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Summary 
 
The RAS family of GTPases (Guanosine triphosphatases) act as molecular switches to control 
several key processes in all eukaryotic cells, existing in an active (GTP-bound) or inactive (GDP-
bound) state with Guanine nucleotide exchange factors (GEFs) enabling the release of GDP 
leading to the activation of the protein and GTPase activating proteins (GAPs) facilitating the 
return to the inactive state by accelerating the intrinsic GTPase activity. RAS proteins link 
modifications in the surrounding environment of the cell to internal signal transduction pathways 
by interacting with a wide range of target proteins controlling many cellular processes, including 
proliferation, differentiation, survival, and migration. The most prevalent among RASopathies, 
Noonan syndrome (NS), is brought on by germline mutations in genes that encode RAS-MAPK 
pathway elements. Some variations, such as the frequent Ser257Leu substitution in RAF1, are 
connected to severe hypertrophic cardiomyopathy (HCM). In a relevant study, I used three-
dimensional cardiac bodies and bioartificial cardiac tissues made from patient-derived induced 
pluripotent stem cells (iPSCs) with the aforementioned pathogenic RAF1 mutation to evaluate the 
molecular relationship between NS-associated RAF1S257L and HCM. Vastly elevated levels of the 
heart failure marker BNP and an ultrastructural shortening of the I-bands along the Z-line region 
of sarcomere in both patient specific iPSC-derived RAF1S257L cardiomyocytes were found upon 
molecular, structural, and functional evaluation of the differentiated cardiac models. These 
modifications coincided with titin's isoform shift from a longer (N2BA) to a shorter (N2B) variant, 
which also had an impact on the active force generation and contractile tensions. In this model, 
hyperactivation of the ERK, p38, and YAP signaling pathways were observed as contributing 
factors in the development of the HCM phenotypes. By employing both MEK inhibition and a 
CRISPR-Cas9 gene-corrected isogenic cell line, the disease phenotype was largely reversed, 
adding important and novel mechanistic insights into the disorder's pathophysiology. RIT1, 
another member of the RAS-MAPK pathway, is highly associated with development of HCM upon 
germline mutations in NS patients and Arteriovenous malformation syndrome (AVM) upon 
somatic alterations. Molecular evaluation of three novel RIT1 indels in patients with AVM indicated 
a massive hyperactivation status of ERK which was shown to be rescued upon MEK inhibition 
but not SHP2 inhibition, providing critical insights into available clinical options of the subject 
patients. The complex developmental condition Costello syndrome is mainly linked to HRAS 
germline mutations, namely the Gly12Ser substitution, which is a frequently mutated residue in 
several cancer types, locking HRAS in a constitutively active state. HRAS has been known to 
interact with RIN1 and boosts the activation of RAB5 GTPases and ABL1/2 tyrosine kinases 
affecting endosomal sorting and cytoskeletal dynamics. Investigating into this, I contributed to find 
that the HRASG12S boosts the RIN1-dependent RAB5A activation and subsequently disrupts the 
membrane availability and trafficking of integrins in keratinocytes, which highlights critical 
molecular events in etiology of the dermatological symptoms in Costello syndrome. Patients with 
various degrees of neurodegeneration events were found to have novel ARF3 GTPase mutations. 
Our structural-functional investigations of ARF3 mutations revealed a significant increase in their 
nucleotide exchange rates. The study was able to demonstrate that the identified variations are 
sited in the nucleotide-binding pocket, interfering with the protein's ability to function by 
maintaining the protein in GTP-bound state and ultimately disrupting the integrity of the Golgi. 
These findings collectively provide critical mechanistic understanding into the pathogenesis and 
treatment options of several patient-specific MAPK-associated disorders in various proteins and 
mutation profiles. 
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Chapter 1 – General introduction 
 
Human heart 
 
Four functionally and physically diverse chambers make up the heart as a complex organ. 
To permit continuous contraction and relaxation across various pressures, stresses, and 
biophysical inputs in each chamber, cardiac anatomical and functional complexity needs 
perfect orchestration of disparate cell populations (Litviňuková et al., 2020). Two heart 
fields, which are made up of multipotent progenitor cells, give rise to the heart. The left 
ventricle is largely populated by cells from the first heart field, the right ventricle by cells 
from the second heart field, and the atria are populated by cells from both heart fields. 
During cardiogenesis, gene regulatory networks that are regulated by transcription 
factors, cofactors, and chromatin modifications—in which non-coding RNAs also take 
part—control the distribution of cardiac progenitor cells. (Meilhac and Buckingham, 2018).  
 
Hypertrophic cardiomyopathy 
 
One in 500 people in the general population have the genetic cardiovascular condition 
known as hypertrophic cardiomyopathy. More than 1400 mutations in 11 or more genes, 
which code for proteins in the cardiac sarcomere, have been reported to be the cause of 
this disorder (Maron and Maron, 2013). It is most frequently characterized by left 
ventricular (LV) hypertrophy, with a variety of possible consequences including heart 
failure and sudden cardiac death, but also the possibility of surviving to a normal life 
expectancy (Semsarian et al., 2015). The main characteristic associated with HCM is an 
increase in the left ventricular wall thickness, which can very commonly cause a diastolic 
dysfunction that can be driver for the above mentioned complications at the organ level. 
Recently, it has also been discovered that the development of HCM is also influenced by 
mutations in genes that do not directly encode sarcomeric proteins, such as several 
members of the RAS-MAPK pathway related proteins. Although HCM is infrequently seen 
in RASopathies (20–30%), it is more often seen in those who have pathogenic mutations 
of the genes RAF1 and RIT1 (Gelb et al., 2015; Aoki et al., 2013). 
 
Stem cells 
 
In 1998, two articles detailing the in vitro development of human embryonic stem (ES) 
cells from either the early blastocyst's inner cell mass (ICM) or the primitive gonadal 
regions of early aborted fetuses were published. Many years of research on mouse ES 
cells have previously demonstrated their remarkable flexibility, basically being able to 
develop into practically any cells that emerge from the three germ layers (Alison et al., 
2002). While stem cells may be found in both adult and embryonic cells, there are 
numerous stages of specialization with each one resulting in a reduction in developmental 
potential. As a result, a unipotent stem cell cannot differentiate into as many distinct types 
of cells as a pluripotent one. As a totipotent cell, the zygote has the highest capacity for 
differentiation, enabling cells to develop into both embryos and extra-embryonic 
structures. In contrast, pluripotent stem cells (PSCs), such as embryonic stem cells 
(ESCs), can develop into cells of all germ layers but not extraembryonic structures like 
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the placenta. Compared to PSCs, multipotent stem cells have a smaller range of 
differentiation, that can specialize in distinct cells from certain cell lineages with 
haematopoietic stem cell as an example which may give rise to many blood cell types. 
(Zakrzewski et al., 2019).  
 
 
Induced pluripotent stem cells (iPSCs) 
 
In 2006 in Shinya Yamanaka’s group, by ectopic expression of four genes using murine 
fibroblasts, and in 2007 from human fibroblasts, stem cells with properties similar to ESCs 
could be generated, named iPSCs (Takahashi and Yamanaka, 2006; Takahashi et al., 
2007). The astounding advancement of reprogramming technology has propelled the 
science of stem-cell biology ahead. Through this ectopic co-expression of reprogramming 
factors, somatic cells can regain their pluripotency, opening up new and exciting options 
for disease modeling and tailored regenerative cell treatments (Robinton and Daley, 
2012). Several of the preexisting concerns, including efficiency, ethical, and 
immunological challenges, were resolved with the advent of iPSCs. They have the traits 
of self-renewal and pluripotency as well as the morphological and physiological qualities 
of ESCs, although yet showing some variances to ESCs in their expression and 
epigenetics profile (Chin et al., 2009). The ability to simulate human disorders in a culture 
plate has become possible because to iPSC technology. An endless source of human 
tissues containing the genetic variants that triggered or aided in the development of the 
disorder may be produced by reprogramming somatic cells from patients into an 
embryonic stem cell-like state and differentiation into disease-relevant cell types (Soldner 
and Jaenisch, 2012). A potential new paradigm in drug development that places human 
disease pathophysiology at the center of preclinical drug discovery has been offered 
thanks to an increasingly sophisticated ability to differentiate these iPSCs into disease-
relevant cell types. Many monogenic disorders have disease models created from iPSCs 
that exhibit cellular disease phenotypes, but more importantly iPSCs can also be 
employed for phenotype-based drug screening in complicated diseases for which the 
underlying genetic mechanism is unclear (Grskovic et al., 2011). 
 
 
RAS superfamily of GTPases and their regulation 
 
RAS superfamily GTPases function as molecular switches to regulate a variety of crucial 
processes in all eukaryotic cells. The RAS and RHO families are of particular relevance 
among the roughly 60 members that have been discovered so far in mammalian cells 
because they link internal signal transduction pathways to alterations in the outside 
environment. Similar to other GTPases, they can exist in both active (GTP-bound) and 
inactive (GDP-bound) conformations (Bar-Sagi and Hall, 2000). Guanine nucleotide 
exchange factors (GEFs) facilitate the release of GDP leading to activation of the protein 
considering higher cellular concentration of GTP (Schmidt and Hall, 2002), while on the 
other hand, RAS and RHO GTPases return to their inactive state through the intrinsic 
GTPase activity, further accelerated by GTPase activating proteins (GAPs) . Ras and Rho 
GTPases interact with their target proteins in the GTP-bound state promoting a cellular 
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response (Bernards and Settleman, 2004; Wennerberg et al., 2005). RAS proteins 
generally respond to a wide variety of extracellular inputs and are among the signaling 
molecules that are indirectly related to several distinct cell surface receptors. They 
regulate a variety of signaling pathways and, as a result, a wide range of cellular functions, 
such as migration, adhesion, proliferation, and differentiation. Cancer, developmental 
problems, metabolic, and cardiovascular illnesses are consequently caused by any 
imbalance of these pathways (Nakhaei-Rad et al., 2018). 
 

 
Figure 1. Schematic overview of RAS proteins' downstream signaling pathways and their 
GTP/GDP cycle. Through the activities of two key regulatory proteins, GEF and GAP, RAS 
proteins cycle between GDP/GTP bound forms. GAPs increase their intrinsic GTPase activity, 
whereas GEFs accelerate the conversion of GDP to GTP. GTPases can only transduce a signal 
when they are GTP-bound and at the membrane as a result of post-translational modifications. 
The biological activities of RAS proteins are transmitted through interactions with effectors and 
activation of the downstream pathways. RAS, rat sarcoma; GEF, guanine nucleotide exchange 
factor; GAP, GTPase-activating protein. 

 
 
RAF1 kinase 
 
The MEK/ERK pathway and the RAS family proteins are connected via the RAF Ser/Thr 
kinases, which regulate a variety of biochemical activities including proliferation, 
differentiation, and survival (Yoon and Seger, 2006). By identifying the viral oncogene v-
raf from the transforming murine retrovirus 3611-MSV, the first RAF member was 
identified in 1983 (Rapp et al., 1983). Its first cellular homologue CRAF was found shortly 
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after (Bonner et al., 1985), and then its paralogs ARAF (Huleihel et al., 1986) and BRAF 
(Ikawa et al., 1988) were identified.  
There are three conserved regions (CR) that are present in all three human RAF 
paralogues. CR1 is made up of a RAS-binding domain (RBD) and a cysteine-rich domain 
(CRD), both of which are necessary for interacting with plasma membranes and active 
RAS proteins (Desideri et al., 2015; Mott and Owen, 2015). The N-terminal of RAF 
kinases in an inhibited state suppresses the kinase domain resulting a form of cytosolic 
auto-inhibited RAF kinases. 14-3-3 proteins attach to two CRAF phosphorylation sites, 
the first of which is in CR2 (pS259 of CRAF), while the other is behind CR3 (pS621 of 
CRAF), facilitating the maintenance of RAF in this auto-inhibited state (Freed et al., 1994; 
Fischer et al., 2009). 
The first step in RAF activation is its interaction with GTP-bound RAS, which is followed 
by its translocation to the plasma membrane, 14-3-3 dissociation, and dephosphorylation 
of the CR2 negative regulatory site (pS259) (Ghosh et al., 1994; Kubicek et al., 2002). 
Activated RAF dimers send the signal to MEK1/2, which then phosphorylates ERK1/2 
(Cseh et al., 2014). In a negative feedback regulation, ERK phosphorylates RAF and then 
through re-phosphorylation at S259, the protein returns again to the inhibited state 
(Dougherty et al., 2005). 
 
 
RASopathies 
 
A clinically recognized class of medical genetic diseases known as the RASopathies is 
brought on by germline mutations in genes that encode either regulators or components 
of the RAS/mitogen-activated protein kinase (MAPK) pathway. The RASopathies have 
many overlapping phenotypic characteristics because of the same underlying RAS/MAPK 
pathway dysfunction (Rauen, 2013). Numerous unique syndromes, such as Noonan 
syndrome, Costello syndrome, and neurofibromatosis type 1 can be brought on by these 
germline abnormalities (Jafry and Sidbury, 2020). Recognizing these germline derived 
and linked syndromes is crucial for effective care, even if activating RAS somatic 
mutations can be discovered in up to 30% of human malignancies. Over 1 in 1000 people 
worldwide are affected by the RASopathies, which collectively make up the prevalent 
group of developmental malformation syndromes (Tidyman and Rauen, 2016). 
 
 
Noonan syndrome 
 
A hereditary multisystem condition called Noonan syndrome is distinguished by unusual 
facial traits, developmental delays, learning challenges, small height, congenital heart 
problems, renal abnormalities, lymphatic malformations, and bleeding issues. 
Dysregulations in the RAS-MAPK pathway lead to development of Noonan syndrome, 
affecting the gene encoding proteins involved in the signaling events (Roberts et al., 
2013). The frequency of this autosomal dominant, variable expression, multisystem 
disease is estimated to be 1 in 1000–2500 people (Mendez et al., 1985). Jacqueline 
Noonan described nine individuals with pulmonary valve stenosis, short height, 
hypertelorism, minor intellectual impairment, ptosis, undescended testes, and skeletal 
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deformities as the condition's first case study (Noonan, 1963). Since high throughput 
sequencing methods have become more widely available over the past years, mutations 
in several genes have been found to be the primary factor contributing to the emergence 
of the disorder. There have been reports of germline mutations in the genes PTPN11, 
KRAS, SOS1, RAF1, RIT1, NRAS and KRAS in people with Noonan syndrome 
(Schubbert et al., 2006; Roberts et al., 2007; Aoki et al., 2013; Pandit et al., 2007; Cirstea 
et al., 2010). 
 

 
 
Figure 2. Schematic overview depicting the RAS-MAPK pathway and the genes involved in 
the development of Noonan syndrome. When a ligand interacts with receptor tyrosine kinases, 
SOS1 is drawn to the membrane where it functions as a RAS GEF and activates RAS. The RAF 
family is targeted by the signal that active RAS transmits. Then, RAF phosphorylates MEK1/2, 
which phosphorylates ERK1/2 in turn. An autosomal dominant condition called Noonan syndrome 
is characterized by germline mutations in the genes that produce proteins that are connected to 
the RAS-MAPK pathway (affected genes associated with NS are highlighted in green). 

 
 
RIT1 (Ras like without CAAX 1) 
 
RIT1 is a member of the RAS superfamily of low-molecular-weight GTP-binding proteins 
that cycle between an active GTP-bound and an inactive GDP-bound state in response 
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to cellular signaling events (Shi et al., 2013). Similar to several RAS GTPases, RIT1 has 
five well-conserved amino acid motifs: G1, G3, G2, and G4 and G5, which are used for 
phosphate binding, effector binding, and GTP binding and hydrolysis, respectively 
(Colicelli, 2004). RIT1 is expressed in many tissues at different stages of development as 
well as conferring functional roles in neuronal morphogenesis, neural differentiation, and 
cellular stress resistance in a number of studies using different cell lines (Shi et al., 2006; 
Lein et al., 2007; Cai et al., 2011; Spencer et al., 2002). 

In addition to initial reports for a number of somatic cancer mutations (Gomez-Segui et 
al., 2013; Berger et al., 2014), the importance for a developmental role of RIT1 was 
highlighted upon detection of germline mutations in families with Noonan syndrome (NS), 
a developmental RASopathy marked by cardiac abnormalities, growth retardation and 
affected craniofacial morphology (Aoki et al., 2013; Kouz et al., 2016; Yaoita et al., 2016). 
The frequency of RIT1 mutations in NS is at least 5%. Comparatively to other NS 
subtypes affected by mutations in several proteins involved in regulation of RAS-MAPK 
pathway such as SOS1, SOS2, SHP2, LZTR1, and SHOC2 (Roberts et al., 2007; 
Yamamoto et al., 2015; Bentires-Alj et al., 2004; Young et al., 2018), those with RIT1 
mutations have a higher prevalence of cardiovascular symptoms and lymphatic 
abnormalities (Cavé et al., 2016; Calcagni et al., 2016). 

Unlike canonical RAS GTPases (NRAS, HRAS, and KRAS) having mutational hotspots 
around Glycine 12 and 13 residues, RIT1 mutations mostly occur proximal to the switch 
II domain. Despite no GAPs been identified for RIT1 so far, it is possible that the 
differences in mutational profile of RIT1 in comparison to other canonical RAS proteins 
could confer functional variations in regard to GTPase activity of RIT1. 

RAS GTPases share several effector molecules, including RAF1 and the PI3K p110 
catalytic subunit towards downstream signaling regulation. In spite of previous efforts for 
identification of candidate direct effectors for RIT1 GTPase activity (Shao and Andres, 
2000; Shi and Andres, 2005; Castel et al., 2019), there is the lack of a multidirectional 
comprehensive proteome approach in literature for identification of novel signaling nodes 
mediating downstream pathway activations influenced by RIT1. 

The recent disclosures of the involvement of RIT1 in several cancer implications and 
developmental disorders brings to light the crucial importance of molecular 
characterization of different identified pathogenic RIT1 mutations in regards to molecular 
switch properties as well as a crack-down of potential downstream targets, mediating 
cellular signaling stimulations via RIT1, exposing the pathogenic states open for 
molecular targeting and therapy. 

 

 
 
Costello syndrome and epidermal homeostasis 
 
The numerous congenital abnormality and mental retardation condition known as Costello 
syndrome is characterized by a coarse face, loose skin, cardiomyopathy, and a 
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propensity for malignancies. Cases of the Costello syndrome have frequently been linked 
to germline changes in the HRAS Glycine 12 and 13 residues (Aoki et al., 2005). 
Four layers of keratinocytes that engage in both programmed differentiation and 
proliferation make up the skin's epithelium, or epidermis. The precondition for a 
functioning and healthy skin is a process known as epidermal stratification, and previous 
reports have demonstrated that HRAS is a key regulator of keratinocyte stratification 
(Drosten et al., 2013; Drosten et al., 2014). Basal keratinocytes have a high rate of 
proliferation and use hemidesmosomes and focal adhesions to link the dermis and 
extracellular matrix (ECM) of the epidermis. In addition, cell-cell interactions such as 
adherens junctions, tight junctions, desmosomes, and gap junctions keep nearby 
keratinocytes in close proximity (Simpson et al., 2011; Hegde and Raghavan, 2013). A 
variety of transmembrane and cell adhesion proteins, including cadherins, claudins, and 
integrins, promote each of these cell-cell and cell-ECM connections. Transmembrane 
integrins transmit signals in both ways and link the cell's actin cytoskeleton to the ECM. 
Alpha and beta subunits make up integrin receptors, and the majority of these 
heterodimers include the β1 subunit, which is crucial for maintaining epidermal 
stratification and adherence to the basement membrane (Moreno-Layseca et al., 2019; 
Rippa et al., 2013). In order to maintain the dynamic physiology of the epidermis and 
epidermal homeostasis in Keratinocytes, a well regulated mechanism is needed for 
contact and adhesion proteins that must be internalized, recycled back to the plasma 
membrane, and/or degraded (De Franceschi et al., 2015). 
Different studies have looked at the molecular pathophysiology brought on by disease-
associated HRAS mutations in a variety of cell types, including fibroblasts, heart muscle 
cells, and neuronal cells (Rosenberger et al., 2009; Krencik et al., 2015a; Hinek et al., 
2005). It remained largely unknown, nevertheless, what was causing the dermatological 
and epidermal symptoms in RASopathies like Costello Syndrome. 
 
HRAS (Harvey Rat sarcoma virus) 
 
By switching between an active guanosine triphosphate (GTP)-bound and an inactive 
guanosine diphosphate (GDP)-bound state, HRAS functions as a molecular switch. By 
binding to a range of effectors, active HRAS regulates a number of cellular signaling 
pathways. The serine/threonine RAF kinases, catalytic subunits of phosphoinositide 3-
kinases (PIK3CA), phospholipase C1 (PLCE1), and RAL guanine nucleotide dissociation 
stimulator (RALGDS) are the best known among different HRAS effectors (Simanshu et 
al., 2017). Since the discovery of an oncogenic HRAS mutation in bladder cancer (Land 
et al., 1983), mutations of KRAS, HRAS, and NRAS have been discovered in around 30% 
of human malignancies. These RAS GTPases generally become active oncogenes when 
they have mutations at codons 12, 13, or 61 (Bos, 1989). 
 
 
 
 
RIN1 (RAS and RAB interactor) 
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The human RIN1 gene was initially discovered as a cDNA fragment that prevented the 
yeast Saccharomyces cerevisiae from exhibiting RAS-induced phenotypes (Colicelli et 
al., 1991). Following study of full-length RIN1 clones revealed that the protein produced 
by this gene binds to activated RAS with great affinity and specificity (Wang et al., 2002). 
RIN1 has been found to promote endocytosis mediated by Rab5 guanine nucleotide 
exchange, and Rab5A-dependent endosome fusion. Activated HRAS enhanced the 
stimulatory effects of RIN1 on these processes (Tall et al., 2001). Based on functional 
research and sequence alignment, the RIN1 protein includes four distinct domains. A 
SRC homology 2 (SH2) domain is present in the amino terminal half of RIN1 and interacts 
to the cytoplasmic portions of several receptor tyrosine kinases (Barbieri et al., 2003). 
Tyrosine phosphorylation substrates and proline-rich domains are also found in the amino 
terminus of RIN1, which combined enable persistent binding to the SH2 and SH3 domains 
of tyrosine kinases from the ABL family (Hu et al., 2005). A RAS association (RA) domain 
and a guanine nucleotide exchange factor (GEF) domain are located in the carboxy 
terminal region of RIN1 (Bliss et al., 2006). Endosomal sorting activities and cytoskeletal 
dynamics are coordinated through the activation of RAB5 GTPases and ABL1/2 tyrosine 
kinases, which are activated in response to the binding of active HRAS to RIN1 (Tall et 
al., 2001; Balaji and Colicelli, 2013). Ser351 phosphorylation dependent binding to 14-3-
3 proteins regulates RIN1's translocation between cytoplasmic and membrane 
compartments (Wang et al., 2002). 
 
 
RAB5 
 
The RAB family of GTPases, in particular the RIN1 effector RAB5, governs the distribution 
of integrins within vesicles, which in turn modulates cell adhesion and adhesion-
dependent activities including cell spreading and migration (Yuan and Song, 2020). 
Integrins are imported and go through the endocytic-exocytic pathway before being 
recycled back to the plasma membrane in order to facilitate cell attachment to 
extracellular matrix. The activity of integrins in the cell is modulated by a variety of context-
dependent controls on this protein family's trafficking (Moreno-Layseca et al., 2019). Both 
integrin-dependent cell adhesion and motility depend on spatiotemporal remodeling of 
the actin cytoskeleton, and these processes can be aided by the tyrosine kinases ABL1/2 
downstream of RIN1 (Woodring et al., 2003; Khatri et al., 2016). 
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Figure 3. Overview of the role of RAS proteins in the RIN1-mediated regulation of the RAB5 
GTPase. The RAB5 guanine nucleotide exchange and RAB5A-dependent endosome fusion 
processes that increase endocytosis is mediated by RIN1. RIN1's stimulatory effects on these 
activities are enhanced by activated HRAS. The activation of RAB5 GTPases, which occurs in 
response to the binding of active HRAS to RIN1, allows endosomal sorting activities and 
cytoskeletal dynamics to be coordinated. RIN1 is one of the high affinity effector binders for HRAS 
that can compete with RAF kinases for HRAS binding. 

 
 
 
RHO family GTPases 
 
RHO GTPases cycle between an active (GTP-bound) and an inactive (GDP-bound) state 
while acting as molecular switches, with a few exceptions. Guanine nucleotide 
dissociation inhibitors (GDIs), guanine nucleotide exchange factors (GEFs), and 
GTPases activating proteins are typically three types of regulatory proteins that regulate 
their actions at the plasma membrane (GAPs) (Dvorsky and Ahmadian, 2004; Cherfils 
and Zeghouf, 2013). RHO GTPases, like CDC42, undergo a conformational shift in two 
locations known as switch I and switch II when they transition from the inactive GTP-
bound state to the active GTP-bound state eventually leading to association with 
downstream effectors, e.g., PAK1, WASP, IQGAP1, ROCKI and ACK (Nouri et al., 2020; 
Morreale et al., 2000; Mott et al., 1999; Dvorsky et al., 2004; Bishop and Hall, 2000). 
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The presence of a 12 amino acid insertion (aa 124–135 in CDC42) that extends from the 
G domain structure and forms a short helix, the so-called insert helix (IH), which is highly 
charged and varies among members of the RHO family, is one distinctive characteristic 
that sets the RHO family apart from other small GTPase families (Thapar et al., 2002). 
Membrane attachment, a requirement for RHO protein function, is accomplished by the 
post-translational alteration of isoprenylation. In this way, a third regulation mechanism 
that guides the membrane targeting of RHO proteins to certain subcellular locations 
regulates their activity. In particular, guanine nucleotide dissociation inhibitors (GDIs) limit 
the cycling of prenylated RHO proteins between the cytosol and membrane by 
preferentially binding to these proteins (Etienne-Manneville and Hall, 2002). 
 
In addition to acting as a molecular switch for actin cytoskeleton remodeling (Paterson et 
al., 1990), RHO signaling also promotes the creation of focal adhesions, which make it 
easier for cells to adhere to ECM by raising integrin avidity amongst other well-known 
instances of Rho-controlled cell processes such as neurite retraction and cytokinesis. 
(Morii et al., 1992; Jalink et al., 1994; Narumiya and Thumkeo, 2018). 
 
 
ARF GTPases 
 
The phosphatidylinositol (PtdIns) kinases (PIK), which may alter the lipid content of 
membranes, are recruited and activated by ARF GTPases, which are widely expressed 
and mediate important processes such bidirectional membrane trafficking, known as 
endocytosis and exocytosis (Cherfils, 2014; Donaldson and Jackson, 2011). 
 
The ADP-ribosylation factors (ARF) family of small GTPases, which consists of six 
members (ARF1, ARF3-6, and ARF2, absent in primates), controls important processes 
related to Golgi structure and function, vesicular biogenesis, and cargo transport 
(Volpicelli-Daley et al., 2005). The role of ARFs in cells is mostly redundant and 
overlapping; they take part in the bidirectional membrane trafficking necessary for 
endocytosis, anterograde/retrograde transport, and protein recycling to the membranes 
or their destruction (Donaldson and Jackson, 2011; Khan and Ménétrey, 2013). 
 
Similar to other RAS proteins, ARF GTPases cycle between an active GTP bound and 
an inactive GDP bound state and the cycling between the two steps is facilitated by 
ARFGAPs and ARFGEFs (Donaldson and Jackson, 2011; Helms and Rothman, 1992). 
For cell division and cytokinesis, mitotic ARF-regulated Golgi dynamics are essential. 
Ultimately, ARFs actively contribute to the fine regulation of significant events throughout 
embryogenesis by managing Golgi structure, function, cargo sorting, and trafficking 
(Hanai et al., 2016; Nakayama, 2016; Rodrigues and Harris, 2019). 
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Discussion 
 
Nearly all cellular activities include members of the RAS superfamily and their 
downstream effectors. The GTPases' general purpose is to govern the readout of their 
effectors by mediating incoming signals and controlling them. To carry out this extremely 
complex activity, the signaling components must be organized spatially and temporally. 
Therefore, the emergence of many human disorders are commonly linked to the 
dysregulation of these components (Hebron et al., 2022; Simanshu et al., 2017). Between 
active GTP-bound and inactive GDP-bound states, RAS GTPases function as molecular 
switches. A network of nuclear and cytoplasmic signaling pathways are activated when 
RAS GTPases connect with a wide variety of effector proteins (Lowy and Willumsen, 
1993).  
 
RASopathies and cancer have both been linked to mutations in the genes encoding for 
the RAS/MAPK pathway. About three decades ago, somatic, gain-of-function mutations 
in the RAS genes were discovered to be the first distinct genetic changes linked to human 
cancer. RAS proteins have been identified as crucial elements of signaling networks 
regulating cellular proliferation, differentiation, or survival in studies conducted over the 
past years. It is recognized that the oncogenic mutations of the H-RAS, N-RAS, or K-RAS 
genes typically identified in human malignancies tip the balance of those signaling 
pathways, resulting in the formation of tumors. More recently, oncogenic mutations in a 
number of different RAS signaling pathway upstream or downstream elements (such as 
membrane RTKs or cytosolic kinases) have been found in connection with a number of 
malignancies. (Rauen, 2013; Fernández-Medarde and Santos, 2011; Baines et al., 2011). 
 
We have been successful in illuminating and characterizing various RAS-related signaling 
pathway members, among them RAF1, HRAS, and RIT1, in a variety of disorders 
primarily linked to germline gain of function mutation associated RASopathies, including 
Noonan syndrome and Costello syndrome in association with the development of 
hypertrophic cardiomyopathy and cutaneous disorders. 
 
 
iPSC modeling of the RAF1-associated Noonan syndrome's altered myocardial 
structure and function 
One aspect of this dissertation was a disease modeling approach to study the molecular 
mechanisms involved in development of hypertrophic cardiomyopathy with high incidence 
rate among Noonan syndrome patients harboring a germline mutation in RAF at Serine 
257 residue. Development of HCM is linked to severe morbidity and a risk of cardiac 
mortality in Noonan syndrome (NS), the most common disease entity among the 
RASopathies. Notably, whereas HCM only occurs in roughly 20% of NS generally, it 
affects more than 90% of NS people with an RAF1 variation (Pandit et al., 2007; 
Razzaque et al., 2007). 
 
To examine the molecular processes causing cardiac dysfunction in RAF1-related 
Noonan syndrome, patient-derived tissues were used to create CBs and BCTs using in 
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vitro cellular reprogramming of iPSC clones, differentiation, and tissue engineering. 
Beyond 2D systems and animal models, human 3D cardiac models provide in-depth 
molecular and functional insight into cardiac dysfunctions. A better understanding of the 
relationships between particular genetic mutations and pathologies is made possible by 
the advantages of creating patient-specific disease models and the potential use of gene 
editing techniques like CRISPR/Cas9. These techniques also offer a variety of options for 
therapeutic testing on these patient-specific disease models. 
 
By using super-resolution and EM imaging, we were able to describe the cytoskeletal and 
sarcomeric ultra-structures of the CBs and BCTs as well as their calcium handling, 
contractility, and intracellular signal transduction. Collectively these complementary 
methods distinguished RAF1S257L CMs from the gene-corrected isogenic control and wild-
type CMs by their reduced MYH6 abundance over MYH7, elevated NPPB expression and 
pro-BNP secretion, decreased SERCA2/PLN ratio, reduced force generation coupled 
with a reduced rate of intracellular calcium transients, elevated levels of p-ERK1/2 and p-
p38, and attenuated p-YAP. 
 
Most interestingly, RAF1S257L CBs, BCTs, and cardiac biopsy samples from affected 
patient showed an abnormal ultrastructural characteristic, including condensed I-bands 
while treatment with the MEK inhibitor PD0325901 inhibited the N2BA-to-N2B shift (shift 
in expression of titin isoforms from the longer variant to the shorter variant), restoring the 
shortening of the I-bands observed in RAF1S257L CBs/BCTs. Different doses of MEK 
inhibitors have been utilized therapeutically as a therapy option for individuals with 
Noonan Syndrome, and these patients' heart health has significantly improved, cardiac 
hypertrophy has been suppressed, and their pro-BNP levels have returned to normal 
(Andelfinger et al., 2019; Mussa et al., 2021). 
 
Based on the observations in coordination with earlier studies, CMs with heterozygous 
RAF1S257L showed a 50% decreased inhibitory phosphorylation of RAF1 at S259 
(Razzaque et al., 2007; Jaffré et al., 2019). Accordingly, and in line with other research 
(Dhandapany et al., 2011), greater p-ERK1/2 levels were found in RAF1S257L CMs 
compared to control CMs, and after MEKi treatment, p-ERK1/2 levels were noticeably 
decreased in CBs. In contrast to WT and MEKi-treated CBs, RAF1S257L CBs showed 
differential expression of a fetal-like gene program, proteins of the contractile machinery, 
MYH7, and calcium transient regulators. According to earlier research, transcriptional 
activation of the hypertrophic-responsive gene promoters by GATA4, AP1, MEF2, NFAT, 
and NFB is likely what causes the observed alterations in the expression of these genes 
(Dirkx et al., 2013; Ho et al., 2001), most likely via variable activation states of ERK, p38 
and YAP in RAF1S257L CBs. 
 
Additionally, we noticed that RAF1S257L CBs expressed higher levels of YAP targets such 
as MYH7 and NPPB. Pro-BNP levels that were significantly above the clinical markers 
established for the possibility of a heart failure condition in patients (Strunk et al., 2006) 
were secreted by the differentiated cardiomyocytes and detected in the supernatant of 
RAF1S257L CBs, indicating the presence of highly increased quantities of the NPPB gene 
product. This supports the signaling effect of hyperactive RAF1S257L signaling on the fetal 
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gene expression programs, which leads the cells towards a heart failure condition. We 
significantly suppressed the MEK-MAPK axis in cardiac cells without directly targeting 
RAF1, therefore we anticipated that only the MAPK-dependent phenotype is recovered 
after MEKi therapy. But as a result of MEKi treatment like MST2/YAP, parallel pathways 
downstream of RAF1 were also detected to be reversed. 
 
We detected downregulation of two key regulators of intracellular calcium transients, 
SERCA2a and LTCC, as well as alterations in the SERCA2/PLN ratio in RAF1S257L CMs. 
The SERCA2/PLN ratio was restored in RAF1S257L CMs after MEKi therapy, while NPPB 
was markedly downregulated to levels comparable to WT CMs. This implies that ERK1/2 
may directly or indirectly regulate the transcription of NPPB and the SERCA2A/PLN ratio. 
As a result of SERCA being inhibited by PLN, a decreased SERCA2/PLN ratio in 
RAF1S257L CMs can alter the kinetics of calcium transients, which in turn reduces the 
ability of the heart to contract. As a result, it is possible to consider a reduced 
SERCA2a/PLN ratio as the stressor that drives towards the HCM phenotype (Huang et 
al., 2014; Periasamy et al., 2008). 
 
Sarcomere structure was disrupted as seen in RAF1S257L CMs. The atypical I-bands in 
both the RAF1S257L CMs and the cardiac biopsy samples from the patient with harboring 
the heterozygous RAF1S257L were a stunning and novel discovery. This phenotype was 
noted in a number of various experiments and techniques, and MEK inhibition entirely 
restored it. 
 
In RAF1S257L BCTs, two neighboring PEVK areas on the Z-line overlapped, but in WT, the 
Z-line was clearly encircled by two distinct and well-separated PEVK regions. This was 
shown by immunohistochemistry of the chosen region of the I-band, the PEVK domains 
of titin, and the Z-line. These abnormalities were corrected in BCTs after treatment with 
0.1 M MEKi. When sarcomeres are stretched, the I-band of titin serves as a molecular 
spring that builds tension, simulating a regulatory node that integrates and perhaps 
coordinates several signaling events (Krüger and Linke, 2011). It has been demonstrated 
that the four-and-a-half LIM domain 1 protein (FHL-1) interacts directly as a scaffold 
protein with RAF1, MEK2, and ERK2 to boost cardiac MAPK signaling and bind to titin at 
the elastic N2B area (Sheikh et al., 2008). In our studies, RAF1S257L CMs had increased 
FHL1 mRNA expression. Furthermore, we noticed that in RAF1S257L CMs, RAF1 was 
mostly observed in close proximity and/or at the sarcomeres. It's interesting to note that 
ERK2 has been shown to phosphorylate the N2B region of titin, which makes titin less 
stiff (Perkin et al., 2015). Considering the observed higher expression levels of FHL1 in 
RAF1S257L CBs, we suggest that RAF1S257L promotes titin phosphorylation at its N2B 
region by hyperactivating the MEK1/2-ERK1/2 pathway, which is scaffolded alongside the 
sarcomeres, via FHL1. It is unknown how much these events may affect sarcomere 
distensibility and contribute to the cardiac defects linked to RAF1S257L. 
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Figure 4. At the sarcomere of the muscle cells, FHL1 scaffolds RAF/MEK/ERK on the N2B 
domain of the massive protein titin. FHL1 limits the range at which sarcomere length may 
extend by acting as a stretch sensor at the I band sensing stretch or agonists induced GPCR (Gq) 
signaling. MAPK subunits RAF1, MEK, and ERK are all capable of direct interaction with FHL1. 
This highlights a MAPK scaffolding function for FHL1 at the titin N2B area of the sarcomere. The 
FHL1/RAF1/MEK/ERK complex all localized to the sarcomeric I band. An increase in ERK 
signaling brought on by a gain-of-function mutation in the gene for FHL1 contributes to the 
development of cardiac hypertrophy. In both mice and humans, FHL1 becomes significantly 
elevated in hypertrophic conditions, whereas FHL1 knockout hearts show a reduced response to 
development of cardiac hypertrophy. 

 
It is unknown how the RAF1-MAPK signaling pathway affects the myocardium's ability to 
contract. One reason for the abnormal contractile activity of RAF1S257L CMs could possibly 
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be the MYH6-to-MYH7 transition which has been perturbed as a result of the aberrantly 
active MAPK signaling. The cardiac-specific transcription factor GATA4 is known to be 
phosphorylated by ERK1/2 at S105, increasing its transcription regulating capacity. A 
number of structural and cardiac hypertrophy response genes, including NPPB, MYH7, 
TNNI3 (troponin I), and ACTA1 (-skeletal Actin) are known to be transcriptionally 
regulated by GATA4 (Dirkx et al., 2013; Charron et al., 1999; Liu et al., 2015). We believe 
that the elevation of myosin heavy chain isoforms by RAF-MAPK is mediated by 
transcription factors unique to the heart. The SERCA2/PLN ratio, titin's phosphorylation 
by ERK1/2, the disorganized sarcomeric structures, and changes in the length and shape 
of titin's flexible I-band region may all have an impact on the myocardium's ability to 
generate force and maintain its elastic properties in addition to the MYH6-to-MYH7 
switch. 
 
 
HRAS p.Gly12Ser affects RIN1-mediated integrin trafficking in epidermal 
keratinocytes 
 
The epidermal manifestation in individuals with Costello syndrome raises concerns about 
the functional impact of HRAS mutations linked to Costello syndrome in keratinocytes, 
which make up the majority of skin cells. The experiments demonstrated that the HRAS 
effector RIN1, which had previously received less attention compared to RAF kinases, is 
robustly expressed in both permanent and primary keratinocytes and is significantly 
enriched in HRASGly12Ser precipitates. RIN1 specifically and affinitively binds to active 
HRAS (Han and Colicelli, 1995). Similar to this, we discovered that RIN1 has a strong 
affinity for HRASGly12Ser. It has been shown that RIN1 as a high affinity binder 
effectively competes with RAF1 for binding to activated RAS (Wang et al., 2002). 
 
However, modest levels of RAF1 expression in HaCaT keratinocytes show that RAF1 is 
only a minor RIN1 rival in these cells. Accordingly, expression of active HRASGly12Ser 
in HaCaT cells had a negligible impact on RAF-MAPK signaling. In contrast, previous 
studies had shown that RAS-RAF kinase signaling is dramatically affected by CS-
associated HRAS mutations in neuronal cells or fibroblasts (Niihori et al., 2011; Krencik 
et al., 2015b). 
 
Additionally, the activation of RAB5 GTPases is modulated by the binding of active HRAS 
to RIN1. We revealed that RIN1 and HRAS regulate RAB5 signaling in HaCaT cells, which 
is consistent with the literature (Tall et al., 2001). Since RIN1 is known to enhance ligand-
induced receptor internalization in fibroblasts, epithelial cells, and cancer cells in addition 
to having a significant influence on endosome shape and endosome fusion, a role for 
RIN1 in the control of endocytic trafficking is well established (Tall et al., 2001; Balaji and 
Colicelli, 2013; Barbieri et al., 2003; Hunker et al., 2006). We demonstrated that HRAS-
RIN1 signaling regulates integrin trafficking and, consequently, the availability of integrins 
on the cell surface of epidermal HaCaT keratinocytes. Activation of HRAS-RIN1 signaling 
also increases the intracellular 1 integrin fraction at the expense of surface 1 integrin. 
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We emphasize the HRAS-RIN1 signaling axis, which controls integrin receptor 
expression and/or distribution. The capacity of keratinocytes to adhere to the ECM is 
mediated by integrins, and the HRASGly12Ser variation further disturbs these 
mechanisms by altering the cellular distribution of integrin. Costello syndrome patients 
have impacted cell adhesion defects. These findings are consistent with how individuals 
with Costello syndrome present with epidermal and cell adhesion defects clinically. In 
conclusion, abnormal endosomal sorting of cell surface receptors may explain certain 
epidermal symptoms in different RASopathies and connected diseases. 
 
 
Characterization of RIT1 indels in Arteriovenous Malformations Enables Targeted 
Therapy 
 
Numerous investigations employing various cell lines have shown that RIT1 is expressed 
in numerous tissues at various phases of development and also confers functional roles 
in neuronal morphogenesis, neural differentiation, and cellular stress tolerance (Shi et al., 
2006; Lein et al., 2007; Cai et al., 2011; Spencer et al., 2002). Along with the initial reports 
of several somatic cancer mutations (Gomez-Segui et al., 2013; Berger et al., 2014), the 
discovery of germline mutations in Noonan syndrome individuals (Aoki et al., 2013; Kouz 
et al., 2016; Yaoita et al., 2016) brought attention to the significance of RIT1 mechanistic 
studies and targeted therapies. 
 
In patients with peripheral AVMs, three previously unreported somatic activating RIT1 
indel mutations were described. All three variants are found near the RIT1 Switch 2 
domain, which also contains RIT1 germline mutations frequently linked to Noonan 
syndrome. It's interesting to note that vascular malformations have been linked to indel 
variations of RAS GTPases in KRAS and HRAS, while in both cases located around the 
Switch 2 region as well (Eijkelenboom et al., 2019). Biochemically, ERK hyperactivation 
was far more prominent in the indel mutations in comparison to the Noonan-associated 
RIT1 mutations. 
 
We reasoned that since SHP2 works upstream of RAS proteins while MEK and ERK work 
downstream in the RAS-MAPK pathway, RIT1-induced ERK hyperactivation may 
respond differently to SHP2 and MEK inhibition. MEK inhibition with PD0325901 
demonstrated to be a very promising approach towards rescuing the hyperactivated ERK 
profile and indicated a massive reduction in the readout of the MAPK pathway for all three 
indel variants. Given RIT1's readout towards ERK activation and its position as a member 
of the RAS family of GTPases, it was hypothesized that treatment with a SHP2 inhibitor 
(SHP099) may also exert an impact on the phosphorylation state of ERK in cells 
transfected with the novel indel variants. However, there was no significant impact from 
the SHP2 inhibitor observed on any of the three indel variants, suggesting that RIT1's 
upstream regulation may follow a different axis from that of classical RAS GTPases (H-
K-N-RAS). 
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