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ZUSAMMENFASSUNG 
 

Das RAS Signalnetzwerk ist eine zentrale Komponente für das Überleben, die Proliferation, 

die Migration und viele weitere essenzielle Prozesse von Zellen. Es umfasst neben den gut 

untersuchten kanonischen Signalwegen, die extrazelluläre Stimuli über 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. Darüber hinaus konnten wir die Bedeutung von ARG1, und seiner 

nachgeschalteten Produktion von Polyaminen, für die Aufrechterhaltung undifferenzierter, 

ruhender HSZ durch den Einsatz verschiedener Inhibitoren während des 

Aktivierungsprozesses aufdecken. Die Auswirkungen der direkten ERAS-ARG1-Interaktion 

müssen noch weiter erforscht werden, könnten aber auf der spezifischen Translokalisierung 

beider Proteine in derselben Mikrodomäne beruhen. Ein weiterer eher ungewöhnlicher 

RAS-Binder ist das Stress-activated MAP kinase-interacting protein 1 (SIN1), ein 

unverzichtbares Mitglied des mTORC2-Komplexes, der für die Phosphorylierung 

verschiedener AGC-Kinasen wie AKT benötigt wird. Obwohl über die Interaktion von RAS 

mit der RAS-Bindungsdomäne (RBD) von SIN1 bereits vor 15 Jahren berichtet wurde, ist 

die Funktion dieser Interaktion noch weitgehend ungeklärt. In unserer Studie konnten wir 

die Bindung von SIN1 an alle klassischen RAS-Proteine (HRAS, KRAS4A, KRAS4B und 

NRAS), sowie RIT1 und ERAS bestätigen und zusätzlich wichtige Aminosäuren für ihre 

Interaktion identifizieren. Darüber hinaus konnten wir die autoinhibitorische Beziehung 

zwischen der RBD- und der PH (Pleckstrin-Homologie)-Domäne von SIN1 nachweisen und 

zeigten zum ersten Mal, dass die Interaktion der PH-Domäne mit Liposomen durch die 

Anwesenheit von RAS reduziert wird. Diese Ergebnisse deuten darauf hin, dass die 

Interaktion von RAS und SIN1 möglicherweise nicht fördernd, sondern inaktivierend wirkt 

und eine negative Rückkopplungsschleife der aktivierten kanonischen RAS-Signalwege 

unterstützt. 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 ausführlichen Artikel beschrieben. Schließlich beinhaltet diese Arbeit eine 

detaillierte Studie über das akzessorische Protein IQGAP, das im Mittelpunkt einer 

kontroversen Debatte über die entscheidende Bindungsstelle mit der RHO-GTPase CDC42 

steht. Hier konnten wir durch ein breites Spektrum an Mutationsanalysen verschiedene 

IQGAP-Domänen ein- und ausschließen und Diskrepanzen zu anderen Publikationen 

aufklären, indem wir den Unterschied zwischen der konstitutiv aktiven Mutante CDC42Q61L 

und dem Wildtyp-Protein hinsichtlich ihres Bindungsverhaltens aufzeigen.    
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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 CDC42Q61L 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.  

 

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].  

 

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. 
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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 lymphoma 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 (RTKs), 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, (ii) 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 NFκB (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 (PIP2) 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 PIP3 is 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 PIP3 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 GSK3β (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]. 
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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.  

 

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 β-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 IQ 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].  
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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.  
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1.2.3.1 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.  

 

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 is 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 mTORC2 complex and carry out substrate phosphorylation.  

STRESS-ACTIVATED MAPK INTERACTING PROTEIN 1 (SIN1) 

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 
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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 (PI(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 

KRASQ61R (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 I and II 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 

Iso-
form 

Amino 
acids 

Sequence 
alteration 

Comment Uniprot ID 

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  Q9BPZ7-3 

4 330 1-192 missing  NTD and first half of the CRIM are missing 

→ Not part of mTORC2 complex 
Q9BPZ7-4 

5 323 321-438 and  
442-522 missing 

Lacks almost the whole C-terminus from the 
second half of the RBD (no PH domain) 

Q9BPZ7-5 

6 372 373-522 missing 
Alternative exon 
9a 

Lacks the PH domain and has an 
alternative ending of the RBD which differs 
to the aRBD 

Q9BPZ7-6 
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REGULATION OF THE MTORC2 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/PKG/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]. 

 

Figure 6. Regulation of mTORC1 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 (eIF4E)-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 mTORC2 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 

mTORC2 activity and can be executed by pAKTT308/S473 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 mTORC2, the phosphorylation, and 

pathway cross talks play a critical role in mTORC2 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 

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, iNOS (NOS2) is the 

inducible isoform that is occasionally regulated on transcriptional levels mainly via NFκB 

[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 (Km), the maximal 

enzymatic velocity (Vm) of arginase and NOS and the extra- and intracellular L-arginine 

concentration. NO synthases have a much lower Km (higher affinity) for L-arginine than 

arginase (2-20 µM 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 µmol/min/mg vs. 1400 µmol/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 µM 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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Kupffer cells 27.6 X            
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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] [91] [92] [93] [94] [95] [96] [97] 
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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 NFκB 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 iNOS and ARG1 expression are 

directly regulated by each other. The eIF2α (eukaryotic translation initiation factor 2 alpha) 

kinase GCN2 (general control nonderepressible 2), can sense amino acid concentrations 

and phosphorylate its substrate eIF2α upon low L-arginine concentrations, which could be 

lowered by high arginase activity. eIF2α 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]. 

 

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.  

 

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 qHSCs, the activation marker α-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, 

(iii) 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 α-smooth muscle actin (α-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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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 Km 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. iNOS 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 (α-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 (eIF5A), 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 eIF5A is tightly regulated by the two 

enzymes deoxyhypusine synthase and deoxyhypusine hydroxylase, which transfer the 

hypusine residue from spermidine to eIF5A. Until now, eIF5A is the only known substrate 

of these enzymes and the hypusination is highly conserved in all eukaryotes [171,172]. One 

target of hypusinated eIF5A 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-II) 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 iNOS 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 iNOS 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 iNOS 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-iNOS switch while HSC activation. 

Taken together, the reason for direct ERAS-ARG1 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 iNOS to prevent rapid iNOS 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 

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 81RRRSNT86 

and 393RLRFTT398. 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 mTORC2 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 

TABEL 3: CANCER MUTATIONS 
OF SIN1 (MAPKAP1) 

 

Mutation  Mutation  Mutation  

V30I 

N
T

D
 

D188N  

C
R

IM
 

D360G   

L31V/F M193V  G361V   

D37G T194I  F363L  

a
R

B
D

 
P44H V196A  S367L  

S45L A201T  H381Q  

G51W G208R/W  R395Q  

P
H

 

Q55H Q213R  L402P  

N58T T215I  E410Q  

G59C S216I  D412H/G  

Q62H R219Q  P413L  

G63S E220K  T415M  

D71N P221L  N416H  

D77Y N224D/S  I425N  

G79V S228N  P429L  

R81T A229V  I432V  

R82K H233Y/L  S434F  

R83C/L E240K  A439V  

S84L D242N  S449I  

T86K T243I  H450R  

R89T/I N251S  A451T/E  

E91K K256Q  T456M  

R92Q F257S  S459N  

R94Q/L S260N  N460K  

N99T E266K  D462N  

I101M R282Q 

R
B

D
 

Y467N  

N105S F289L E469K  

Q107R S290F S470L  

S113Y V294A A472T  

F124I A308V T474N  

G137A R311Q E477K  

Q139P  

C
R

IM
 

S315F L480P  

R145C/H  Q316K R494W/Q/L  

P150H  R324H D496Y  

L151V  A334V K501E  

P156S  V335I 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] 
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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 HRASG12V is 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 PIP2 to PIP3. 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 I 

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 PIP3. 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 II (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 PIP3-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.  

 

FIGURE 8. Phase I and II – 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 I, the early initial activation, and Phase II, 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 II, 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 III, 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.  

 

FIGURE 9. Phase III – Negative feedback regulation of RAS-MAPK and PI3K-AKT pathway. In 

Phase III, 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.  

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 mTORC2 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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