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Zusammenfassung 
Zelluläre Reaktionen auf verschiedene äußere und innere Konditionen werden durch komplexe 

und hochdynamische Signalnetzwerke gesteuert. Mehrere Lücken in unserem Verständnis der 

Proteininteraktionen beeinträchtigen unser Wissen darüber, wie Proteine mit anderen Molekülen 

kommunizieren, um funktionale Signalosomen zu bilden. Protein-Protein- (PPI) und Protein-Lipid-

Interaktionen sind von grundlegender Bedeutung für die Regulierung von zellulären Signalwegen 

und physiologischen Prozessen. Proteine bestehen aus verschiedenen funktionellen Modulen, 

einschließlich Domänen und Motiven, die diese Interaktionen koordinieren. In dieser Arbeit wird 

insbesondere die selektive Natur von PPIs untersucht, indem SH3 (Src Homology 3)-Domänen-

PRM (Prolin-reiche Motive)-Interaktionen als Modell zur Erforschung zellulärer Signalnetzwerke 

verwendet werden. Durch die Untersuchung von SH3-Domänen bietet diese Forschung einen 

verfeinerten Klassifizierungs- und Selektivitätsrahmen für das Verständnis, wie diese Domänen 

mit PRM in ihren Bindungspartnern interagieren, und verdeutlicht so die Komplexität von 

Proteininteraktionen. Neben PPIs sind Protein-Lipid-Interaktionen für Prozesse wie 

Signaltransduktion, Membranumbau und -dynamik sowie inter- und intrazelluläre Kommunikation 

von wesentlicher Bedeutung. Daher wird in dieser Studie untersucht, wie verschiedene 

Proteinmodule unterschiedliche Struktur- und Erkennungsmechanismen nutzen, um mit Lipiden 

zu interagieren, was ihre Bedeutung bei Krankheitsprozessen und ihr Potenzial als therapeutische 

Ziele hervorhebt. Darüber hinaus konzentriert sich eine weitere Studie auf das Verständnis der 

Interaktionsmodalitäten innerhalb des RAS-MAPK-Signalwegs und verwandter Signalkaskaden. 

Der RAS-MAPK-Signalweg ist entscheidend um wichtige zelluläre Prozesse wie Proliferation, 

Überleben, Wachstum, Zellpolarität und Mobilität steuert. Aufbauend auf dem grundlegenden 

Verständnis von PPIs und Protein-Lipid-Interaktionen in Signalwegen wird in dieser 

Forschungsarbeit die negative Regulierung von CRAF, einer onkogenen Proteinkinase im RAS-

MAPK-Signalweg, durch das Tumorsuppressorprotein SIRT4 über spezifische PPIs weiter 

untersucht. Außerdem untersuchen wir die Regulierung von SIRT4 unter pseudohypoxischem 

Stress, indem wir die Mechanismen seines proteasomalen Abbaus aufdecken. Darüber hinaus 

wird in der Studie die Rolle dieser Interaktionen bei humanen Krankheiten untersucht, was auf ihr 

Potenzial als Angriffspunkte für die therapeutische Entwicklung hinweist. Der RAS-MAPK-

Signalweg ist bei pathologischen Zuständen von zentraler Bedeutung, wobei seine Dysregulation 

bei kardiovaskulären Störungen wie arteriovenösen Malformationen (AVMs) beobachtet wird. 

RIT1, ein Mitglied der RAS-Superfamilie der kleinen GTPasen, und SOS1, ein positiver Regulator 

dieser Kaskade, werden speziell im Zusammenhang mit AVMs untersucht. Unsere Ergebnisse 

zeigen, dass neuartige Missense-Mutationen in RIT1 und SOS1 zu einer Hyperaktivierung des 

RAS-MAPK-Signalwegs führen und damit zur Pathogenese der AVM beitragen. Desweiteren 

untersuchen wir einen weiteren wichtigen nachgeschalteten Signalweg von RAS, den PI3K-AKT-

Signalweg, im Zusammenhang mit vaskulären Anomalien. Darüber hinaus wird die Wirksamkeit 

verschiedener pharmakologischer Maßnahmen zur Verringerung des Fortschreitens von AVM 

untersucht und ihr Potenzial als therapeutische Strategien bewertet. Insgesamt erweitert diese 

Forschung unser Verständnis darüber, wie PPIs und Protein-Lipid-Wechselwirkungen 

Signalwege, insbesondere den MAPK-Signalweg, beeinflussen, und verdeutlicht die 

Auswirkungen von krankheitsassoziierten Mutationen. Die Ergebnisse erweitern nicht nur unser 

Wissen über zelluläre Signalwege, sondern zeigen auch potenzielle therapeutische Ziele für 

Krankheiten auf, die mit dysregulierten Signalwegen zusammenhängen. 
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Summary 
Cellular responses to various external and internal conditions are orchestrated by complex and 

highly dynamic signaling networks. Several gaps in our understanding of protein interactions affect 

our knowledge of how proteins communicate with other molecules to form functional 

signalosomes. Protein-protein (PPI) and protein-lipid interactions are fundamental to the 

regulation of cellular pathways and physiological processes. Proteins consist of various functional 

modules, including domains and motifs, which coordinate these interactions. Specifically, this 

study examines the selective nature of PPIs by using SH3 (Src Homology 3) domain-PRM 

(Proline-Rich Motif) interactions as a model to explore cellular signaling networks.  By examining 

SH3 domains, this research offers a refined classification and selectivity framework for 

understanding how these domains interact with PRM in their binding partners, thereby clarifying 

the complexities of protein interactions. Besides PPIs, protein-lipid interactions are essential for 

processes such as signal transduction, membrane remodeling and dynamics, and inter- and intra-

cellular communication. Therefore, this study investigates how different protein modules use 

diverse structural and recognition mechanisms to interact with lipids, highlighting their significance 

in disease processes and their potential as therapeutic targets. Furthermore, this study focuses 

on understanding the modes of interaction within the RAS-MAPK signaling and related pathways. 

The RAS-MAPK pathway is a crucial cascade that controls key cellular processes, including 

proliferation, survival, growth, cell polarity, and mobility. Building on the foundational 

understanding of PPIs and protein-lipid interactions in signaling pathways, this research further 

explores the negative regulation of CRAF, an oncogenic protein kinase in the RAS-MAPK 

pathway, through the tumor suppressor protein SIRT4 via specific PPIs. Additionally, we address 

the regulation of SIRT4 under pseudohypoxic stress which uncovers mechanisms of its 

proteasomal degradation. This study further explores the role of these interactions in human 

diseases, pointing to their potential as drug targets for therapeutic development. The RAS-MAPK 

pathway is essential in pathological conditions, with its dysregulation observed in cardiovascular 

disorders such as arteriovenous malformations (AVMs). RIT1, a member of the RAS superfamily 

of small GTPases, and SOS1, a positive regulator of this cascade, are specifically investigated in 

relation to AVMs. Our finding reveals novel missense mutations in RIT1 and SOS1 lead to 

hyperactivation of the RAS-MAPK signaling pathway, contributing to AVM pathogenesis. 

Additionally, we examine another major downstream pathway of RAS, the PI3K-AKT pathway, in 

the context of vascular anomalies. The research further explores the efficacy of various 

pharmacological interventions in reducing AVM progression and evaluates their potential as 

therapeutic strategies. Overall, this research broadens our understanding of how PPIs and protein-

lipid interactions influence signaling pathways, particularly the MAPK pathway, and highlights the 

implications of disease-associated mutations. The findings not only advance our knowledge of 

cellular signaling but also pinpoint potential therapeutic targets for diseases related to 

dysregulated signaling. 
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1 General Introduction 

1.1 Cell Signaling 

Effective communication and information transfer are vital for the proper functioning of cells, 

tissues, and organisms. Throughout evolution, diverse mechanisms have evolved to accomplish 

these crucial tasks, resulting in a highly complex signaling network. Biological signaling processes 

are primarily driven by interactions between proteins and other biomolecules, including protein-

protein, protein-lipid, protein-DNA/RNA, protein-chemical molecules (such as metabolites and 

drugs), and protein-carbohydrate interactions [1, 2]. These interactions enable proteins to function 

not in isolation but as part of complex networks and scaffolds, facilitating the flow of cell signaling 

in biological processes [2, 3]. Disruptions in these networks can lead to pathological conditions. In 

cancer, aberrant signaling pathways due to mutations or dysregulation of growth and survival 

proteins lead to uncontrolled protein interactions [2, 4]. Similarly, improper protein interactions can 

contribute to neurodegenerative diseases like Alzheimer’s [5]. As such, understanding these 

interactions and their biological relevance is crucial for elucidating disease mechanisms and 

developing targeted therapies. 

In the following sections, we will particularly focus on protein-protein interactions (PPIs) and 

protein-lipid interactions. We will also explore how processes such as growth, proliferation, 

differentiation, survival, and cytoskeletal organization are governed by molecular interactions 

within the RAS (Rat Sarcoma virus)-MAPK (Mitogen-Activated Protein Kinase) and the PI3K 

(Phosphatidylinositol 3-Kinase)-AKT (AKT serine/threonine kinase)-mTOR pathways, and discuss 

the diseases associated with the dysregulation of these cascades. 

1.1.1 Protein-Protein Interaction 

Proteins, as central macromolecules in biological systems, are indispensable for executing nearly 

all cellular functions and dynamics. However, their actions seldom occur in isolation. Instead, most 

molecular processes rely on molecular machines, intricate assemblies of proteins interconnected 

through direct physical PPIs. These interactions, facilitated by specialized regions known as 

protein modules, enable the communication and coordination between individual proteins. 

Biochemical events, including non-covalent electrostatic forces, hydrogen bonding, and the 

hydrophobic effect, drive PPIs [6]. The protein modules allow the formation of PPIs and are 

necessary for cellular functions, including mediating functions such as detecting environmental 

stimuli, assisting in signal transmission, regulating the metabolic and signaling enzymes, 

transforming energy into mechanical movement, and preserving cellular structure [7]. Various 

methodologies have been developed for analyzing PPIs due to their pivotal role in mediating 

signaling pathways. In PPI studies, both in vitro and in vivo techniques are utilized. In vitro methods 

include TAP-MS (Tandem Affinity Purification-Mass Spectroscopy), Affinity Chromatography, Co-

immunoprecipitation, Protein Microarrays, Protein-Fragment Complementation, Phage Display, X-

ray Crystallography, and NMR Spectroscopy, enabling precise detection and analysis of 

interactions at the molecular level. In vivo approaches encompass Y2H (Yeast 2 Hybrid) screening 

and Synthetic Lethality studies, focusing on functional interactions within living systems [8]. 

Additionally, in silico methodologies such as Ortholog-Based and Domain-Pairs-Based Sequence 

approaches, Structure-Based Predictions, Gene Neighborhood, Gene Fusion, I2H (In silico 2 

Hybrid), Phylogenetic Tree, Phylogenetic Profile, and Gene Expression Analysis are employed to 

infer PPI based on computational models and evolutionary relationships, offering insights into 
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potential interactions before experimental validation [8]. These diverse techniques collectively 

contribute to a comprehensive understanding of protein interactions in biological systems. 

Almost all cellular processes demand proteins to precisely recognize a multitude of diverse 

interaction partners. This diversity in protein interactions is categorized into different types based 

on various factors. A fundamental classification depends on the composition of protein complexes: 

homo-oligomers comprise identical proteins, while hetero-oligomers consist of different proteins. 

Additionally, interactions can be classified as obligate or non-obligate based on their 

duration/stability, and as permanent or transient based on binding affinity [9]. Moreover, the 

specificity of protein interfaces determines whether interactions are simultaneous or mutually 

exclusive [10]. Different interaction types are implicated in various cellular processes, highlighting 

the importance of understanding and characterizing PPIs and their impact on biological functions. 

Protein domains play a crucial role in mediating these interactions, as they often contain binding 

sites that facilitate specific recognition and association with their interaction partners, thus 

contributing to the specificity and dynamics of protein complexes in cellular processes. 

Understanding the roles and interactions of these protein domains is essential for unraveling the 

complexities of cellular functions and regulatory mechanisms. Thus, examining PPIs at the domain 

level provides invaluable insights into the mechanisms governing cellular signaling and function 

and increases our knowledge regarding the evolution of organisms and function. It also offers 

potential avenues for therapeutic intervention in diseases where these interactions are 

dysregulated.  

1.1.1.1 SH3 Domains: Building Blocks of Protein-Protein Interactions 

Within the complex network of PPIs, motifs and domains are structural protein elements that 

facilitate specific binding and functional interactions. Domains are distinct conserved, stable, and 

often independently folding regions within a protein that are responsible for specific functions, such 

as binding or enzymatic activity. Motifs are shorter, non/conserved sequences within proteins that 

play a role in mediating interactions, often contributing to the overall function of the protein [11]. A 

key domain in these interactions is the SH3 (Src Homology 3) domain, which directs the assembly 

and disassembly of macromolecular complexes involved in cellular processes. SH3 domains were 

discovered in the late 1980s based on homology between the PLC (phospholipase C) and SRC 

oncogenes [12]. They are compact protein modules typically spanning about 60 amino acids and 

adopt a structural motif characterized by a five/six-stranded β-barrel-like tertiary structure 

connected by various loops, including the RT loop (named for the conserved arginine and 

threonine residues), n-Src loop, distal loop, and a 310-helix (Figure 1) [13, 14]. Despite their modest 

size, SH3 harbors a distinct binding pocket that selectively recognizes and engages PRM (Proline-

Rich Motifs), also known as proline-dependent interactions, present in target proteins. PRMs 

generally consist of proline (P) and hydrophobic (X) amino acids, characterized by a core motif of 

XPxXP, where 'x' can be any amino acid. The SH3 domain can bind to its binding partners in two 

opposite orientations, determined by the relative positioning of non-proline residues, 

predominantly consisting of positively charged residues. This is denoted as +x/x+, which 

influences the orientation of peptide binding relative to the conserved proline residues at either 

the N-terminal (+xXPxXP, class I) (Figure1A) [13] or the C-terminal (XPxXPx+, class II) positions 

of the PxXP core (Figure 1B) [14]. Some SH3 domains display alternative specificity towards both 

class I and II PRM ligands (referred to as class I/II). For instance, the FYN SH3 domain 

demonstrates interaction with both class I and II PRMs found in the TAU (Tubulin Associated Unit) 
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protein [15]. In certain instances, the specificity of other SH3 domains towards ligands containing 

a combination of proline and non-proline residues is observed (referred to as Class III). An 

example is seen in the interaction between the second SH3 domain of NCK2 and the PxxDY motif 

in the cytoplasmic tail of CD3ε of the TCR (T-Cell Receptor) [16]. Furthermore, many SH3 domains 

demonstrate an expanded range of binding sequences, referred to as proline-independent 

binding. This capability allows SH3 domains to facilitate a wider spectrum of interactions, 

encompassing engagements with various domains such as GAP (GTPase-Activating Proteins), 

kinase-catalytic, BR (basic rich), GuaKin/GK (Guanylate Kinase), SH3, DH (Dbl Homology), SH2 

(Src Homology 2), PX (Phox homology), and LIM4 (Lin-11/Isl-1/Mec-3 4), as well as other targets 

such as RNA, helices, arginine-lysine residues, spectrin repeat, lipid, and extracellular matrix 

molecules [17]. 

SH3 domains play a crucial role in linking cellular proteins and influencing cellular pathways, 

including almost all essential cellular functions, such as cell survival, proliferation, differentiation, 

migration, and polarity, through proline-dependent or independent PPIs [17, 18]. This underscores 

their significance in malfunction, as observed in various diseases such as neurological defects, 

cancer, and infectious diseases [17]. Therefore, understanding the fundamentals of selectivity and 

specificity in regulating their PPIs across complex cellular pathways could aid in the drug 

development that precisely targets and inhibits SH3 domains. 

 

Figure 1. Structural representation of SH3 Domains. (A) The cartoon depiction of the SH3 structure of the CTTN 

SH3 domain (PDB code: 2D1X) in complex with class I peptide is presented. (B) The cartoon depiction of the SH3 

structure of the CD2AP SH3-2 domain (PDB code: 3U23) in complex with class II peptide is presented. The figure 

illustrates the five β strands along with the RT, n-Src, distal loops, and 310-helix that connect local structural elements. 
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1.1.2 Protein-Lipid Interaction 

Cellular membranes serve as dynamic barriers that enclose and compartmentalize the cell, 

facilitating vital processes such as signaling, transport, and cell-cell communication. Mammalian 

cells generate a wide array of unique lipid species, and the composition of lipids can significantly 

differ based on various factors such as cell type [19], metabolic state [20], disease condition [21], 

and external influences (such as dietary intake) [22]. Central to their functionality are the intricate 

interactions between proteins and lipids within the membrane matrix. Proteins have evolved an 

array of motifs and domains to detect and respond to specific lipids, as well as broader membrane 

properties such as curvature, thickness, or specialized microdomains [23].  

Membrane proteins can be classified as integral (including transmembrane and anchored 

membrane proteins) and peripheral proteins [24]. Essentially, lipids possess the inherent 

capability to function as solvents, substrates, and regulatory co-factors concurrently, thereby 

influencing the activity of membrane proteins [25]. Integral membrane proteins display alpha 

helices that interact with specific hydrophobic membrane lipids. These proteins can be classified 

into three main categories: monotopic, bitopic, and polytopic [26]. Monotopic proteins have a 

single hydrophilic domain exposed on one side of the membrane, while a hydrophobic domain 

anchors the polypeptide chain to the hydrophobic core of the bilayer [27]. Bitopic proteins traverse 

the membrane once, with interspersed hydrophobic domains and a hydrophilic domain on each 

side of the membrane [28], and polytopic passing the membrane multiple times [29]. In addition to 

these classifications, integral proteins can also be structured as beta barrels, extending through 

the membrane, with the outer beta sheets containing hydrophobic residues that interact with lipids 

[30]. Integral membrane proteins perform various functions, such as molecular transportation, 

receptor activity, linking different cellular components, enzymatic catalysis, signal transduction, 

cell adhesion, and anchoring within and outside the cell in tissue [31]. Moreover, peripheral 

membrane proteins are soluble proteins recruited to the cell periphery of biological membranes, 

where they recognize specific lipid head groups or membrane features, functioning as second 

messengers to control the spatiotemporal recruitment and activation of specific protein effectors 

[23]. Peripheral proteins are transiently and loosely associated with the membrane [32], without 

penetrating the hydrophobic core of the phospholipid bilayer. 

According to the Human Protein Atlas, 11 percent (2286 proteins) of all human proteins are 

detected experimentally in the plasma membrane. Exploring the diverse mechanisms through 

which membrane proteins integrate into and interact with membranes, including lipid-binding 

domains, transmembrane domains, and lipid modifications, provides insight into the fundamental 

principles governing cellular membrane dynamics. This comprehensive examination provides the 

opportunity to uncover the roles of protein-lipid interactions in shaping membrane organization, 

protein localization, and cellular signaling pathways, thus advancing the understanding of cellular 

physiology and pathology at the molecular level. 
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1.1.3 The RAS-MAPK Pathway 

The RAS-MAPK pathway is a crucial signaling cascade involved in transducing extracellular 

signals into various cellular responses, such as proliferation, cell survival and growth, and 

cytoskeletal remodeling [33]. The pathway begins with the activation of RTKs (Receptor Tyrosine 

Kinases) or GPCRs (G-Protein-Coupled Receptors) (Figure 2) [34]. Activation of RTK leads to the 

recruitment and activation of adapter proteins like GRB2 (Growth Factor Receptor-Bound protein 

2). GRB2, in turn, binds to the SOS (Son of Sevenless), facilitating its activation [35]. SOS acts as 

a GEF (Guanine Nucleotide Exchange Factor) that catalyzes the exchange of GDP (Guanosine 

Diphosphate) for GTP (Guanosine Triphosphate) on RAS proteins, thereby activating RAS [36]. 

Active RAS subsequently recruits and activates RAF (Rapidly Accelerated Fibrosarcoma) kinases, 

including ARaf, BRaf, and CRaf (also known as RAF1) [37]. RAF then phosphorylates and 

activates MEK (Mitogen-Activated Protein Kinase Kinase), which in turn phosphorylates and 

activates the terminal kinases ERK1/2 (Extracellular Signal-Regulated Kinase 1/2). Activated 

ERK1/2 regulates both cytosolic and nuclear targets, where it phosphorylates various transcription 

factors and regulatory proteins, ultimately regulating gene expression and mediating the biological 

responses associated with the MAPK pathway [33, 38, 39]. Additionally, GPCR-mediated 

activation of MAPKs is regulated by the production of intracellular messengers. GPCR activity 

stimulates the Gαq (G protein alpha q subunit)/PLCβ (Phospholipase C beta)/PKC (Protein Kinase 

C) as a second messenger, which can enhance the RAS-CRAF-ERK1/2 pathway [34] (Figure 2). 

Some of the main downstream targets of the RAS-MAPK pathway include: (a) Transcription 

factors: ERK regulates nuclear transcription factors, including ELK-1 (ETS Like-1 protein), FOS 

(Fos proto-oncogene), MYC (Myelocytomatosis oncogene), JUN (Jun proto-oncogene), members 

of the ETS (Erythroblast Transformation-Specific) family, and others [40]. (b) Protein kinases: 

one example is RSK (Ribosomal S6 Kinase), which is activated by ERK1/2 and then 

phosphorylates various substrates, including transcription factors and other proteins [41]. 

Moreover, MNK1/2 (MAP kinase-interacting serine/threonine-protein kinase 1/2) is 

phosphorylated by ERK1/2, involved in the regulation of protein synthesis through phosphorylation 

of eIF4E  (eukaryotic translation Initiation Factor 4E) and cell cycle progression [42]. Besides, 

MSK1/2 (Mitogen- and Stress-activated Kinase 1/2) is activated by ERK and is primarily involved 

in the regulation of nuclear responses and transcription [43]. Furthermore, GSK3 (Glycogen 

Synthase Kinase 3) is inhibited by ERK1/2 [44, 45], which might affect glycogen metabolism and 

cell cycle. (c) Cell cycle regulators: Cyclin D1 expression is up-regulated by ERK signaling, 

promoting progression through the G1 phase of the cell cycle [46]. (d) Proteins involved in 

apoptosis: BAD (Bcl-2 associated Agonist of cell Death) phosphorylation mediated by ERK1/2 

can lead to its degradation, promoting cell survival. Moreover, BIM (Bcl-2 Interacting Mediator of 

cell death) protein ERK1/2-mediated phosphorylation can lead to its degradation, thus preventing 

apoptosis [47]. (e) Cytoskeletal remodeling: ERK also affects PAXILLIN and FAK (Focal 

Adhesion Kinase) by catalyzing the phosphorylation of PAXILLIN, which enhances its association 

with FAK, thereby playing a role in cell migration, adhesion, and spreading [33]. Moreover, 

activated ERK1/2 phosphorylates cytoskeletal components like MAP1, MAP2, and MAP4 

(Microtubule-Associated Proteins) to regulate cell morphology and cytoskeletal redistribution [48]. 

All the above-mentioned targets illustrate the diverse roles of the RAS-MAPK pathways in cellular 

function. Through these downstream effectors, the pathway influences a wide range of biological 

processes essential for normal cellular operation and response to external stimuli. 
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Figure 2. The RAS-MAPK pathway and its main downstream targets. The MAPK pathway is initiated by activation 

of receptor tyrosine kinases (RTKs) or G-protein-coupled receptors (GPCRs). Activated RTKs recruit and activate 

adapter proteins like GRB2, which then activates SOS, leading to the activation of RAS proteins. Active RAS recruits 

RAF kinases, which phosphorylate and activate MEK. MEK then activates ERK1/2, which regulates various downstream 

targets. Additionally, GPCR-mediated activation enhances the RAS-CRAF-ERK1/2 pathways through second 

messengers like Gαq/PLCβ/PKC. Key downstream targets of the RAS-MAPK pathway include (a) Transcription factors 

(ELK-1, FOS, MYC, JUN, ETS family members), (b) Protein kinases (RSK, MNK1/2, MSK1/2, and GSK3), (c) Cell cycle 

regulators (Cyclin D1), (d) Apoptosis-related proteins (BAD, BIM), (e) Cytoskeletal remodeling (PAXILIN/FAK, 

MAP1/2/4). These targets illustrate the pathway's role in regulating diverse biological processes essential for cell growth, 

proliferation, survival, and cytoskeletal remodeling. This image was made with BioRender (https://biorender.com/). 
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1.1.4 The PI3K-AKT-mTOR Pathway 

The PI3K-AKT pathway controls various cellular functions such as metabolism, growth, 

proliferation, survival, and cell migration (Figure 3) [49]. PI3Ks are categorized into three classes 

(I–III) based on their substrate preference and sequence homology (reviewed in REF. [49]). Each 

class of PI3K has unique roles in cellular signal transduction, with different isoforms within each 

class contributing to these roles. Particularly, Class I PI3Ks are activated by RTKs and GPCRs 

(Figure 3). PI3K catalyzes the phosphorylation of inositol-containing lipids, specifically PtdIns 

(Phosphatidylinositols). Its main substrate in vivo is PIP2 (phosphatidylinositol-4,5-bisphosphate), 

which is converted into PIP3 (phosphatidylinositol-3,4,5-trisphosphate), a crucial second 

messenger. PIP3 acts as a docking site for proteins with PH (Pleckstrin Homology) domains, 

facilitating their recruitment to the plasma membrane and subsequent activation. PIP3 binding 

leads to the translocation of AKT, also known as PKB (Protein kinase B), through its PH domain 

to the membrane which positions it near upstream regulatory kinases like PDK1 

(Phosphoinositide-Dependent Kinase 1), which is also recruited by its PH domain to PIP3 and 

phosphorylates AKT at T308, a critical step for AKT activation. However, full activation of AKT 

also necessitates phosphorylation at S473 by the mTORC2 (rapamycin-insensitive mTOR-rich 

kinase Complex 2). Subsequently, the full activation of AKT leads to the phosphorylation of 

numerous target proteins, thereby regulating a wide array of cellular functions [49].  

The main downstream targets of AKT include: (a) GSK3: phosphorylation by AKT inhibits GSK3, 

promoting glycogen synthesis and cell cycle [50]. (b) mTORC1 (mammalian Target of 

Rapamycin Complex 1): AKT activates mTORC1, which regulates protein synthesis and cell 

growth [51]. (c) FOXO (Forkhead Box O) transcription factors: AKT phosphorylates FOXO, 

causing its exclusion from the nucleus and inhibiting its transcriptional activity, which is involved 

in apoptosis, cell cycle inhibition, and gluconeogenesis [52, 53]. (d) BAD: AKT phosphorylation 

inactivates BAD, promoting cell survival by preventing apoptosis [54]. (e) p27Kip1 (Cyclin-

dependent kinase inhibitor 1B): AKT phosphorylates p27, which leads to its cytoplasmic 

retention and degradation, promoting cell cycle progression [55]. (f) TSC2 (Tuberous Sclerosis 

Complex 2): phosphorylation by AKT inhibits TSC2, leading to the activation of mTORC1 and 

stimulation of protein synthesis and cell growth [56]. (g) IKK (IκB Kinase): AKT activates IKK, 

which leads to the activation of NF-Κb (Nuclear Factor kappa-light-chain-enhancer of activated B 

cells), a transcription factor involved in inflammatory responses and cell survival [57]. (h) MDM2 

(Mouse Double Minute 2 homolog): AKT phosphorylates MDM2, enhancing its activity to 

degrade p53, thereby reducing p53-mediated apoptosis [54]. (i) Small GTPase: AKT influences 

the activity of RHO-GTPases (RHOA (Ras Homolog family member A), RAC1 (Ras-related C3 

botulinum toxin substrate 1), CDC42 (Cell Division Control protein 42 homolog)), which are crucial 

regulators of the cytoskeleton [58-60].  
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Figure 3. The PI3K-AKT pathway. This pathway regulates various cellular functions, including growth, proliferation, 

and survival, and cell polarity and mobility. The PI3Ks are activated by receptor tyrosine kinases (RTKs) and G-protein-

coupled receptors (GPCRs), leading to the phosphorylation of phosphatidylinositol-4,5-bisphosphate (PIP2) to form 

phosphatidylinositol-3,4,5-trisphosphate (PIP3). PIP3 serves as a docking site for proteins with PH (Pleckstrin 

homology) domains, including AKT and PDK1 (phosphoinositide-dependent kinase 1). AKT is fully activated through 

phosphorylation at T308 by PDK1 and at S473 by mTORC2. Activated AKT phosphorylates multiple downstream targets 

to regulate protein and glycogen synthesis, transcriptional activity, cell survival and apoptosis, cell cycle progression 

and actin rearrangement. Figure created using Biorender (https://biorender.com/). 
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1.1.5 Crosstalk Between the RAS-MAPK and PI3K-AKT Pathways 

The interaction at multiple levels between the RAS-MAPK and PI3K-AKT pathways is crucial for 

fine-tuning cellular responses (Figure 4). A key point of intersection between these pathways 

occurs at the level of RAS activation. RAS, a small GTPase, is a critical upstream activator of the 

MAPK pathway. Upon activation, RAS not only initiates the MAPK cascade but also directly binds 

to and activates PI3K [61]. This dual activation by RAS ensures a coordinated and robust response 

to growth signals. Additionally, the interaction between RAF and AKT constitutes a complex 

network of regulatory events that vary based on cell type and physiological conditions. During 

muscle cell differentiation, AKT inhibits RAF [62], and persistent RAF-MEK1 signaling triggers 

negative feedback to inhibit RAS and AKT during cell cycle arrest [63]. Additionally, RAF can 

stimulate RAS and AKT activation in epithelial cells [64], further pointing out the intricate regulation 

between these pathways. Another layer of crosstalk involves the modulation of TSC2 activity. 

TSC2 is a critical inhibitor of mTORC1, and AKT phosphorylates TSC2, leading to its inhibition 

and subsequent activation of mTORC1. Similarly, ERK can phosphorylate TSC2, contributing to 

the regulation of mTORC1 activity [65]. Feedback mechanisms also play a significant role in the 

crosstalk between these pathways. For example, mTORC1 activation can lead to a negative 

feedback loop that inhibits the PI3K and RAS pathway signaling [66]. Moreover, it is known that 

activated ERK phosphorylates GAB1 (GRB2-Associated-Binding protein 1), thereby inhibiting 

GAB1-mediated recruitment of PI3K to EGFR (Epidermal Growth Factor Receptor) for activation 

[67]. Additionally, MEK1 inhibits PI3K-AKT signaling by promoting the membrane localization of 

PTEN (Phosphatase and Tensin homolog), which dephosphorylates PIP3, counteracting PI3K 

activity and limiting AKT activation [68]. These feedback loops are crucial for maintaining signaling 

homeostasis and preventing overactivation that could lead to uncontrolled cell proliferation and 

cancer. Understanding these interactions provides valuable insights into potential therapeutic 

strategies for diseases characterized by dysregulated signaling. 

 

Figure 4. Interplay between RAS-MAPK and PI3K-AKT pathways. A green arrow signifies stimulation, while a red 

line indicates inhibition. This image was created with BioRender (https://biorender.com/). 

 

https://biorender.com/
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1.1.6 Components of the RAS-MAPK Signaling Pathway 

The following sections provide a comprehensive overview of the molecular interactions and 

regulatory mechanisms of key components of the RAS-MAPK signaling pathway. This will 

underscore their significance in cell signaling and emphasize the importance of studying these 

components to enhance our understanding and develop potential treatments for diseases 

associated with these pathway components. 

1.1.6.1 Structure and Function of SOS Proteins 

SOS proteins are members of the main mammalian RAS-GEF families (SOS, GRF (Growth-

Regulating Factor), and GRP (Gastrin-Releasing Peptide)) that stimulate GTP/GDP exchange. 

These proteins facilitate the dissociation of GDP from RAS, promoting the transition of RAS from 

its inactive GDP-bound form to its active GTP-bound state [69]. In humans, there are two paralogs, 

SOS1 and SOS2, which are the most widely expressed and functionally relevant GEFs for RAS 

and RAC activation in response to upstream cellular signals [70]. The SOS proteins possess a 

complex domain organization, including an N-terminal HD (Histone fold Domain), DH and PH 

domains, a REM (RAS Exchange Motif) domain, a CDC25H (Homologous to Cell Division Cycle 

25; a RAS-GEF in yeast) domain, and a C-terminal PRR (Proline-Rich-Region) motif (Figure 5A). 

These domains collectively contribute to the regulation of their cellular functions, mediating 

interactions with lipids, proteins, and other regulatory molecules, ensuring precise control over 

RAS and RAC signaling pathways. 

In the cytosolic state, the N-terminal domains (HD, DH, and PH) maintain SOS auto-inhibition 

through interactions that stabilize an inactive conformation [71, 72] (Figure 5B). PRR can also 

have an inhibitory effect, independently of the N-terminal, by obstructing allosteric RAS binding 

[73]. Upon stimulation, the SOS1/2 proteins are activated by membrane recruitment, which 

relieves their native auto-inhibition. This proceeds with SH3-mediated complexes with SH3-

containing proteins like GRB2. The C-terminal PRR, when bound to GRB2 [35], aids in membrane 

recruitment, where the PH domain binds to membrane phospholipids (PIP3 and lesser extent 

PIP2) [74], and the HD domain interacts with negatively charged membranes [72], both 

contributing to the release of inhibition. The central region of the CDC25H catalytic domain 

facilitates GDP/GTP exchange on RAS, while the interaction of the REM domain with RAS-GTP 

enhances SOS activation, creating a positive feedback loop [75] (Figure 5B). Phosphorylation of 

the C-terminal region and competitive binding of proteins like p27kip1 can inhibit SOS, constituting 

a negative regulatory feedback mechanism [70]. In addition, SOS1/2 plays a crucial role in RAC 

activation through distinct interactions. The C-terminal PRR recruits SOS to activated receptors 

via binding to particularly E3B1 (Eps8 SH3 domain-Binding protein 1)-SH3 domains, forming the 

SOS-E3B1-EPS8 (Epidermal growth factor receptor Pathway Substrate 8) complex at actin 

filaments, where RAC is localized. This interaction enables SOS to promote the exchange of GDP 

for GTP on RAC [76]. Thus, SOS1/2 integrates signals to simultaneously activate both RAS and 

RAC pathways, coordinating cellular responses like proliferation, cytoskeletal remodeling and 

migration [70]. 
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Figure 5. Domain organization and activation/deactivation mechanisms of SOS1/2 proteins. (A) The primary 

structure of SOS1/2 proteins displays a linear, modular organization with distinct functional domains that each contribute 

to its regulatory roles. The N-terminal region contains the Histone-like (HD), Dbl Homology (DH), and Pleckstrin 

Homology (PH) domains, which maintain auto-inhibition and facilitate membrane attachment. The central region 

includes the REM (RAS Exchange Motif) and CDC25H (homologous to Cell Division Cycle 25) domains, responsible 

for allosteric and catalytic activation of RAS, respectively. The C-terminal region features multiple PRR (Proline-Rich-

Region) motifs that mediate interactions with adaptor proteins like GRB2 and regulate the allosteric site. The regulatory 

role of each domain in protein function is highlighted, with positive regulatory roles indicated in green text and negative 

regulatory roles indicated in red text. (B) In its native cytosolic state, SOS is auto-inhibited through interactions within 

its N-terminal domains and independent contribution or PRR motif in inhibition. Activation occurs upon recruitment to 

the plasma membrane, where interactions with membrane phospholipids and adaptor proteins release auto-inhibition. 

The N-terminal HD and PH domain interacts with membrane phospholipids, leading to a conformational change that 

activates the catalytic module, and the C-terminal PRR interacts with GRB2 to facilitate RAS activation. Catalytic 

activation involves the coordinated action of the REM allosteric site (activated by RAS-GTP) and the CDC25H catalytic 

site, which reorients its helical hairpin (region between PH and REM domains) to facilitate GDP/GTP exchange, creating 

a positive feedback loop. Visual representation designed with BioRender (https://biorender.com/). 

https://biorender.com/


12 
 

Recent studies increasingly highlight the role of SOS-GEFs, especially SOS1, in human tumors 

and other pathologies. Numerous gain-of-function mutations in various SOS1 domains (and rarely 

in SOS2) have been identified in inherited RASopathies like NS (Noonan Syndrome) [77-79] and 

HGF-1 (Hereditary Gingival Fibromatosis-1) [80], CS (Costello Syndrome) [81], and LPRD 

(Leopard Syndrome) [70] as well as pure mucosal neuroma syndrome [82]. Additionally, SOS-

associated mutations are identified in sporadic cancers such as AML (Acute Myeloid Leukemia), 

BLCA (Urothelial Bladder Cancer), LGG (Lower Grade Glioma), LIHC (Liver Hepatocellular 

Carcinoma), LUAD (Lung Adenocarcinoma), LUSC (Lung Squamous Cell Carcinoma), SKMC 

(Skin Cutaneous Melanoma) and UCEC (Uterine Corpus Endometrial Carcinoma) (Reviewed in 

Reference [70]). Efforts from academic and industry researchers are focused on developing drugs 

that modulate SOS up/down-regulation and GEF activity, as well as those that disrupt functional 

interactions with RAS targets (RAS complexes) and signaling regulators (such as GRB2 or ABI1 

interactions) [70].  

Using single-cell transcriptome data from the Tabula Muris database, as well as data from specific 

mouse and human lung cell types, endothelial cells have been identified as the cell type with the 

highest expression levels of human SOS1 mRNA [70]. This is supported by data showing the 

significant role of SOS-GEFs in endothelial cells and angiogenesis [83, 84]. In this regard, there 

are examples of novel AVM (Arteriovenous Malformation)-associated mutations in the SOS gene 

in endothelial cells that need biochemical characterization and drug screening to identify potential 

therapeutic targets and effective treatments. 

1.1.6.2 RAS Superfamily of Small GTPases: Insights into the RIT Subfamily 

The RAS small GTPase superfamily consists of low molecular weight (20–30 kDa) proteins that 

function as molecular switches, regulating various cellular processes by cycling between active 

(GTP-bound) and inactive (GDP-bound) states. This superfamily encompasses over 150 

members divided into five major families: RAB (RAS-Associated Binding), RAS, ARF (ADP 

Ribosylation Factor), RHO (Rhodopsin) and RAN (RAS-related Nuclear), each with distinct roles 

in cellular signaling (Figure 6A) [85, 86].  

These proteins share a conserved core G domain (Guanine nucleotide-binding domain) crucial for 

their function and interaction with regulatory and effector proteins [85]. The G domain of the RHO 

family is uniquely characterized by a "RHO insert" sequence of up to 13 amino acids, which is 

critical for their activation [87]. The G domain activity relies on the binding and hydrolysis of 

guanine nucleotides. In the GTP-bound state, they activate downstream signaling pathways and 

the conversion from GTP to GDP leads to a conformational change that reduces signaling activity 

(Figure 6B). This nucleotide cycling is regulated by GEFs, which promote GTP binding, and GAPs, 

which enhance GTP hydrolysis [88, 89]. Additionally, RHO GTPases are regulated by GDIs 

(Guanine nucleotide Dissociation Inhibitors) [90], which manage their subcellular localization by 

transporting them from the membrane to the cytosol (Figure 6C). Notably, GEFs and GAPs are 

not universally identified for all family members, and in certain cases, the presence of these 

regulators may not be crucial for the functionality of the proteins [86]. Additionally, the C-terminal 

HVR (Hypervariable Region) of the RAS, RHO, and RAB families is essential for membrane 

localization (Figure 6B). In contrast, ARF family members rely on N-terminal regions for membrane 

binding. With some exceptions, the membrane-binding regions of these families depend on 

modifications such as prenylation, myristoylation, and palmitoylation to ensure proper subcellular 

targeting and function, significantly influencing their signaling outcomes. Moreover, the RAN family 
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does not interact with membranes and is not modified by lipidation. Instead, its C-terminal 

extension undergoes conformational changes during GDP–GTP cycling, which is crucial for its 

role in nuclear transport [86]. 

 

Figure 6. Structural and functional aspects of RAS superfamily proteins. (A) The pie charts depict the distribution 

of the 154 members across different subfamilies within the RAS superfamily, including RAB, RAS, ARF, RHO, RAN, 

and others. (B) The schematic representation of domain organization highlights the N-terminal region, G domain, and 

C-terminal HVR (Hypervariable Region). The N-terminal region is crucial for ARF family membrane binding, while the 

HVR is essential for the membrane localization of RAS, RHO, and RAB families, relying mostly on modifications like 

prenylation, myristoylation, and palmitoylation. The G domain is responsible for GTP/GDP binding and hydrolysis. The 

G domain features a unique "Rho insert" sequence in RHO proteins. (C) The nucleotide exchange activity involves the 

roles of GAP (GTPase-Activating Proteins) and GEF (Guanine nucleotide Exchange Factors) in regulating the active 

and inactive states of these GTPases. Additionally, GDIs (Guanine nucleotide Dissociation Inhibitors) specifically 

regulate RHO GTPases by rendering proteins in inactive state and controlling their subcellular localization. Image 

developed with BioRender (https://biorender.com/). 
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RAS family consists of six subfamilies: RAS, RAL (RAS-Like), RAP (RAS-Proximate or RAS-

Related Protein), RAD (RAS Associated with Diabetes), RHEB (RAS Homolog Enriched in Brain), 

and RIT (RIC-related gene expressed Throughout the organism or RAS-like protein in many 

Tissues) [39] (Figure 6A). Within the RIT subfamily, there are 4 members of RIT1, RIT2, RIN (RAS-

like protein in Neurons), and RIC (RAS-related protein which Interacted with Calmodulin) 

specifically involved in neuronal differentiation and survival [85]. Among these, RIT1 (RAS-like 

without CAAX 1) was identified over two decades ago [91].  

RIT1 has three isoforms, each with a distinct N-terminal domain (Figure 7A). The function and 

biochemical properties of the N-terminal extensions of RIT1 have not yet been assessed, but they 

could potentially lead to different interacting partners [92]. The G-domain of RIT1 shares 

approximately 51% sequence identity with members of the RAS subfamily (particularly HRAS 

(Harvey Rat Sarcoma virus), NRAS (Neuroblastoma RAS viral oncogene homolog), and KRAS 

(Kirsten Rat Sarcoma virus)) composed of α1-α5 helices, β1-β6 sheets as well as, switch I and 

switch II, effector binding sites, and a set of highly conserved G box guanine nucleotide-binding 

elements (G1–G5) (Figure 7B) [89]. Yet, it harbors key structural differences that likely influence 

its mode of interaction with effector and regulatory proteins. The RIT1 G-domain, similar to other 

RAS superfamily members, is involved in intrinsic GTP binding and activates RIT1 by inducing a 

conformational change in the flexible effector binding interface consisting of switch I and switch II. 

However, the slow intrinsic GTP/GDP exchange rate (7.8 ± 0.7 × 10−2 min−1), which is about four 

times faster than HRAS [93], suggests that RIT1 exchange may be controlled by GEFs in vivo, 

even though they have not yet been discovered. Additionally, the intrinsic GTPase activity of RIT1 

mediates the hydrolysis of GTP and the release of γ-phosphate returns switch I and switch II to 

their inactive ground-state conformation. Similarly, the slow intrinsic hydrolysis rate (8.8 ± 1.3 × 

10−3 min−1) [93] indicates potential regulation by GAPs. However, the specific GEFs and GAPs 

that regulate RIT1's activity remain to be elucidated. It is worth mentioning that pathogenic 

mutations in the RIT1 gene mainly occur in the G-domain, particularly around the switch II region 

modulating their nucleotide/effector binding [92, 94]. Another distinctive feature of RIT1 is its HVR, 

which lacks lipidation. This contrasts with other RAS proteins, where lipidation typically aids in 

membrane anchorage. Instead, RIT1's HVR contains clusters of positively charged amino acids 

and hydrophobic residues (Figure 7B) that promote plasma membrane association through 

electrostatic interactions with negatively charged phospholipids [95].  
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Figure 7. Overview of RIT1 isoforms and structure. (A) Schematic representation of the three isoforms of RIT, each 

featuring distinct N-terminal domains. This figure was generated using BioRender (https://biorender.com/). (B) 

Alignment of the amino acid sequences of RIT1 (isoform 2), NRAS, HRAS, and KRAS (isoform 4B) is presented, with 

different amino acids highlighted for their roles in nucleotide binding (blue), effector binding (green), and membrane 

targeting (orange). This figure is adapted from Castel, P., & McCormick, F. et al. (2020) [92].  

To date, the key signaling outcomes of activated RIT1 remain poorly defined due to insufficient 

consensus on its principal signaling pathways and downstream effects. This might be because of 

the cell-context behavior of RIT1 or the lack of a multidimensional proteomic approach to fully 

explore the signaling networks activated by RIT1. The functional impact of wild-type RIT1 is often 

underexplored, with most studies focusing on pathogenic mutations that may lead to neomorphic 

activities. Studies have suggested that RIT1 involvement in p38 MAPK, AKT, and RAF/MEK/ERK 

signaling (Figure 8A) [92, 96-98]. Further study on role of RIT1 in activating AKT in response to 

ROS (Reactive Oxygen Species) through the p38 pathway revealed that this activation is mediated 

through mTORC2, rather than mTORC1 [99]. Moreover, previous studies have demonstrated that 

RIT1 preferentially interacts with both BRAF and CRAF and can activate ERK in a BRAF-

dependent manner. This highlights its crucial role in modulating the MAPK signaling pathway 

[100]. Additionally, RIT1 interaction with RGL3 (Ral Guanine nucleotide dissociation stimulator-

Like 3/Ral GEF-like 3), a regulator of the RAL GTP-binding proteins, has been observed and 

https://biorender.com/
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suggested to act as its downstream effector [101]. In terms of cytoskeletal dynamics, RIT1 

interacts with Par6 (Partitioning defective 6), PAK (P21-Activating Kinases), RAC, and CDC42, 

linking it to actin remodeling processes [102, 103]. RIT1's signaling is further modulated by LZTR1 

(Leucine-Zipper-like Transcriptional Regulator 1), which negatively regulates RIT1 through 

ubiquitination and proteasomal degradation (Figure 8A) [104]. Overall, RIT1 is a multifunctional 

protein that integrates diverse signaling pathways, profoundly impacting cellular behavior and 

responses in various physiological and pathological contexts.  

 

Figure 8. Multifaceted signaling pathways and tissue expression of RIT1. (A) The diagram depicts the complex 

signaling pathways and molecular interactions of activated RIT1. RIT1 participates in p38 MAPK, AKT, and 

RAF/MEK/ERK signaling pathways, demonstrating its role in various cellular processes. Additionally, RIT1 interacts with 

RGL3, as well as with Par6, PAK, RAC, and CDC42, implicating it in actin remodeling. LZTR1 modulates RIT1 activity 

by promoting its ubiquitination and subsequent degradation. Illustration produced using BioRender 

(https://biorender.com/). This figure is adapted from Castel, P., & McCormick, F. et al. (2020) [92]. (B) Anatomogram 

showcasing the expression levels of RIT1 protein across different human tissues, illustrating its varied presence and 

potential functional diversity in the body (expression level data and figure obtained from the Human Protein Atlas 

database). 

RIT1 is mostly described in neural tissue regulating proliferation, differentiation, and survival [96]. 

As indicated in Figure 8B, RIT1 protein is widely expressed across various tissues, with particularly 

high levels in the brain, endocrine system, gastrointestinal tract, liver, gallbladder, pancreas, 

kidneys, urinary bladder, and both male/female reproductive tissues. Furthermore, there are 

moderate levels of RIT1 expression in the respiratory system, digestive tract, muscle, skin, bone 

marrow, and lymphatic tissue (data obtained from the Human Protein Atlas database). In this 

direction, recent clinical findings suggest a significant role of RIT1 in various tissues, with 

implications in conditions such as NS and cancer [92, 94]. For instance, the high birth weight, 

lymphatic abnormalities, and cardiovascular defects in the NS are all representations of the impact 

https://biorender.com/


17 
 

of RIT1 mutations on the development and function of related tissues [92, 105, 106]. Moreover, 

RIT1 abnormalities, such as activating mutations and gene amplifications, are present in myeloid 

neoplasms and are notably common in CMML (Chronic Myelomonocytic Leukemia) [107]. Thus, 

understanding the distinct biological and biochemical roles of RIT1 mutants in various tissues 

could provide valuable insights into the potential roles of wild-type RIT1 and its broader 

implications for therapeutic targeting. 

1.1.6.3 RAF Family Kinases: Spotlight on CRAF Activity 

The RAF family of kinases, comprising ARAF, BRAF, and CRAF/RAF1, is crucial for connecting 

upstream signals to downstream responses within the MAPK signaling pathway. The first member 

of the RAF family was identified in 1983 with the discovery of the viral oncogene v-RAF from the 

transforming murine retrovirus 3611-MSV [108]. Soon after, the cellular homolog CRAF was 

discovered [109], followed by the identification of its paralogues ARAF and BRAF [110, 111]. They 

function downstream of RAS proteins. When activated by upstream signals, active and 

membrane-localized RAS binds to RAF kinases, promoting their homo-/hetro-dimerization and 

activating them through conformational changes, leading to their recruitment to the membrane. 

This interaction greatly enhances the kinase activity of RAFs, allowing them to phosphorylate and 

activate MEK proteins, which subsequently propagate the signaling cascade and ultimately 

activate ERK [112] (Figure 9A). 

The RAF family kinases share three conserved regions (CRs) that play critical roles in their 

function (Figure 9B). CR1 contains the RAS-binding domain (RBD) and a cysteine-rich domain 

(CRD). The RBD is essential for interacting with active RAS proteins, featuring five β-sheets and 

several α-helices that allow it to bind the switch I region (also known as the effector loop) of RAS, 

thereby promoting RAF activation. Additionally, the RBD can participate in membrane association. 

The second domain in CR1, CRD, interacts with membrane lipids and enhances RAS/RBD affinity 

at the membrane, leading to stabilizing the RAS-RAF complex and facilitating RAF activation. CR2 

serves as a serine/threonine-rich phosphorylation site, acting mainly to negatively regulate RAF 

activity through multi-phosphorylation events and 14-3-3 binding that regulates RAF kinase 

activation [37]. CR3, located at the C-terminus, contains a kinase domain adjacent to an acidic N-

terminus (NTA) and a regulatory C-terminus. The NTA motif in RAF proteins undergoes 

phosphorylation and plays a crucial role in regulating RAF activation and dimerization-driven 

transactivation [113]. The catalytic kinase domain is characterized by two lobes that open and 

close to bind ATP (Adenosine Triphosphate) and substrates. In its open state, the small lobe, 

characterized by an antiparallel β-sheet structure, binds and positions ATP. In its closed state, the 

α-helical large lobe interacts with protein substrates, such as the ubiquitously expressed MEK1/2 

[37]. Moreover, the regulatory C-terminus contains a secondary 14‐3‐3 binding site which 

promotes dimerization [113].  

Despite high conservation among RAF paralogues, their kinase activities differ, with BRAF 

exhibiting the highest activity for MEK activation, followed by CRAF and ARAF. One reason is the 

different regulatory mechanisms in each paralog. For example, the NTA motif directly influences 

the degree of autoinhibition relief, dimerization efficiency, and overall kinase activity, leading to 

the differential activities observed among the RAF family members. In BRAF, the NTA motif's 

SSDD sequence includes aspartic acids that provide an initial negative charge, facilitating 

neighboring serine phosphorylation and resulting in constitutive phosphorylation. This persistent 

negative charge more effectively relieves autoinhibition, leading to a higher basal kinase activity 
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for BRAF compared to the other RAF isoforms. Moreover, the phosphorylation status of the NTA 

motif directly impacts transactivation, making BRAF the most potent activator within RAF dimers, 

significantly boosting its activity. CRAF, on the other hand, has an NTA motif with an SSYY 

sequence, requiring phosphorylation of both serine and tyrosine residues, a process regulated by 

SRC family kinases. This dual phosphorylation is more complex and tightly regulated, contributing 

to a lower intrinsic kinase activity compared to BRAF. ARAF, which is quite similar to CRAF 

(SSGY), is also targeted by SRC family kinases for phosphorylation at specific tyrosine residues, 

contributing to its unique regulatory properties [113]. 

 

Figure 9. Overview of RAF family kinase. (A) The role of RAF kinases (ARAF, BRAF, CRAF/RAF1) in the MAPK 

signaling pathway, highlighting their activation by RAS and subsequent effects on MEK/ERK activation. (B) RAF kinases 

domain organization, including the conserved regions (CR1-3). (C) Activation and deactivation processes of CRAF 

kinase. This figure was generated using BioRender (https://biorender.com/). 

RAF family kinases are activated and inactivated through a multistep process that involves 

de/phosphorylation events, protein-protein interactions, and conformational reorganization. While 

there are common themes in these processes, they involve distinct regulatory proteins and 

phosphorylation sites that specifically regulate RAF kinase activity. In particular, the diagram in 

Figure 9C illustrates the key steps involved in the activation and deactivation of CRAF. Initially, in 

unstimulated quiescent cells, CRAF is kept in an inactive state through the binding of 14-3-3 

proteins and phosphorylation at sites such as S259 (within CR2) and S621 (within the C-terminus 

of CR3). Upon signal arrival and RAS activation, RAS binding to the CRAF-RBD domain mediates 

membrane recruitment, and subsequent dephosphorylation of S259 by PP1/PP2A (Protein 

https://biorender.com/
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Phosphatases1 and 2A) allows for 14-3-3 release and further membrane recruitment via the CRD 

domain. Subsequent phosphorylation of key residues in the NTA motif of CR3, S338 and Y340-

Y341 (338SSYY341), leads to activation and promotes dimerization and allosteric transactivation 

[114]. Moreover, other phosphorylations within the activation loop of the kinase domain (T491 and 

S494) further assist CRAF kinase activity toward downstream MEK [113, 115]. Inactivation is 

mediated through negative feedback regulation involving ERK phosphorylation and 

dephosphorylation of activating sites by phosphatases PP5 and PP2A. This process is further 

complemented by the rephosphorylation of S259, which facilitates the transition back to a closed, 

inactive state [114].  

Besides the canonical RAF-MEK-ERK pathway for RAF family kinases, CRAF can also contribute 

to another downstream signaling, as illustrated in Figure 10A. CRAF has been identified to target 

various other proteins, including cell cycle regulators (e.g., Rb (Retinoblastoma protein) [116], 

CDC25 [117], AuroraA-PLK1 (Polo-Like Kinase 1) [118], CHK2 (Checkpoint Kinase 2) [119]), 

apoptosis modulators (e.g., BCL2 (B-Cell Leukemia/Lymphoma 2) [120], ASK1 (Apoptosis Signal-

regulating Kinase 1) [121], MST2/STK3 (Mammalian STE20-like kinase 2/Serine Threonine-

protein Kinase 3) [122], BAD [123], eEF1A1/2 (elongation Factor 1A 1/2)[124]), and cytoskeletal 

components (e.g., ROK-α/ROCK-II (RHO-associated protein Kinase 2) [125], NF-κB [126], and 

DMPK (Myotonic Dystrophy Protein Kinase) [127]). Importantly, dysregulation or mutations in 

CRAF can disrupt these pathways, contributing to the pathogenesis of various diseases. For 

instance, genomic alterations in CRAF contribute to various cancers, including colorectal 

carcinoma (intron 9 mutations), acute myeloid Leukemia (exon 12 mutations), SCLC (Small Cell 

Lung Cancer; chromosomal rearrangements), and squamous cell carcinoma (4bp deletion in exon 

17). Additional involvement in Noonan and Leopard’s syndromes caused by CRAF missense 

mutation has been observed [128]. It is also affected by gene amplification and elevated 

expression in NSCLC (Non-Small Cell Lung Cancer), glioblastoma, osteosarcoma, breast cancer, 

ependymoma, hepatocellular carcinoma, and mantle cell lymphoma. Additionally, increased 

activation of CRAF is observed in cancers like pancreatic carcinoma (reviewed in [129]).  

Based on the involvement of CRAF in diverse signaling networks and its pivotal role in health and 

disease, understanding its regulatory pathways is crucial for developing effective treatments that 

manipulate cellular signaling pathways. CRAF can be regulated at various levels (Figure 10B), 

including epigenetic modifications. miRNAs, such as miR-15a/b, miR-16, and miR-195, modulate 

CRAF gene expression by interacting with the 3′-UTR (3′ Untranslated Regions), leading to mRNA 

degradation or inhibition of translation, and have been shown to regulate CRAF [130]. Additionally, 

transcriptional regulation by transcription factors and activators, such as AP-2α (Activating 

enhancer binding Protein 2 alpha), plays pivotal roles in regulating the CRAF gene by modulating 

its transcription. [131]. Another level of regulation beyond transcription involves post-translational 

modifications (de/phosphorylation, de/ubiquitination, methylation, O-GlcNAcylation) and/or 

in/direct PPIs that control its stability, structural conformation, and activity [132]. For example, 

RanBPM (Ran Binding Protein M), a component of the CTLH (C-Terminal to Lissencephaly-1 

Homology motif) complex, interacts directly with CRAF through its C-terminal domain, facilitating 

CRAF ubiquitination and subsequent degradation [133]. Moreover, CRAF methylation mediated 

by PRMT5 (Protein Arginine Methyltransferase) leads to the degradation of activated CRAF [134]. 

PRMT6 also inhibits the binding of CRAF to RAS by binding and methylating CRAF at residue 

R100 [135] On the other hand, USP13 (Ubiquitin-Specific Protease 13) deubiquitinates and 
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maintains CRAF stability [136]. Similarly, O-GlcNAcylation of CRAF stabilizes CRAF by 

suppressing its ubiquitination in EMT (Epithelial-Mesenchymal Transition) promotion [137]. In 

addition, CRAF activity is modulated by various proteins such as KSR1/2 (Kinase Suppressor of 

RAS 1/2), arrestins-2, MRAS (Muscle RAS oncogene homolog)-SHOC2-PP1c, PHB1 (Prohibitin 

1), 14-3-3, HSP90-CDC37 (Heat Shock Protein 90-Cell Division Cycle 37), PP5, CNK1 (Connector 

enhancer of Kinase suppressor of RAS 1)-SRC, PAK1, AKT, PLK1, PDCD6 (Programmed Cell 

Death Protein 6), RUVBL1 (RuvB-Like 1), PP2A, RKIP (RAF Kinase Inhibitory Protein), BRAF, 

PKA (Protein Kinase A), PKCα (Protein Kinase C alpha type), SPRY2 (Sprouty 2), PHLPP1/2 (PH 

domain and Leucine-rich repeat Protein Phosphatases 1/2), RKTG (RAF Kinase Trapping to 

Golgi), and RAP1 (Figure 10B).  

 

Figure 10. CRAF downstream signaling and regulation. (A) Diverse roles beyond the canonical RAF-MEK-ERK 

pathway include targeting cell cycle regulators (e.g., Rb, CDC25, AuroraA-PLK1, CHK2), apoptosis modulators (e.g., 

BCL2, ASK1, MST2, BAD, eEF1A1/2), and cytoskeletal components (e.g., ROK-α, NF-Κb, and DMPK). (B) CRAF 

regulation involves epigenetic modification (mediated by miRNA interaction), transcriptional modulation, post-

translational modifications (e.g., phosphorylation, de/ubiquitination, methylation) and/or protein-protein interactions, 

which can positively or negatively affect its stability, conformation, and activity. Figure illustration created with 

BioRender's resources (https://biorender.com/). 

Research has shown that KSR dimerizes with CRAF and enhances the catalytic activity of CRAF 

within the ERK pathway under metabolic stress conditions [138]. Furthermore, the interaction 

between CRAF-RBD and arrestin-2, which scaffolds ERK2, MEK1, and CRAF, has been identified 

and proposed to aid in releasing the kinase domain, thereby facilitating the phosphorylation of 

MEK1 [139]. In another example, the MRAS-SHOC2-PP1c complex stimulates CRAF kinase 

https://biorender.com/
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activity by dephosphorylating the inhibitory S259 site of CRAF [140]. Moreover, PHB1, a key 

member of the SPFH (Stomatin/Prohibitin/Flotillin/Hflkc) domain family; a pleiotropic membrane 

protein), directly interacts with CRAF and is essential for displacing 14-3-3 from its binding site at 

S259. This displacement is crucial for the interaction between RAS and CRAF at the plasma 

membrane. Loss of PHB1 results in CRAF not localizing to membranes, leading to increased S259 

phosphorylation and 14-3-3 binding in the cytosol, thereby inactivating CRAF kinase [141]. 

Another activator complex involves CNK1, which mediates SRC-dependent tyrosine 

phosphorylation and activation of CRAF by forming a trimeric complex with preactivated CRAF 

and activated SRC, facilitating cross-talk between SRC and CRAF and being essential for its full 

activation and subsequent ERK activation [142]. Moreover, PAK1 is a key physiological mediator 

of CRAF activation by directly binding and phosphorylating CARF at S338, a pivotal step in the 

activation process [143]. Another potent activator of CRAF is PLK1 which associates with CRAF 

and activates it by directly phosphorylating CRAF at S338 and S339, but not at S621 [144]. 

Another study proposes that PDCD6 interacts with CRAF upon binding Ca2+, forming a stable 

complex that activates the RAF/MEK/ERK pathway and promotes colorectal cancer growth [145]. 

The other novel CRAF binding protein, RUVBL1, a member of the AAA+ superfamily of ATPases, 

activates the RAF/MEK/ERK pathway by preventing phosphorylation of CRAF at S259, thereby 

promoting lung tumor progression [146]. Interestingly, BRAF can act as an allosteric activator of 

CRAF in its dimeric state. With the NTA motif of BRAF being constitutively phosphorylated, BRAF 

initially functions to activate CRAF [147]. Additionally, PKCα directly phosphorylates and activates 

CRAF at several sites, including S499. This phosphorylation is crucial for CRAF activation by 

PKCα and the transformation of NIH3T3 cells [148].  

The findings reveal that AKT interacts with both the C-terminal and N-terminal regions of CRAF, 

thereby inhibiting CRAF activity via direct phosphorylation of CRAF-S259, thereby highlighting 

significant crosstalk between the RAF-MEK-ERK and PI3K–AKT signaling pathways as well [149]. 

Moreover, upon PKA activation, it phosphorylates CRAF and promotes the recruitment of 14-3-3 

proteins, which prevents CRAF from being recruited to the plasma membrane and blocks its 

activation [150]. The RKIP is also shown to inhibit CRAF phosphorylation at residues S338 and 

Y340-Y341 and its ability to phosphorylate its substrate MEK. This inhibition occurs through the 

attachment of RKIP to the N-terminal region of CRAF, stabilized by its strong interaction with high-

affinity binding sites at the terminal ends of CRAF [151-154]. Additionally, data indicate that 

SPRY2 functions as a negative regulator downstream of BCR stimulation, playing a crucial role in 

the attenuation of RAS-MAPK signaling by interacting with CRAF [155]. PHLPP1 and 2 were found 

to dephosphorylate CRAF at S338, inhibiting its kinase activity and thereby regulating tumor 

progression and invasive and migratory activities of colorectal cancer [156]. Furthermore, RKTG 

is proposed to control the spatial distribution of CRAF by sequestering it to the Golgi, which 

modifies the interaction of CRAF with RAS and MEK1 and subsequently inhibits ERK signaling 

[157]. In addition, RAP1 is found to inhibit MAPK signaling by interacting with the CRD domain of 

CRAF, reducing the number of oncogenic RAS clusters, and thereby suppressing CRAF 

activation. Within these nanoclusters, RAP1 competes with RAS for binding to CRAF, resulting in 

decreased CRAF activation [158]. 

The 14-3-3 chaperon protein can have a dual role in binding to specific phosphorylation sites of 

CRAF and enhancing its dimerization in an active state (Figure 9C) [159] or inducing the formation 

of the autoinhibitory closed conformation in an inactive state [160]. Mitra et al. showed the role of 
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HSP90 in interacting with CRAF and aiding in the phosphorylation of S621 on CRAF and 

protecting the kinase from degradation, before RAS interaction, with co-chaperone CDC37 

supporting this phosphorylation process [161]. However, other data indicate the involvement of 

HSP90 and CDC37 in the CARF inactivation process as part of an HSP90-CDC37-CRAF 

complex. The data reveals how HSP90 both activates and scaffolds PP5’s association with the 

bound CRAF, leading to the dephosphorylation of phosphorylation sites (pS338 and pS621) 

adjacent to the kinase domain [162]. As observed in Figure 9C, PP2A holoenzymes establish 

stable interactions with CRAF and directly dephosphorylate it at S259, leading to its activation 

[163]. In addition, PP2A dephosphorylates attenuated CRAF on p(S/T)P consensus motifs, 

making it essential for both CRAF activation and recycling [164]. 

1.1.7 Pathological Impact of RAS-MAPK and PI3K-AKT Pathways: Implications for 

Arteriovenous Malformation (AVM) 

Arteriovenous malformation (AVM) is a disorder characterized by an abnormal tangle of blood 

vessels connecting arteries and veins, bypassing the capillary system. This condition can occur 

in various parts of the body, but is most commonly found in the brain and spinal cord [165]. AVMs 

can lead to serious health issues due to the high-pressure blood flow through these abnormal 

vessels, which may cause them to rupture. Symptoms of AVM vary depending on their location 

and size but can include headaches, seizures, neurological deficits, and, in severe cases, 

hemorrhagic stroke due to vessel rupture [166]. AVMs can be asymptomatic and discovered 

incidentally for other reasons [167]. While most AVMs are sporadic and occur without a family 

history [168], some can be inherited, particularly in syndromes like HHT (Hereditary Hemorrhagic 

Telangiectasia), CM-AVM (Capillary Malformation AVM), and PWS (Parkes-Weber Syndrome) 

[169].  

Genetic abnormalities associated with AVM are often linked to disruptions in key signaling 

pathways. Notably, mutations in the VEGF (Vascular Endothelial Growth Factor) signaling 

pathway plays a significant role in the development of AVMs. VEGF receptors belong to the RTK 

and are a critical regulator of blood vessel formation by activation of MAPK and PI3K-AKT-mTOR 

leading to proliferation and differentiation. The overexpression or activating mutations of VEGF 

pathway components can lead to abnormal angiogenesis features and is a hallmark of AVM [170, 

171]. For instance, studies have identified somatic mutations in the KRAS and BRAF genes 

activating the MAPK-ERK signaling in brain and spinal cord AVMs (Figure 11) [172, 173]. 

Moreover, functionally significant somatic mutations in the MEK1 gene found in extracranial AVM 

samples underscore the crucial role of the overactive RAS-MAPK signaling pathway in the 

development of these vascular malformations (Figure 11) [174]. Similarly, another paper identified 

a somatic HRAS mutation causing extracranial AVM in a patient with a facial AVM, resulting in 

higher levels of phosphorylated ERK (pERK) [175].  

In addition, increased PI3K activity contributes to accelerating AVM development by intensifying 

angiogenesis in HHT. This is supported by findings showing that loss-of-function mutations in the 

ACVRL1/ALK1 (Activin A Receptor type II-Like 1/Activin receptor-Like Kinase 1) and ENG 

(Endoglin) genes, which is involved BMP9/10 (Bone Morphogenetic Protein 9/10)-ENG-ALK1-

SMAD1/5/8-SMAD4 (Mothers Against Decapapentaplegic) pathway in regulating blood vessel 

development and homeostasis, hinder its ability to activate PTEN. By disrupting the negative 

regulatory function of PTEN, these mutations result in increased PI3K activity (Figure 11) [176, 
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177]. Moreover, RASA1 (RAS GTPase-Activating protein 1) encodes the p120 RAS-GAP protein, 

a GTPase-activating protein that negatively regulates RAS GTPases and the downstream MAPK 

pathway. There are many reports of inactivating RASA1 mutations detected in CM-AVM [178], 

with data showing that loss of RASA1 is probably due to the impaired ability of GAP to effectively 

regulate the RAS-MAPK signal transduction pathway [179, 180]. Interestingly, disease 

development requires somatic "second hit" inactivating mutations of RASA1 [181]. Moreover, the 

presence of somatic RASA1 mutations in patients with CM-AVM, even without germline RASA1 

variants [182], suggests that RASA1 plays a role in both sporadic and hereditary cases. Notably, 

RASA1 can also be dysregulated by mutations in other genes. Researchers have identified 

EPHB4 (Ephrin type-B receptor 4) as a second gene that is mutated in patients with CM-AVM. 

They propose a mechanism whereby these mutations disrupt the EPHB4-RASA1 interaction, 

leading to dysregulation and constitutive activation of downstream RAS-MAPK signaling [183]. 
Moreover, experimental data strongly support a functional link between EPHB4, RASA1 and 

mTORC1 [184]. 

 

Figure 11. RAS-MAPK and PI3K-AKT pathways are involved in AVM development. Mechanisms involved in 

hereditary-related AVMs (indicated by orange arrows). Typically, ALK1 and ENG stimulate PTEN activity, leading to a 

reduction in PI3K signaling. However, HHT mutations in ALK1 or ENG reduce PTEN activity, leading to increased PI3K 

activity and, consequently, enhanced angiogenesis. In sporadic cases (indicated by red arrows), somatic activating 

mutations in genes such as KRAS, HRAS, BRAF, and MEK1 elevate the levels of pMEK and pERK, promoting the 

development of AVMs. Moreover, both somatic and hereditary RASA1 mutations can contribute to further dysregulation 

of the RAS-MAPK and PI3K-AKT pathways. Visualization prepared with BioRender software (https://biorender.com/). 

https://biorender.com/
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In addition to the VEGF pathway, other signaling pathways have been implicated in the formation 

and maintenance of AVMs, including TGF-β/BMP and Notch signaling pathways. The TGF-β/BMP 

pathway is crucial for maintaining vascular homeostasis and structural integrity [185]. Mutations 

in genes associated with TGF-β signaling, such as ENG, ACVRL1/ALK1, and SMAD4, are linked 

to HHT, which is characterized by AVMs [170]. Moreover, Notch signaling is crucial for governing 

arteriovenous specification, which distinguishes arteries from veins. Dysregulation of Notch 

signaling has been associated with the abnormal development of blood vessels seen in AVMs 

[186]. The increasing identification of AVM-associated mutations underscores the critical need to 

study the underlying molecular pathways involved in AVMs, which is essential for developing 

targeted therapies that could improve management and outcomes for patients with this complex 

vascular disorder. 

1.1.8 SIRTUIN Family: Exploring the Critical Roles of SIRT4 in Cell Signaling 

The SIRTUIN (SIRT) family of NAD+ (Nicotinamide Adenine Dinucleotide+)-dependent enzymes 

comprises conserved proteins essential for regulating cellular metabolism, gene expression, 

stress responses, energy homeostasis, aging, DNA repair, and immune function [187]. They 

belong to class III of HDACs (Histone Deacetylases) and include seven homologous sirtuins in 

mammals (SIRT1 to SIRT7) [188], each with unique subcellular localizations and functions (Figure 

12). 

Central to all sirtuins is the conserved catalytic core domain, which is responsible for enzymatic 

activity, with deacetylation being their primary and most prevalent activity. Nevertheless, other 

paralogs possess other enzymatic activities. This core domain is composed of a large rossmann 

fold domain that binds NAD+, and a smaller zinc-binding domain that helps stabilize the protein 

structure [189]. The highly homologous region in the middle of sirtuins is centered around a highly 

conserved histidine, which acts as a proton acceptor and is essential for enzymatic activity [190]. 

In addition to their core domain, sirtuins possess variable N- and C-terminal extensions that 

influence their susceptibility to post-translational modifications (such as phosphorylation) as well 

as contributing to substrate specificity and regulatory mechanisms by mediating protein 

interactions and directing sirtuins to various subcellular locations [187]. The retention signals of 

NLS (Nuclear Localization Signals) and MTS (Mitochondrial Targeting Sequences) within these 

terminal regions direct sirtuins to their specific cellular compartments [191]. SIRT1 is mainly found 

in the nucleus and cytoplasm; however, SIRT2 shuttles between these locations and is primarily 

situated in the cytoplasm. Furthermore, SIRT3 and SIRT5 are predominantly mitochondrial, 

although they can be found outside the mitochondria in the cytoplasm and nucleus. Similarly, 

SIRT4 is primarily located in the mitochondria, yet recent data indicate it also has a cytoplasmic 

presence. In contrast, SIRT6 and SIRT7 reside mainly in the nucleus [192, 193]. 

https://www.google.com/search?sca_esv=bbda2a020c4763aa&sca_upv=1&sxsrf=ADLYWILaqoP6Xiq3Jf1ugR16bjpgKM2j3w:1721816330189&q=addition&spell=1&sa=X&ved=2ahUKEwifz-rVub-HAxXTxwIHHU2sC_YQBSgAegQIChAB
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Figure 12. Domain structure, function, and subcellular localization of SIRT1-7. All sirtuins feature a conserved 

catalytic core, which includes a rossmann fold domain (gray), a Zn2+-binding domain (orange), and a catalytic histidine 

(red arrow). Sirtuins also possess distinct N-terminal (green) and C-terminal (pink) regions that differ in length and 

sequence. The main enzymatic functions and subcellular localizations of each SIRT protein are depicted. The figure 

was designed with the help of BioRender's tools (https://biorender.com/). 

SIRT4, one of the least studied members of the sirtuin family, is gaining attention as recent 

research has begun to elucidate its important biochemical roles. SIRT4 consists of 314 amino 

acids and possesses the MTS in its N-terminal region facilitating its translocation to the 

mitochondria [191]. The enzymatic functions of SIRT4 are activated by the cleavage of the protein 

at amino acid 28, which occurs during its import into mitochondria [192, 194]. Within mitochondria, 

SIRT4 plays a critical role in maintaining mitochondrial integrity and functions by regulating fusion-

fission dynamics and mitophagy. SIRT4 inhibits mitophagy by promoting mitochondrial fusion and 

inhibiting fission. It stabilizes and enhances L-OPA1 (Large GTPases OPA1 (Optic Atrophy 1)) 

levels, increases fusion, and suppresses DRP1 (Dynamin-Related Protein 1) by inhibiting its ERK-

mediated phosphorylation, reducing fission. Collectively, these effects inhibit mitophagy by 

decreasing the number of mitochondria-targeted for degradation [195, 196] (Figure 13).  

Another mitochondrial role of SIRT4 is in cellular energy metabolism, which affects proliferation, 

insulin secretion, and fatty acid oxidation. SIRT4 ADP-ribosylates and inhibits GDH (Glutamate 

Dehydrogenase), an enzyme that converts glutamate to α-ketoglutarate, leading to ATP 

production and increased insulin secretion. Ultimately, SIRT4-mediated regulation of GDH limits 

amino acid metabolism and the TCA (Tricarboxylic Acid) cycle, which leads to the down-regulation 

of insulin secretion [197]. Similarly, IDE (Insulin-Degrading Enzyme) and ADP/ATP carrier protein 

ANT2 (ADP/ATP Translocase 2) are other substrate of SIRT4 and play a role in negatively 

regulating insulin secretion in response to glucose [198]. Additionally, by inhibiting PDH (Pyruvate 

Dehydrogenase), which converts pyruvate into acetyl-CoA, SIRT4 can affect the flux of 

metabolites into the TCA cycle [199]. In general, by inhibiting TCA cycle enzymes, SIRT4 can 

reduce energy metabolism, which in turn may lead to decreased cell proliferation. Interestingly, 

this anti-proliferative role of SIRT4 in inhibiting tumor growth explains why its expression is often 

https://biorender.com/
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reduced in many cancer cells [200]. Moreover, SIRT4 regulates fatty acid metabolism in muscle 

and adipose tissue. When the body is in a fed state, SIRT4 reduces the activity of mitochondrial 

MCD (Malonyl-CoA Decarboxylase), leading to elevated levels of malonyl-CoA and consequently 

promoting fat synthesis and repressing fatty acid oxidation [201]. In addition, it is suggested that 

SIRT4 influences fatty acid metabolism by affecting the AMPK (AMP-Activated Protein Kinase)-

SIRT1 pathway to decrease fatty acid oxidation capacity [202] and suppressing PPARα 

(Peroxisome Proliferator-Activated Receptor α) activity, which in turn lowers the expression of 

genes involved in fatty acid catabolism [203] (Figure 13). 

SIRT4 can regulate stress conditions by controlling oxidative stress caused by ROS and 

maintaining genomic stability. ROS are by-products of oxidative metabolism, primarily from 

oxidative phosphorylation and various enzymatic reactions within the mitochondria. Moderate 

ROS levels are crucial for physiological processes like signaling and stress responses, but 

excessively high or low levels can be pathogenic and lead to dysfunction from drastic oxidative 

environment changes [198]. SIRT4 regulates mitochondrial ROS production by inhibiting the 

MnSOD (Manganese Superoxide Dismutase) binding to SIRT3. This inhibition increases MnSOD 

acetylation, reducing its activity, leading to higher ROS levels, increased oxidative stress, and 

promoting cardiac hypertrophy [204]. In addition, fatty acid oxidation is linked to mitochondrial 

ROS production, and although SIRT4 is expected to reduce ROS by decreasing fatty acid 

oxidation, in patients with nonalcoholic fatty liver disease, SIRT4 modulation reduces free fatty 

acids but paradoxically increases ROS production [205]. Moreover, decreased mitophagy leads 

to the accumulation of dysfunctional mitochondria and increased ROS production, as previously 

explained, associated with the stabilization and interaction of SIRT4 with L-OPA1 [206]. 

Conversely, a different study demonstrated that overexpressing SIRT4 could prevent apoptosis of 

podocytes induced by glucose through a mitochondrial mechanism. This protective effect was 

associated with an increase in mitochondrial membrane potential and a decrease in ROS 

production [207]. These findings indicate that the impact of SIRT4 on mitochondrial ROS levels is 

context-dependent. Additionally, DNA damage induces a DNA damage response (DDR) that 

assists in maintaining genomic integrity. DDR includes promoting cell cycle arrest through the 

phosphorylation of proteins such as CHK1, CHK2, and γ-H2AX (gamma H2A histone family 

member X) [208]. Another aspect of DDR involves metabolic responses, including the up-

regulation of nucleotide synthesis pathways for DNA repair [209]. Furthermore, SIRT4 has been 

reported to play a role in DDR by assisting in metabolic responses through the inhibition of 

glutamine metabolism. This metabolic response plays a crucial role in managing cell cycle 

progression and sustaining genomic stability in response to DNA damage [210] (Figure 13). 

SIRT4, traditionally known for its mitochondrial functions, also localizes to the cytosol where it 

dynamically associates with centrosomes, interacting with microtubule components and 

influencing cell cycle progression and likely microtubule dynamics [193]. Moreover, cytoplasmic 

SIRT4 regulates the Wnt/β-catenin pathway by deacetylating AXIN1 at K147, which activates the 

Wnt signaling pathway. This process decreases β-catenin degradation, allowing β-catenin to 

accumulate and enhance Wnt signaling [211]. In addition, SIRT4 acts as a tumor suppressor by 

deacetylating LATS1, thereby reinstating Hippo pathway activity and countering YAP-driven 

oncogenesis [212]. Other findings reveal that SIRT4 is involved in SNARE (Soluble N-

ethylmaleimide-sensitive factor Activating protein Receptor) complex formation by deacetylating 

SCFD1 (Sec1 Family Domain containing 1) at K126 and K515. This deacetylation enhances 
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SNARE complex assembly, which facilitates the fusion of autophagosomes with lysosomes [213] 

(Figure 13). Nevertheless, the full spectrum of cytosolic SIRT4 functions remains largely unknown. 

 

Figure 13. Functional roles of SIRT4. Within the mitochondria, it plays a critical role in regulating mitochondrial integrity 

and function (impact on mitochondria fusion-fission and mitophagy), energy metabolism (affects proliferation, insulin 

secretion, and fatty acid oxidation), and stress responses (controlling oxidative stress and genome stability) through its 

activity. SIRT4, traditionally known for its mitochondrial functions, also localizes to the cytosol where it regulates 

microtubule dynamics and mitotic cell cycle progression, Wnt/β-catenin and Hippo signaling pathways, and the 

formation of the SNARE complex crucial for autophagosome-lysosome fusion. The figure was created using BioRender 

software (https://biorender.com/). 
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2 Aims and Objectives 
This thesis explores the intricate mechanisms of protein interactions and cellular signaling, 

emphasizing their implications for human diseases and potential therapeutic strategies. It is 

organized into eight chapters, each addressing distinct but interconnected aspects of protein 

function and disease pathology. 

Proteins are composed of various functional modules, such as domains and motifs, that facilitate 

complex and dynamic protein-protein and protein-lipid interactions, forming intricate signaling 

pathways. This study focuses on the selective nature of PPIs, specifically through the SH3 domain. 

It investigates contribution of SH3 domains to the formation of protein complexes by interacting 

with PRMs and other non-canonical binding sites on partner proteins, analyzing their significance 

across human SH3-containing proteins and their involvement in human diseases like cancer and 

Alzheimer’s (Chapter I). By conducting a phylogenetic analysis of human SH3 domain-containing 

proteins, the research classifies these domains functionally and examines their binding 

specificities towards PRMs. Experimental evaluations of SH3-PRM interactions identify potential 

new interactions and establish a framework that enhances the understanding of SH3-mediated 

protein networks and offers predictive insights for broader PPIs (Chapter II). In addition, chapter 

III explores the essential role of protein-lipid interactions in regulating intracellular signaling, 

membrane dynamics, and protein localization. This chapter examines how these proteins with 

membrane-binding modules employ various strategies and mechanisms, including post-

translational modifications to engage with lipids. It also underscores the importance of these 

interactions in disease processes and explores their potential as therapeutic targets. 

In addition, building on the foundational understanding of PPIs and protein-lipid interactions in 

signaling pathways, this study focuses on understanding the modes of interaction within the RAS-

MAPK signaling pathway and related pathways. The RAS-MAPK pathway is a crucial cascade 

that controls key cellular processes, including proliferation, survival, growth, cell polarity, and 

mobility. Activation of CRAF, an oncogenic protein kinase in the RAS-MAPK pathway, is linked to 

tumor growth and developmental disorders. Chapter IV identifies and characterizes a specific 

protein interaction between CRAF and SIRT4, investigates the functional implications of this 

interaction, and proposes a novel role for SIRT4 as a cytosolic tumor suppressor that regulates 

RAS-MAPK signaling. Furthermore, the regulation of SIRT4 protein stability and degradation 

under pseudohypoxic stress is explored. This study identifies the mechanisms involved in its 

degradation and determines how stability of SIRT4 is affected by mitochondrial 

autophagy/mitophagy and proteasomal pathways (Chapter V). 

Moreover, this study investigates the role of dysregulation in these interactions in human diseases, 

specifically focusing on proteins in the RAS-MAPK pathway involved in cardiovascular disorders 

such as arteriovenous malformations (AVMs). Findings suggest that missense mutations in RIT1, 

a member of the RAS superfamily of small GTPases, and SOS1, a positive regulator of this 

cascade, are particularly relevant to AVMs. Chapters VI and VII aim to identify and characterize 

novel mutations in SOS1 and RIT1 associated with AVMs, explore their impact on the RAS-MAPK 

signaling pathway and another key downstream pathway of RAS, the PI3K-AKT pathway, and 

evaluate the potential of targeted inhibitors to reduce hyperactive signaling and alleviate AVM 

symptoms and progression.  
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Lastly, chapter VIII aims to develop and apply a non-invasive, targeted imaging technique using 

fluorine-loaded nanotracers to map and monitor neutrophil dynamics throughout the body in real-

time, particularly in response to cardiovascular injury, to improve the understanding of neutrophil 

behavior in inflammation and identify critical disease states in cardiovascular conditions. 

Overall, this dissertation aims to advance the understanding of protein interactions and signaling 

pathways, identify novel mutations, propose therapeutic targets, and develop innovative 

diagnostic tools, ultimately contributing to improved research and treatment strategies for various 

diseases. 
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3 Discussion 
Protein-protein and protein-lipid interactions play fundamental roles in mediating precise 

physiological interactions within cellular pathways. One key area of investigation was the 

fundamentals of PPIs, particularly how they occur selectively within numerous signaling pathways 

to recognize their binding partners. This doctoral thesis exemplifies this through an in-depth study 

of the SH3-PRM interaction, a classic example of signaling proteins communicating and executing 

cellular functions, which will be further discussed below (Chapters I and II). Additionally, this 

research highlighted the importance of protein-lipid interactions in various functions, including 

membrane dynamics, signal transduction, and inter- and intra-cellular communication. It also 

demonstrates how different membrane-binding modules in proteins, such as domains and motifs, 

facilitate membrane association and their involvement in disease progression (Chapter III).  

Considering the roles of protein-protein and protein-lipid interactions in shaping signaling 

networks, a key focus was the MAPK pathway. This cascade regulates cellular processes, 

including proliferation, survival, growth, cell polarity and mobility [33]. In this context, the regulation 

of hub protein in MAPK, CRAF kinase, by PPI was investigated. Notably, SIRT4 was identified as 

a novel negative regulator of MAPK signaling through physical interaction with CRAF, adding a 

new layer of understanding to the regulatory mechanisms of this pathway (Chapter IV). This will 

be discussed in greater detail in the following parts. Additionally, the mechanisms regulating SIRT4 

degradation under pseudohypoxic stress were investigated, focusing on how mitochondrial 

autophagy/mitophagy and proteasomal pathways impact SIRT4 stability (Chapter V). 

Next, the role of mutagenesis in the MAPK signaling pathway components, RIT1 (Chapter VI) and 

SOS1 (Chapter VII), was examined in AVM disease. By analyzing the specific effects of these 

mutations on the RAS-MAPK and another important downstream cascade, the RAS-PI3K-AKT 

pathway, as well as the impact of drug inhibition, this work contributes to a deeper comprehension 

of the molecular mechanisms of AVM disease and highlights potential therapeutic targets, which 

will be discussed further in the subsequent sections. 

Finally, the dissertation presents a novel non-invasive imaging technique that employs fluorine-

loaded nanotracers to track neutrophil dynamics in cardiovascular injury, aiming to enhance the 

understanding of inflammation and refine diagnostic capabilities (Chapter VIII). 

Overall, these projects collectively enhance our understanding of how protein-protein and protein-

lipid interactions shape signaling pathways, elucidate the regulatory mechanisms within these 

pathways, and uncover the impacts of disease-associated mutations that lead to imbalanced 

signaling. They also offer potential therapeutic inhibitors and develop new diagnostic tools, with 

the goal of improving treatment strategies for various diseases. 

3.1 Functional Analysis and Interaction Mapping of the Human SH3 Domains  

Proteins contain modular domains capable of recognizing short peptide motifs, facilitating PPIs 

required for signal transduction [214]. SH3 domains are an example of modular domains found in 

221 proteins (SH3-containing proteins; SH3CPs) that assist in signal transduction by 

predominantly recognizing specific peptide motifs (Proline-rich motifs; PRMs) [17], which are 

present in approximately 65.2% of the human proteome [215]. The SH3 superfamily is essential 

for many fundamental cellular processes, such as proliferation, cell survival, cell growth, actin 

reorganization, cell migration, endocytosis, apoptosis regulation, and proteasome degradation 
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[17]. The broad involvement of SH3 domains in cellular processes prompts important questions 

regarding the specificity of their interactions with PRMs. Understanding how SH3 domains 

recognize PRM motifs is key to deciphering their cellular functions.  

Over the past decades, significant efforts have been made to elucidate how members of the 

SH3CP superfamily selectively recognize and bind to PRMs. For instance, a study by Carducci et 

al. (2012) provided an overview of the interaction landscape of the human SH3 protein family by 

integrating text mining of scientific literature and experimental data from high-density peptide 

arrays, storing the findings in the publicly accessible PepspotDB database [216]. More recently, a 

comprehensive analysis by Teyra et al. (2017) used high-throughput peptide-phage display and 

deep sequencing to map the specificity of human SH3 domains [217]. Moreover, hierarchical 

clustering allowed the researchers to organize SH3 domain specificity data into distinct profile 

classes, revealing that many SH3 domain families exhibit tightly clustered binding profiles. This is 

exemplified by a study by Verschueren et.al concluded that the specificity profiles of SH3 domains 

are largely conserved across four yeast species, Saccharomyces cerevisiae, Ashbya gossypii, 

Candida albicans, and Schizosaccharomyces pombe, indicating that high sequence identity within 

SH3 families predicts conserved binding specificity, while divergence often correlates with 

changes in binding specificity [218]. This finding suggests that specificity niches are conserved 

across large evolutionary distances, suggesting evolutionary stability and functional maintenance 

within these protein interaction networks. Nevertheless, it is important to remember that a protein's 

function is closely linked to its native tertiary structure. As the saying goes, “Structure is more 

highly conserved than sequence” [219]. Therefore, a comprehensive phylogenetic analysis that 

integrates sequence-structure relationships with biochemical annotations is essential for 

accurately identifying functional sites and understanding interactions from a sequence-structure-

function perspective. 

In this study, we systematically analyzed 298 SH3 domains from 221 SH3CPs. By combining 

evolutionary analysis with structural and biochemical data from the literature, we classified SH3 

domains into ten families based on their PRM binding interfaces [220]. While most families 

converged on specific PRM patterns, some showed overlapping specificities, such as family one 

and family six for the RXXPXXP motif. These overlapping PRM sequences suggest that different 

SH3 domain families may exhibit distinct specificities yet recognize certain common motifs. This 

could be explained by potential functional redundancies, cooperative interactions, or shared 

regulatory pathways in cellular processes. Additionally, this classification was further validated by 

examining how different interface residues determine the affinity and specificity of SH3 domain 

interactions with PRMs. Besides the consideration of conserved residues of PRM-binding sites 

used for alignment and classification, our mutational analysis highlighted the significant role of 

non-conserved residues within each SH3 family in defining interaction specificity and affinity for 

PRMs. This underscores the dual role of both conserved and non-conserved SH3 domain residues 

in determining specificity and affinity. It is important to note that although in silico and in vitro 

studies offer valuable insights into the interaction specificity of modular domains, correlating these 

findings with in vivo PPIs is crucial for a more accurate understanding and assessment of signaling 

properties. A recent study by Dionne et al. (2021) detailed that while SH3 domains are known to 

mediate PPIs through their intrinsic binding specificities, their ability to define PPI specificity in vivo 

is heavily influenced by their host proteins. The study demonstrates that the identity of the host 
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protein and the positioning of SH3 domains within the host is crucial for determining PPI specificity 

[221]. 

Other than that, we specifically examined SOS1, a GEF involved in activating RAS proteins within 

the MAPK pathway, interaction with SH3 families, a PRM-containing protein showing co-

occurrence of 13 out of 14 proline-rich consensus motifs. For that, we examined SOS1-derived 

PRPs (Proline-Rich Peptides) interaction with 25 representative SH3 domains selected from each 

family with low-throughput analyses, including pull-down assays, dot blotting, and fluorescence 

polarization. The results revealed, in most cases, weak micromolar affinity for SH3-PRP 

interactions. Reports suggest that the moderate affinities of SH3-domain-mediated interactions 

reflect a significant potential for dynamic remodeling, with rapid dissociation rates that depend on 

factors such as subcellular location and the availability of binding partners [222]. In addition, new 

models have been developed to account for these weak and transient PPIs. For instance, the SH3 

domain-PRM interactions can be significantly increased by additional binding surfaces on the SH3 

domain or its ligand. This enhancement can also result from having multiple SH3 domains or 

different domains within the same protein, or from the co-localization of interacting partners within 

a multi-protein complex [223, 224]. Additionally, our data revealed some high affinity newly 

discovered SH3 domain interactions of NCK1-2 and NCK1-3 (Non-Catalytic region of tyrosine 

Kinase adaptor protein1-SH3 domain 2 and 3), as well as ARHGAP12 (Rho GTPase Activating 

Protein 12) with WRCH1/RHOU (Wnt-1 Responsive CDC42 Homolog 1/RAS Homolog family 

member U)-derived RP2 and SOS1-derived P9 and P7, respectively. Further structural and 

biophysical characterization will be required to fully understand their function. 

Furthermore, studies have highlighted the concept of proline-independent binding, where some 

SH3 domains interact with sequences that do not follow the traditional proline-rich motif. For 

instance, the RASA1 SH3 domain interacts with the GAP domain of DLC1 (Deleted In Liver 

Cancer 1 protein) [225] and kinase domains of Aurora [226], while the FYN-SH3 interacts with the 

SAP (Signaling lymphocyte Activation molecule-associated Protein)-SH2 domain [227]. These 

atypical interactions complicate the understanding of SH3 domain-mediated PPIs and suggest 

that SH3 domains possess a broader range of binding sequences. Generally, SH3 domains tend 

to maintain their binding specificities within species and across species, but there are exceptions 

where changes in binding specificity occur despite sequence similarities [218]. These exceptions 

might be due to the presence of proline-independent specificities. Moreover, this non-canonical 

proline-independent interaction might explain why 7 out of the 25 examined SH3 domains in this 

study showed no interaction with any of the 12 selected PRPs. Consequently, challenges persist 

in fully comprehending SH3-PRM interactions, especially in distinguishing between proline-

dependent and proline-independent binding modes. Additionally, other than SH3s, numerous 

modular domain families, including WW (two highly conserved tryptophan amino acids), EVH1 

(Ena/VASP Homology domain 1), GYF (Glycine-Tyrosine-Phenylalanine), Profilin, CAP-Gly 

(Cytoskeleton-Associated Protein-Glycine-rich), and UEV (Ubiquitin E2 Variant) have been 

reported as PRM-binding modules [228, 229]. Thus, exploring unique properties influencing 

interaction selectivity within each of these superfamilies is another issue to be addressed.  

Moreover, disruption of SH3 domain interactions, deletion, or abnormal expression of SH3 

domains is linked to the development of various human diseases, including cancer, leukemia, 

osteoporosis, Alzheimer’s disease, and a range of infections [17]. Thus, continued investigation 

into SH3 domain interactions holds promise for advancing our understanding of cellular signaling 
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pathways and developing novel therapeutic strategies for diseases linked to abnormal SH3-

mediated signaling. 

3.2 SIRT4 as a New Interacting Partner and a Potential Inhibitor of CRAF 

Kinase in MAPK Signaling 

In this study, we could identify a novel interaction between SIRT4, a tumor suppressor, and CRAF, 

a key kinase in the oncogenic MAPK signaling pathway [230]. Our findings show that CRAF 

selectively interacts with SIRT4 among the RAF kinases and sirtuins tested, with this interaction 

occurring between the N-terminal CRD of CRAF and the C-terminal region 3 (R3) of SIRT4. 

Mutational analysis of CRAF-CRD identifies gain-of-function mutations that enhance SIRT4 

binding, highlighting the significance of these residues. Notably, SIRT4 specifically binds to CRAF 

in its inactive form (CRAF-pS259), and overexpression of functional SIRT4 leads to an 

accumulation of CRAF-pS259 and a reduction in MAPK signaling, as evidenced by decreased p-

ERK1/2 levels. These results suggest that SIRT4 may have an extramitochondrial, anti-

proliferative effect by sequestering CRAF, thereby interfering with CRAF-mediated activation of 

MEK1/2 and subsequent ERK1/2 phosphorylation.  

In tumors with alterations in the MAPK pathway, an increasing number of oncogenic driver 

mutations have been identified in CRAF [231]. Moreover, the down-regulation or mutation of 

negative regulators is commonly observed during tumorigenesis. For example, PHLPP1/2, which 

acts as a negative regulator of CRAF by dephosphorylating it to diminish its signaling, often 

exhibits altered expression or functional impairment in cancer. In colorectal cancer patients, down-

regulation of PHLPP genes and nonsense mutations (approximately 2-3% of cases) within the 

phosphatase domain of both isoforms are observed [156]. In another example, RKIP, an 

antimetastatic tumor suppressor that is down-regulated in various cancers [232], binds to the N-

terminal region of CRAF and inhibits its phosphorylation and activation of MEK1/2 [152]. Similarly, 

the negative regulation of CRAF by SIRT4 aligns with previous studies showing SIRT4 down-

regulation in various cancers and its inhibitory effects on cell proliferation [196, 200, 233-235]. 

Future studies should investigate the expression levels and mutational status of SIRT4 in different 

cancer types. The specific interaction between CRAF and SIRT4 presents an intriguing target for 

therapeutic intervention. Strategies to enhance this interaction or mimic the inhibitory effect of 

SIRT4 on CRAF could provide new approaches for treating cancers with hyperactive MAPK 

signaling. 

The regulatory N-terminal region of CRAF plays a significant role in controlling its activation by 

interacting with several regulatory proteins. For example, the interaction between CRAF-RBD and 

arrestin-2, which organizes ERK2, MEK1, and CRAF into a scaffold, is believed to aid in releasing 

the kinase domain of CRAF, thereby enhancing the phosphorylation of MEK1 [139]. In addition, 

RKIP inhibits CRAF phosphorylation at residues S338 and Y340-Y341 and its ability to 

phosphorylate MEK by binding to the N-terminal region of CRAF and stabilization provided by 

high-affinity binding sites at the terminal ends of CRAF [151-154]. Similarly, RAP1 impedes CRAF 

activation by binding to the CRD domain of CRAF, diminishing oncogenic RAS clusters by 

competing with RAS for binding to CRAF within these nanoclusters [158]. In comparison, SIRT4 

regulates CRAF activity through a similar mechanism by interacting with the N-terminal CRD 

domain, potentially sequestering inactive CRAF (pS259). However, the precise molecular 

mechanism by which SIRT4 promotes the accumulation of CRAF phosphorylation at S259 
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remains unclear. This could involve direct modulation of CRAF conformation, recruitment of 

kinases that phosphorylate S259, or inhibition of phosphatases that dephosphorylate S259. 

In our study, we performed an extensive structural mutational analysis to explore the interaction 

between the CRD of CRAF and SIRT4. By selecting single and combined mutations based on 

sequence alignments of the CRD regions across CRAF, ARAF, and BRAF, we aimed to identify 

key interacting residues. Contrary to our expectations, these mutations did not result in a loss of 

function, but rather in a gain of function. To further investigate, we conducted molecular docking 

studies between the CRD of CRAF and full-length SIRT4, providing a 3D structural view of their 

interaction, revealing the binding interface involving key residues of the CRD and predominantly 

the R3 and, to a lesser extent, the R1 regions of SIRT4. Beyond the residues identified through 

mutational analysis of the CRAF-CRD domain, the docking and binding site analysis highlighted 

additional critical residues within the CRD and the R3 and R1 regions of SIRT4. Further mutational 

analysis is required to assess the functional significance of these newly identified residues. In 

addition, to gain a deeper and more detailed understanding of the molecular-level changes, it 

would be beneficial to investigate the effects of the CRAF-CRD mutants in a liquid environment 

and a dynamic system. Unfortunately, due to the lack of a complete structural model for CRAF, 

unlike BRAF, we were restricted to analyzing only the interactions between SIRT4 and the CRD 

domain. This limitation prevented us from exploring the autoinhibited closed conformations of the 

full CRAF protein in interaction with SIRT4. 

Moreover, docking results revealed that the SIRT4-binding region of CRAF-CRD overlaps with 

residues critical for KRAS interaction and membrane association. Previous research identified 

seven essential basic residues within the CRD—R143, K144, K148, K157, R164, K171, and 

K179—that are vital for membrane binding, with particular emphasis on R143, K144, and K148 

[236]. Our docking results show that in the inactive state of CRAF, residues R143, K157, and K179 

are exposed and contribute to the SIRT4 interaction surface, while the remaining residues are 

shielded by 14-3-3 dimers. For KRAS binding, F141 and K179 are crucial for interaction with KRAS 

during CRAF activation [237]. Consistent with our docking analysis, both F141 and K179 are 

accessible in the inactive state of CRAF and are involved in SIRT4 binding. These observations 

indicate that the CRAF-CRD residues required for RAS and membrane interaction, which are 

necessary for CRAF activation, are occupied by SIRT4, which may help keep CRAF in its inactive 

state. 

CRAF predominantly operates through the MAPK pathway but also targets a variety of proteins 

that influence multiple signaling pathways, resulting in diverse cellular responses. As 

demonstrated in the Figure 10A (Introduction section), these targets include cell cycle regulators 

(e.g., Rb [116], CDC25 [117], AuroraA-PLK1[118], CHK2 [119]), apoptosis modulators (e.g., BCL2 

[120], ASK1 [121], MST2/STK3 [122], BAD [123], eEF1A1/2 [124]), and cytoskeletal components 

(e.g., ROK-α/ROCK-II [125], NF-κB [126], and DMPK [127]). While this study focuses on the 

MAPK pathway, it is important to consider how the CRAF-SIRT4 interaction might influence non-

canonical CRAF-mediated pathways. In addition, given the known cytosolic roles of SIRT4 in cell 

cycle progression [193], regulating Wnt/β-catenin [211] and Hippo signaling pathways [212], and 

facilitating autophagosome-lysosome fusion through SNARE complex formation [213], it is 

important to explore how these functions intersect with its regulation of CRAF. In particular, the 

results from this study showed elevation of CRAF-pS259 levels following SIRT4 expression 

correlated with a reduction in the pYAP/YAP ratio, negatively modulating Hippo signaling 
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(unpublished data). Additionally, in this context, several questions remain unanswered: How is the 

CRAF-SIRT4 interaction regulated by different cellular stimuli? What are the physiological 

consequences of this interaction in vivo? 

Given the diverse enzymatic activities of SIRT4, including deacetylase, deacylase, ADP-

ribosyltransferase, and lipoamidase functions in mitochondria [238] and deacetylase in the cytosol 

[211-213] (Figure 12 and Figure 13), and considering that CRAF is a protein kinase, the precise 

nature of their functional interaction remains uncertain. Specifically, it is unclear whether CRAF is 

regulated through enzymatic reactions mediated by SIRT4 or if SIRT4 acts as a substrate for the 

enzymatic activity of CRAF. Notably, SIRT4 has three phosphorylation sites at S255, S261, and 

S262 [192, 239, 240], which were identified in mass spectrometry data but have not yet been 

experimentally validated. Further investigation is needed to determine whether these 

modifications are induced by CRAF kinase activity and to understand how they might influence 

SIRT4 function. Up to now, no acetylation has been reported for CRAF. Nevertheless, a recent 

study showed that SIRT1 regulates BRAF activity by deacetylating it at K601, which contrasts with 

the acetylation of BRAF by p300 acetyltransferase that enhances kinase activity and contributes 

to melanoma proliferation and resistance to BRAF-V600E inhibitors [241]. Therefore, further 

research is essential to understand the SIRT4-CRAF functional relationship and implications for 

cellular processes. 

3.3 SOS1 Delins Characterization in Arteriovenous Malformations: Pathways to 

Targeted Therapy 

Here, we report three novel SOS1 mutations associated with AVM. Our data present the first 

biochemical characterization of AVM-causing SOS1 mutations, suggesting that these mutations 

cause aberrant GEF activity of SOS1, as demonstrated by increased RAS-GTP levels in all three 

delins mutations. As a result, it causes subsequent hyperactivation of downstream signaling, as 

evidenced by elevated p-ERK levels. Notably, these SOS1 variants showed a decrease in AKT 

phosphorylation at T308, which is mediated by PDK1 and crucial for the initial activation of AKT, 

as well as a significant reduction in phosphorylation at S473, which is essential for the full 

activation of AKT. Additionally, our findings show that SHP2i (SHP099), KRAS:SOS1 (BI-3406), 

and MEKi (PD0325901) effectively reduced p-ERK levels, highlighting the potential for targeting 

different stages of the signaling pathway. 

Previous studies observed the critical role of SOS-GEFs in endothelial cells and their involvement 

in angiogenesis [83, 84]. Studies also emphasize the importance of ERK phosphorylation, 

mediated by the MAPK cascade, in driving cell proliferation, a critical aspect of angiogenesis [242]. 

This aligns with our findings that SOS1 mutants lead to increased downstream ERK 

phosphorylation by enhancing GEF activity towards RAS, which in turn amplifies the RAS-MAPK 

pathway and promotes proliferative responses. Additionally, based on a previous study showing 

the SOS1, E3B1, and EPS8 complex have RAC-GEF activity in vitro [76], further investigation is 

needed to understand how AVM-associated mutations affect RAC activation. 

Moreover, besides the MAPK pathway, others like PI3K are shown to contribute to angiogenesis 

[243]. Therefore, the effect of SOS1 delins was further investigated on the PI3K-AKT pathway by 

examining phosphorylation at T308, mediated by PDK1 and crucial for the initial activation of AKT, 

and phosphorylation at S473, essential for the full activation of AKT [49]. The results showed a 

decrease in AKT phosphorylation at T308 and S473. However, there is conflicting evidence 
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concerning the specific role of AKT. For example, studies demonstrated that inhibiting AKT 

disrupts vascular growth [244]. Nevertheless, expressing constantly active AKT1 mutants (T308A 

and S473A) inhibited proper capillary formation, suggesting that precise AKT activity regulation is 

crucial for normal angiogenesis and morphogenetic program [245]. Thereby, they observed a 

dynamic interplay between AKT and ERK during capillary-like network formation, where increased 

ERK activation correlated with reduced AKT phosphorylation and protein levels, necessary for 

proper network formation [245]. Further investigation is needed to observe how the correlation of 

ERK increase with the reduction in AKT observed in our experiment may contribute to AVM 

formation. 

Our results indicate that SOS1-mutant variants are sensitive to the MEK inhibitor Mirdametinib, 

SHP2 inhibitor SHP099, and KRAS:SOS1 inhibitor BI-3406, which suggests potential treatment 

options for SOS1-mutant AVM in the future. The efficient results from MEK inhibition are consistent 

with studies showing that SOS1 mutants, such as the SOS1 N233Y mutation associated with lung 

tumors, are sensitive to other MEK inhibitors like Trametinib [246]. Furthermore, the selective 

KRAS:SOS1 inhibitor BI-3406, which binds to the catalytic site of SOS1 and disrupts its interaction 

with KRAS, thereby lowering GTP-loaded RAS levels and reducing cell proliferation [247], showed 

promising results in attenuating pERK levels in SOS1 delins. Notably, BI-3406 has been effective 

in inhibiting both pERK and proliferation in major KRAS mutants such as G12V, G12D, G12C, and 

G13D [248]. However, its efficacy against SOS1-driven mutants had not been demonstrated 

before. Furthermore, SHP2 inhibition upstream of SOS1 showed effective results in attenuating 

SOS1 delins but with less efficiency than MEKi and KRAS:SOS1 inhibitors. This might be due to 

research showing that SHP2 inhibition may not completely block signaling because activated 

SOS1 can bypass SHP2 to drive signaling even if SHP2 is inhibited [249-251]. 

The SOS1 gene harbors AVM-associated mutations within its N-terminal regulatory domain, 

particularly two in the PH domain and one in the linker region of the DH-PH unit. The N-terminal 

regions of SOS1 are crucial for maintaining its autoinhibition through interactions that stabilize an 

inactive conformation and restrain its catalytic activity. Upon activation, these domains also 

facilitate the recruitment of SOS1 to the plasma membrane and the subsequent release of 

autoinhibition [71, 72]. Interestingly, mutations affecting the N-terminal regulatory domain of SOS1 

are prevalent in various cancers and RASopathies [70]. Notably, a detailed study on Noonan 

syndrome, a common RASopathy, analyzed the structural perturbations caused by specific amino 

acid substitutions. The study classified these mutations based on their effects on intermolecular 

interactions [78]. Particularly, PH domain lesions fall into classifications affecting the interaction 

between the HD, DH, and PH domains, thereby destabilizing the autoinhibited where the HD and 

DH domains block the distal RAS binding site [72, 78]. The effect of these AVM deletion mutations 

followed by long amino-acid insertions might change the interface of the HD and the DH-PH unit, 

which are conformationally coupled and need to be further analyzed. Another class of mutations 

affects the membrane-binding surface of the PH domain [78]. The predicted PIP2 binding residues 

of the PH domain are K456, R459, K472, and R489 [252], and the PA (Phosphatidic Acid) 

interacting region on the PH domain includes residues 472–483 [78, 253]. In patients 1 and 2, the 

location of the mutations does not overlap with membrane-binding sites, but in patient 3, the 

removal of R489 and the insertion of 14 amino acids might affect membrane binding, which needs 

further analysis. In general, based on the location of these mutations in this study, it can be 

postulated that AVM-associated mutations may affect SOS1 activity by interfering with the 
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autoinhibitory intradomain interactions mediated by the PH domain or by affecting PH domain 

membrane binding. Regardless of the exact mechanism through which SOS1 delins induce an 

oncogenic phenotype, our experiments demonstrate that this occurs through the activation of the 

RAS pathway. Further structural and membrane binding analysis is required to evaluate how the 

PH domain lesions lead to the constitutive activation of SOS1, resulting in enhanced and 

unregulated interaction with RAS and subsequent hyperactivation of the MAPK pathway.  

3.4 RIT1 Delins in Arteriovenous Malformations: Implications for Targeted 

Therapy 

This study identifies novel somatic RIT1 delins variants in patients with AVMs and demonstrates 

their role in hyperactivating the RAS-MAPK signaling pathway [254]. The functional significance 

of these variants was confirmed through in vitro and in vivo models, showing that the RIT1 variants 

lead to increased ERK phosphorylation and AVM formation in zebrafish embryos. Importantly, the 

study also highlights the potential therapeutic benefit of MEK inhibition, as demonstrated by the 

significant decrease in ERK phosphorylation and clinical improvement in a patient treated with 

Trametinib.  

Previous studies have primarily associated AVMs with somatic mutations in other components of 

the RAS-MAPK pathway, such as HRAS [175], KRAS, BRAF [173], and MEK1 [174]. This study 

extends the spectrum of somatic alterations involved in AVM by implicating RIT1, a RAS-like 

protein, thereby providing new insights into the molecular mechanisms driving AVM development 

by modulating the RAS-MAPK pathway. In addition, based on the cross-talk between the RAS-

MAPK and PI3K-AKT pathways, particularly RAS proteins regulating the PI3K pathway in 

oncogenesis [61], the impact of RIT1 variants on the PI3K-AKT signaling pathway was further 

explored. The results showed that AVM-associated RIT1 delins variants led to increased 

phosphorylation of AKT at T308, but not at S473, which are regulated by different kinases (PDK1 

and mTORC2, respectively [49]). This suggests selective activation of the PI3K-AKT pathway, 

highlighting the potential involvement of the AKT pathway in sporadic AVM pathogenesis. This is 

despite the fact that the PI3K-AKT-mTOR pathway is typically predominant in slow-flow 

malformations, such as venous and lymphatic malformations [255, 256], whereas the RAS-MAPK 

pathway is usually associated with fast-flow malformations like AVM [174, 257, 258]. 

Nevertheless, involvement of increased PI3K-AKT in congenital AVM has also been observed, 

linked to the reduction of PTEN activity, which normally counteracts PI3K activity and limits AKT 

activation [176, 177]. Overall, the dual activation of both pathways by RIT1 variants suggests a 

more complex interplay between these signaling cascades in sporadic AVM pathogenesis. 

A closer examination of the mutation locations reveals that the three novel RIT1 delins variants 

found in AVM patients are all situated near the switch II domain of the RIT1 protein. This finding 

is consistent with the observation that pathogenic mutations in the RIT1 gene tend to cluster in 

the G-domain, especially around the switch II region, which influences nucleotide and effector 

binding [92, 94]. Further structural analysis is needed to determine the precise effects of these 

mutations at the switch II region on GTPase activity and effector binding, and how they contribute 

to the hyperactivation of the downstream pathway. 

In addition, our in vitro data shows mechanistic insight into effective MEK inhibitors, such as 

Mirdametinib, preventing ERK hyperphosphorylation. Combined with the reduction in AVM-like 

lesion size observed in vivo, this provides a strong rationale for further clinical trials. This is 
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particularly relevant given the limited efficacy and high relapse rates associated with current 

interventional and surgical treatments for AVMs [259]. This study also investigated the effects of 

SHP2 (SRC Homology-2 Protein tyrosine phosphatase) inhibition on RIT1-induced ERK 

hyperphosphorylation. SHP2 is a tyrosine phosphatase that acts upstream of RAS and is involved 

in the activation of the RAS-MAPK pathway. However, treatment with the SHP2 inhibitor, SHP099, 

did not affect ERK phosphorylation levels in HEK293T cells expressing RIT1 variants. This 

suggests that the hyperactivation of ERK in RIT1 variants may bypass SHP2, making SHP2 

inhibitors less effective compared to MEK inhibitors. Recent research by Antonio, et al. (2023) 

shows that pathogenic RIT1 can recruit RAF kinases to the plasma membrane through weak 

binding, but this alone might not be enough to activate the MAPK pathway, which also requires 

classical RAS proteins. RIT1 increases RAF concentration and promotes its activation by RAS in 

response to RTK signaling. In the absence of RAS proteins, the ability of RIT1 to hyperactivate 

the MAPK pathway is limited. They also showed that pharmacological inhibition of MAPK, using 

inhibitors targeting SHP2 or SOS1, reduces downstream activation but does not affect RIT1-GTP 

levels [260]. The differences in SHP2 inhibitors effectiveness between the study by Antonio et al., 

which used 10 μM of RMC-4550, and our study, which used 5 μM of SHP099, suggest that higher 

concentrations or a different SHP2 inhibitor from an alternative source may be needed for effective 

inhibition. However, the conclusion remains that it is possible to bypass SHP2, and pathogenic 

RIT1 still depends on the canonical RAS-RAF-MAPK pathway. Furthermore, given the complexity 

of RIT1-AVM pathogenesis involving both MAPK and PI3K-AKT-mTORC1 pathways, a multi-

target or combinatorial approach may be necessary to achieve optimal therapeutic outcomes. 
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