a function of the L-arginine concentration using Grafit 5.0.13.

Higher concentrations of urea were determined by a colorimetric urea assay [27]. Cell
lysates were mixed with increasing concentrations of L-arginine (1-50 mM) at incubated
at 37 °C. Samples were taken at various time points and the reaction was stopped by
adding 400 uL acidic mixture consisting of HpS5Oy, H3PO4 and HzO (1:3:7). In cell culture
supernatants, urea production was quantified by mixing 50 uL. of the medium with 400 pL
acidic mixture. Urea concentration was quantified by the addition of 25 uL. 9% isonitroso-
propiophenone (dissolved in 100% EtOH) and incubation for 45 min at 100 °C. The reaction
was kept in the dark for 10 min at room temperature before measuring the absorbance
at 540 nm in a TECAN Infinite M200 PRO reader. A urea standard was used to calculate
exact concentrations.

2.8. Synthetic Liposomes and Liposome Sedimentution

Synthetic liposomes were generated by mixing and sonicating 500 ug total lipids: 20%
(w/w) phosphatidylethanolamine (PE), 45% (w/w) Phosphatidylcholine (PC), 20% (w/w)
Phosphatidylserine (PS), 10% (w/w) cholesterol, and 5% (w/w) phosphatidylinositol 4,
5-bisphosphate (FPIPy). Lipids were dried out using light nitrogen stream and obtained
lipid film was hydrated in 300 pL buffer containing 20 mM HEPES (pH 7,5), 50 mM Na(l,
5 mM MgCl,, and 3 mM DTT. The lipid suspension was sonicated once at low settings and
extruded 21 times through a 0.2 um pore size membrane filter.

For the liposome sedimentation assay, liposomes were mixed with an excess amount
of purified ARGI protein and incubated 30 min at 4 °C on a rotor. The mixture was
centrifuged for 30 min at 20.000x g and 4 °C. The supernatant (which contains unbound
proteins) was mixed with 5 SDS (20%) loading buffer and the liposome pellet (containing
liposome bound proteins) were resuspended in an equal amount of 1x 5DS loading
buffer. The samples were analyzed via SDS gel electrophoresis and Coomassie staining or
immunoblotting as described before [8].

2.9. Mass Spectroscopy and Data Analysis of ERas Nex-Binding Proteins

For mass spectrometric analysis of ERas Nex binding proteins, SDS gel fragments
were cut from each lane of the affinity pull-down assay. The gel pieces were reduced,
alkylated, and digested by trypsin. The resulting digest mixtures were analyzed by mass
spectrometry as described in [28]. Peptides extracted with 0.1% trifluoroacetic acid were
subjected to a liquid chromatography system (RSLC, Dionex/Thermo Scientific, Idstein,
Germany) equipped with an Acclaim PepMap 100 C18 column (75 um inner diameter,
50 cm length, 2 mm particle size from Dionex/Thermo Scientific, Idstein, Germany) coupled
to an Orbitrap Elite mass spectrometer (Thermo Scientific, Bremen, Germany) essentially
as described in [28]. For protein and peptide identification and quantification, raw files
were further processed using the MaxQuant software suite version 1.3.0.5 (Max Planck
Institute of Biochemistry, Flanegg, Germany). Database searches were carried out against
the UniProt database (release 06.2013) using standard parameters. Label-free quantification
was done using the “match between runs” option with a time slot of 2 min. Peptides
and proteins were accepted at a false discovery rate of 1% and proteins with quantitative
information available for at least three analyzed samples were subjected to subsequent
statistical analysis. Protein quantification was performed using the SAM algorithm [29]
implemented in Perseus version 1.2.7.4 (Max Planck Institute of Biochemistry, Planegg,
Germany) on log-transformed data (false discovery rate threshold: 0.01). Missing values
were replaced by imputation (width: 0.3; downshift: 1.8).

2.10. Gene Ontology Analysis

Gene Ontology (GO) terms for the biological processes, molecular function, and
cellular location of ERas Nex interacting proteins, including isoforms, paralogs, or related
proteins were achieved using the PANTHER database [30].
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2.11. Surface Plasmon Resonance (SPR)

For kinetic analysis of the interaction between ERas and ARG1, a Biacore X100 system
was used together with CM5 sensor chips (GE Healthcare Life Sciences, Uppsala, Sweden).
An anti-GST antibody (Supplementary Table 52) was immobilized to the dextran surface of
a CM5 sensor chip using the GST capture kit (GE Healthcare Life Sciences). Afterwards,
10 uM of purified GST-hsNex was introduced to the immobilized GST-antibody at 25 °C
(30 uL/min). Increasing concentrations of MBP-ARG1 (contact time: 90 sec, 30 uL/min)
were injected in a multicycle mode and dissociation was measured at the end of the injection
of the final concentration for a period of 300 sec. The dissociation constants (Kq) were
calculated using BlAevaluation (version 2.0.1) by the Langmuir 1:1 model and the GraFit
5 version. All SPR measurements were carried out at 25 °C in a buffer, containing 10 mM
HEPES, pH 7.4, 150 mM Na(l, and 0.05 % (v /?) surfactant P20 (GE Healthcare Life Sciences,
Uppsala, Sweden).

2.12. Detergent-Free Subcellular Fractionation of HSCs

Subcellular fractionation of HSCs (d() was conducted by using a differential centrifu-
gation method combined with detergent-free buffers and sucrose cushions as described
previously [31].

2.13. Confocal Imaging

Confocal images were obtained using a L5M 880-microscope (Zeiss, Jena, Germany).
Immunostaining was performed as described previously [32]. Primary antibodies and
secondary antibodies are listed in the Supplementary Table 52.

2.14. Cell Viability Assay

To determine cell viability which directly correlates to cell number, 5000 cells /well
were seeded in 96-well plates in 100 uL medium. On the desired day, 20 uL of CellTiter-Blue
solution was added to each well and the fluorescence was determined at 590 nm using a
TECAN Infinite M200 PRO reader. The cells were incubated under normal growth condi-
tions and the fluorescence was measured again after one and two hours. The fluorescence
was plotted against the time and the slope determined the relative number of viable cells.

2.15. Oil Red O Staining

For the ORO staining, IISCs were cultured in 24-well plates and washed 3 times with
phosphate-buffered saline (PBS). Afterwards, the cells were fixed with 4% PFA for 10 min
at room temperature, followed by a 20 min incubation with the 1x ORO working solution
as described [33,34]. The cells were rinsed with 60% isopropanol and imaged with a bright
field microscope.

2.16. Statistical Analysis

The data were evaluated using GraphPPad Prism 6 software. For variance analysis, an
ordinary one-way or two-way analysis of variance test was performed using Turkey’s or
Dunnett’s multiple comparison test or paired or unpaired t-test as indicated. Results were
considered significant with p < 0.05 (* p < 0.05, ** p < 0.01, *** p < 0,001, **** p < 0.0001).

3. Results
3.1. Novel Binding Partners of ERas Are Involved in Multiple Cellular Processes

In spite of sharing a conserved G domain, some members of the Ras family have
additional features outside the G domain that may act as functional regulatory modules [35].
The role of the additional 38-amino acid N-terminal extension of ERas is unclear and shows
a sequence identity of 42% between human and rat protein (Figure 1A). We have proposed
in a mutational study that it may modulate ERas localization through interaction with
potential adaptor or scaffold proteins [32]. To find out more about ERas Nex interaction
partners, we investigated protein interaction properties of #sNex and ruNex by performing
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affinity pull-down (n = 3) and MALDI-TOF mass spectrometry using total cell lysates and
purified GST-isNex, GST-rnNex and GST, respectively. Pulldown samples were run on
S5DS-PAGE and stained with Coomassie brilliant blue. Gel pieces were further processed
and analyzed by mass spectrometry as described in Materials and Methods (Figure 1B,
white boxes). The bands corresponding to GST-#sNex, GST-rnlNex and GST were excluded
from the analysis (Figure 1B, black boxes). All proteins interacting with GST-ksNex, GST-
ruNex were detected and validated individually with a high degree of confidence based on
the peptide sequences using specific databases and programs as described in Materials and
Methods. The criteria for considering proteins being significant interactors of ERas Nex
included their presence in all three independent pull-down experiments, their absence in
the GST pull-down controls, removal of contaminant proteins arising from sample handling
(such as keratin and bovine serum albumin). Collectively, we shortlisted a set of 76 ERas Nex
potential interacting proteins, 35 of them were associated with rnNex, 21 with lisNex, and
20 proteins were found to bind to both Nex peptides (Figure 1C; Supplementary Table 51).
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Figure 1. ERas N-terminal extension and its novel binding partners. (A) ERas contains, in addition
to five motifs (G1-5) in its G domain, an N-terminal extension (Nex) and a C-terminal hypervariable
region (HVR) ending with a consensus sequence known as CAAX. An alignment of ERas N-terminus
of Rattus norvegicus (rn) and Homo sapiens (hs) shows a sequence identity (bold amino acids) of 42%.
(B) Purified GST, GST-rnNex or GST-hsNex proteins were used for affinity pull-down experiments with
GSH beads in total cell lysates, to identify ERas Nex binding partners. Bound proteins were resolved on
a 10% SDS gel and stained with Coomassie brilliant blue. White boxes indicate different gel fragments
excised for mass spectrometric (MS) analysis. Black boxes indicate GST, GST-reNex or GST-ksNex and
were excluded from MS analysis (n = 3). (C). Evaluation of MS analysis revealed in total 76 ERas Nex
binding partners from which 35 preferentially interact with rnNex (yellow), 21 with hsNex (red) and
20 with both (blue) (for more detail see Table 51). (D) Gene Ontology analysis of identified ERas Nex
interacting proteins categorized according to biological processes, molecular functions, and subcellular
localizations. Biological processes (left panel) were predominantly classified into metabolic pathways
(29%), cell cycle control (24%), and cellular components and organization (16%). Molecular functions
(middle panel) included: nucleic acid (RNA/DNA) binding proteins (27%), catalytic activity (18%)
and protein binding (16%). Cellular components comprised predominated the cytosolic fraction (43%).
(E) mRNA expression data of ERas Nex binding partners: arginase 1, nucleophosmin, lamin B1, and
vimentin on day 0, 1, 4, and 8 of HSC cultivation (n = 3). The error bars indicate 5.D.
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Identified proteins that interact with ERas Nex were classified into three ontologies:
molecular function, biological process, and cellular component (Figure 1D). The vast
majority of these proteins are involved in nucleic acid binding, molecular and catalytic
activities and protein interactions. They are involved in the control of metabkolic processes,
cell cycle, and cell communication by localizing in different subcellular compartments,
particularly in the cytosol.

Four proteins were selected and analyzed by qRT-PCR (Figure 1E). ARG1 expression
was highest in quiescent day 0 HSCs (freshly isolated from rat liver), whereas nucleophos-
min and lamin B1 had the highest expression at day 1 and vimentin at day 4 after isolation
and initiation of their culture-dependent activation. As we are interested in proteins, that
might be important for sustaining the quiescence in HSCs, proteins with a high expression
in day O cells were of particular interest.

3.2. ERas-ARGI Interaction in Quiescent H5Cs

In proteomic analysis, we identified ARG1 as a potential binding partner of isNex and
ruNex (Supplementary Table S1), which is also upregulated in quiescent HSCs. Isolated rat
HS5Cs activate during culture on plastic surfaces. Here, they switch from a quiescent state
(qHSC) to an activated state (aHSC) (Figure 2A) as they do in response to, for example,
chronic liver injury. Day 0 HSCs are considered as quiescent cells, expressing the marker
proteins GFAP and desmin, whereas day 8 ISCs are activated and display the activation
marker «-SMA. ERas was found to be exclusively expressed at day 0 and also ARG1
exhibited the highest expression at that day 0. The ARGT expression decreases at day 1 and
increases again at day 4 and 8 (Figure 2B). Interestingly, the inducible nitric oxide synthase
(iNOS), which uses, like ARG1, L-arginine as substrate, was reciprocally expressed and
could only be detected at day 1.
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Figure 2. ERas and ARG expression, localization, and interaction in hepatic stellate cells. (A) Graphic
illustration of quiescent (qJHSCs) and activated hepatic stellate cells (aHSCs). During culture, the
HSCs change in their cell shape and size, and reduce their lipid droplet content. (B) Immunoblot
analysis of ERas and ARGI from freshly isolated (d0) and activated HSCs maintained in monoculture
for up to 8 days (d1, d4, d8). GFAP was used as a marker for quiescent H5Cs (d0), and o-SMA was
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used as a marker for activated HSCs (d8). y-tubulin served as a loading control. (C) Pull-down assay
of ARGI and GST-rnNex in freshly isolated HSC (d0) lysates. Input and output were immunoblotted
and detected with anti-ARG1 antibody. (I)) Confocal imaging of GFAF, ARG1 and ERas of freshly
isolated HSCs after 6 h of culture at day 0 shows colocalization of ERas and ARG1 (white arrows).
Scale bar: 10 um. Six-fold magnification of the merged image. (E) Cell fractionation of HSCs d0 in five
distinct fractions including: heavy membrane (HM; plasma membrane and rough endoplasmic reticu-
lum), light membrane (LM; polysomes, Golgi apparatus, smooth endoplasmic reticulum), cytoplasm
(CP; cytoplasm and lysosomes), nucleus (Nu) and total cell lysate (TCL). Immunoblot analysis was
performed for Na* /K*-ATPase, Histone H3, Actin, GAPDH, ERas and ARG1. (F) Pull-down assay of
purified ARG1 protein with GST-Nex or GST-FL of human and rat ERas. (G) Immunoprecipitation
(IP) analysis of ARG1 with various ERas constructs overexpressed in HEK 293 cells (hsERas FL,
rnERas FL, hsERas Nex, rnERas Nex, hsERas“, rnERas?C, empty vector). IP was conducted using
GFP-coupled nanobeads. Empty EYFP served as a control. Protein complexes retained on the beads
were resolved by Laemmli buffer and processed for immunoblotting using a monoclonal antibody
against ARG1. (H) Sensorgrams obtained from the binding of 0.5-20 uM ARGI to immobilized
GST-hsNex on the surface of a CM5 sensor chip.

The interaction of ERas and ARG was verified by pull-down (Figure 2C) and IP
experiments (Supplementary Figure 51), where ARG1 could be pulled down with purified
GS5T-bound ERas ruNex or coprecipitated by fishing with an ERas antibody in freshly
isolated HSC dO cell lysates, respectively. Next, confocal imaging revealed a strong colocal-
ization of ERas and ARG1 in freshly isolated and 6 h cultivated HSCs (Figure 2D, white
arrows, additional images in Supplementary Figure 52). The marker GFAP was stained
as a quiescent HSC marker. The subcellular localization of ARG1 and ERas was further
determined via cell fractionation (Figure 2E). Here, both proteins could be detected in
heavy membrane (plasma membrane and rough endoplasmic reticulum), light membrane
(polysomes, Golgi apparatus, smooth endoplasmic reticulum) and cytoplasmic fraction
(cytoplasm and lysosomes). ARGI could additionally be found in the nuclear fraction.
Furthermore, ARGI and the Na*/K*-ATPase colocalized in cLSM pictures as displayed in
the Supplementary Figure 53.

3.3. Physical Interaction of ARG1 with ERas

Besides the investigation of protein expression and intracellular localization, we fur-
thermore analyzed the direct interaction of ARGl and ERas as well as their complex
association in vitro. Association of purified ARG1 with different purified ERas variants, in-
cluding hsNex, rnNex and the full-length ERas orthologs #sFL and rnFL, was first analyzed
in a GST pull-down assay (Figure 2F). Purified GST was used as a control. Figure 2F shows
that ARG1 bound much tighter to human than rat ERas proteins. Next, we analyzed the
interaction of ARG1 with six human and rat ERas constructs: sisFL, ruFL, hsNex, rnNex,
hsAC and rrAC (C-terminal truncated variants), in immunoprecipitation experiments using
ERas overexpression in IHHEK293 cells. Notably, ERas FL and AC interaction with ARG1
appeared much stronger as compared to Nex, which indicates that ARG1 might be engaged
via additional binding sites other than the N-terminal extension, which contribute to a
higher affinity (Figure 2G). Therefore, a pull-down of purified ARG with overexpressed N-
terminally truncated ERas (AN; aa 39-233) revealed that ERas AN is considerably impaired
in binding ARG but still exhibited a weak binding as compared to ERas WT and EYFF,
which was used as positive and negative controls (Supplementary Figure S4A). This result
confirms Nex as a critical binding site of ERas for ARG1 but also confirms that other regions
of ERas also contact ARG1. The pull-down of ARG1 with purified GST-FRas G-domain
from i and hs clearly showed that ERas possess with the G-domain of ERas a second
binding site for ARG1 (Supplementary Figure S4B).

Subsequent kinetic of the ERas-ARGI interaction was investigated using surface
plasmon resonance. In this approach, we injected different concentrations of ARG1 (0.5, 5,
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10, and 20 uM) to immobilized GST-AisNex (10 uM) and measured their kinetic of interaction
(Figure 2H). A dissociation constant (Kg) of 2.1 pM was determined for GST-isNex-ARG1
interaction using 1:1 binding Langmuir algorithm model, supporting the previous cell-
based analysis of direct protein binding.

3.4. Inhibition of ARGI-Polyanmine Axis Leads to Accelerated HSC Activation

In order to investigate the impact of ARGI activity on HSC quiescence and activation,
we chose three inhibitors of the L-arginine metabolism illustrated in Figure 3A. The NO
synthase inhibitor N°-(1-iminoethyl}-L-ornithine (L-NIO) inhibits the conversion of L-
arginine to Lcitrulline and NO. N®-hydroxy-L-arginine (nor-NOHA) inhibits the activity
of arginase and DL-a-diflucromethylornithine (DFMO) blocks the ornithine decarboxylase I
(ODC1), which is the first and rate-limiting enzyme in the polyamine synthesis that converts
L-ornithine to putrescine.
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Figure 3. Impact of L-arginine metabolism manipulation on HSC activation. (A) Overview of
L-arginine metabolism by ARG1 and iNOS and further conversion of L-omnithine to polyamines.
Inhibitors of the pathway (iINOS: L-NIO; Arginase: nor-NOHA; ODC1: DFMO) are illustrated in
red. (B) Urea production of HSCs day 1-4 via colorimetric urea assay in the cell culture supematants
relative to medium control. Significant differences were detected for: untreated—nor-NOHA d1:
p = 0.00315; d2: p = 0.00517; d3: no sig.; d4: p = 0.00192/ untreated—L-NIO d1: no. sig.; d2: no sig.;
d3: p=0.00316; d4: p = 0.000934 /untreated —DFMO d1-4: no sig. (n = 3) (C) Cell viability of H5Cs
day 0-8 with and without inhibitor treatment via Cell titer blue assay relative to blank medium.
The cell viability is correlating proporticnal with the cell number. {(n = 3) (D) HSCs at day 1-4 in
untreated, nor-NOHA, L-NIO, or DFMO treated conditions and stained with Oil Red O to highlight
lipid droplets. The scale bar indicates 0.025 mm. (E) Quantitative analysis of ORO-stained droplet
number and area (see D) of n = 5 cells for each day and condition. Pictures were analyzed by Image]
and plotted via Prism. The difference between untreated control and nor-NOHA treatment at day
3 was significant (p = 0.0308). All statistics were obtained via multiple comparison unpaired f-test
using Prism 6. The error bars indicate S.D.

HSCs were cultured with 0.5 mM L-NIO or nor-NOHA or 1 mM DFMO final con-

centrations for 4 days. Cell culture supernatant was taken from each condition every
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day without medium change to determine urea production via a colorimetric urea assay
(n = 3). The urea measurement showed a strong increase of urea production and release in
the supernatant at day 1 of untreated cells. The urea levels on day 2, 3, and 4 were quite
steady. The inhibitory effect of nor-NOHA on ARG activity and therefore urea preduction
could be confirmed by almost no detectable urea concentration at day 1 and significantly
reduced urea production at day 2 and 4. Interestingly, the NO synthase inhibitor L-NIO
caused higher urea levels in the cells compared to all other conditions, most likely due to
more substrate availability for arginase. DFMO treatment had no significant effect on the
urea level compared to the untreated control (Figure 3B). To confirm that the increased or
decreased urea concentrations were not based on a shift in total cell number, a cell viability
assay was performed from day 0 to 8 (n = 3). The total cell number did not change up to
day 3. At day 4 the cell number increased for untreated, nor-NOHA and L-NIO treated
cells, but not DEMO-treated cells. Over the period of 8 days, DFMO-treated cells displayed
a considerably lower cell proliferation rate compared to the other conditions, most likely
caused by the reduced polyamine concentration in the cells. The addition of nor-NOHA
did not change the cell viability and the corresponding cell number (Figure 4C).

To detect the activation state of the HSCs under the same conditions used earlier, one
24-well was used each day for Qil Red O (ORO) staining, which stains and highlights
the lipid droplets within the cytoplasm that get smaller and reduced in number during
HSC activation. The ORO staining of the HSCs displayed many big lipid droplets at day 1
for all conditions. The number and diameter of droplets decreased during activation of
the untreated cells, still, the cell shape and the characteristic of the lipid droplets showed
that the H5Cs were not fully activated at day 4. L-NIO treated cells exhibited smaller
and more stellate-shaped cell morphology and contained a comparable high amount of
lipid droplets at day 4. Nor-NOHA treated cells showed a bulky cell shape from day 3
onwards and a notable loss of lipid droplets. DFMO treated cells exhibited a significant
reduction in droplet diameter and a myofibroblast-like cell shape (Figure 4D). The lipid
droplet area was used to quantify the state of HSC activation (Figure 4E). At day 1, the cells
of all conditions displayed a similar phenotype. At day 3 the difference between untreated
cells and arginase inhibited cells was significant (p = 0.0308). Due to the limitations of
contrast in light microscopy, other factors like cell shape and total cell size could not be
considered. An exemplary picture is shown in Supplementary Figure S5, displaying the
variable cell morphology of the HSCs with different treatments. The cotreatment of H5Cs
with nor-NOHA and L-NIC exhibited the phenotype of nor-NOHA treated cells, rather
than L-NIO mono-treatment (Supplementary Figure 56).

The results indicated an accelerated activation under nor-NOHA and DFMO treatment,
which was absent when L-NIO was added to the HSCs. The data implied that ARG] activity
and the downstream polyamine synthesis impacted on the maintenance of quiescent HSCs,
raising the question about the impact of the ERas interaction with ARGI on its enzyme
activity, in this context.
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Figure 4. Functional analysis of ERas-ARG]1 interaction. (A) Arginase activity assay of 20, 40
or 100 nM ARG1, with or without 10 uM #hsNex, measured via colorimetric urea assay (n = 3).
(B) Arginase activity was measured with 2 mM L-arginine, 100 nM ARG1 and 500 nM ERas hsNex
or hsFL at pH = 9.0 by HPLC. (C) Liposome sedimentation assay of 0.2 uM ARG]1, immobilized
on liposomes together with GST-hsNex and incubated for 30 min at room temperature (RT). After
sedimentation with 20,000 ¢ for 30 min, immunoblotting was used to show protein binding on
liposomes and protein—protein interactions by using monoclonal antibodies against ARG1 and GST.
(D) Ratio of supernatant to pellet from liposome assay indicating ARG1 binding to liposomes with
and without the addition of GST-hsNex. (E) Arginase activity measured with 2 mM L-arginine,
100 nM ARG1 without, or in the presence of liposomes at pH = 7.5 in HPLC. (F) gRT-PCR analysis
of Argl1, ERas, iNos, Catl, Cat2a, Cat2b and Cat3 in HSCs at day 0, 1, 4, and 8. Gene expression was
normalized to the expression of the housekeeping gene Hprtl. All error bars represent 5.1,

3.5. Human ERas Has No Effect on ARG1 Enzymatic Activity

We next aimed to investigate the impact of ERas on ARG1 enzyme activity. Therefore,
we measured the urea production with and without 10 uM ERas #sNex at increasing
concentrations of purified ARG1 after one hour (Figure 4A), as well as a full time-dependent
cycle of L-arginine conversion into L-ornithine and urea with 100 nM ARGI, 2 mM L-
arginine and five times excess ERas hsNex or hsFL (0.5 uM) in HPLC at pH 9 (Figure 4B). In
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both experiments, no change in the velocity of enzymatic ARG activity could be detected.
Furthermore, we measured fixed ARG1 concentration with increasing concentrations of
ERas hisFL and hsNex (Supplementary Figure 57) and the Michaelis-Menten constant of the
enzymatic reaction of ARG1 (6.5 £ 0.99 mM) and ARG1 + ERas hsNex (7.79 £ 0.33 mM)
with concentrations between 0.25 and 10 or 5 mM, respectively (Supplementary Figure S8),
and could also not detect any differences. The arginase activity in HSCs was determined by
colorimetric urea assay using TCL of HSCs at day 0, 1, 4 and 8 (Supplementary Figure 59).
The ARG1 activity in cell lysates was highest in quiescent (d0) HSC lysates, following the
protein expression data in Figure 2B.

3.6. ARG1 Binding to Liposomes Had No Effect on Its Enzymatic Activity

In a subsequent liposome sedimentation assay, we were able to show ARG binding
to liposomes, even after applying high forces of 20,000 g. In addition, results from this
liposome assay indicated the binding of GST-#sNex to ARG1 as seen in immunoblotting
with G5T-antibody (Figure 4C). GST was used as a negative control (data not shown). The
ratio of supernatant to the pellet of ARG1 binding with and without the presence of ERas
hsNex does not display significant changes (Figure 4D). In order to investigate a possible
function of membrane binding towards the enzymatic activity of ARG, a full enzymatic
reaction of ARGI and 2 mM L-arginine was performed in the presence of liposomes at
pH 7.5 (Figure 4E). This experiment did not show any major differences as well. Taken
together, the interaction of ERas and ARGI, but also the association of ARG1 with the
membrane does not contribute to an enhanced enzymatic activity of ARGI.

3.7. Correlation of ERas, Arg?, and Cat2e mRNA Expression in gHSCs

In the next approach, we determined the expression of different L-arginine trans-
porters in quiescent and activating H5Cs (Figure 4F). Even though ERas interaction with
ARGI does not affect the enzymatic activity of the latter, the interaction between the two
proteins might be important for the subcellular localization of ARG1 or the formation of a
functional microdomain with, for example, L-arginine transporter at the plasma membrane.
Therefore, mRNA levels were determined by qRT-PCR, showing the same pattern for
mRINA and protein expression (Figures 2B and 4F) for Argl, Eras and iNos. Interestingly,
the cationic amino acid transporter (CATs) with the paralogs CAT1, CAT2A, CAT2B and
CAT3 were regulated strongly during HSC activation. Catl mRNA expression was highest
at day 1, correlating with iNOS expression. Cat2a mRNA expression showed the highest
expression in quiescent HSCs at day 0 and reduced expression in more activated states
of HSCs, equivalent to Argl and ERas regulation. The mRINA level of the CAT isoform
2B was upregulated at day 1 and was the highest among all paralogs. In contrast, Cat3
mRNA expression was the lowest in comparison to the other paralogs and was slightly
upregulated at day 1. The interaction or colocalization of ARG1, ERas and CAT2B could not
be investigated yet due to the insufficient quality of the CAT2 antibody, but will provide an
interesting research approach for the future.

4. Discussion

The aim of this study was to identify new interaction partners of ERas that are in-
volved in the maintenance of HSC quiescence. Hepatic stellate cells are not only important
to sense changes within their stem cell niche, but also to contribute to inflammatory events
and communicate with neighboring cells. Their role in the pathological changes during
liver fibrosis is well known and connected to the continuous activation of quiescent HSCs
resulting in extracellular matrix-producing myofibroblast-like cells. Therefore, identifica-
tion of signaling pathways and specific proteins that are essential for HSCs quiescence or
activation is necessary to understand the molecular basis of liver fibrosis and development
of therapeutic approaches for patients with chronic liver diseases.

In this study, we characterized the protein binding properties of the unique N-terminal
extension of ERas, which is 42% identical between rat and human proteins. The MS analysis
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identified 20 shared proteins, pulled down with the rat and human N-terminal region (Nex),
as well as 35 proteins for rnNex alone and 21 proteins for isNex. The molecular functions of
ERas interaction partners are diverse and reach from nucleic acid binding, like the protein
nucleophosmin, and structural molecule activity, like vimentin, to catalytic activities or
translation regulation. Therefore, biological processes are widespread with a tendency of
29% of metabolic processes. This category includes ARG1 with its L-arginine-hydrolyzing
enzymatic activity. The cellular localization of ERas binding partners are predominantly
cytosolic, which coincides with the heavy and light membrane localization of ERas due to
its post-translational modifications by farnesylation and palmitoylation [8,32]. We checked
the mRNA expression of four representative proteins, that differ strongly in localization and
function. ARG1 was expressed strongly at day 0 cells, which are considered as quiescent
HSCs. The expression of ARG1 got downregulated during activation, which gave us a first
hint of the involvement of ARG1 in the maintenance of HSC quiescence.

In cell biological experiments, we could confirm the coexpression, colocalization, and
direct interaction of ERas and ARG in quiescent HS5Cs and also in cell-free experiments
using purified proteins. Furthermore, we could confirm an active role of ARG1 when H5Cs
become myofibroblast-like cells, as the inhibition of arginase by nor-NOHA accelerated the
activation of primary rat HSCs. Similar results were obtained after using the ODC1 inhibitor
DFEMO during HSC cultivation. These data suggest that not only the involvement of ARG,
but also the downstream production of polyamines are of major importance to maintain
quiescence in HSCs. Polyamines can get synthesized downstream of L-ornithine by the
ODC1 and further reversibly processed from putrescine to spermidine and spermine. The
roles of polyamines in cells are broad and vary from cell proliferation to gene expression,
ion channel regulation, and protection from oxidative damage to autophagy and regulatory
aspects in immune cells [36-39]. Other studies using carbon tetrachloride (CCly) or ethanol
for inducing liver injury demonstrated a protective effect of polyamines as well as a positive
effect on hepatocyte proliferation [40,41]. Interestingly, it was also reported that polyamines
support the self-renewal of embryonic stem cells (ESCs) [42,43]. ERas is highly expressed
in ESCs, still ARGI could neither be detected in the mRNA profile of embryonic stem cells,
nor in mesenchymal stem cells (Supplementary Figure 510). However, polyamines can be
transported from and to other cells via transporter systems and do not necessarily need to
be produced and consumed in the same cell [44]. Even though the effect of polyamines on
HSCs has not been described, it is tempting to speculate that the communication of HSCs
and hepatocytes might include the production and exchange of polyamines to maintain
liver homeostasis and regeneration after tissue injury. This hypothesis needs to be verified
experimentally in future studies.

The interaction of ERas and ARG1 did not show any effects on ARG1 enzymatic
activity in our experimental set-up. Therefore, the interaction of ERas and ARG1 may have
other functional significance that can only be speculated about at this point. On the one
hand, ARG1 and iNOS, which are reciprocally expressed during HSC activation, might
each directly control the other’s expression. The elevated expression of iNOS, one day after
isolation and cultivation outside of their stem cell niche, is likely to be a stress response,
driven by the transcription factor NFkB that regulates iNOS mRNA expression [45]. NF«B
was furthermore described to play an essential role in both profibrogenic and antifibrogenic
signaling pathways during liver diseases, and was also investigated in HSCs [46,47]. The
expression level of iNOS is not only controlled by NF«B, but also by the translation initiation
factor 2e (elF200), which is in turn regulated by L-arginine levels and therefore likely to
be connected to ARG1 activity, also shown in astrocytes which have multiple similarities
with HSCs [48-50]. On the other hand, the interaction of ERas and ARG1 could recruit
ARG1 to a specific subcellular localization on lipid membranes to either increase ARG1
activity as it was shown in red blood cells, where the activity of arginase was approximately
100 times higher in membrane fractions compared to cytoplasmic fractions [51], or to
source exogenous but not endogenous L-Arg, according to observations in other cells types,
thereby solving “the arginine paradox” [52]. ERas-ARGI interaction might recruit ARG1 to
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the plasma membrane close to a cationic amino acid transporters (CATs) whose paralogs
considerably differ in their affinity for L-arginine (CAT1: 0.10-0.16 mM; CAT2A 2-5 mM,;
CAT2B and CAT3: 0.25-0.70 mM) [53]. One hint might be the coexpression of ARG1 and
CAT2A in quiescent HSCs that have a comparable low affinity for L-arginine and would
match consumption and transportation affinity of L-arginine. For comparison, iNOS is
coexpressed with the inducible CAT2B paralog in HSCs at day 1, which has also been
reported for astrocytes [49,54]. In order to analyze the formation of an ARG1-ERas-CAT2A
colocalization on the plasma membrane, future extensive studies and validated antibodies,
which we do not currently have, are needed.

This study could successfully add arginase 1 to the list of interaction partners of ERas
and to the proteins that are needed for the maintenance of quiescent HSCs. The alteration of
the L-arginine metabolism viz arginase and ODC1 inhibitors shows a strong picture towards
an accelerated activation, whereas the iNOS inhibitor slows down the development of H5Cs
into myofibroblast-like cells. As HSCs are located in a tightly controlled stem cell niche
in the space of Disse [10], we always have to consider the effect of amino acid/polyamine
depletion and delivery, as well as the communication of H5Cs as liver pericytes with
surrounding cells and the vascular system.

Supplementary Materials: The following are available enline at https: / /www.mdpi.com/article/10
.3390/cells 11030508 /51, Figure 51: Immunoprecipitation analysis of ARG1 and rnERas, Figure 52:
Confocal images of ERas, ARG1 and GFAP in quiescent HSCs., Figure S3: Confocal images of
ERas—ARGI and ARG1—Na* /K*"-ATPase in quiescent HSCs., Figure 54: Pull-down experiments of
ERas hsFL, hsAN and rn/hs G-domain with purified ARGI., Figure 55: Phase contrast microscopy
of HSCs day 4., Figure S6: Oil Red O staining of HSCs day 1 to 4 with combination treatment of
L-NIO and nor-NOHA., Figure S7. Urea assay with ARG1 and human ERas FL or Nex., Figure S8.
ARGI kinetic with and without ERas hsNex., Figure 59: Colorimetric arginase activity assay in HSC
lysates., Figure 510: qRT-PCR analysis of ARG1 and OCT4 in HSCs, ESCs and MSCs., Table S1:
Interaction partners of rat and human ERas Nex., Table 52. Primary and secondary antibodies.
Table 53. qRT-PCR Primers.
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Abstract: The IQ motif-containing GTPase-activating protein (IQGAP) family composes of
three highly-related and evolutionarily conserved paralogs (IQGAP1, IQGAP2 and IQGAP3), which
fine tune as scaffolding proteins numerous fundamental cellular processes. IQGAP1 is described as
an effector of CDC42, although its effector function yet re-mains unclear. Biophysical, biochemical
and molecular dynamic simulation studies have proposed that IQGAP RASGAP-related domains
(GRDs) bind to the switch regions and the insert helix of CDC42 in a GTP-dependent manner. Our
kinetic and equilibrium studies have shown that IQGAP1 GRD binds, in contrast to its C-terminal
794 amino acids (called C794), CIDC42 in a nucleotide-independent manner indicating a binding
outside the switch regions. To resolve this discrepancy and move beyond the one-sided view of
GRD, we carried out affinity measurements and a systematic mutational analysis of the interfacing
residues between GRD and CDC42 based on the crystal structure of the IQGAP2 GRD-CDC42%61L
GTP complex. We determined a 100-fold lower affinity of the GRD1 of IQGAP1 and of GRD2 of
IQGAP?2 for CDC42 mGppNHp in comparison to C794/C795 proteins. Moreover, partial and major
mutation of CDC42 switch regions substantially affected C794/C795 binding but only a little GRD1
and remarkably not at all the GRD2 binding. However, we clearly showed that GRD2 contributes
to the overall affinity of C795 by using a 11 amino acid mutated GRD variant. Furthermore, the
GRD1 binding to the CDC42 was abolished using specific point mutations within the insert helix
of CDC42 clearly supporting the notion that CDC42 binding site(s) of IQGAP GRD lies outside the
switch regions among others in the insert helix. Collectively, this study provides further evidence
for a mechanistic framework model that is based on a multi-step binding process, in which IQGAP
GRD might act as a ‘scaffolding domain’ by binding CDC42 irrespective of its nucleotide-bound
forms, followed by other IQGAP domains downstream of GRD that act as an effector domain and is
in charge for a GTP-dependent interaction with CDC42.

Keywords: CDDC42; GAP; GAP-related domain; GRD; GTPase activating protein; IQGAP; nucleotide-
independent binding; RASGAP; RHO GTPases; scaffold protein; scaffolding protein; switch regions

1. Introduction

RIHO GTPases act, with some exceptions [1], as molecular switches by cycling be-
tween an inactive (GDP-bound) and an active (GTP-bound) state. Their functions at the
plasma membrane are usually controlled by three groups of regulatory proteins: guanine
nucleotide dissociation inhibitors (GDIs), guanine nucleotide exchange factors (GEFs) and
GTPases activating proteins (GAPs) [2]. The formation of the active GTP-bound state of
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RHO GTPases, such as CDC42, is accompanied by a conformational change in two regions,
known as switch I and II (encompassing amino acids or aa 29-42 and 62-68, respectively);
these regions provide a platform for a GTP-dependent, high-affinity association of struc-
turally and functionally diverse effector proteins, e.g., ACK, PAK1, WASP, ROCKI, DIA and
IQGAP1, through their so-called GTPase-binding domains (GBDs) [3-13] (reviewed in [14]).
GTPase-effector signaling activates further a wide variety of pathways in all eukaryotic
cells [2].

A unique feature distinguishing the RHO family from other small GTPase families is
the presence of a 12 amino-acid insertion (aa 124-135 in CDC42) that protrudes from the G
domain structure by forming a short helix, the so-called insert helix (IH) [15]. This IH is
highly charged and variable among the members of the RHO family [15]. The IH has been
very recently shown to have larger conformational flexibility in the GDP-bound CIDC42
than in the GTP-bound CDC42 [16]. IH is a binding site for RHOGDII1, p50GAP, DIA,
FMNL2, PLD1 and IQGAP2 [10,12,17-21], and appears rather essential for downstream
activation of RHO GTPases [21-23].

IQGAPT is ubiquitously expressed and shares a similar domain structure with its hu-
man paralogs IQGAP2 and IQGAP3 (Figure 1A), including an N-terminal calponin homol-
ogy domain (CHD), a coiled-coil repeat region (CC), a tryptophan-containing proline-rich
motif-binding region (WW), four isoleucine/ glutamine-containing motifs (IQ), a RASGAP-
related domain (GRD), a RASGAP C-terminal domain (RGCT) and a very C-terminal
domain (CT). IQGAPs interact with a large number of proteins and modulate the spa-
tiotemporal distributions of distinct signal-transducing protein complexes [24-34]. As
multidomain scaffold proteins, they safeguard the magnitude, efficiency and specificity of
signal transduction [35]. They have been localized at multiple subcellular sites orchestrat-
ing different signaling pathways and thus controlling a variety of cellular functions [36-42].
Notably, IQGAF1 has been implicated as a drug target due to its vital regulatory roles in
cancer development [42-49] although the molecular mechanism of its functions is unclear.

A 1qcaP1[JCHD | EE ElTwa GRD

C794 63l I I N 1657
GRD1 962 L1 E— R kT
1QGAP2[ [ CHD | EE [z] IQ | GRD rRGeT ler
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GRD2 e7sI T 1245
I0GAP3 [ [ .GHD | cc ElT@a [ | GRD
GRD1 9420 111330
200 & 8 B mGppNHp BImGDP (G % ;D.O4 .‘élI;I;NHP
1504 3 I 2 GppNHp ey c_cv@,
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Figure 1. IQGAP GRD binding is nucleotide independent. {(A) Domain organization of the IQGAP
paralogs along with their GRDs and C-terminal fragments assessed in this study (see text for more
details). (B) Fluorescence polarization analysis of IQGAP1 and IQGAP2 proteins with mGppNHp-
and mGDP-bound CDC42. (C) Pull-down of endogenous IQGAP1 FL from HEK293 lysates with
GppNHp- or GDP-bound GST-CDC42 and GST-RACI, respectively. Densitometry evaluation of
relative IQGAP1 binding to GST-CDCA42 proteins (a. u., arbitrary unit) from a triplicate experiment is
shown as bar charts.
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Earlier studies analyzed the crucial role of IQGAP RGCT in high-affinity binding to
the switch regions of the GTP-bound, active CDC42 and proposed it as an IQGAP “effector
domain’ [5,50,51]. Accordingly, Swart-Mataraza et al. reported that the CDC42 GppNHp
can still bind to IQGAP-AGRD (lacking aa 1122-1324) [52]. Moreover, Li et al. mapped the
CDC42 and IQGAP binding regions and determined that switch I and surrounding regions
(residues 29-55) together with the insert region (residues 122-134) are required for high
affinity binding to IQGAP1 [53]. LeCour et al., however, solved a crystal structure of con-
stitutively active CDC42(Q61L) in complex with the IQGAP2 GRD (GRD2) and proposed
that CDC42 binds GRD2 from two different sites in a 4:2 stoichiometry [12,54]. One is the
‘GAPex-mode binding site” (ex stands for ‘extra” subdomains consisting of variable N- and
C- terminal flanking regions) and the other is the '/RASGAP-mode binding site’ very much
resembling the RASGAP and CDC42GAP structures [18,55] with a conserved core domain
(GAPc). Analyzing this structure, Ozdemir et al. proposed that CDC42 IH binding to the
GAPex-domain induces GRD2 dimerization and changes the RASGAP site allosterically,
which subsequently create another interaction interface for CDC42 binding (leading to a
2:1 stoichiometry of GRD2 and CDC42) [54].

A number of biophysical and biochemical studies have provided valuable insights into the
structural and binding properties of the C-terminal domains of IQGAP1 (C794) and IQGAP2
(C795), encompassing the GRD, RGCT and CT domains, with CDC42 [12,50,562-54,56-63].
Evidently, all three domains bind with different affinities to CDC42 [5]. However, the
mechanistic principles behind these interactions have remained unclear. Moreover, there
are conflicting views regarding the assignment of a ‘CDC42-specific GBD” for IQGAPs.
One model proposes the GRD and its RASGAPP-mode binding with the switch regions of
CDC42 [12,54,56,58,64], whereas the other model excludes GRD and marks RGCT, located
distal to the GRD, as crucial for high-affinity binding to CDC42 in a GTP-dependent
manner [5,26,50-52]. Aiming to shed light on this discrepancy and to understand the
molecular basis of CDC42-IQGAP interaction we comprehensively investigated the nature
of the GRD interaction with CDC42 in this study and determined the role of the IIT of CDC42
in contributing to GRD association. Furthermore, we studied the binding characteristics
of C794 regarding the switch region and IH contact sites by mutational analysis, and
verified the results in cell-based studies with endogenous IQGAP1. Collectively, our
results consolidate and refine the importance of IQGAP RGCT as the true GBD in the
recognition of CDC42 and its binding in a GTP-dependent manner. The GRD, although not
a central effector domain, is evidently necessary for scaffolding CDC42 and facilitating its
recruitment to preexisting cues.

2. Results and Discussion

IQGAPI and IQGAP2 proteins were analyzed in this study to critically evaluate
the function of the respective GRD domains. First, we determined the CDC42 binding
properties of different IQGAP proteins, including IQGAP1 full-length (FL). Second, we
examined the role of amino-acids crucial for the interplay between IQGAP2 and CDC42
using mutational IQGAPs and CDC42 variants. Third, we analyzed the impact of CDC42
IH as an IQGAP binding site. Fourth, we investigated the RASGAP activity of IQGAP1
GRD towards eight different members of the RAS family and examined the introduction of
a catalytic arginine finger in the GRD.

2.1. GRD Is Not the Prominent Binding Domain for High IQGAP-CDC42 Affinity
2.1.1. GRD Binds to CDC42 with Very Low Affinity in a Nucleotide-Independent Manner

Different domains and fragments of the [QGAPs, including GRD1 and C794 of 1Q-
GAPF1, as well as GRD2 and C795 of IQGAF2 (Figure 1A), were purified to determine
their binding affinities for mGDP- and mGppNHp-bound CDC42 using fluorescence po-
larization. Obtained dissociation constants (K4; Figure 1B) clearly show that all IQGAP
constructs are able to bind CDC42 but with different affinities and preferences for the

nucleotide-bound forms of CDC42. GRDs of both IQGAPs are low-affinity binders and do
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not discriminate between the active and the inactive states of CDC42. Similar observations
were made for GRD3 and the CT of IQGAP1 (Supplementary Figure 51). In contrast, C794
and C795, encompassing in addition to both GRD and CT also the central RGCT (Figure 1A),
exhibited K4 values of 0.6 and 0.9 uM, respectively, indicating an around 100-fold higher
affinity for the GTP-bound active CDDC42 as compared to CDC42 GDP (Figure 1B). This
result clearly suggests that RGCT but not GRD represents a “CDC42-specific GBD' for at
least [QGAPT and IQGAFP2, by directly associating with the switch regions of CDC42 GTL.
Unfortunately, our efforts to obtain IQGAP1 RGCT (aa 1276-1575) and IQGAP3 C790 (aa
841-1631) for determining their binding affinities to the members of the RHO GTPase
family, including CDC42, has been remaining unsuccessful [26,51]. Purified IQGAP1 RGCT
tends to assemble into higher oligomeric or polymeric states, and, thus, is disabled in
binding CDC42 [51].

Several lines of evidence support the crucial role of RGCT rather than GRD as
the IQGAP effector domain for CDC42: (i) Here we can show that proteins contain-
ing RGCT bind with a more than 100-fold affinity to CDC42 mGppNHp as compared
to isolated GRD or CT (Figure 1B and Figure 51), (ii) substitution of the Serine 1443 for
glutamate (a phosphomimetic mutation) drastically impaired IQGAP1 binding to CDC42
mGppNHp [5,51]; (iii) an IQGATP1 protein, lacking the GRD (aall22-1324), only binds
CDC42 GppNHp, in contrast to [QGAF1 itself, that binds both GppNHp-bound and GDP-
bound CDC42 [52]. The latter has been also demonstrated in other studies [63,64] and
support our previous [26,51] and current findings that IQGATF domains, including GRD
and CT, bind CDC42 GDPF as strong as CDC42 GppNHp (Figure 1B).

2.1.2. Endogenous IQGAP1 also Binds CDC42 GDP

Serum-stimulated HEK293 cells, endogenously expressing IQGAP1 full-length (FL),
were now used to carry out a pull-down assay with purified GST-fusion proteins of CDC42
and RACI in either GDP-bound or GppNIHp-bound forms. IQGAP1 FL bound to these
GTPases, regardless of their nucleotide status even though the binding to GDP-bound
proteins was observed to be much weaker than the GppNHp-bound proteins (Figure 1C).
This pattern corresponds to the binding behavior of C794 and not with the binding of GRD1
alone. Densitometric evaluation of three independent pull-down experiments showed that
IQGAPT FL binding to CDC42 GDP is much stronger than to RAC1 GDP (Figure 1C).

Altogether, our data suggest that [QGAP1 forms a complex with CDC42 through
different sites in both nucleotide-dependent and nucleotide-independent manner.

2.2. Switch Regions of CDC42 Are Not the Main Binding Sites for the GRDs

Timpson’s and our group have provided evidence that the IQGAP RGCT is essential
for high affinity binding to the switch regions of the GTP-bound, active CDC42 and thus
acts as an [QGAP “effector domain” [5,50,51]. This critical issue has now been further
expanded with additional experiments as described above (Figure 1), and confirms the
crucial role of the RGCT as an IQGAP “effector domain” that selectively associates with
CDC42 GTP and carries out the high affinity association. Other groups have, in contrast,
used the constitutive active CDC42(Q61L) in their structural and biochemical analysis
and proposed that CDC42(Q61L) GTP GRD forms a GTPase-effector complex [12,54,56,57].
Such a role of the GRD in associating with CDC42 GTP is astonishing considering the afore
mentioned studies on both GRD1-CT that binds CDC42 with a higher affinity as compared
with GRD and an IQGAP1 variant, lacking the RASGAT domain (aa 1122-1324), which
equally interacts with CDC42 as compared with IQGAP1 wild type [52]. To clarify this
discrepancy, we have carefully examined ‘the RASGAP-mode binding site” of CDC42 using
mutational approaches coupled with kinetic and equilibrium measurements. Results of
this examination are discussed in following subsections.
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2.2.1. Mutations in CDC42 Switch Regions Only Mildly Affect GRD Binding

Proposed interacting mode of GRD with the switch regions of CDC42 (RASGAF mode
binding) was deduced from the [QGAP2 GRD2 structure in complex CDC42%¢1L GTP [12]
and two CDC42 mutation variants within the switch I and II regions (2xSW and 8xSW) and
a 11-residues mutant variant within the GRD of IQGAP2 C795 (11xGRD) were generated
as illustrated in Figure 2A. Identical and highly conserved residues within the interacting
interface highlighted in Figure 2B, were all replaced by alanine. All variants were stable in
their purified forms and Far-UV CD spectroscopic measurements excluded any improper
folding as compared to the wild-type proteins (Supplementary Figure 52).
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Figure 2. Analysis of CDC42 switch region and IQGAP1 GRD mutants. (A) The selection of GRD2
and CDC42 mutations is based on the GRID2/CTC42Q61L structure (PDB: 5CTP). Interacting residues
colored on both proteins were selected for mutational analysis. For more details see also Table S1.
(B) Multiple sequence alignments of switch regions of RHO GTPases and IQGAPs highlight identical
or homologous interacting residues that have been replaced in this study by alanine for analyzing
their impact on IQGAP binding. Conserved residues are shaded in grey. Mutations in CDC42 switch
regions include 2xSW (bolded residues) and 8x5W (all eight residues, as indicated), and 11xGRD in
IQGAP2 C795. (C) Flucrescence polarization measurements of mGppNHp-bound CDC42 WT, 2xSW
and 8x5W with IQGAP1 GRD1 or IQGAP2 GRD2. (ID) The K4 values for the interactions of IQGAP1
C794, IQGAP2 C795 and C795 11xGRD with the CDC42 variants in mGppNHp- and mGDP-bound
form were determined using fluorescence polarization. n.b. stands for no binding observed. C794 and
C795 CDC42 WT measurements are included from Figure 1B for simple comparison. (E) Observed
rate constants (kps) for the IQGAPs association with mGppNHp-bound CDC42 WT, 2xSW and 8xSW
were measured using stopped-flow fluorimetry. (F) Pull-down of endogenous IQGAP1 FL from
HEK293 lysates with GST-CDC42 in GppNHp-bound or GDP-bound state. Cell Iysate was used as
an input control. Densitometry evaluation of relative IQGAP1 binding to GST-CDC42 proteins (a. u.,
arbitrary unit) from triplicate experiments is shown as bar charts.
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We first determined the Ky values for the GRD1 and GRD2 interaction with the
mGppNHp-bound CDC42 WT, 2xSW and 8xSW. Interestingly, we found a two to three-fold
reduction in the binding affinity of GRD1 but no notable reduction for GRD2 with the
CDC42 variants as compared to CDC42 WT (Figures 1B, 2C and 53). As the effect of 2x and
8x introduced mutations on the proposed crucial interaction sites of CDC42 and GRD2 did
not result in a decrease of affinity, our data clearly indicates that the association of CDC42
switch regions with IQGAP must be through other sites rather than the GRD.

2.2.2. IQGAP C794/C795 Binding Is Impaired by Switch Region and GRD Mutations

Next, we measured the K4 values for the interaction of IQGAP1 C794 or IQGAP2 C795,
containing the GRD, RGCT and CT domains, with mGDP-bound and mGppNHp-bound
CDC42 variants. Data shown in Figure 2D (Supplementary Figure 54) indicate that the
substitution of two amino acids in the switch regions was not sufficient to largely impair
the CDC42-C794 interaction. However, mGppNHp-bound, but not mGDP-bound CDC42
8xSW exhibited a drastic reduction (86-fold) in its binding affinity for C794. For mGDP-
bound CDC42, introduction of SW mutations only slightly decreased the affinity of C794.
The IQGAP2 C795 binding to the CDC42 switch regions was not impaired by neither 2x
nor 8x mutants of CDC42 in mGppNHp-bound state. Interestingly, IQGAP2 C795 showed
a slightly decreased binding to the mGDP-bound CDC42 2x5SW mutant but no binding to
the 8xSW mutant, a much different result than obtained for GRD2 binding alone. The data
from real-time stopped-flow fluorescence spectrometry (Figure 2E and Figure 55) showed
both IQGAPs associated with similar kg, values, as observed in Figure 2D.

The next question addressed was to what extent CDC42 binding of IQGAP1 FL was
affected by the switch region mutations. Therefore, endogenous IQGAP1 was pulled down
from HEK293 lysates using GDP-bound and GppNHp-bound GST-CDC42 WT, 2xSW and
8x5W. As shown in Figure 2F, IQGAP1 binding to CDC42 did not change with two amino
acid substitution of the switch regions but was disrupted with the eight mutations. These
experiments support our kinetic and equilibrium measurements and clearly indicate that
the switch regions are significant for the IQGAF1 interaction with both GDP-hound and
GppNHp-bound CDC42.

Taken together, the presented data suggest a slightly different binding behavior of
IQGAP1 and IQGAP2 variants for CDC42. Our results do not support the interacting mode
between IQGAP and CDC42 based on the crystal structure [12] and the central role of the
GRD in it [54] since the introduction of SW mutations of CDC42 clearly affected C795/C794
binding but only little the GRD binding. We, in contrary, propose that the interactions sites
on IQGAP for complex formation with CDC42 GTP are clearly within the RGCT and might
be different between IQGAP] and IQGAP2.

2.3. Insert Helix Contributes to the Binding Affinity of CDC42 for IQGAPT GRD

The question arises as which regions on CDC42 could bind GRD if we can now
exclude the switch regions. A region/site that has attracted our attention is the IH of
CDC42 for valid reasons. We have shown that IQGADPs bind to RAC-like and CDC42-like
proteins but not to the other members of the RHO family [26] and the IH consistently is a
highly variable region among the RHO GTPases (Figure 3A) [15]. Several CDC42-binding
proteins, including RHOGDI1, p50GAF, FMNL2 and IQGAP2 have been shown to contact
the [H [10,12,17,18,20]. Thus, mutational analysis of the CDC42 IH was performed, using
four different single residue mutations and a quadruple mutation (Figure 3A and Table S1).
Note that variable residues were replaced in CDC42 by the corresponding residues of
RAC1. Most remarkably and in sharp contrast to the SW mutations (Figure 2), all IH
mutations abolished GRD1-CDC42 interaction irrespective of the nucleotide-bound states
of CDC42 (Figures 3B and S6), which underlines the central role of CIDC42 IH in GRD
binding. The scenario was rather different for C794, which binds mGDP-bound CDC42
with 3-fold and mGppNHp-bound CDC42 with 20-fold lower affinities (Figure 3B). These
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data are consistent with the recent observation by Nussinov and colleagues that the CDC42
TH reveals nucleotide-dependent conformational flexibility [16].
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Figure 3. CDC42 IH mutations decrease binding affinity. (A) Amino acid alignment of the insert helix
of selected members of the RHO GTPase family. CDC42 mutations (red) to RAC1 were introduced
outside of the conserved regions (grey). (B) Fluorescence pelarization data for the interaction of GRD1
and C794 with the CIDC42 IH variants. (C) Pull-down of endogenous IQGAP1 FL from HEK293
lysates with GST-CDC42 IH variants in both GppNHp-bound and GDP-bound forms. Cell lysate
was used as an input control. The pull-down data for GST-CDC42%! is shown in Figure 2F as all
pull-down experiments were conducted under the same conditions. Densitometry evaluation of
relative IQGAP1 binding to GST-CDC42 proteins (a. u., arbitrary unit) from a triplicate experiment is
shown as bar charts.

The data from fluorescence polarization could be verified via pull-down assay. The
binding pattern of CDC42 IH mutants with endogenous [QGAP1 followed the same pattern,
displaying no binding for A130K and 4xIH and very weak binding for 5124D (Figure 3C).
Generally, binding could be observed much stronger for GppNHp-bound than for GDP-
bound CDC42 variants, supporting the pull-down data shown above (Figure 1C).

Several published studies have shown that mutations of the CDC42 IH impact their
properties in binding IQGAPs. Li et al. (1999) have shown that IH deletion in CDC42 im-
pairs its binding affinity for the effectors, in particular IQGAP1 C794 [53]. Owen et al. (2008)
investigated the impact of the IH mutations in CDC429L on IQGAP1 C794 binding [56].
Consistent with our findings, they observed a slight decrease in C794 affinity for CDC 42961
with A130K or N132K. Moreover, Ozdemir et al. also applied the CDC42%61L variant and
suggested the IH together with switch I region to be mainly responsible for its binding to
the ex-domain of GRD (GRDex) of IQGAP2 [54].

2.4, Q61L Variant Is Not a Wildtype Equivalent for CDC42-IQGAP Interactions

An issue that still needs to be addressed is why are there several discrepancies between
the studies regarding the GRD binding property for CDC42? A possible answer to this
question is the use of different CDC42 mutants in these studies that are alike, but not
equivalent, especially regarding this interaction.

57



Int. J. Mol. Sci. 2022, 23, 8842

8of 15

In the GTP-bound CDC42, Q61 acts as a “catalytic residue’ that is involved in hydrogen
bonding with a catalytic water molecule, an arginine finger of GAP and they-phosphate of
GTP initiating a nucleophilic attack that hydrolyzes GTP (Figure 4A) [18,65]. L61 does not,
however, undergo these functionally critical hydrogen bonds but rather points towards
protein surface without causing significant structural changes (Figure 4A). As a result,
the substitution of Q61 by leucine drastically increases the binding affinity of IQGAPs for
CDCHRSIL GTP by up to 15-fold as was clearly demonstrated previously [5,26,51]. Despite
this fact, many groups use this CDC42 variant for the interaction analysis of effectors, such
as IQGAPs [12,54,56,57]. Thus, we revisited this issue and have comparatively analyzed the
interaction of IQGAP1 GRD with CDC42R¢1L and CDC42wt using fluorescence polarization
and size exclusion chromatography (SEC). Equilibrium measurements shown in Figure 4B
clearly revealed that the Q61L mutation results in a strong enhancement of GRD1 and
GRD2 binding with the mGppNHp-bound CDC42, but not with mGDP-bound CDC42. The
binding affinity of mGppNHp-bound CDC4221L rises from a low affinity 186 uM /69 uM
binding to a high 2.7 uM /2.5 uM binding for GRD1/GRD2, respectively (Figures 4B and 57).
This is a change of 30-50-fold and might explain the huge differences of CDC42 interactions
with GRD. Moreover, SEC analysis showed that GRD1 forms a 2:2 stoichiometry with
CDC42%t GppNHp but 2:1 stoichiometry with C1DC4226L GppNHp (Figure 4C-F).The
latter is remarkably consistent with the previous reports on a high-affinity binding of
IQGAP2 GRD2 with CDC42%1L GTP and 4:2 and 2:1 stoichiometry, respectively [12,54].
These findings verified the clear difference between CDC42%t and CDC42%1L and how
replacement of Q61 by L changes the binding properties (affinity and stoichiometry) of
CDC42 interaction with IQGAP GRDs.

Chen et al. have reported that the Q61L mutation strengthen hydrogen bond inter-
actions between CIDC42 and the y-phosphate of GTP [66]. Analyzing the Cdc4291L GTP
GRD2 structure, Ozdemir et al. proposed that CDC42 IH binding to the GAPex-domain
induces allosteric changes in the RASGAP site, which in turn facilitate GRD dimerization,
and enable the second CDC4296!L 1o bind to this site (yielding a 2:1 stoichiometry) [54].
Collectively, we recapitulate that CDC42981L s not an ideal analog of CDC42% especially in
studying the interaction of the downstream effectors. G12V and Q61L mutations of CDC42
cause GAP insensitivity leading to sustained hyperactivation of CDC42 [16,18,55,65,66].
Thus, we suggest CDC42%t GppNHp and even CDC42512Y GTT variants as more suitable
species for the investigation of CDC42-effector interaction rather than CDC42%1L GTR

2.5. GRD Lacks the Structural Fingerprints to Induce the GAP Activity

The structure of the RAS-RASGAP complex shows GAP-334 interacting predominantly
with the switch regions of RAS [55]. Three regions (finger loop, FLR motif and helix
o7 /variable loop) constitute structural fingerprints of the RASGAP p120 and neurofibromin
that form critical RAS binding sites in order to apply an arginine finger into the active
center of RAS [67,68]. Amino acid sequence analysis of these RASGAPs with the three
IQGAP paralogs showed that major parts of these fingerprints are different in IQGAPs
(Figure 5A). Moreover, the catalytic arginine is missing and there is instead a threonine
(T1045 in IQGAP1; Figure 5A). Thus, it is quite understandable why IQGAP1 did not
display RASGAT activities towards HRAS [60]. It is, however, known that GAPs specific
for other members of the RAS superfamily use other catalytic residues than an arginine
(reviewed in [69,70]).

We set out to examine a possible GAP activity of IQGAP1 GRD towards different RAS
family GTPases. Figure 5B shows that IQGAP1 GRD is a pseudo-RASGAP domain with no
obvious catalytic ability (orange bars). Earlier studies have shown that the substitution of
the arginine finger of the RASGAPSs to other amino acids completely abolishes their GAP
activity [67,68]. Therefore, threonine 1046 of IQGAP1 GRD was replaced by an arginine and
the impact of T1046R on the GTP hydrolysis of the eight RAS proteins was measured. Data
shown in Figure 5B revealed no apparent GAP activities of IQGAP1 GRDTI046R (green bars)
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as expected for a RASGAP. These data suggest that IQGAPs, besides lacking an arginine
finger, do not contain critical RAS-binding residues of the a7 /variable loop (Figure 5A).
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Figure 4. Comparative analysis of IQGAP1 GRD1 interaction with CDC42!L and CDC42%t,
(A) Structural overlay of CDC42% GDP AlF; pS0GAP (green; PDB: 1GRN) on CDC421L GTP
IQGAP2 (blue; PDB: 5CJP) with the focus on Q61 hydrogen bonds (red dashed lines). GDP AlF;
mimics the transition state of the GTT hydrolysis reaction and is coordinated with the magnesium ion
(Mgz*) and the nucleophilic water molecule (w) and the arginine finger (R282) of p50GAP. Aluminum
trifluoride (AlF3) mimics the y-phosphate of GTP in the transition state. In contrast to L61, Q61
is critical for the catalysis of the GTP hydrolysis reaction through three hydrogen bonds (see text).
(B) Fluorescence polarization data of IQGAP GRD1 with CDC42 mGppNHp and CDC42 mGDP.
(C-F) IQGAP GRD differently forms complexes with CDC42%WT and CDC4281L respectively, when
applied on an analytical SEC. For this purpose, CDC42WT GppNHp (C) or CDC42¥1L GppNHp (D)
were mixed with IQGAP1 GRD1 and SEC was performed on a Superdex 200 10/300 column using
an AKTA purifier (flow rate of 0.5 mL/min, fraction volume of 0.5 mL) and a buffer, containing 30
mM Tris /HCI, pH 7.5, 150 mM NaCl, and 5 mM MgCly. The elution profiles represented one peak
for the respective CDC42 proteins (#1), two peaks for the respective mixtures of respective CDC42
proteins with GRD (#2 and #3) and one peak for the GRD1 (#4). (E) Coomassie brilliant blue staining
of the corresponding elution velumes indicated that only peaks #2 contain GRD1 complexes with
CDCAZVT or CDC42IL, respectively. Peaks #3 only contain the CDC42 proteins as compared to
the peaks #1 and #4. (F) The SEC profiles of CDC42WT and CDC429%1L are summarized for each
peak regarding the elution volume, the molecular weight (MW) and the stoichiometry. M stands
for monomeric and D for dimeric. The theoretical MWs of CDC42 (21.2 kDa) and GRD (43 kDa)
were calculated using the Expasy Protparam tool. The presented MWs for each peak was calculated
based on the calibration curve (aldolase 158 kDa and ovalbumin 44 kDa, respectively) and partition
coefficient plot (Kav = Ve — V0/Vc — V0) versus the logarithm of MWs; Ve: elution volume number;
V0: void volume (8 mL}); Ve: geometric column volume (24 mL)). Accordingly, peaks #2 correspond
to a heterotetrameric complex between CDC42WT GppNHp and GRD1 with a MW of 130 kDa, and a
heterotrimeric complex of GRD and CDC42%91L GppNHp with a MW of 85 kDa.
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Figure 5, Deviation in RAS-binding residues in GRDs cause lack of RASGAP activity. (A) Sequence
alignment of human RASGAPs p120, neurofibromin (NF1) and the three IQGAP paralogs high-
lights distinctive deviations in three signature motifs (grey boxes): the finger loop, FLR region and
a7/variable loop. RAS-binding residues are shown in red and conserved residues in blue. The
catalytic arginine (green) is substituted by threonine in IQGAPs. The numbers correspond to the
amino acids of the respective proteins. (B) GTP hydrolysis of various RAS family GTPases was
measured in the absence (blue) and in the presence of p120 GAP domain (red; positive control, where
no GTP detected) or GRD1* (orange) and GRD1TI™R (green). The GIP hydrolysis of the RAS
proteins (10 uM) was measured via HPLC and the GTP content normalized to 100% before adding
p120 or GRD1, respectively, at 100 uM concentrations and 1 min incubation time.

3. Material and Methods
3.1. Constructs

The pGEX4T1 encoding an N-terminal glutathione S-transferase (GST) fusion protein
was used to overexpress human IQGAPI (accession number P46940) GRD1 (aa 962-1345),
C794 (aa 863-1657) and CT (aa 1576-1657); human IQGAP2 (accession number (13576)
GRD2 (aa 875-1246) and C795 (aa 780-1575); human IQGAP3 (accession number P60953)
GRD3 (aa 942-1330); human CDC42 (accession number P60953; aa 1-178). All constructs
and related variants are list in Supplementary Table S1. For purification of these proteins,
pGEX-4T1 constructs were transformed in Escherichia coli and proteins were isolated via
affinity chromatography using a glutathione Sepharose column on a AKTA start protein
purification system (Cytiva, US) [71]. GST-cleavage was carried out by incubation with
thrombin (#T6884-1KU, Sigma Aldrich, Taufkirchen, Germany) at 4 °C until full digestion
of the fusion protein. Quality of the proteins were checked via SDS-PAGE and Coomassie
staining. CDC42 variants were further verified for their activity in HPLC by determining
the amount of bound nucleotide [71]. Nucleotide free proteins were prepared by incubating
the proteins with alkaline phosphatase (#P0762-250UN, Sigma Aldrich, Germany) and
phosphodiesterase (#P3243-1VL, Sigma Aldrich, Taufkirchen, Germany) at 4 °C[71]. CDC42
variants were labelled with either GDP (#51060, Sigma Aldrich, Taufkirchen, Germany),
GppNHp (#NU-401, Jena Bioscience, Jena, Germany), mant-GDP (#NU-204, Jena Bioscience,
Jena, Germany) or mant-GppNHp (#NU-207, Jena Bioscience, Jena, Germany).

3.2. Circular Dichroism (CD) Spectrometry

Far-UV-CD spectroscopy of protein samples were performed on a JASCO [J-715
CD spectropolarimeter (Jasco, Gross-Umstadt, Germany) using quartz cuvettes (Helma,
Mihlheim, Germany) with 1 mm path length. Spectra were recorded at protein concen-
trations of 20 uM CDC42 WT and variants in 1 mM NaPi buffer, pH 7.0 or 8 uM IQGAP
WT and variants in 12.5 mM TRIS/HCl pH 7.4, 37.5 mM Na(Cl, 1.25 mM MgCl;, at 22 °C
with instrument settings as follows: 0.1 nm step size, 50 nm min ! scan speed, 1 nm
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band with. Signal-to-noise ratio was improved by accumulation of 10 scans per sample.
The mean residue ellipticity [6]mew in deg-cm?-dmol ! was calculated from the equation
[mrw = (Ogps x MRW) /(¢ % d x 10), with 04y, observed ellipticity (in degrees); ¢, con-
centration (in g/mL); d, cell path length (in cm); MRW (mean residue weight), molecular
weight divided by number of peptide bonds.

3.3. Cell Culture and Lysis

HEK293 cells were cultured in Dulbecco’s Modified Fagle's Medium (DMEM) (#
12320032, Thermo Fisher, Waltham, CA, USA) supplemented with 10 % FBS and 1%
Penicillin/Streptomycin in an exponential growth phase at 37 °C with 5% CO; and 95%
humidity. Lysis was performed by washing the cells with PBS”~ and scraping them down
with FISH buffer (50 mM Tris/HCI pH 7.5, 100 mM NaCl, 2 mM MgCl,, 10% glycerol,
20 mM p-glyerolphosphate, 1 mM NazVQy, 1 x protease inhibitor cocktail and 1% IGPAL).
Cells were lysed for 10 min on ice and then centrifuged for 10 min at 15,000 g. Supernatant
was used for affinity pull down measurements.

3.4, GST-Pull-Down

The pull-down of endogenously expressed proteins with purified GST-fused proteins
was performed using glutathione agarose beads (#745500.10, Macherey-Nagel, Diiren,
Germany). Beads were coupled to the G5T-fused protein for one hour at 4 °C while mixing
and centrifuged for 5 min at 500x g. Excess protein was removed by three washing steps.
Coupled beads were incubated with HEK293 lysate for one hour at4 °C on a rotor and again
washed 3 times. In the final step, beads were mixed with 1x Laemmli buffer and proteins
were denatured at 95 °C for 5 min. Samples were evaluated via SDS-PAGE and western
blotting using anti-GST (own antibody, mouse) and anti-IQGAP1 (NBP1-06529, Novus,
Wiesbaden Nordenstadt, Germany, rabbit) primary antibodies and secondary antibodies:
IRDye® 800 CW anti-Rabbit IgG and TRDye® 680 RD anti-Mouse IgG from LiCor. Values
were analyzed by using multiple t test analysis in GraphPad Prism 6 (one unpaired t test
per row, fewer assumptions by analyzing each row individually).

3.5. Fluorescence Stopped-Flow Spectrometry

All kinetic parameters (ko) evaluated in this study were analyzed using a previously
described kinetic analysis protocol [72]. The kinetic parameters were monitored with a
stopped-flow apparatus (HiTech Scientific, Applied Photophysics SX20, Leatherhead, UK).
The excitation was set for mant at the wavelength of 362 nm, and emission was detected
through a cutoff filter of 408 nm. The observed rate constants were calculated by fitting the
data as single exponential decay using GraFit program.

3.6. Fluorescence Polarization

To determine the dissociation constant Ky of direct protein—protein interaction (includ-
ing weak interactions) fluorescence polarization analysis was performed in a Fluoromax
4 fluorimeter (Horiba Scientific, Loos, France). Here, 1 uM mant-GDP or mant-GppNHp
labelled CDC42 proteins were prepared in a total volume of 170 uL in a three directional
cuvette. Measurement was performed in polarization mode versus time with an excitation
wavelength of 360 nm (slit width: 8 pm) and an emission wavelength of 450 nm (slit width:
10 um). K4 values were calculated in GraFit 5 by fitting the concentration-dependent
binding curve using a quadratic ligand binding equation.

3.7. GTP Hydrolysis Mensurements

GTP hydrolysis rates of a set of different GTPases in presence and absence of GRD1
and its T1046R mutant containing the arginine residue were measured by high-performance
liquid chromatography (HPLC) analysis. GTP-bound HRAS in presence of p120 GAP was
used as control. Then, 10 uM of each GTPase in the GTP bound state was injected into
the HPLC mixing chamber after 1 min of incubation in absence (intrinsic) and presence
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(GAPF stimulated) of 100 uM of GRD1 WT and T1046R variant. The GTP content for each
measurement was calculated by dividing the intensity of the GTP detection peak to the
sum of the intensities of the GTP plus GDP peaks.

4. Conclusions

The exact binding site of the IQGATP GRD and CDC42 is still not completely clear to
date. This article provides evidence that the IQGAP GRD does not act as the primary or
leading effector binding domain of CDC42 and counterevidence the role of IQGAP GRD in
CDC42 binding deduced from a crystal structure of an IQGAP2 GRD2-CDC42Q61L GTP
complex. We could show that the GRD does not bind to CDC42 in a nucleotide-dependent
manner and that even multiple mutations of the suggested main residues of interaction
do not abolish the direct physical interaction in cells and under cell-free conditions. Our
data support the binding model of Ozdemir et al. [54] and propose the CDC42 [H as a key
binding site for GRD. Furthermore, we shed light once more into the interaction difference
of CDC42* and CDC42961L that might be one of the main reasons of the discrepancies in
the published data as discussed above. By our comparative measurements of IQGAP1 and
IQGAP2 variants, we found differences in their binding strength and specificity towards
CDC42% but also towards various CDC42 variants. Our efforts to investigate also IQGAP3
were so far not successful. The exact binding residues and interaction sites of IQGAP1 and
IQGAP2 with the switch regions of CDC42 will still remain to be identified in the future.
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Stress-activated MAP kinase-interacting protein 1 (SIN1) is a central member of
the mTORC2 complex that contains an N-terminal domain (NTD), a conserved
region in the middle {CRIM), a RAS-binding domain (RBD), and a pleckstrin
homology domain Recent studies provided valuable structural and functional
insights into the interactions of SIN1 and RAS -binding domain with RAS proteins.
However, the mechanism for a reciprocal interaction of the RBD-PH tandem
with RAS proteins and membrane as upstream events to spatiotemporal
mTQRC2 regulation is not clear. The biochemical assays in this study led to
the following results: 1) all classical RAS paralogs, including HRAS, KRAS4A,
KRAS4B, and NRAS, can bind to SIN1-RBD in biophysical and SIN1 full-length
(FL} in cell biology experiments; 2) the SIN1-PH domain modulates interactions
with various types of membrane phosphoincsitides and constantly maintains a
pool of SIN1 at the membrane; and 3) a KRAS4A-dependent decrease in
membrane binding of the SIN1-RBD-PH tandem was observed, suggesting
for the first time a mechanistic influence of KRAS4A on SIN1 membrane
association. Qur study strengthens the current mechanistic understanding of
SIN1-RAS interaction and suggests membrane interaction as a key event in the
control of MTORC2-dependent and mTORC2-independent SIN1 function.

KEYWORDS

Ras, Ras family, Sinl, MAPKAPL, mTORC2, ras binding domain, PH domain, membrane

binding
1 Introduction

Mamumalian target of rapamycin complexes (mTORC) ene and two are key regulators
of many cellular processes in response to a broad spectrum of extracellular stimuli (Brown
etal, 1994; Huang and Fingar, 2014; Saxton and Sabatini, 2017). mTORCI mediates the
control of cell growth through the activation of anabolic processes, whereas
mTORC? facilitates the spatial control of cell survival, cell growth, and actin
cytoskeleton organization through the phosphorylation of AGC family protein
kinases, including AKT, SGK, and PKC (Loewith et al., 2002; Jacinto et al, 2004;
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Pearce, Komander and Alessi, 2010; Saxton and Sabatini, 2017).
The catalytic subunit of both complexes is mTOR which contains
a serine/threonine kinase domain.

The stress-activated MAP kinase-interacting protein 1 (SIN1)
is one of the four conserved components of the mTORC2 complex,
which consists of SIN1, mTOR, mLST8, RICTOR and can
associate with the accessory proteins PROTOR and DEPTOR
{Oh and Jacinto, 2011). Little is known about the upstream
regulators of mTORC2 but it is shown that its regulation and
activity depend on its subcellular localization and it is found in
multiple pools in the cytosol, plasma membrane, early and late
endosomes, and mitochondria (Ebner et al,, 2017; Fu and Hall,
2020). The activity of the mTORC2 complex specifically depends
on its components {Chen et al,, 2018; Stuttfeld et al.,, 2018; Scaiola
et al., 2020; Tafur, Kefauver and Loewith, 2020). MLSTS functions
as a scaffold to maintain mTORC?2 integrity and kinase activity
(Hwang et al., 2019), whereas RICTOR acts as an essential core for
mTORC2 complex formation (Gao et al, 2021). The role of
PROTOR as a novel RICTOR-binding subunit of mTORC2 is
vet unclear (Pearce et al, 2007). DEPTOR appears to block
mTORC2 activity (Peterson et al, 2009), a process that is
prevented by its tyrosine phosphorylation (Gagné et al., 2021).
SIN1 is required for mTORC2 activity and may function by
regulating mTOR association with membranes (Frias et al,
2006; Yang et al., 2006; Liu et al., 2013, 2014; Yuan et al., 2015
Yuan and Guan, 2015). SIN1I-NTD interacts tightly with RICTOR
and mLST8 in an extended conformation and links RICTOR to
mIST8 (Scaiola et al, 2020). The increase in RICTOR
ubiquitination prevented RICTOR and mSIN1 from interacting
with mTOR while leaving the interaction between RICTOR and
mSINI unaffected (Wrobel et al., 2020). In contrast to NTD and
CRIM domains, RBD and PH domains of SIN1 remain flexibly
disposed of this complex {Scaiola et al., 2020).

Phosphoinositide  3-kinase (PI3K)-dependent activation is
partially executed at the plasma membrane in response to
extracellular growth factors, which can trigger the recruitment of
the effector AKT to the membrane. Insulin-PI3K signaling induces
furthermore the association of mTORC2 with ribosomes, which
activates the complex and may be part of the co-translational
phosphorylation of AKT and PKC (Oh et al, 2010; Zinzalla
et al, 2011). The role of SIN1 in the regulation and activation of
mTORC2 is complex and predominantly involves the RAS-binding
domain (RBD) and the pleckstrin homology (PH) domain. The
other two domains, the N-terminal domain (NTD) and the
conserved region in the middle (CRIM) domain, are responsible
for interactions with RICTOR and mTORC?2 substrate recognition,
respectively (Tatebe et al., 2017). The PH domain of SINL binds to
phosphatidylinositol (3,4,5)-triphosphate  (PIP;) and therefore
relives the inhibitory binding of the PH domain on mTOR that
initially masks the catalytic pocket of the complex (Liu et al, 2015;
Yuan and Guan, 2015). The RBD of SIN1 raised many questions
during the past years. SIN1 binding to HRAS and KRAS reduced
RAS signaling toward ERK after its overexpression, while higher
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ERK activity was observed under SIN1 knockdown conditions
(Schroder et al, 2007). Castel ef al. characterized the SIN1-RBD/
RAS interaction and demonstrated a critical interaction of the
guanine nucleotide-binding (G) domain and the C-terminal
hypervariable region (HVR) of KRAS4A with a region of SINI
(amino acids: 364-390), which was called an alternative RBD or
aRBD (Castel et al., 2021). However, deletion of the aRBD had no
impact on cell signaling or animal development based on their
observations. Zheng et al. recently provided further structural
insights into the SIN1-RBD interaction with HRAS (Zheng et al,
2022). They remarkably proposed an insulin-induced reduction of
ERK phosphorylation as a result of the RAS-SINI interaction
(Zheng et al,, 2022).

To gain more insights into the SINL-RBD function,
additional analyses are required to understand the inter-
domain relationship of the SIN1-RBD-PH tandem in the
interaction with RAS proteins, the membrane, and its
mechanistic role in the regulation of mTORC2 in response to
growth factor stimulation. Therefore, we have examined the
direct binding of SINL-RBD with various small GTPases and
the effect of the PH domain on RAS and membrane binding.
Furthermore, we monitored the impact of different
SIN1 constructs on the mTORC2-AKT and MAPK pathways.

Z2 Materials and methods
2.1 Reagents

Dulbecco’s modified Fagle’s medium (DMEM), fetal bovine
serum (FBS), and penidllin/streptomycin were obtained from
Gibeo® Life Technologies. The following antibodies were used:
anti-o-tubulin  (#ab52866, Abcam), antitAKT (#2920, Cell
Signaling), anti-pAKT™*® (#4060, Cell Signaling), anti-
PERK ™™ (#9108, Cell Signaling), anti- FLAG (#F3165, Sigma
Aldrich), anti-GAPDH (#398600, Invitrogen), anti-GST (own
antibody), anti-y-tubulin (#T5326, Sigma Aldrich), anti-His
(*MA5-33032, Thermo Fisher), antiKRAS (7120631 AP,
Proteintech), anti- NRAS (#EB08365, Erest Biotech) and anti-
SIN1 (#2746272, Merck Millipore). The secondary antibodies
[RDye” 800CW donkey anti-rabbit IgG and I[RDye” 680RD
donkey anti-mouse IgG were purchased from Li-Cor and
analyzed in the Odyssey” XF Imaging System. The nucleotides
mGDP (methylanthraniloyl- or mant-GDP), mGppNHp (mant-
GppNHp) and GppNHp were obtained from Jena Bioscience
GmbH. Human EGF and GDC-0941 were obtained from Merck
(Darmstadt, Germany).

2.2 Constructs and proteins

Full-length genes of RAS and RHO GTPases (Table 1) were
cloned into pGEX-4T1-N-Tev vectors and purified from
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TABLE 1 SIN1-RBD interaction with proteins of the RAS superfamily.

Protein Ky (pM) Uniprot ID
HRAS 24+ 2 Po1112

NRAS 31+£2 Po1111
KRAS4B 3+2 P0l1116-2, PE11118-1
KRAS4A 34+1 Po1116-1

RIT1 123+ 15 Q92963

BRAS 123+ 18 P1o301

ERAS 171 £ 15 Q7Z444
RALA 331 + 61 P11233

RHEB 358 + 48 Q15382
RAP2ZA 483 + 81 P10114

BHCA 535 + 231 P&1586

TC21 878 + 472 P62070
CDC42 No binding observed P60953

RACI No binding observed P63000

RAC2 No binding observed P15153

Values displayed are Ky + SD, in pM.

Escherichia coli using glutathione-based affinity chromatography
and size exclusion chromatography as described previously
(Gremer et al, 2011). Fulllength SIN1 (Q9BPZ7),
SIN1 domains (RBD: aa 266-373; RBD-PH: aa 266-522; PH:
aa 373-522), PI3Ka-RBD, RAFI-RBD and SIN1 mutants
(RBDKS(WD) RBDRREll—SllEE and RBDFSL235—29lREE) were Cloned
and expressed in pGEX-4T1-N-Tev or pMal-c5X-His and
Ni-NTA-based  affinity
chromatography and size exclusion chromatography, as

purified by  glutathione- or

previously described (Hemsath and Ahmadian, 2005 Gremer
et al, 2011). KRAS4A was further cloned into the pFAST-Bac
vector for expression and purification from insect cells as
described previously (Zhang et al., 2014). SINL FL, isoform &
{Q9BPZ7-6), AaRBD (aa 363-390 missing), and the RAS GTPases
HRAS (PO1112), NRAS (P01111), KRAS4A (PO1116-1), KRAS4B
(PO1116-2), RIT1 (Q92963) and ERAS (Q7Z444) were cloned into
pcDNA-3.1-FLAG, pcDNA-3.1 (-) or pEYFP for eukaryotic
expression. These vectors were provided by Alfred Wittinghofer
of the Max Planck Institute Dortmund.

2.3 Cell culture, transfection and cell lysis

HEK293 and COS7 cells were cultured in DMEM

supplemented with 10% FBS and 1% penicillin/
streptomycin.  Transfection  was  performed  using
TurboFect™  Transfection Reagent (Thermo  Fisher

Scientific) following the manufacturer’s protocol. Cells were
lysed in FISH buffer containing 50 mM Tris/HCl (pH 7.5),
100 mM NaCl, 2mM MgCl,, 10% glycerol, 20mM f-
glyerolphosphate, 1 mM NasVO, 1x protease inhibitor
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cocktail and 1% IGPAL on ice for 10 min and centrifuged
for 10 min at 16,000 rpm.

2.4 CRISPR/Cas9 knock-out

CRISPR/Cas9 knockout was performed by incubating
purified TrueCutTM Cas9 protein v2 (Thermo Fisher
Scientific) with TrueGuideTM Synthetic sgRNA for human
MAPKAP1 (Thermo  Fisher  Scientific,  Assay  ID:
CRISPR1072864_SGM) in nucleofection solution SF (LONZA)
for 30 min at room temperature. Then, 1*10° HEK293 cells were
resuspended in the solution and nucleofected in the 4D
Nucleofector X-Unit (LONZA) using pulse CM-130. Cells
were expanded for 1week and then separated on 96-well

plates to obtain single clones.

2.5 GST pull-down assay

Pull-down experiments were performed using purified GST-
fused proteins coupled to glutathione agarose beads (Sigma
Aldrich, Germany). Proteins were coupled for 1h at 4°C on a
rotor and centrifuged at 500 x g. The beads were washed 3 times
with a cold buffer containing 50 mM Tris-HCl, 150 mM NaCl
and 10 mM MgCl, and incubated with COS7 or HEK293 cell
lysates with endogenous or overexpressed proteins for 1 hour.
The beads were washed 3 times, and the proteins were mived
with 1x Laemmli buffer. Samples were analyzed using SDS-
PAGE and immunoblotting.

2.6 Immunoprecipitation

EYFP-HRAS™* was overexpressed in COS7 cells. Cell
lysates were incubated overnight at 4°C with GFP nanobodies
(GFP-binding domain of Lama single-chain antibody) covalently
bound to Sepharose beads. The nanobody beads were washed
three times, and the remaining protein was mixed with 1x
Laemmli and analyzed by SDS-PAGE and immunoblotting as
described previously (Rothbauer et al., 2008; Nakhael Rad et al,,
2016). The nanobody beads were washed three times, and the
remaining protein was mixed with Lx Laemmli and analyzed
using SDS-PAGE and immunoblotting as described before.

2.7 Structural modeling of SIN1-RBD and
its complex with HRAS

A structural model of the RBD from SIN1 was created with
the computer program Modeler (https://www.ncbinlm.nih.gov/
pmc/articles/PMC5031415/) using the automodel command. As
a template, isolated SIN1-RBD and in complex with HRAS, the

frontiersin.org

266
267
268
269
270
271
272
273
274
275
276
277
278
278
280
281
282
283
284
285
286
287
288
28%
250
291
292
293
294
295
296
297
258
2589
300
301
302
303
304
305
306
307
308
309
310
311
312
313
314
315
318
317
318

69



315
320
32
322
323
324
325
326
327
328
325
330
331
332
333
334
335
336
337
338
339
340
341
342
343
344
345
346
347
348
349
350
351
352
353
354
355
356
357
358
355
360
361
362
363
364
365
366
367
368
365
37¢
37

Pudewell et al.

structure of RAF kinase RBD in complex with HRASeGppNHp
(PDB: 4GON) was used. Final structures were refined via a short
minimization of complex energy with the program CHARMm
(https:/fwww.ncbinlm.nih.gov/pmc/articles/PMC2810661/)
using default parameters.

2.8 Fluorescence polarization

Fluorescence polarization experiments were executed vig the
titration of increasing amounts of the effector (SIN1) proteins to
1 pM mGppNHp- and mGDP-bound GTPases as described
before (Gremer et al, 2011; Nakhaeizadeh et al, 2016).
Experiments were performed using a Fluoromax 4 fluorimeter
in polarization mode vs. time {excitation wavelength: 360 nm,
emission wavelength: 450 nm), at 21°C in a buffer, containing
30 mM Tris/HCl pH 7.5, 150 mM Na(l, 5 mM MgCl; and 3 mM
dithiothreitol. The dissociation constants (K3) were calculated
using a quadratic ligand binding equation in GraFit 5.

2.9 Liposome assays

Liposomes were prepared by mixing 10% (w/w)
phosphatidylethanolamine (PE) (for flotation assay: 5% (w/w)
PE and 5% (w/w) fluorescently labeled NBD-PE), 50% (w/w)
phosphatidylcholine (PC), 20% (w/w) phosphatidylserine (PS),
5% (w/w) phosphatidylserine, 5% (wiw.fwt.)
phosphatidylinositol-3-monephosphate  (PIP), 5%  (w/w)
phosphatidylinositol-4,5-bisphosphate ~ (PIP2), and 5%
phosphatidylinositol-3,4,5-triphosphate  (PIP3) from stock
solutions dissolved in chloroform. Negative liposomes
{Supplementary Figure S7) were prepared by mixing 90% (w/
w) and 10% (w/w) PE. The final mixture (500 ng) was dried and
rehydrated in 500 pl buffer containing 20 mM HEPES (pH 7.5),
50 mM NaCl, 5mM MgCl2, and 3 mM DTT. The solution was
sonicated 10 times under mild conditions (minimum power, 50%
on and 50% off) and extruded 21 times through a membrane with
a pore size of 0.2 pm.

PIP strips were purchased from Echelon Bioscience and
treated according to the manufacturer’s protocol. Briefly, the
lipid-containing membrane was blocked for 1hour with TBS
containing 3% BSA {(PanReac AppliChem GmbH). The SIN1-PH
domain was incubated with the membrane at a concentration of
1 pg/ml in TBS +3% BSA for 1 hour. Three washing steps with
TBS +0.1% Tween 20 were followed by a 1-h incubation with the
appropriate primary antibody. The washing steps were repeated,
and the membrane was incubated with the secondary antibody
from Li-Cor for 1hour. After three more washing steps, the
membrane was evaluated in a Li-Cor Odyssey system.

Liposome sedimentation assays were performed by mixing
60 Wl liposomes with 20 ul SIN1-PH (1-3 pM), incubating the
sample for 30 min at 4°C while mixing followed by 30 min
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centrifugation at 20.000 g at 4°C. The supernatant and pellet
were mixed or resuspended with 5x Laemmli to obtain a final
volume of 92 ul. The samples were loaded on an SDS gel and
analyzed using Coomassie staining or immunoblotting.

For the liposome flotation assay, 50 pl of liposomes (or
negative liposomes; Supplementary Figure S8) containing 5%
fluorescently labeled NBD-PE) were mixed with 50 pl of
SIN1 proteins (25 uM) and incubated at 4'C for 30 min. The
sample was mixed with 100 pl of 60% sucrose and pipetted into a
small centrifuge tube (Beckman Coulter). On top of the first
layer, 250 ul of 25% sucrose and 50 pl of PBS —/— were added
without allowing the phases to mix. The samples were
centrifuged for 1 hour at 50,000 rpm at 4°C. The fluorophore-
containing liposome phase was detected using a UV lamp and
taken in a 50pl total volume. Samples were evaluated as
described for the liposome sedimentation assay.

2.10 Partial fractionation

Partial fractionation was performed using the Mem-PER™ Plus
Membrane Protein-Extraction Kit (Thermo Fisher Scientific)
following the manufacturer's protocol. Briefly, cells were
trypsinized and washed twice with a cell wash solution. The
membrane was permeabilized with 375 ul permeabilization buffer
for 10 min at 4°'C and centrifuged for 15 min at 16,000 rpm. The
cytosolic fraction was mixed with 5x Laemmli. The membrane pellet
was resuspended in solubilization buffer and incubated for 30 min at
4’C while mixing. The sample was centrifuged for 15min at
16,000 rpm, and the supernatant was mixed with 5x Laemmili.
Samples were analyzed using SDS-PAGE and immunoblotting.

3 Results

To characterize the binding of SIN1 to RAS, we used several
fragments of SIN1, including the full length (FL), isoform 6 (Is06),
AaRBD, which lacks amino acids 364-390 compared to the full
length of SINL, the RBD-PH tandem, and the isolated domains
RBD and PH (Figure L A). We investigated the physical interaction
of different members of the RAS superfamily with the RBD
in vitro, checked protein binding in cell-based experiments with
SIN1-FL, and identified important amino acids for interaction
based on a binding model of the RBD and HRAS. Moreover, we
characterized the interaction of the RBD-PH tandem with the
classical RAS proteins and analyzed the membrane binding of the
PH and RBD-PH proteins. We also investigated the binding of the
RBD-PH domain with liposomes in the presence or absence of
RAS. A cell-based study analyzed the distribution of endogenous
SIN1 FL in the cytosolic and membrane fractions of HEK293 cells.
We checked the phosphorylation levels of pAKT S473 after
overexpressing RAS or SIN1 AaRBD and isoform six to
monitor the activity of the mTORC2.
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FIGURE 1

Interaction partners of SINL {(A) Schemalic domain organization of SINLand ils generaled fragments and variants. Numbers indicate amine acid
numbering of isoform 1 (full length). (B) Fluorescence polarization analysis of SIN1I-RBD with mGppNHp-labeled GTPases. N.b. indicales no binding
ohserved. All Ky values are provided in Table 1. (C) Pull-down assay of the GST-bound RBDs of PI3Ka, RAFL and SIN1 with overexpressed RIT19%Y,
HRASSY and ERAS containing a FLAG-Tag. y- Tubulin served as a loading centrol, and GST alone served as the negative control. (D) Pull-down
experiment with GST-bound HRAS, KRASAA, KRASAB or NRAS, labeled with GDP or GppNHp, and endogenous SIN1-FL in HEK293 lysates. GST alone
served as a negative control. Bar charts were obtained from independent experiments. (HRAS, KRASAA, NRAS n = 3; KRASAB n = 2; GSI n = 4). Data
sets were evaluated in a two-tailed ratio paired t test using GraphPad Prism 6. HRAS GDP vs. GppNHp p = 0.0010, KRASAA GDP vs. GppNHp p =
0.0114, KRAS4B and NRAS nol significant. (E) Co-immunoprecipilalion analysis of overexpressed EYFP-HRAS in COS7 cells. Proleins were
immunoprecipitated using GFP nanobodies.

3.1 SIN1-RBD binds to all classical RAS
proteins

The first aim of our study was to identify direct binding
partners of SIN1-RBD (aa 279-353) within the RAS superfamily.
Therefore, we investigated the binding of 15 different RAS and
RHO proteins using fluorescence polarization measurements

Frontiers in Cell and Developmental Biology 05

(Figure 1B; Table 1). In addition to the classical RAS proteins
HRAS, NRAS, and the isoforms KRAS4A, and KRAS4B, we
investigated RRASI, RRAS2 {or TC21), ERAS, RITI, RALA,
RHEB, RAP2A, RHOA, CDC42, RACI and RAC2. The K, values
were determined via the titration of increasing concentrations of
the SINI-RBD  to  the mGppNHp-bound GTPases
(Supplementary Figure S1). The classical RAS proteins
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exhibited the highest affinities that ranged from 24 to 35 pM,
followed by RITL, RRAS, and ERAS, with K4 values of 112, 123,
and 170 uM, respectively (Table 1). The other tested GTPases
exhibited binding affinities greater than 300 uM, which are most
likely not relevant in cell signaling. Among the RHO GTPases,
RHOA was the only protein that showed very weak binding
above 500 uM.

To compare the binding of the SIN1-RBD to the well-known
RAS effectors RAFL and PI3Ka«, we performed pull-down
analyses of the three GST-fused RBDs with the hyperactive
(GTPases RIT1%*%Y, HRAS®"?" and constitutively active ERAS
(Nakhaei-Rad et al., 2015). GST alone served as the negative and
y-tubulin as the loading control (Figure 1C). ERAS, which had a
low affinity for SINL-RBD ix vitro, can bind in cells as strong as
HRASSY while RIT19%0Y displayed weak binding to SIN1 and
PI3Ko-RBD and strong binding to RAF1-RBD. HRAS®"?Y bound
strongly to RAF1, moderately to SIN1 and weakly to PI3Ka.
Notably, ERAS showed strong binding to all RBDs but the
highest engagement to PI3Ka.

We examined whether binding of the SINI-RBD was
nucleotide dependent or independent and confirmed GTP-
dependent binding in fluorescence polarization experiments
using HRASemGDP vs. HRASemGppNHp (Supplementary
Figure S2). Pull-down experiments of purified GST-fused
HRAS, KRAS4A, KRAS4B and NRAS determined the binding
of endogenous SIN1-FL with GDP- or GppNHp-bound RAS.
The experiment clearly showed the binding of only GppNHp-
bound RAS proteins (Figure 1D). The interaction of endogenous
SINI-FL  with HRAS was
immunoprecipitation experiment using overexpressed EYFP-
HRAS®* (GAP-insensitive and therefore mostly GTP-bound
mutant; Figure 1E).

confirmed by a co-

3.2 Identification of critical SIN1/HRAS
interacting residues

To identify potential contact sites of SIN1-RBD on RAS, the
SIN1-RBD structure in complex with HRAS was modeled based
on sequence homology to the complex of RAF1-RBD with
GppNHp-bound HRAS (PDB: 4GON). We analyzed the
interaction interface between HRAS and SINI-RBD and
selected several SINL residues in close proximity to HRAS
that may be responsible for the direct interaction between
RAS proteins and SIN1 (Figure 2A). Based on these identified
interacting residues, three different mutants of SIN1-RBD were
designed (Figure 2A): SIN1-RBD**"", SIN|-RBD™*!! 3125 and
SIN1-RBD™“7 2915 Residues were substituted with amino
acids with opposite charges to generate repulsion between the
interacting residues.

The biophysical measurements revealed decreased binding of
SINL-RBD mutants with mGppNHp-bound HRAS, KRAS4A,
KRAS4B and NRAS (Figure 2B and Supplementary Figure $3).
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The K, of the single mutant was 5- to 15-fold higher than SIN1-
RBD"" (Tables | and 2). The double and triple mutants further
decreased the binding affinity. All mutations abolished SIN1-
RBD binding capability to KRAS4B but were still bound to
KRAS4A with a low affinity. The recently published structure
of KRAS binding with SIN1-RBD by Castel et af. (PDB: 7LC1 and
7LC2) and Zheng ef al. (PDB: 7VVB) and HRAS binding of
SIN1-RBD by Zheng et al. (PDB: 7VV9) confirmed that these
residues are in close proximity to the switch [ region of KRAS and
are very likely involved in a physical interaction (Supplementary
Figure 84) (Castel et al.,, 2021; Zheng et al,, 2022). Notably, our
SIN1 mutations were generated and characterized far before
these structures of the SIN1-RAS complexes were published.

3.3 SIN1-RBD-PH tandem domain has
much lower binding to RAS than RBD
alone

We investigated the interaction of the tandem SIN1-RBD-PH
domain with classical RAS proteins (HRAS, KRAS4A, KRAS4B
and NRAS) using fluorescence polarization (Figure 2C and
Supplementary Figure S5). Obtained Ky values were 5- to 10-
fold higher than the SIN1-RBD interaction (Table 2), which
strongly suggests a possible intermolecular interaction between
the PH and RBD domains. To examine whether this RBD-PH
interaction is due to direct binding of the individual domains or
occurs only in the linked tandem domain, fluorescence
polarization SIN1-RBD with
HRASemGppNHp in the presence of 2x excess SIN1-PH was
performed and resulted in a K4 of 27 + 2 uM, which was similar
to the K4 obtained for SIN1-RBD alone (24 = 2 pM) (Figure 2D).
The SIN1-PH domain alone showed no binding to HRAS
(Supplementary Figure $6).

measurement of

3.4 SIN1-PH and RBD-PH associate with
the membrane

We further focused on the investigation of the membrane
binding ability and lipid selectivity of SIN1-PH and SIN1-RBD-
PH domains using PIP-Strips (Figure 3A), liposome
sedimentation (Supplementary Figure 87), and liposome
flotation assays (Figure 3B). PIP-Strip assays confirmed a
similar selectivity and comparable intensity of the PH and
RBD-PH domains toward all phosphoinositides. The strongest
binding was detected for PI(3)P, PI(5)P, and PI(4,5)P. PH and
RBD-PH bound to phosphatidic acid (PA) but no other lipids.
Based on this assay, we used liposomes containing PC, PE, PS,
PA, PI(3)P, PI(4,5)P, PI(3,4,5)P, and cholesterol for subsequent
experiments to cover all possible binding modes.

We confirmed the binding of the GST-SIN1-PH domain to
our synthetic liposomes compared to the GST control in a
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FIGURE 2

Structural analysis of SINL-RBD and RBD-PH domains. (A) The inleraclion inlerface of HRAS (gray) and SIN1-RBD {leal) is highlighted in the
medel of their complex conslrucled based on Lhe C-RAF RBD struclure (PDB: 4GON). Crilical and mulaled residues in Lhe SIN1-RBD are colored as
follows: SINL™ fyellow), SINLT1-5175F (blye), and SINL™ 2827917 (rad) (B) Fluorescence polarization analysis of the RED mutants compared to the
WT SINL-RBD with the mGppNHp-labeled classical RAS proteins HRAS, KRAS4A, KRAS4B, and NRAS. All Ky values are shown in Table 2. The
difference in the binding affinity of WT SIN1-RBD in comparison to the three SIN1-RBD mutants was highly significant for all proteins {two-tailed
unpaired t test, p < 0.0001). {C) Fluorescence polarization analysis of the SIN1-RBD-PH tandem canstruct with mGppNHp-labeled classical RAS
proteins compared to SIN1-RBD binding alone. All K, values are provided in Table 2. (D) Fluorescence polarization graphs of HRAS mGppNHp with
SIN1-RBD (Ky = 24 £ 2 pM) and double the amount of SINL-PH (Ky = 27 £ 2 uM). SIN1-RBD and SIN1-PH were premixed and pre-incubated before
litration

TABLE 2 The Interaction of SIN1-RBD mutants with RAS proteins.

Protein HRAS KRAS4A KRAS4B NRAS
SIN-RBD*7™ 324 = 90 256 + 56 No binding observed 166 + 93
SIN-RBD FRaA1EE 461 = 95 952 + 321 No binding observed No binding cbserved
SIN-RBD "Sloss ki No binding observed 654 1 339 No binding observed No binding observed
SINT-RBD-PH 273 =52 410 + 45 168 + 54 227 + 43

Values displayed are Ky + 8D, in pM.

liposome sedimentation assay (Supplementary Figure 57). Most membrane binding ability of the MBP-SIN1-RBD-PH domain in
protein was detected in the liposome/pellet fraction. The GST a liposome flotation assay. Proteins were mixed and incubated
control was only detectable in the supernatant. We checked the with fluorescent-labeled synthetic liposomes and stacked in a
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Membrane association of SIN1-PH and RBD-PH. (A) PIP-Strip assay of SINL-PH (left) and SIN1-RBD-PH {right). The blue blank served as a
negative control. CBB stands for Coomassie brilliant blue (B} Flotation assay of SIN1-PH and SIN1-RBD-PH domains stained with Coomassie. {n = 3)
Not significant. {C) Schematic principle of a liposome flotation assay using a sucrose gradient and ultracentrifugation. (D) Flotation assay of SIN1-
RBD-PH in the presence of KRAS4A purified from E. coli and KRASAAR %% from insect cells (n = 3). {E} Flotation assay of SIN1-RBD-PH with
NRAS purified from E. colf. (n = 3). Data sets were evaluated in a two-tailed unpaired ¢ test using GraphPad Prism six and displayed no significance.
CBB stands for Coomassie brilliant blue

Frontiers in Cell and Developmental Biology 08 frontiersin.org

806

808
809
810
811
812

813

828

836
837
838
839
840
841
342
843
844
845
846

848

74



845
850
851
852
853
854
855
856
857
858
855
860
861
862
863
864
865
866
867
868
865
870
871
872
873
874
875
876
877
878
879
880
881
882
883
884
885
886
887
388
885
850
851
892
893
854
855
896
897
858
855
900
901

Pudewell et al.

glucose gradient. After ultracentrifugation, liposomes, including
bound proteins, were isolated and detected using Coomassie
staining or Western blotting (Figures 3B,C). As a negative
control, we used only purified MBP. In addition, we checked
the lipid selectivity of the SIN1-PH domain by using negative
liposomes containing only 90% PC and 10% PE, which showed
no liposome association in the flotation assay (Supplementary
Figure $8). Our results showed the binding of SIN1-PH and
RBD-PH to the liposomes, with the binding of the latter being
comparably weaker. This effect is most likely caused by
interdomain interaction between the RBD and the PH domain
discussed in Section 3.3. A remaining question is whether RAS
binding to the RBD is supported by PH domain binding to the
membrane or whether this PH-membrane interaction is
regulated by RAS.

3.5 RAS weakens the membrane
interaction of SIN1-RBD-PH

To determine the effect of RAS on the membrane binding
of SIN1-RBD-PH, we performed liposome flotation assays
using GppNHp-bound KRAS4A without and with
posttranslational modifications, such as farnesylation in its
CAAX box, that facilitates its binding to the membrane. The
results indicated weaker binding of RBD-PH to the liposomes
in the presence of non-farnesylated and farnesylated KRAS4A
(Figure 3D) as well as in the presence of GppNHp-bound
NRAS (Figure 3E). Both results suggest an influence of RAS on
the localization of $IN1 and the mTORC2 complex within
the cell.

3.6 SIN1-FL is always partially membrane
associated

Different localizations of SIN1 within the cell have been
reported in the past few years. We have now applied different
approaches to study the translocation of endogenous SINI to the
membrane. A first approach was to partially fractionate
HEK293 cells and determine the ratio between cytosolic
SIN1 and membrane fractions. Data from six independent
experiments showed that most of the endogenous SINL-FL
protein was present in the cytosolic fraction, with a ratio of
approximately 77:23 (p < 0.0001; Figure 4A). In a next step, we
examined the effects of the PI3K-AKT pathway on the
localization of SIN1 in the membrane. We used two opposing
conditions, either inhibiting the pathway with GDC-0941, a
small molecule PI3K inhibitor, or stimulating it with 10%
FBS. The results presented in Figure 4B did not lead to an
obvious shift of SIN1 between the cytosolic and membrane
fractions compared to the serum-starved cells. Of note, the
ratio of cytosolic to membrane immunodetectable SIN1 was
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quite similar among the three conditions (serum-starved 86:
14; GDC-0941 treated 89:11; FBS stimulation 88:12). As a
control for the cytosolic fraction, we used a-tubulin, which
was present in the latter at approximately 96-98%, indicating
only a very weak contamination of approximately 2-4% of the
cytosolic fraction in the membrane fraction. The membrane
fraction was checked using Na'/K'-ATPase as a marker
protein (Supplementary Figure $9).

3.7 RAS overexpression does not alter AKT
S473 phosphorylation

The RAS signaling pathway follows two canonical routes:
one via RAF and MEK toward ERK, the other via PI3K
activation toward AKT phosphorylation at T308 (Munoz-
Maldonado et al, 2019). As described before, the
phosphorvlation of AKT at S473 mostly depends on the
mTORC2 complex and serves as a readout for its activity
(Sarbassov et al, 2005 Castel et al., 2021). The PI3K
inhibitor GDC-0941 blocks the conversion of PIP, to PIP,
and many translocation events of PIP5-dependent PH domain-
containing proteins, such as AKT (Figure 4C). To investigate
the influence of RAS on the phosphorylation of AKT, we
overexpressed wild-type KRAS4A, HRAS, NRAS, and the
hyperactive HRASS™  and NRAS®?™ in
HEK293 cells (Figure 4D). Cells were serum starved and
treated as indicated with EGF andfor GDC-0941.
Stimulation with EGF led to strong AKT”* phosphorylation
in all cases (Figure 4D). The G12V mutation further promoted
signaling, which was likely due to the constant activation of the
PI3K pathway. The GDC-0941 inhibitor completely abolished
AKT*¥* phosphorylation. This could be further supported by
stimulating HEK293 cells with EGF, insulin and 10% FBS in
combination with the GDC-0941 inhibitor, which abolished the
phosphorylation of AKT 8473 in all cases (Supplementary

variants

Figure S10). This experiment strongly supports the need for
PI3K activity for AKT phosphorylation. In order to better
understand the role of the PH domain and eventually of the
aRBD, as suggested by Castel ef al, on the activity of the
mTORC2 complex toward AKT we overexpressed several
SIN1 variants. SIN1-AaRBD lacks amino acids 364-390, and
isoform 6 (Iso) is missing the whole PH domain and contains
an alternative exon 9a instead of the aRBD. Because
endogenous SIN1 could interfere with the effect of
transfected SIN1 variants, which could be caused by the
formation of heterodimers (Stuttfeld et al, 2018; Scaiola
et al, 2020), we performed a CRISPR/Cas9 knock-out of
SIN1 in HEK293 cells and selected a single clone iclone 2A)
for further overexpression experiments. The single clone
showed no signal for either SINI
phosphorylated AKT at $473 (Supplementary Figure SLL).
All overexpressed SINL proteins were able to rescue

antibody  or
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Localization and signaling of SINL (A) Partial fractionation of HEK293 cellsinto cytosolic and membrane fractions {n = 6, two-lailed paired ¢ test

p < 0.0001). GAPDH served as a loading control and a-tubulin as a control for the cytosolic fraction. {B) Partial fractionation of 16 h serum staved
HEK293 cells under untreated, 1 pM GDC-0941 inhibited or 10% FBS-stimulated conditions {1 h each) {not significant, two-tailed unpaired t test). a-
Tubulin served as a control for the cytoplasmic fraction (98:2). (C) Illustration of the RAS-MAPK and PI3K-AKT pathways induced by EGF. The
dotled line indicates an unknown effect of RAS on the mTORC2 complex. (D) Stimulation experiment with untransfected or EYFP-KRASAA-,
HRASWT™™, HRASS™~ NRAS™ ™~ or NRAS®"Y-transfected HEK293 cells. For KRASAA, green fluorescence was used as an expression control. [he other
constructs carried an N-terminal FLAG-tag and were detected using an a-FLAG antibody. GAPDH served as a leading control. tAKT and pAKT""*
levels were eslimaled afler serum starvalion, followed by treatment with DMSO or 1 uM GDC-0941 for 1 h and stimulation with 100 ng/ml EGF for
20 min as indicated. (E) Weslern blot analysis of overexpressed SINL constructs {FL, AaRBD, and Iso6) or co-expressed SIN1 variants with EYFP-
KRASAA in HEK2935-SIN1 knock-out cells, clone 2A, under normal culture conditions (10% FBS). For KRASAA, green flucrescence was used as an
expression control. SINL antibody indicates the overexpressed variants and indicates kneck-out compared to wild-type (WT) cells. The
pAKTS473 levels were analyzed with a specific antibody. GAPDH served as a leading control.

phosphorylation of AKT5473 and did not dramatically increase
or decrease AKT phosphorylation when co-expressed with
KRASAA (Figure 41L).
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Overall, our cell biological

results suggest PI3K-dependent

phosphorylation of AK'T*, likely through recruitment of AKT
to the membrane, but not through alteration of SIN1 and thus
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mTORC2 localization within the cell, as a small fraction appears
to be constantly localized to the membrane. In addition, we failed
to demonstrate a RAS-dependent increase in AKT-$473
phosphorylation after GDC-0941 treatment, as well as the
ability of SINI-FL, AaRBD, and isoform six to rescue
PAKTS473 levels in SIN1 knockout cells. It seems that some
specific issues related to AKT regulation and feedback
mechanisms still need to be clarified.

4 Discussion

The role of the SINI-RBD and the interaction of RAS and
SIN1 raised more questions than answers during the past years.
Zheng etal. (Zheng et al, 2022), Castel et al. (Castel et al., 2021)
and Liuet al. (Liu et al., 2015) added new interesting concepts for
the function of the RBD and the PH-domain of SIN1 in the
complex regulatory network of mTORC2. Our study adds the
influence of RAS on the membrane binding of SIN1 as another
functional factor.

Schroder ef al. (2007) described the RAS binding domain of
SIN1 and showed the association of HRAS™"? and KRAS4B"?Y
with SINL (Schroder et al., 2007). Castel ef al. revised this study
and introduced KRAS4AeGTP as the ultimate binding partner
for SINL. Consistent with Zheng ef al, who showed an
association with HRAS, KRAS, and NRAS, we identified the
four classical RAS proteins (HRAS, KRAS4A, KRAS4B, and
NRAS) as the strongest binders of SIN1-RBD and confirmed
the GTP-dependent binding of these proteins with FL SINI in
cells. We have added ERAS, RRAS, and RITL to the list of
potential binding partners based on fluorescence polarization
which serves as a sensitive biophysical method for the
identification of protein complexes with lower binding
affinities. RITL-SINL interaction has also been shown
previously to be required for oxidative stress survival (Cai,
Andres and Reiner, 2014). Pull-down assays confirmed the
binding of ERAS and RIT1 with SIN1-RBD and further
confirmed the preferable binding of HRAS®'*Y with RAFIL,
SINL, and PI3Ka RBDs, which is exactly the order shown by
Zheng et al.

Our structural analysis identified a few residues for the
interaction of SINI-RBD with the switch region of HRAS.
The residues R311, R312, F289, $290 and L1291, which showed
a much lower or complete loss of binding after mutation, were
also identified by Castel ef al. and Zheng et al., and collectively
highlight these residues as the main interaction sites of SIN1 and
RAS, although this binding site may not be exclusive (Castel et al.,
2021; Zheng et al., 2022). Interestingly, the F289L, $290F, and
R311Q} mutations were found to be SIN1 cancer mutations
{COSMIC database, 2022), suggesting their critical role in
SIN1 function. The RBD-PH construct showed much weaker
binding to RAS than RBD alone, which was also reported by
Castel et al, Zheng et al., and by this study. Contrary to these
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results, we did not detect a direct interaction of the free PH
domain with the RBD but proposed a low-affinity RBD-PH
tandem interdomain interaction.

The PH domain of SIN1 was examined by Liu ef al.
{2015), who reported the binding of the PH domain to
mTOR in an inhibitory manner and to PIP; to activate the
complex by opening the mTORC2 binding pocket. Their
study concluded that the activity of the mTORC2 complex
was PI3K dependent, which produced PIP; in response to
growth factors. Ebner ef al. (2017) investigated the
localization and activity of the mTORC2 complex in the
cell using a new reporter system called LocaTOR2
{localization of mTOR complex 2), based on its effector
AKT2. The study identified different pools of the
mTORC2 complex at the plasma membrane, mitochondria,
and endosomal vesicles. This finding highlighted that
mTORC2 activity at the plasma membrane was PI3K
independent and activated the reporter upon PI3K
inhibition with GDC-0941. Nevertheless, the substrate
AKT was not recruited to the PM under PI3K inhibition,
which indicates that the phosphorylation of AKT is PI3K
dependent based on its localization, but mTORC2 activity
does not need PI3K for its activity. Our study also shows
stimulation-independent SIN1 localization at the plasma
membrane, which was supported by the binding of the
SIN1-PH domain te phosphoinositides other than only
PIP;. Other members of the mTORC2 complex may also
trigger membrane localization. The domain organization of
RICTOR is not completely defined, and two possible PH
domains (including one split PH domain), in addition to
HEAT and WD repeats, were identified based on sequence
and structural similarities (Zhou et al., 2015).

Taken together, our study shows for the first time the
membrane association of SIN1-RBD-PH compared to the PH
domain alone and additionally analyzed this interaction in the
presence of farnesylated and non-farnesylated RAS. We
showed that RAS interfered with the binding of SIN1-RBD-
PH to liposomes. Mechanistically, it is tempting to
hypothesize that RAS association with the membrane-
bound SINI results in spatial rearrangement of the RBD-
PH tandem followed by SIN1 dissociation from the membrane
and then subsequently from RAS. The RAS-SIN1 interaction
is consequently accompanied by crosstalk and feedback
mechanisms of the RAS-MAPK and PI3K-AKT signaling
pathways (Figure 5). The binding of RAS to SINI1 rather
than PI3K may reduce the activity of the PI3K-AKT
pathway and AKT phosphorylation by mTORC2, which is
of the

mTORC2 complex. This assumption is based on our

alternatively followed by the disassembly
observation that some mTORC2 continuously resides at the
membrane. It suggests that the spatiotemporal control of
AKT, its recruitment and clustering to lipid rafts is the key
to switching the AKT signaling pathway on and off.
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FIGURE 5
Proposed model for the involverment of the RAS-SINL interaction in signal termination. Phases |, |1, and || describe the signaling process from
growth factor binding to signal termination. For more details see text.

All in all, the results of the present study and the previous (Kazemein Jasemi and Reza Ahmadian, 2022) transmits the
work by other groups led to the following model proposing the extracellular signals (e.g:, EGF) towards both RAF and PI3K.
role of SINI-RAS interaction in the negative feedback loop of This recruits RAF to the plasma membrane, and activates PI3K to
RAS-RAF-MEK-ERK and PI3K-AKT signaling pathways. Our catalyze the conversion of PIP, to PIP;, followed by membrane
model divides the activation of RAS and its downstream effectors recruitment of AK'T. In this phase, the mTORC2 complex with
into three phases until the termination of signal transduction SINI is present in a partially “closed” conformation at the
(Figure 5). In phase 1 (the initiation phase), RAS activation membrane and therefore, inaccessible for RAS. The inhibitory

through a GDP/GTP exchange by the RTK-GRB2-SOS axis binding of the PH domain to mTOR blocks the catalytic binding
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pocket of the complex (Liu et al,, 2015). In phase II (maximum
signaling phase) the two canonical RAS signaling pathways are
fully activated. RAF is activated by several dephosphorylation,
conformational change and homo- or heterodimerization events
and transmits the signal to MEK and ERK (Lavoie and Therrien,
2022). PDKI1 recruitment to PIP,rich clusters results in
T308 phosphorylation and activation of AKT. At the same
time, SINL switches into an open conformation, which may
be triggered by the assoclation of the PH domain with the
membrane accompanied with mTORC2 substrate recognition,
which seems to be different for AKT and SGKI1 (Yu et al., 2022).
The mTORC2 complex phosphorylates AKT at 8473, leading to
its complete activation. Both phosphorylated ERK and AKT now
stimulate cell responses, such as proliferation, survival and cell
growth. In the following phase III (the signal termination),
several feedback loops lead to the shutdown of the signaling
processes, including: 1) RAS®GTP binding to SIN1 in its open
conformation, dissociating the SIN1-PH domain from the
membrane back to its closed conformation, disrupting the
positive feedback loop to PI3K and interfering with the
activation of AKT by mTORC2; 2) activated ERK inhibits its
own signaling cascade by phosphorylating RTKs, SOS, RAF and
MEK; 3) activated AKT re-phosphorylates RAF at §259 (CRAF
numbering), the critical inhibitory phosphorylation
(Zimmermann and Moelling, 1999; Dhillon et al., 2002; Lake,
Corréa and Miller, 2016); 4) PTEN dephosphorylates PIP; to
PIP; (Lee, Chen and Pandolfi, 2018). Notably, there are more
negative feedback processes known, like the ubiquitination and
internalization of receptors (Tomas, Futter and Eden, 2014), the
inactivation of RAS by GAPs (Lorenzo and McCormick, 2020),
and the negative feedback of ERK towards other signaling
proteins, eg., sprouty or FRS2a (Lake, Corréa and Miiller,
2016), that were not included in the model.
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8. DISCUSSION

The RAS signaling pathways are central in the response to growth factors and other ligand
stimulations and are not only involved in cell survival and proliferation but also the formation
and progression of various diseases [143]. These diseases are based on the
hyperactivation of the RAS signaling cascade towards RAF-MEK-ERK and PI3K-AKT.
Mutations in the classical RAS genes can be found in over 25% of human cancers and are
mostly located in the hotspot amino acids G12, G13 and Q61 [144], which lead to GAP-
insensitivity (G12V) or drastically increased nucleotide exchange (G13D and Q61L) [145].
Additionally, common cancer mutations can be found in accessory proteins, like SPRED1,
KSR1 or SHP2, that modulate and regulate the RAS signaling pathways [15]. Gain- or loss-
of-function mutations in accessory proteins play a major role in RASopathies. This group of
syndromes comprises germline mutations that cause a mild gain-of-function of the RAS
signaling cascade and lead to phenotypes, including neurocognitive impairment, cardiac
and facial anomalies, and an increased risk of cancer development [146,147].

Direct treatment of RAS-driven cancers or diseases is still incredibly difficult as the
intracellular signaling pathways are connected via fine-tuned cross-talks, auto-inhibition and
feedback loops, and often develop drug resistance or major side effects upon protein
inhibition. Basic research is needed to understand the relationship between signaling
cascades and the regulation of enzymatic activities, but also to identify new interaction
partners and binding sites to predict and estimate new therapeutic strategies. Different
approaches were used to inhibit hyperactive RAS, which includes: (i) targeting
franesyltransferases to avert RAS membrane localization [148], (ii) using small molecules
to specifically target G12C mutated RAS [149], (iii) target RAS dimerization events at the
membrane [150] or (iv) target activators, inactivators or effectors of RAS signaling pathways
[151]. Even though some of these approaches already provided promising results, the read
out of those studies mostly focuses on ERK or AKT phosphorylation and tumor progression.
Other cascades that might be affected by RAS inhibition, the non-canonical signaling
pathways, are usually overlooked.

Chapters 3 and 4 of this thesis summarize the role of accessory proteins in the RTK-RAS-
MAPK-signaling pathway and highlight them as possible therapeutic targets. This way, the
attenuation of a signaling pathway, instead of inhibition (total abolishment) via directly
targeting the main components, may bring the signaling to a physiological level and lead to
less toxicity and unpredictable events towards other signaling cascades. In this context,
Chapter 6 describes and focuses on the detailed binding of the scaffold protein IQGAP, in
this case not towards RAS signaling members, but towards another member of the RAS
superfamily: CDC42, and highlights the importance of accurate binding models. In Chapters
5 and 7, two non-canonical RAS signaling pathways are investigated, which, in the case of
arginase, opens a whole new downstream pathway regarding the production of polyamines,
and in the case of SIN1, might be part of the fine-tuned feedback mechanisms to terminate
the intracellular signaling cascade. Their interaction with RAS and their role in the cells will
be further discussed below.
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8.1 THE INTERACTION OF ARG1 AND ERAS

In our study, we could identify arginase 1 as a new, direct interaction partner of ERAS using
mass spectroscopy, various biophysical and biochemical methods as well as cell biological
approaches and confocal imaging. Furthermore, we could monitor the role of ARG1 in the
context of hepatic stellate cell quiescence and activation by using selective inhibitors. The
direct consequence of ERAS and ARG1 interaction is still unanswered but our results open
up room for discussion.

Previously, it was shown that ERAS is located on the plasma and endo-membranes as well
as in the nucleus [10]. In our study, we could additionally show that ARG1 can associate
with the membrane and further co-localizes with ERAS on the PM of quiescent HSCs. It is
tempting to speculate that the functional relationship of ERAS and ARG1 either takes place
at the membrane or is all about the localization itself. The formation of microdomains is
important for several different signaling pathways and could be shown for EGFR signaling
towards RAS [152] but also for eNOS activity, which co-localizes with caveolin-1 and is
negatively regulated in caveolae in erythrocytes [153]. In red blood cells, which contain a
high amount of ARG1 as well, the activity of ARG1 was found to be approximately 100 times
higher in membrane fraction than cytoplasmic fraction [154]. Additionally, it was proposed
that ARG1 interacts with flotillin-1, which might coordinate membrane localization and also
increases ARG1 activity. Even though we could not confirm an influence of the membrane
or ERAS on ARG1 activity, the interaction with other proteins, like flotillin-1, which is also a
scaffold protein of the RAS-MAPK pathway [15,155] and known to be part of lipid
microdomains [156], could increase the K, of ARG1 and/or determine a microdomain which
optimizes its enzymatic activity. In this context, the interaction of ARG1 and ERAS could be
important to orchestrate the localization of both proteins in the same microdomain and
increase the dwell time of ARG1 on the membrane where it could localize close to L-arginine
transporters. An important class of L-arginine transporters is the cationic amino acid
transporter with the isoforms CAT1, 2A, 2B and 3. The CAT isoforms differ in their affinity
and specificity for CAAs (CAT1: 0.10-0.16 mM, CAT2B and CAT3: 0.25-0.70 mM and
CAT2A 2-5 mM) [157]. The affinity of CAT2A for CAAs is comparatively low but squares
with the affinity of ARG1 to L-arginine. Both proteins are furthermore following the same
expression pattern in HSCs during activation, showing a strong peak in quiescent cells at
day 0. iINOS is co-expressed with CAT1 and CAT2B mRNA. Interestingly, CAT1 expressing
cells can be L-arginine depleted by other ARG1 containing cells due to their preferred
exchange function and quite slow L-arginine uptake [157]. The CAT isoform 2B is the
inducible isoform and has a higher transportation capacity than CAT1. CAT2B and iNOS
are often co-expressed or even control the other’s expression like it was shown in astrocytes
[157,158]. In a proximal protein interaction landscape of HRAS, KRAS and NRAS, hundreds
of potential RAS interaction partners were collected, comprising 14 different amino acid
transporters, including CAT1 and CAT2(A/B) [47]. If CATs are also interacting with ERAS
and form a microdomain together with ARG1, needs to be investigated in the future.

The role of ARG1 in the maintenance of HSC quiescence could be studied using the
arginase inhibitor nor-NOHA. After the addition of nor-NOHA, accelerated HSC
differentiation was observed, which included an early loss of lipid droplets and a fast switch
of the cell phenotype into myofibroblast-like cells. The same observations could be
monitored while treatment with the ODC1 inhibitor DFMO (a-difluoromethylornithine),
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leading to the hypothesis that polyamines exert influence on HSC quiescence and therefore
take part in controlling HSC fate decisions. Polyamines are well known for their effect on
proliferation [159] and autophagy modulation [101,102,160,161]. Additionally, polyamines
are strongly regulated during liver regeneration caused by partial hepatectomy [162—165]
but also exhibit a protective effect against liver fibrosis [166—168]. Direct downstream
effectors of polyamines are hardly identified. In the context of HSC quiescence and
maintenance of stemness, two pathways that are controlled by polyamines are of particular
interest. One important function of polyamines is the hypusination of the transcription
initiation factor 5A (elF5A), a unique post-translational modification, which is needed to
proceed with the translation of proteins with proline-rich sequences and other motifs
[169,170]. The post-translational modification of elF5A is tightly regulated by the two
enzymes deoxyhypusine synthase and deoxyhypusine hydroxylase, which transfer the
hypusine residue from spermidine to elF5A. Until now, elF5A is the only known substrate
of these enzymes and the hypusination is highly conserved in all eukaryotes [171,172]. One
target of hypusinated elF5A is the autophagy-related protein 3 (ATG3), which is part of the
complex for LC3 (Microtubule-associated proteins 1A/1B light chain 3) lipidation (converting
LC3-I to LC3-Il) and therefore central for the autophagosome assembly [170]. Additionally,
it was shown, that polyamines have a promoting effect on ATG5 (autophagy protein 5) levels
facilitating autophagy while liver damage [168]. Another effector of polyamines is Mindy-1,
a deubiquitinase that was shown to maintain stemness by sustaining OCT4 protein levels
and inducing self-renewal in ESCs [173]. HSCs are considered liver resident mesenchymal
stem cells, which are able to differentiate into diverse cell types in response to liver damage
[137]. Furthermore, it was reported that the stem cell marker OCT4 is expressed in
quiescent HSCs [134], but disappears quickly after isolation and cultivation of these cells in
vitro. Even though, low expression of OCT4 mRNA levels could also be detected in our
experiments, the existence of this stem cell marker in HSCs is highly controversial and
extensively debated [174]. However, Mindy-1 could be one of the many polyamine effectors
that participate in the maintenance of HSC quiescence. The third point of ARG1 expression
in HSCs may cover the counteraction of iINOS activity. As explained earlier, arginase and
NO synthases are competing for the same substrate L-arginine. While simultaneous
expression of both proteins, high arginase levels inhibit the production of NO [111].
Especially in endothelial cells, red blood cells as well as smooth muscle cells, the
counteraction of eNOS or iINOS respectively and ARG1 fulfills an important regulatory
function for the vascular system [113,175]. In the case of HSCs, ARG1 and iNOS are not
counteracting and stealing away each other’s substrate, but are reciprocally regulated on
transcriptional level by each other. This switch can also be observed in immune cells in
response to inflammation [176]. ARG1 activity is promoting cell homeostasis and repair,
while iINOS is inducing acute inflammatory events in response to cytokines and dramatic
environmental changes like the isolation of these cells from their stem cell niche. The
inhibition of INOS activity with the molecule L-NIO could decelerate HSC differentiation in
our experiments and underlined the need for an ARG1-iINOS switch while HSC activation.

Taken together, the reason for direct ERAS-ARGH1 interaction still needs more research and
should focus of the formation and isolation of microdomains on the plasma membrane.
Furthermore, it would be interesting to investigate, whether it is possible to interfere with the
bidirectional control of ARG1 and iINOS to prevent rapid iINOS activation by sustaining
ARG1 levels to decelerate early liver fibrosis. Strategies that maintain HSC quiescence or
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even induce HSC reversion would be a great tool for the treatment of liver fibrosis and need
basic research to unravel signaling pathways of HSC activation and quiescence.

8.2 THE INTERACTION OF RAS AND SIN1

SIN1 is an indispensable member of the mTORC2 complex. The importance of the NTD
and the CRIM domain for complex integrity and substrate recognition, respectively, is well
studied and reported multiple times [54,56,179]. The interest in the PH domain in facilitating

TABEL 3: CANCER MUTATIONS

OF SIN1 (MAPKAP1)

Mutation Mutation Mutation
V30l D188N D360G
L31v/F M193V G361V
D37G T1941 F363L A
P44H V196A S367L o
S45L A201T H381Q @
G51W G208RW R395Q
Q55H Q213R L402P
N58T T215I E410Q
G59C S216l D412H/G
Q62H R219Q P413L
G63S E220K T415M
D71N P221L = N416H
D77Y N224pis | ¢ 1425N
G79V S228N P429L
R81T ol A229V 1432V
R82K Z| H233vL S434F
R83ciL E240K A439V
S84L D242N S449|
T86K T243| H450R
R89T/I N251S A451T/E
E91K K256Q T456M
R92Q F257S S459N
R94alL S260N N460K =
N99T E266K D462N
1101M R282Q Y467N
N105S F289L E469K
Q107R S290F S470L
S113Y V294A A4T2T
F124 A308V T474N
G137A R311Q E477K
Q139P S315F O L480P
R145¢cH Q316K ¥l R494w/Q/L
P150H R324H D496Y
L151V A334V K501E
P156S = V335l R503T
S161C & D338y R508C/H
H168R R353H T509M
D178N E354Q K517N
Y180H/C D360G S519F
P182S G361V Q522K

Data from COSMIC data base [177,178]

membrane localization as well as the RBD and
its ability to associate with RAS proteins
increased a lot, seeking answers to understand
mTORC2 regulation.

Several cancer mutations in SIN1 were yet
identified, leading to increased mTORC2 activity
and therefore AKT-mediated cell growth and
proliferation (Table 3). As explained earlier, the
double phosphorylation of SIN1 on T86 and
T398 dissociates the protein from its complex
and terminates its activity [80]. Known kinases
executing these phosphorylations are S6K and
AKT. Both AGC kinases detect the recognition
motif RXRXXS/T [180,181] and therefore
recognize SIN1 by the sequences 8'RRRSNT?®
and 3¥RLRFTT3%®. On this note, it is not
surprising that cancer mutations occur within the
first N-terminal motif (Table 3; marked in
orange), which impairs T86 phosphorylation and
sustains MTORC?2 integrity. Interestingly, only
one mutation has been detected in the second
motif (Table 3; marked in red). It was reported,
that the phosphorylation of T398 disrupts the
binding towards mTOR [80] and may take part
in releasing the inhibitory binding of the SIN1-
PH domain that masks the catalytic pocket. As
in general, the single phosphorylation of SIN1
seems to be favorable, the preservation of the
T398 might be beneficial for cancer cell
signaling. More mutations were observed and
characterized by Liu et al. in 2015, which are
located within the PH domain (Table 3; marked
in blue) [59]. Those four mutations released the
direct, inhibitory binding of SIN1 to mTOR,
therefore opening the catalytic pocket of the
complex that resulted in increased AKT
phosphorylation. Cancer mutations in the CRIM
domain are not characterized yet. As deletion of
the CRIM domain abolishes the mTORC2
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activity, pro-tumorigenic mutations, in contrast, might increase the interaction with the
substrate or are not from major effect but occur as a result of genomic instability. A particular
focus is on the mutations located in the RBD of SIN1. In our study, we could identify F289,
S290, L291, K307, R311 and R312 as critical binding residues of SIN1-RBD to the classical
RAS proteins. Interestingly, three of these six residues were also found as cancer mutations
(Table 3; marked in green) and would therefore abolish SIN1-RAS interaction. Additionally,
the newly assigned aRBD, which spans from aa 364 to 390, comprises two more cancer
mutations at F363 and H381 (Table 3; marked in yellow) that were specifically considered
as interaction sites with KRAS4A and contribute to their direct binding [62]. These
mutational circumstances suggest that the abolishment of RAS-SIN1 interaction leads to
cancerogenic cell signaling that is most likely executed by either hyperactive mTORC2-AKT
or RAS-MAPK pathway.

In our study of SIN1-RAS interaction, we observed for the first time that the association of
SIN1 with the membrane was reduced in the presence of RAS. Furthermore, we confirmed
that SIN1, and most likely the mTORC2 complex, exists in different pools and is always
partly membrane localized [73]. Additionally, we again showed that the binding preference
of HRAS®'?V js the strongest towards C-RAF-RBD, followed by SIN1-RBD and lastly PI3K-
RBD and that the RBD-PH tandem domain folds into an auto-inhibited state [63]. Combining
all that information into one process, leads us to the model displayed in Figures 8 and 9.

Upon growth factor binding, RAS gets activated via adaptor proteins in complex with RAS
GEFs and switches from its GDP- into a GTP-bound state [182]. Several receptors can,
additionally to RAS, activate PI3K and enable the conversion of PIP; to PIPs;. Upon initial
activation, RAS*GTP recruits the RAF paralogues to the membrane, which get further
activated by dephosphorylation events, including the conserved inhibitory site at S259 (for
C-RAF), and subsequently hetero- or homo-dimerization of the RAF paralogues.
Furthermore, RAS<GTP potentiates PI3K activity by directly binding the p110 subunit [28].
From this point, the signaling towards PI3K could be initiated without former interaction of
the latter with the receptor. As a response, AKT translocates towards the PIP3; containing
cluster and is available for upcoming activations of the corresponding kinases. In Phase |
of our model (initiation of the signaling cascade), the mTORC2 complex is already partly
membrane localized, independent of PI3K activity (Figure 8; upper panel). In our
experiments, we noted the ability of the SIN1-PH domain to associate with a variety of lipids,
not only PIPs. Ebner et al. have furthermore shown, that the phosphorylation of AKT was
only dependent on its translocation to the membrane, but not on PI3K activity itself [73].
This leads to the suggestion, that the SIN1-PH domain, or even another component of the
mTORC2 complex, contributes to persistent membrane localization of the complex that
might lead to the release of the inhibitory binding from SIN1-PH domain to mTOR. The
“closed” conformation of the mTORC2 complex could be existent as the cytosolic form, or
a state that allows no immediate RAS interaction with the RBD. Phase Il (Figure 8; lower
panel) resembles the active signaling state. Here, RAF activation leads to MEK and
ultimately ERK phosphorylation, which can induce cell responses resulting in proliferation
and cell survival. On the other side, membrane associated AKT gets phosphorylated by
PDK1, which is also recruited to the membrane by PIPs-rich clusters and is finally
phosphorylated by mTORC2 on S473. The double phosphorylation fully activates AKT and
regulates cell growth, proliferation, and survival. In this state, the mTORC2 complex is in an
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“open” conformation, that may be caused by PIP3 binding of the SIN1-PH domain, or simply
by the co-localization in the same signaling cluster as AKT.
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FIGURE 8. Phase | and Il — Initiation and activation of the RAS-MAPK and PI3K-AKT signaling
cascade. The activation process of the canonical RAS-signaling pathway can be divided into
Phase |, the early initial activation, and Phase Il, the downstream activation of mediators, like ERK
and AKT, that regulate proliferation, survival, and cell growth. In the first Phase, recruitment of
signaling components to the site of action as well as positive cross-talks are essential to initiate and
potentiate the signaling cascade in response to growth factor binding. In Phase I, the actual signal
transmission takes place by multiple phosphorylation and dephosphorylation events. Dotted lines
resemble recruitment; arrows stand for positive interactions or transformations.

In Phase lll, negative feedback mechanisms shut down the signaling cascades and
terminate growth factor induced stimulation (Figure 9). The model only displays a few
feedback loops, as the whole network includes many more steps and interactions but would
exceed the scope of this scheme, like the inactivation of RAS, the ubiquitination and
endocytosis of the receptors, the dephosphorylation of PIP3 by PTEN and more [183—185].
Phosphorylated ERK can, among other members, directly inactivate RAF kinase by
interfering with RAF-RAS interaction and RAF dimerization. Furthermore, fully activated
AKT re-phosphorylates the critical S259 of C-RAF thereby, returning RAF to its inactive
cytosolic state [186,187]. Simultaneously, GTP-bound RAS is now able to bind to the
accessible “open” conformation of SIN1 that either opened due to specific lipid or even
substrate interaction. Since at least HRAS has a higher affinity towards SIN1-RBD, rather
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than PI3K-RBD, the activation events of the latter signaling pathway will be abolished. On
top of that, RAS-SIN1 interaction now interferes with the membrane binding of the SIN1-PH
domain and releases the complex to the cytosol. The mTORC2 complex now either
dissociates or returns to a closed, auto-inhibited conformation (Figure 9). In this model,
RAS-SIN1 interaction thus fulfills an important role in the inhibitory self-regulation of the
pathway by shutting down the PI3K-AKT pathway upon RAS activation. The effect of RAS-
SIN1 association towards ERK signaling or other effectors is not included here but would
be interesting to add in the future. The abolishment of this natural feedback loop by mutation
of the SIN1-RBD, for example in the residues mentioned in Table 3, would disrupt the
natural crosstalk of RAS-MAPK and PI3K-AKT cascade and could lead to sustained
downstream signaling.
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FIGURE 9. Phase Ill - Negative feedback regulation of RAS-MAPK and PI3K-AKT pathway. In
Phase lll, negative feedback mechanisms terminate ERK and AKT activation pathways by (i) re-
phosphorylation of C-RAF by p-ERK and p-AKT, (ii) competitive binding of RAS*GTP to SIN1-RBD
instead of PI3K-RBD, (iii) dissociation of SIN1-PH domain from the membrane and return to its auto-
inhibited state in response to RAS binding. Red lines resemble negative regulations.

Phase lll

The model presented in Figures 8 and 9, was formed out of the observations made from
the interaction of classical RAS proteins and the domains of SIN1 isoform 1. Other SIN1
isoforms lack parts of the RBD or the PH domain (see Table 1) and may undergo different
types of regulation in their respective mTORC2 complex. Other members of the RAS family,
like ERAS and RIT1, exhibit dissimilar affinities towards the RBDs of RAF, SIN1, and PI3K
than HRAS, which suggests another involvement of their interaction in signaling regulation.

In the future, it would be of major interest to include and distinguish the involvement of
different upstream stimulations, like EGF, insulin and others, as well as the modulation of
other downstream effectors to the regulatory system of the mTORC2 complex. SIN1 needs
to be understood as a critical regulator of mMTORC2 activity that is not only irreplaceable for
the complex integrity and activity, but the central negative gatekeeper of the complex by
(i) phosphorylation (T86 and T398), (ii) inhibitory binding of mTOR, (iii) membrane
association, (iv) subcellular localization, and (v) conformation-depended RAS binding.
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