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Summary 
Stem cells are a population of undifferentiated cells which are defined by their ability to 

differentiate into various cell types (potency) and continuous proliferation (self-renewal). There are 

different sources of stem cells based on their potency. Pluripotent stem cells (PSCs) include 

embryonic stem cells (ESCs) derived from the inner cell mass of blastocyst and induced pluripotent 

stem cells (iPSCs) reprogrammed from somatic cells. Human iPSCs (hiPSCs) are widely studied in 

recent years owing to their different applications in developmental biology and regenerative 

medicine. They have broad potentials especially in human disease modeling in vitro by starting with 

reprogramming cells from patients to hiPSCs containing the disease-causing mutation(s) followed by 

differentiating to disease-relevant cell types. In order to realize the potential of hiPSCs in clinical 

applications, it is crucial to first address fundamental questions regarding their molecular nature of 

pluripotency and the underlying intracellular signaling pathways which maintain the characteristics 

of these cells. This doctoral thesis explored the molecular mechanisms involved in the transition from 

pluripotency to differentiation with the focus on bFGF signaling in hiPSCs. Our results revealed the 

prominent role of RAS-MAPK pathway as a downstream target of bFGF in maintaining pluripotency 

in hiPSCs as compared to other pathways, such as PI3K/AKT and JNK, which remain unchanged 

during differentiation. Interestingly, p38MAPK and JAK/STAT3 pathways were activated upon 

differentiation. Further analysis of RAS isoforms, showed that NRAS is the link between bFGF 

receptor and MAPK pathway leading to hiPSCs pluripotency. It has been shown that mutations in 

genes of RAS-MAPK pathway can lead to a group of developmental disorders called RASopathies, 

such as Noonan syndrome (NS). One of the mutated genes in NS patients in RAS-MAPK pathway is 

RAF1. Patients with RAF1S257L point mutation frequently display pathological hypertrophic 

cardiomyopathy (HCM), however, the underlying molecular mechanism is poorly understood. Thus, 

we generated iPSCs from a patient carrying RAF1S257L mutant and differentiated them to 

cardiomyocytes. Interestingly, patient-derived cardiomyocytes recapitulated the HCM phenotype, 

such as cell size enlargement, expression of fetal genes, as well as an increased sarcomere protein 

synthesis and myosin heavy chain beta to alpha switch with an abnormal sarcomere structure, 

increased calcium transient and cardiac contractility. Signaling analysis also confirmed a higher 

MAPK activity in mutant cardiomyocytes. These findings indicate that an increased RAS-MAPK 

signaling pathway in RAF1S257L cardiomyocytes may regulate the observed HCM phenotype. Fragile 

X syndrome (FXS) represents another developmental disorder that is based on the loss of FMR1 gene 

which produce fragile X mental retardation protein (FMRP). FMRP plays a critical role in chromatin 

regulation, RNA binding, mRNA transport, and translation in many cell types, including several types 

of stem cells. However, the underlying mechanisms including the cellular FMRP protein networks 

remain elusive. This thesis has explored novel FMRP interacting proteins and their interaction 

networks in multiple cellular processes, suggesting that FMRP is central in several biological 

processes in various cell types. 
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Zusammenfassung 
Stammzellen sind undifferenzierte Zellen, die kontinuierlich proliferieren (Selbsterneuerung) und in 

verschiedene Zelltypen differenzieren können (Omni- bzw. Pluripotenz).  Innerhalb der Stammzellen 

unterscheidet man basierend auf ihrer Differenzierungspotenz verschiedene Subklassen. Pluripotente 

Stammzellen (PSCs) umfassen embryonale Stammzellen (ESCs), gewonnen aus der inneren Zellmasse 

von Blastozysten, sowieinduzierte pluripotente Stammzellen (iPSCs), die aus reprogrammierten 

somatischen Zellen generiert werden können. Humane iPSCs (hiPSCs) wurden in den letzten Jahren 

eingehend bezüglich verschiedener Anwendungsmöglichkeiten in der Entwicklungsbiologie und der 

regenerativen Medizin untersucht. hiPSCs zeigen ein besonders großes Potential im Modellieren humaner 

Erkrankungen in vitro. Durch die initiale Reprogrammierung patienteneigener Zellen zu Stammzellen, 

welche die krankheitsrelevante Mutation enthalten, können Differenzierungen in krankheitsrelevante 

Zelltypen durchgeführt und diese untersucht werden. Um das Potential von hiPSCs in klinischen 

Anwendungen zu untersuchen, ist es von größter Bedeutung zunächst die molekularen Mechanismen der 

Pluripotenz sowie die zugrundeliegenden intrazellulären Signalwege zu verstehen. Diese Dissertation 

untersucht den molekularen Mechanismus des Übergangs von Pluripotenz zur Differenzierung mit dem 

Fokus auf die bFGF induzierte Signaltransduktion in hiPSCs. Die gewonnenen Befunde sprechen für eine 

dominante Rolle des RAS-MAPK Signalwegs in der bFGF-induzierten Aufrechterhaltung der 

Pluripotenz. Interessanterweise zeigten auch andere untersuchte Signalwege, wie p38MAPK und 

JAK/STAT3, eine differenzierungsassoziierte Aktivierung. Eine Analyse der RAS-Isoformen lässt 

vermuten, dass NRAS die Verbindung zwischen dem bFGF-Rezeptor und dem MAPK-Signalweg 

darstellt und dadurch die Pluripotenz der hiPSCs aufrechterhält. Des Weiteren konnte gezeigt werden, 

dass Mutationen in Genen des RAS-MAPK Signalweges zu Entwicklungsstörungen (wie z.B. dem 

Noonan Syndrom) führen, welche kollektiv als RASopathien beschrieben werden. Eines der mutierten 

Noonan-assoziierten Gene ist RAF1. Individuen mit einer RAF1S257L-Punktmutation entwickeln mitunter 

häufig eine pathologische hypertrophe Kardiomyopathie (HCM), deren zugrundeliegender molekularer 

Mechanismus kaum verstanden ist. Wir generierten daher Kardiomyozyten aus patientenspezifischen 

iPSCs mit einer RAF1S257L-Mutation. Diese Kardiomyozyten spiegeln den Phänotyp der HCM wieder, 

gezeichnet durch Charakteristika wie insbesondere Zellvergrößerung, Expression fetaler Gene, Steigerung 

der sarkomeren Proteinsynthese, abnormale Sarkomerstruktur, Wechsel der schweren Myosin-Ketten von 

beta nach alpha, gesteigerte Kalziumtransienten, und erhöhte kardiale Kontraktilität. Analysen der 

Signaltransduktion bestätigten eine höhere MAPK-Aktivität in mutanten Kardiomyozyten. Diese 

Ergebnisse sprechen dafür, dass die gesteigerte RAS-MAPK-Signalwegintensität in RAFS257L-

Kardiomyozyten verantwortlich ist für den beobachteten HCM-Phänotyp. Das Fragile-X-Syndrom (FXS) 

ist eine weitere Entwicklungsstörung, die auf dem Verlust des FMR1 Genproduktes FMRP (fragile mental 

retardation protein) basiert. FMRP spielt hierbei eine entscheidende Rolle in zentralen Vorgängen in 

verschiedensten Zelltypen, insbesondere Chromatin-Regulation, RNA-Bindung und -Stabilität, mRNA 

Transport, und Translation. Zugrundeliegende Mechanismen und das zelluläre FMRP Proteinnetzwerks 

sind jedoch größtenteils unverstanden. In dieser Arbeit wurden daher zahlreiche neue FMRP-bindende 

Proteine beschrieben und deren Interaktionsnetzwerk in verschiedenen zellulären Prozessen untersucht. 

Basierend auf den gewonnenen Daten lässt sich FMRP als zentrales Regulationsprotein in verschiedensten 

biologischen Prozessen unterschiedlicher Zelltypen einglie 
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1.1 Stem cells 

1.1.1 Background 

Stem cells are biological and special cells, found in almost all multicellular organisms, which 

are defined by two main properties; they have the ability to continuously proliferate (self-renewal) 

and differentiate into different cell lineages (potency) (Kolios and Moodley, 2013). There are two 

main categories of stem cells including embryonic stem cells (ESCs) and adult stem cells (ASCs). 

The discovery of ESCs represented a major advance in cellular biology and medicine (Keller, 

2005). Research on ESCs began when the very first stem cells, the embryonic carcinoma cells 

(ECCs), were established in the early 1970s (Friedrich et al., 1983; Kleinsmith and Pierce, 1964). 

Later in 1981, Evans and Kaufman were able to successfully cultivate cell lines from inner cell mass 

(ICM) of mouse blastocysts called mouse ESCs (mESCs). They established culture conditions for 

growing pluripotent mESCs in vitro (Evans and Kaufman, 1981). In 1998, Thomson et al., derived 

human ESCs (hESCs) from the ICM of normal human blastocysts donated by couples undergoing 

treatment for infertility. Cells were cultured for many passages as long as retaining their high levels 

of telomerase activity, maintaining normal karyotypes and expressing markers specific for typical 

hECCs (Thomson et al., 1998). At the same time, Shamblott and his colleagues derived human 

embryonic germ cells (hEGCs) from the gonadal ridge from a five to nine week aborted fetus. hEGCs 

were cultured in vitro for approximately 20 passages, and maintained normal karyotypes (Shamblott 

et al., 1998). Since then, techniques for deriving and culturing hESCs are being developed and 

refined. 

1.1.2 Stem cells characteristics 

Two hallmark features of stem cells are self-renewal and potency. Self-renewal is defined as the 

capacity of stem cells to divide symmetrically or asymmetrically and generate daughter stem cells 

with the exact developmental potential (Fig. 1). Under special conditions and signaling, a stem cell 

is able to exit self-renewal and start to differentiate into any cells from germ layers (Fig. 1) (Romito 

and Cobellis, 2016). This process is crucial for stem cells to maintain their pool after injury, expand 

their numbers during development and to retain in adult tissues. Defects in self-renewal can cause 

cancer, premature aging and developmental disease (He et al., 2009). 

Potency is referred to the ability of differentiation into any specialized and mature cell types 

(Fig. 1). Depending on the differentiation potential, various levels of potency are described, 

totipotent, pluripotent, multipotent, oligopotent and unipotent (Hima Bindu and Srilatha, 2011). 

Totipotent stem cells can differentiate into embryonic and extraembryonic cell types (Weissman, 

2000). Pluripotent cells can differentiate into any cells that are derived from three germ layers 

(ectoderm, mesoderm and endoderm) and they are the descendants of totipotent cells. Multipotent 

stem cells can differentiate into a number of cells with a closely related family of cells, like adult 

stem cells such as hematopoietic stem cells (Zuk et al., 2002). Oligopotent stem cells can differentiate 

into only a few cells, like lymphoid or myeloid stem cells. Unipotent cells can produce only one cell 

type of their own as spermatogonial stem cells, but these cells have the property of self-renewal, 

which distinguishes them from non-stem cells (Hima Bindu and Srilatha, 2011). 
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Figure 1: Embryonic stem cells characteristics. 

Fertilization occurs when the sperm successfully enters and fuses with an egg and makes a zygote. The zygote divides 

through mitosis until the cell number reaches around sixteen and the solid sphere of cells is called a morula with totipotent 

cells. Then cells differentiate into outer layer and inner cell mass which is referred as blastocyst with pluripotent cells. ESCs 

are derived from the inner cell mass of blastocyst. They are able to go through numerous cycles of cell division while 

maintaining the undifferentiated state which is called self-renewal and upon stimulation they can differentiate into any 

specialized and mature cell types including blood cells, neurons, liver cells, muscle cells, pancreatic islet cells and intestinal 

cells.  

1.1.3 Induced pluripotent stem cells (iPSCs) 

ESCs were widely studied in recent years owing to their different applications. However, some 

complications have hindered their utilization such as difficulties in their derivation, immunological 

responses and ethical issues considering using them (Zhang et al., 2011). The emergence of iPSCs 

has presented a breakthrough as an alternative for ESCs. iPSCs can be generated by a number of 

approaches like somatic cell nuclear transfer (Wilmut et al., 1997; Tachibana et al., 2013) and cell 

fusion (Tada et al., 2001; Cowan et al., 2005) from somatic cells. However, both methods were 

limited by low efficiency and ethical issues. Till 2006 and following 2007, Takahashi and his group 

were able to successfully induce pluripotency from mouse embryonic/adult and human adult 

fibroblasts by introducing four transcriptional factors OCT3/4, SOX2, c-MYC and KLF4 via ectopic 

expression using retroviral vectors (Takahashi and Yamanaka, 2006; Takahashi et al., 2007). At the 

same time, an American group also obtained iPSCs from human somatic cells with OCT4, SOX2, 

NANOG and LIN28 by using lentiviral vectors (Shi et al., 2017). Using pluripotent cells 

reprogrammed from somatic cells solved efficiency, ethical and immunological issues. After 

Takahashi and Yamanaka innovation, many groups used these pioneering studies to generate 

pluripotent cells from somatic cells by using the same or other sources of cells with different inducing 

agents and vectors for delivery.  

https://en.wikipedia.org/wiki/Fertilisation
https://en.wikipedia.org/wiki/Sperm
https://en.wikipedia.org/wiki/Mitosis
https://en.wikipedia.org/wiki/Morula
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There are some differences between iPSCs and ESCs in gene expression signatures and 

epigenetic modifications (Chin et al., 2009; Guenther et al., 2010); however they share the same 

capacity of unlimited self-renewal and differentiation to any somatic cells and also they are similar 

in stemness marker expression, morphology and growth properties (Wang et al., 2018).  

1.1.4 Pluripotent stem cells applications 

Over the last years, main progresses and discoveries in stem cell research were achieved by 

studying pluripotent stem cells including ESCs and iPSCs. The importance of ESCs can be divided 

to basic and biomedical research. In basic research, these cells represent the best model to study 

differentiation, function and the development of human tissues; they also provide different and early 

human cells that were previously almost inaccessible (Xu et al., 2002). In biomedical research, ESCs 

are a powerful system to identify gene targets for new drugs and test the toxicity or teratogenicity of 

them and to study human genetic disease (Romito and Cobellis, 2016). They are promising tools for 

cell-based therapies in degenerative diseases (Kaji and Leiden, 2001) and transplantation of ESC-

derived cells can replace cells which are damaged by various diseases such as Parkinson’s disease, 

cardiac infarcts, juvenile-onset diabetes mellitus and leukemia (Amit et al., 2000). 

iPSCs have broad applications like ESCs especially in regenerative medicine. Soon after the 

development of the technology, hiPSCs were used to generate human disease in vitro models and 

used for drug screening for efficacy and potential toxicities. The advantage of hiPSCs in disease 

modeling include their human origin, expandability, accessibility, ability to differentiate into almost 

any cell types, no ethical concerns and the potential to develop personalized medicine using patient-

specific iPSCs. Disease modeling by hiPSCs starts with reprogramming cells from patients to iPSCs 

containing the disease-causing mutation. These cells are then differentiated into disease-relevant cell 

types. The resultant cells are used to investigate the potential mechanisms involved in disease (Shi et 

al., 2017). 

So far, many diseases have been studied using a single disease-relevant cell type derived from 

iPSCs, such as RASopathies, Shwachman-Bodian-Diamond syndrome, adenosine deaminase 

deficiency-related severe combined immunodeficiency, Parkinson disease and Gaucher disease type 

III, they can be a perfect model for biological and pharmacological studies and drug screening 

(Gunaseeli et al., 2010; Lee and Studer, 2010; Park et al., 2008). The application of iPSCs as an in 

vitro model has been reviewed in different disease like neurogenetic disorders (Chamberlain et al., 

2008), iPS-derived cardiomyocytes in arrhythmic diseases (Tanaka et al., 2009; Yokoo et al., 2009) 

and they can also be a target in toxicology studies (Heng et al., 2009). 

iPSCs also showed a promising result in clinical study. In 2015, hiPSC-derived retinal pigment 

epithelial cells were used to treat macular degeneration (Kimbrel and Lanza, 2015), and it was 

reported that the treatment was successful to improve the patient’s vision (Scudellari, 2016).  

1.2 Signaling networks in embryonic stem cells 

Pluripotency is a transient state during development that exits only for a short window of 

embryogenesis, but it can be recaptured in vitro by deriving ESCs or reprogramming somatic cells. 

https://www.merriam-webster.com/dictionary/inaccessible
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Shortly after the onset of embryogenesis, the cells within the embryo that are totipotent undergo 

differentiation and become either progenitor cells that later will form extra-embryonic tissues (the 

placenta and fetal extra-embryonic membranes) or become pluripotent cells which will form three 

germ layers from that all the tissues are generated. 

Pluripotency consists of two distinct molecular states which is different according to the species 

(Kalkan et al., 2017). Naïve pluripotency is the ground state of cells from the pre-implantation mESCs 

and primed pluripotency is the property of post-implantation mouse epiblast stem cells (EpiSCs) 

(Tesar et al., 2007) and ESCs derived from ICM of a human embryo. EpiSCs and hESCs share many 

commonalities including a flat colony morphology, poor single-cell survival and dependent on activin 

A and fibroblast growth factor 2 (FGF2/bFGF), which proposed that human ESCs are also in a primed 

state (Li and Belmonte, 2017). Pluripotency is regulated by a highly interconnected gene regulatory 

network that is linked to a set of core pluripotency transcription factors (Fig. 2), the three most 

important ones are OCT4, SOX2 and NANOG (Li and Belmonte, 2017). This process is regulated by 

interaction between these genes and more aspects of regulation that include extrinsic factors and 

intrinsic signaling, chromatin regulators and regulatory RNAs (Fig. 2) (Pera and Tam, 2010; Li and 

Belmonte, 2017; Zhao and Jin, 2017). 

 
Figure 2: Pluripotency regulation. 

The core of ESCs regulatory circuitry composed of many genes. The regulation of this gene program is a product of 

regulation by specific, chromatin-modifying enzymes from one hand, on the other side there are transcription factors which 

lead to transcription or silencing the target genes. There are also regulatory RNAs like miRNA which are a product of these 

program that can function at posttranscriptional levels and inhibit or activate some transcription factors. And on top of this 

highly interconnected network there are stimulus and signaling pathways which can positively or negatively regulate 

pluripotency. 
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1.2.1 The core pluripotency genes 

Octamer-binding transcription factor 4 (OCT4; also known as POU5F1) which in human is 

coded by POU5F1 gene, is involved in self-renewal and pluripotency in vivo and in vitro of stem 

cells and is expressed in ESCs and primordial germ cells (Scholer et al., 1989; Nichols et al., 1998). 

SRY (sex determining region Y)-box 2, also known as SOX2, is a transcription factor required for 

pluripotent epiblast formation and is a key regulator for OCT4 expression (Avilion et al., 2003; Masui 

et al., 2007). Loss of OCT4 and SOX2 expression will lead to trophectoderm differentiation, while 

the overexpression promotes mesendoderm and ectoderm differentiation (Niwa et al., 2000; Thomson 

et al., 2011). NANOG is the third important transcription factor in the core of pluripotency factors 

due to its role in the acquisition of pluripotency in the ICM (Mitsui et al., 2003). OCT4, SOX2 and 

NANOG co-occupy hundreds of potential downstream targets promoters, including their own and 

make interconnected regulatory loops (Li and Belmonte, 2017) and pluripotency of ESCs and iPSCs 

is safeguarded by these three most important transcription circuitry. 

1.2.2 Pluripotency-supporting signals 

Among various signaling pathways, seven main signaling pathways have been reported to be 

involved in embryonic development (Brivanlou and Darnell, 2002), including JAK/STAT, NOTCH, 

NFĸB, MAPK, PI3K/AKT, Wnt and TGF-β signaling (Dreesen and Brivanlou, 2007). The major 

signaling pathways modulating hESCs identity are described below. 

MAPK pathway 

MAPKs are Ser/Thr protein kinases which convert extracellular stimuli into a wide range of 

cellular responses. These Kinases regulate cell proliferation, differentiation, motility and survival in 

mammals. They comprise the ERK1/2, JNK, p38 and ERK5. Each group composed of a set of three 

evolutionarily conserved kinases; a MAPK, a MAPK kinase (MAPKK/MAP2K), and a MAPKK 

kinase (MAPKKK/MAP3K). The MAP3Ks are Ser/Thr protein kinases which are activated through 

phosphorylation or interaction with RAS/RHO family in response to extracellular stimuli. MAP3K 

activation leads to the activation and phosphorylation of a MAPKK, which then stimulates MAPK 

activity through dual phosphorylation on Thr and Tyr (Cargnello and Roux, 2011; Yoon and Seger, 

2006). 

One of the central components in the transmission network is the ERK cascade including RAF 

(MAP3K), MEK (MAP2K) and ERK (MAPK) (Yoon and Seger, 2006). RAF proteins are Ser/Thr 

kinases with three RAF isoforms CRAF (RAF1), ARAF and BRAF in mammalian. All of them 

contain an N‐terminal RBD and C‐terminal Ser/Thr kinase domain. Binding the N‐terminal RBD of 

RAF kinase to RAS-GTP, brings RAF to the plasma membrane (Lavoie and Therrien, 2015), which 

leads to downstream signaling activation. RAF kinases phosphorylate S218/S222 and S222/S226 of 

MEK1/MEK2, respectively and phosphorylated and activated MEK1/2, phosphorylates position 

T202/Y204 of ERK1 and T185/Y187 of ERK2. ERK1/2 are the final kinases of this cascade which 

are triggered by RAS-GTP bound. ERK1/2, despite RAF and MEK kinase which have a limited 

number of substrate, possess approximately 200 cytoplasmic and nuclear targets (Yoon and Seger, 

2006). 

https://en.wikipedia.org/wiki/Gene
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There have been conflicting reports on the role of MAPK/ERK signaling in hESCs but this 

pathway is generally considered to support hESCs self-renewal (Armstrong et al., 2006; Li et al., 

2007), however a pro-differentiation role is also reported (Singh et al., 2012). 

JNKs/SAPKs  

JNKs are cycloheximide-activated MAP2K regulate cell proliferation, embryonic development, 

inflammation, cytokine production, metabolism and apoptosis (Raman et al., 2007), whether 

activation of JNK pathway leads to which process is based on the stimuli and the cell type (Fresno 

Vara et al., 2004; Hennessy et al., 2005). This signaling pathway can be activated by different stimuli 

such as growth factors (Vanhaesebroeck et al., 2010), cytokines (Staal, 1987) and stress factors 

(Alessi et al., 1996). JNKs also called SAPKs, have been first discovered in a c-Jun binding assay 

with extracts from UV-stimulated HeLa cells (Hibi et al., 1993). In mammalian, three genes JNK1, 

2, 3 encoded the family of three isoforms (JNK1-3). JNK1 and JNK2 are widely expressed while 

JNK3 is mainly confined to brain, heart and testis. JNKs have a docking domain in C-terminal and a 

glutamate/aspartate domain in their N-terminal which enable them to interact with upstream MAPKs 

and downstream targets (Haeusgen et al., 2011). The main MAP2Ks upstream of JNK are MEKK4 

and MEKK7, which phosphorylate JNK on the TPY motif within the activation loop with the 

preference of MEKK4 for tyrosine and of MEKK7 for threonine (Kishimoto et al., 2003; Tournier et 

al., 2001). Whereas MEKK7 is a specific activator of JNK, MKK4 can also phosphorylate p38 

MAPK (Raman et al., 2007). Monophosphorylation of JNKs on the threonine residue by MEKK7 is 

sufficient for enhancing its activity, while the additional phosphorylation of the tyrosine residue by 

MKK4 ensures optimal activation (Tournier et al., 2001). After being phosphorylated and activated, 

JNKs phosphorylate some transcription factors such as c-JUN, ATF-2, p53, ELK-1and NFAT 

(Raman et al., 2007). JNK signaling regulates apoptosis by phosphorylation of pro-apoptotic proteins 

(Dhanasekaran and Reddy, 2008). This pathway is also responsive to mitochondrial signals (Sehgal 

and Ram, 2013).  

P38MAPKs  

P38MAPKs are activated by a wide range of environmental stresses and inflammatory cytokines, 

and less by serum and growth factors. In mammals, there are four p38 MAPKs: α, β, γ and δ. p38α is 

the best characterized among all isoforms and is expressed in many cell types (Cuenda and Rousseau, 

2007). Together with JNK family, p38 MAPKS are also known as SAPKs. The activation occurs via 

dual phosphorylation by MKK3 and MKK6 in the Thr–Gly–Tyr motif, in the activation loop 

(Kyriakis and Avruch, 2001). Upon activation, the phosphorylated p38 MAPK undergoes 

conformational changes which enhances access to substrate and increases enzymatic activity (Bellon 

et al., 1999; Canagarajah et al., 1997). p38 MAPK has both cytoplasmic and nuclear targets. In the 

cytoplasm, it phosphorylates other kinases like MNK1/2, while in the nucleus it can activate a large 

range of transcription factors such as ATF2, ELK-1, p53 and STAT1, which are involved in DNA 

damage response, apoptosis, inflammation, developmental processes and cellular proliferation 

(Cuadrado and Nebreda, 2010). 
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PI3K/AKT pathway 

PI3K/AKT is an intracellular signaling pathway that is crucial for metabolism, proliferation, cell 

survival and growth in response to extracellular signals (Hennessy et al., 2005) which is mediated 

through phosphorylation of a wide range of downstream substrates. Key proteins involved in this 

signaling pathway are PI3K and AKT. PI3K constitutes a large family of lipid and Ser/Thr kinases, 

characterized by their ability to phosphorylate phosphatidylinositol and phosphoinositides (Hennessy 

et al., 2005). Based on lipid substrate and sequence homology they are divided into three groups: 

class I, II and III. Upstream regulators of PI3K, mainly consist, RAS proteins, receptor tyrosine 

kinases and G protein‐coupled receptors (Vanhaesebroeck et al., 2010). 

AKT or protein kinase B (PKB) is the human homologue of the viral oncogene v-AKT which is 

known to be responsible for a certain type of leukemia in mice (Fresno Vara et al., 2004; Staal, 1987). 

There are three known AKT isoforms derived from distinct genes including AKT1/PKBα, 

AKT2/PKBβ and AKT3/PKBγ, which are closely related to each other with up to 80% homology in 

amino acid sequences. Each isoform has a pleckstrin homology (PH) domain which interacts with 3′-

phosphoinositides and is contributing to recruitment of AKT to the plasma membrane (Fresno Vara 

et al., 2004; Hennessy et al., 2005). The subsequent kinase domain contains a threonine residue 

(T308) which is required for AKT activation after phosphorylation. Following the kinase domain, 

there is a hydrophobic C-terminal tail containing a second regulatory phosphorylation site (S473 in 

AKT1) (Fresno Vara et al., 2004). Recruitment of AKT to the membrane results in a conformational 

change that exposes these two crucial amino acids, T308 is phosphorylated by constitutively active 

phosphoinositide-dependent kinase 1 (PDK1), whereas phosphorylation in S473 is mediated by 

PDK2 (Alessi et al., 1996; Blume-Jensen and Hunter, 2001). Different potential PDK2s have been 

identified, including the mTOR rictor complex, integrin-linked kinase (ILK), PKCβII and even AKT 

itself (Kawakami et al., 2004; Lynch et al., 1999; Sarbassov et al., 2005). Phosphorylation at T308 

and S473 happens in response to extracellular stimuli and growth factors and it is essential for 

maximal AKT activation (Alessi et al., 1996). 

JAK/STAT pathway 

JAK/STAT pathway transduces a multitude of signals for development and homeostasis in 

animals, from humans to flies. Its activation stimulates cell proliferation, differentiation, cell 

migration and apoptosis (Rawlings et al., 2004). JAKs are a family of intracellular tyrosine kinases 

which bind to the cytoplasmic regions of receptors (Blume-Jensen and Hunter, 2001). Upon ligand 

binding to the receptor, the receptor-associated JAKs are activated and in turn phosphorylate tyrosine 

residues in the cytoplasmic domain of the receptor. The phosphorylation provides a docking site for 

proteins with Src homology 2 (SH2) domains, one important class is STAT family (Lynch et al., 

1999). STAT proteins were first identified as cytoplasmic transcription factors, which were 

translocated to the nucleus upon JAK-mediated phosphorylation and dimerization (Kawakami et al., 

2004). In the nucleus, activated STAT can bind to consensus DNA-recognition motifs resulting in 

transcriptional activation (Sarbassov et al., 2005). The mammalian STAT family comprises STAT1, 

2, 3, 4, 5a, 5b and 6 (Cuenda and Rousseau, 2007), which an overall general structure that is organized 

into functional modular domains. 

https://en.wikipedia.org/wiki/Tyrosine_kinase
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JAK/STAT pathway plays a central role in maintaining pluripotent state of mESCs (Smith et al., 

1988; Williams et al., 1988). During in vitro culture, LIF binds to the heterodimeric cytokine receptor 

complex composed of LIF receptor b and gp130, resulting in the phosphorylation of gp130-associated 

JAK kinases and STAT3. pSTAT3 acts as a key factor, translocate to the nucleus and regulate the 

expression of downstream target genes which lead to maintenance of pluripotency in mESCs (Hirai 

et al., 2011; Yoshida et al., 1994). Despite the importance of LIF in mESCs culture, LIF does not 

support the pluripotency of hESCs when they are cultured in the absence of feeder cells and STAT1, 

3 and 5 are not phosphorylated (Noggle et al., 2005; Sato et al., 2004). Consistent with these results, 

even addition of LIF to hESCs culture is not sufficient to maintain pluripotency. This contradiction 

between mouse and human ESC suggests that this pathway has different role in pluripotency in the 

two species. 

1.3 bFGF in pluripotency 

The family of fibroblast growth factor (FGF) consists of secreted signaling proteins (secreted 

FGF) that signal through receptor tyrosine kinases (RTK) and intracellular non-signaling proteins 

(intracellular FGF/iFGF) which are cofactors for voltage gated sodium channels. Secreted FGFs are 

widely expressed in almost all tissues and play essential roles in early stage of embryonic 

development, during organogenesis and in adults they serve as homeostatic factors which are 

important for metabolism, regeneration and tissue maintenance (Ornitz and Itoh, 2015). This group 

functions as autocrine or paracrine factors which are called canonical FGFs and endocrine factors. 

Canonical FGFs control cell proliferation, differentiation and survival and are tightly bound to 

heparin/heparan sulfate (HS) proteoglycans (HSPGs) that serves as cofactors to regulate the affinity 

and specificity for FGFR signaling (Fig. 3). Endocrine FGFs paly an essential role in regulating bile 

acid, carbohydrate, phosphate and lipid metabolism in addition to canonical FGFs functions and they 

require αKlotho, βKlotho or KLPH for receptor binding (Ornitz and Itoh, 2015). 

The mammalian FGF family contains 5 subfamilies of canonical FGFs, one subfamily of 

endocrine FGF and one subfamily of iFGF, with 22 genes, 18 of which signal through FGF tyrosine 

kinase receptors. Subfamily of canonical FGFs are divided into FGF1, 4, 7, 8, 9 (Beenken and 

Mohammadi, 2009; Eswarakumar et al., 2005; Ornitz and Itoh, 2001), from which FGF1 subfamily 

is of our interest.  

The FGF1 subfamily consists of FGF1 and FGF2. These two growth factors lack secretory signal 

peptides but are readily exported by direct translocation across the cell membrane from cells 

(Prudovsky et al., 2013). FGF2 which is also called basic FGF (bFGF), is a ubiquitously expressed 

FGF in various developmental stages. bFGF is a prototype member of the FGF family that is encoded 

by a single copy gene that produces one low (18-kDa) and four high (22-, 22.5-, 24-, and 34-kDa) 

molecular mass isoforms (Arnaud et al., 1999; Delrieu, 2000). LMM bFGF signals through FGFRs 

(FGFR1-4) in a paracrine or autocrine manner with the highest affinity toward FGFR1 and 2 

(Ibrahimi et al., 2004a; Ibrahimi et al., 2004b). bFGF signals by activating a smaller family of cell 

surface receptors called FGFRs.  

FGFRs belong to the family of receptor tyrosine kinases of near 800 amino acids that are single-

pass transmembrane receptors with three extracellular immunoglobulin-like domains (I, II, and III), 
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a transmembrane domain and two intracellular tyrosine kinase domains. Upon binding of the ligand 

to the extracellular domain of the receptor, the signal transduction will initiate which finally results 

in gene expression (Fig. 3) (Dailey et al., 2005). The FGFR family consists of four genes encoding 

various FGFR isoforms by alternative splicing including FGFR1-4 (Dailey et al., 2005; Eswarakumar 

et al., 2005). 

Signaling via FGFR, mediated through FGF binding, leads to receptor dimerization and 

activation of intrinsic tyrosine kinase and cause phosphorylation of multiple tyrosine residues on the 

receptors. These phosphorylation sites serve as docking sites for the recruitment of SH2 or PTB 

(phosphotyrosine binding) domains of signaling proteins (Eswarakumar et al., 2005; Ornitz and Itoh, 

2001). The best understood signal transduction activated by FGFs are RAS-MAPK including 

ERK1/2, JNK and p38, PI3K/AKT, JAK/STAT and phospholipase C (PLCγ) (Fig. 3) (Ornitz and 

Itoh, 2001; Dailey et al., 2005).  Phosphorylation of FRS2α activates RAS-MAPK and PI3K/AKT 

pathways. Activated FRS2α binds to GRB2 (growth factor receptor-bound 2) and tyrosine 

phosphatase SHP2 (Eswarakumar et al., 2005; Beenken and Mohammadi, 2009). GRB2 activates 

RAS-MAPK through SOS and PI3K/AKT through GAB1 recruitment to the signaling complex (Fig. 

3) (Beenken and Mohammadi, 2009; Prudovsky et al., 2013). 

Among the 22 FGF ligands, it is widely accepted that hESCs require exogenous bFGF to sustain 

self-renewal and the capacity to differentiate into a large number of somatic cell types (Xu et al., 

2001). bFGF maintains pluripotency either directly under feeder-free conditions supplemented with 

activin A (Zhao and Jin, 2017) or indirectly by stimulating irradiated mouse embryonic fibroblasts 

(iMEFs) to secrete activin A and other growth factors and cytokines necessary for hESCs 

pluripotency (Greber, 2011; Greber et al., 2007; Levenstein et al., 2006). Therefore, among many 

growth factors and cytokines which maintain pluripotency of hESCs and hiPSCs, bFGF was selected 

for monitoring downstream signaling pathways. All FGFR (1-4) are expressed in hESCs with specific 

pattern, with FGFR1 being the most abundant species and other receptors showing lower expression 

in the following order: FGFR1 ˃ FGFR3 ˃ FGFR4 ˃ FGFR2 (Dvorak et al., 2005). 
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Figure 3: Schematic view of signaling pathways downstream of bFGF. 

The FGF-FGFR signaling pathway is regulated at different levels. HSPGs act both as co-receptors and modulators of ligand 

bioavailability. Binding of bFGF to FGFR with HSPG induces the formation of ternary complex bFGF-FGFR-HSPG 

complex which activates FGFR intracellular tyrosine kinase domain by phosphorylation of specific tyrosine residues. Four 

main downstream pathways are MAPKs, JNK and p38 MAKPs, PI3K/AKT and JAK/STAT. The RAS-MAPK pathway: 

The major FGFR kinase substrate, FRS2𝛼 is phosphorylated by the activated FGFR kinase. Phosphorylated FRS2𝛼 recruits 

the adaptor protein GRB2, which then recruits the guanine nucleotide exchange factor SOS. The recruited SOS activates 

the RAS GTPase, which then activates the MAPK pathway. The PI3K/AKT pathway: The recruited GRB2 also recruits the 

adaptor protein GAB1, which then activates the enzyme PI3K, which then phosphorylates the enzyme AKT. The 

JAK/STAT pathway: FGFR kinase also activates JAK/STAT. This activated signaling pathway mostly regulates gene 

expression in the nucleus. bFGF, basic fibroblast growth factor; FGFR, fibroblast growth factor receptor; HSPG, heparan 

sulfate proteoglycans; FRS2α, fibroblast growth factor receptor substrate 2α; GRB2; growth factor receptor bound protein 

2; SHP2: Src homology region 2-containing protein tyrosine phosphatase 2; SOS, son of sevenless; GAB1, GRB2-

associated-binding protein 1; PI3K, phosphoinositide 3‐kinase; PDK1, 3‐phosphoinositide dependent protein kinase; JAK, 

Janus kinase; STAT, signal transducer and activator of transcription; MEK, MAP/ERK kinase; ERK, extracellular regulated 

kinase; JNK, c-Jun N-terminal kinases.   

 

1.4 RAS superfamily at a glance 

The history of the RAS protein family dates back in 1960s, when the highly oncogenic Harvey 

and Kirsten murine sarcoma viruses (Ha-MSV and Ki-MSV) were discovered by Jennifer Harvey 

and later Werner Kirsten to cause rapid tumor formation in rats (Malumbres and Barbacid, 2003). 

These viral oncogenes, named Harvey and Kirsten RAS (HRAS and KRAS), along with their 

neuroblastoma RAS (NRAS) viral oncogene homolog, are activated versions of genes encoding 21-

kDa phospho-protein (p21) with guanine nucleotide (GDP and GTP) binding and GTP hydrolyzing 

activities (Malumbres and Barbacid, 2003). RAS superfamily act as molecular switches cycling 

between a GTP‐bound (active) and a GDP‐bound (inactive) states (Wittinghofer and Vetter, 2011) 

and based on the sequence, structure and functional similarities they are divided into five major 

families: RAS, RHO, RAB, ARF and RAN (Wennerberg et al., 2005). This superfamily plays a major 

role in signal transduction and transduces the signals from receptors at the membrane which regulate 

a variety of cellular processes. The RAS GTPases are involved in regulation of gene expression, cell 

proliferation, survival and differentiation. The RHO GTPases regulate actin organization and 

cytoskeleton. RAB and ARF GTPases play a role in vesicular trafficking, regulating endocytosis and 
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secretory pathways. RAN is involved in nuclear–cytoplasmic transport and mitotic spindle 

organization (Vigil et al., 2010). 

1.4.1 RAS family GTPases 

The RAS family includes 23 genes coding for at least 25 proteins. Based on sequence identity, 

structure and function, the RAS proteins were divided into eight paralog groups: RAS, RAL, RRAS, 

RIT, RAP, RHEB, RASD, and DIRAS (Nakhaei-Rad et al., 2018). The most characterized RAS 

proteins are HRAS, KRAS and NRAS which have become the subject of intense investigations due 

to their central involvements in signal transduction and their critical contribution to human diseases 

and disorders (Hobbs et al., 2016; Simanshu et al., 2017). These three canonical RAS are highly 

conserved across different species and play significant roles in various cellular processes, including 

proliferation, differentiation, cell growth and cell death (Castellano and Santos, 2011). 

1.4.2 RAS Effectors and signaling pathways 

RAS family proteins link the extracellular signals, transduced through their receptors, with 

multiple signaling pathways and consequently control a wide array of cellular processes. Different 

RAS paralogs have unique roles in modulating the cellular processes. The specificity comes from 

several levels: Subcellular localization, upstream stimuli, interactions with scaffolds, regulators and 

target proteins and downstream signaling. Activation of different transmembrane receptors, including 

receptor tyrosine kinases, G-protein coupled receptors (GPCRs), ion channel receptors (e.g. mGluR 

or NMDAR), cytokine receptors and adhesion receptors, lead to the activation of distinct RAS 

proteins in distinct cell types (Nakhaei-Rad et al., 2018). Specific regulation of cellular functions by 

the members of the RAS family depends on selective interaction with downstream targets, the 

effectors (Mott and Owen, 2015; Nakhaeizadeh et al., 2016), which transduce the signal to distinct 

pathways (Castellano and Downward, 2010; Cox and Der, 2003; Rajalingam et al., 2007). More than 

60 effectors reported for the RAS family proteins can activate about 49 pathways (Nakhaei-Rad et 

al., 2018).  

RAF kinases (ARAF, BRAF, and CRAF) are the major and best studied effectors for RAS 

family. These kinases are critical elements of the MAPK pathway, which control gene expression and 

thus, different cellular processes including proliferation, apoptosis, and differentiation (Fig. 4) 

(Desideri et al., 2015). CRAF and BRAF are apparently downstream of many different members of 

the RAS family, including HRAS, KRAS4B, NRAS, RAP1A, RRAS1, RRAS2, RRAS3, RHEB1, 

RIT1, and DIRAS3 (Baljuls et al., 2012; Jin et al., 2006; Karbowniczek et al., 2006; Mott and Owen, 

2015; Self et al., 2001; Wellbrock et al., 2004).  

The second best-characterized RAS effector family, PI3K (class I PI3K), phosphorylates 

phosphoinositide (4,5) bisphosphate (PIP2) and generates the second messenger phosphoinositide 

(3,4,5) trisphosphate (PIP3) that recruits the wide range of protein effectors through their PH domain 

to the membrane. Target proteins could be kinases (e.g. AKT and PDK1), adaptor proteins, GEFs, or 

GAPs that regulate different cellular processes (Fig. 4) (Vanhaesebroeck et al., 2001). HRAS1, 

NRAS, KRAS4B, ERAS, RRAS, and RAP1A activate PI3Ks (Nakhaei-Rad et al., 2018). 
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Other RAS effectors are RALGDS, PLCε, and RASSF. RALGDS links RAS with RALA/B, and 

regulates cellular processes such as vesicular trafficking, endocytosis and migration (Fig. 4) (Ferro 

and Trabalzini, 2010). 

 
Figure 4: Schematic representation of the RAS-GDP/GTP cycle and downstream signaling pathways. 

RAS proteins cycle between GDP and GTP form by two main regulatory proteins GEFs and GAPs. They only can transduce 

signal transduction when they are in a GTP form and bounded to the membrane by posttranslational modifications. Effector 

proteins of RAS-GTP are shown in red color and the downstream targets are in black. RAS, rat sarcoma; GEF, guanine 

nucleotide exchange factor; GAP, GTPase-activating protein; RALGDS, guanine nucleotide dissociation stimulator; 

RALBP1, RALA binding protein 1; PLCε, Phospholipase C ε; DAG, diacylglycerol; IP3, inositol trisphosphate; PKC, 

protein kinase C; RASSF5, RAS-association domain family; MST, mammalian sterile 20-like kinase; LATS, large tumor 

suppressor kinase. 

1.5 RAS dysfunction and diseases 

As RAS family proteins essentially control a wide variety of cellular processes, it is obvious that 

any dysregulation or dysfunction of the respective signaling pathways results in the development of 

human diseases, including developmental, hematological, neurocognitive and neurodegenerative 

disorders, metabolic and cardiovascular diseases and cancer. Somatic mutations, frequently identified 

for example in KRAS4B, HRAS, NRAS and RIT1, contribute to robust gain-of-function (GoF) 

effects and to various types of cancers as well as leukemia and lymphoma tumors (Simanshu et al., 

2017). 
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1.5.1 RASopathies 

The RASopathies are a clinically defined group of developmental genetic disorders caused by 

germline mutations in genes that encode components or regulators of the RAS-MAPK pathway. 

RASopathies include noonan syndrome (genes encoding KRAS4B, NRAS, RRAS1/3, RIT1, SOS1, 

SOS2, RASGAP1M, CRAF, CBL), cardio-facio-cutaneous syndrome (KRAS4B, BRAF, ERK1/2), 

costello syndrome (HRAS1, HRAS2), neurofibromatosis type 1 (neurofibromin), legius syndrome 

(SPRED1), noonan syndrome with multiple lentigines or LEOPARD (BRAF, CRAF, SHP2), and 

capillary malformation/arteriovenous malformation syndrome (p120RASGAP) (Fig. 5) (Aoki et al., 

2016; Cao et al., 2017; Flex et al., 2014; Higgins et al., 2017; Korf et al., 2015; Lissewski et al., 

2015; Pantaleoni et al., 2017; Rauen, 2013; Simanshu et al., 2017; Tidyman and Rauen, 2016). Each 

RASopathy exhibit a unique phenotype but due to common underlying RAS-MAPK pathway 

dysregulation, they show various overlapping phenotypic features such as craniofacial 

dysmorphology, cardiac malformations, cutaneous, musculoskeletal, and ocular abnormalities, 

neurocognitive impairment, hypotonia and an increased cancer risk (Aoki et al., 2016; Cave et al., 

2016; Gelb et al., 2015; Lissewski et al., 2015; Mainberger et al., 2016; Simanshu et al., 2017). 

Neurocognitive deficits and cardiac anomalies, particularly hypertrophic cardiomyopathy that is not 

necessarily present at birth and has no causal treatment, are among the health issues, which are most 

critical for life quality and expectancy in RASopathies (Wilkinson et al., 2012). 

1.5.2 Noonan syndrome (NS)  

NS is a relatively common autosomal dominant developmental disorder that affects 

approximately 1 in 1,000–2,000 newborns. The principal features include congenital heart defects 

and hypertrophic cardiomyopathy, postnatally reduced growth, variable cognitive deficit, skeletal and 

hematologic anomalies an increased risk of developing cancer. This disorder is characterized by gain-

of-function mutations in genes encoding components of the RAS-MAPK signaling pathway, such as 

PTPN11, SOS1, RAF1, KRAS, NRAS, SHOC2 and CBL (Fig. 5) (Tartaglia et al., 2011). All of these 

genes harbor heterozygous germline mutations. The most common protein associated with NS is 

SHP2, encoded by PTP11 gene, which accounts for approximately 50% of all cases (Tartaglia et al., 

2001). The second-most-common cause of NS is SOS1 missense mutations, accounting for 

approximately 15% of all cases (Roberts et al., 2007; Tartaglia et al., 2007). KRAS and NRAS 

mutations are a rare cause of NS and have been found in a very small number of individuals, 

respectively (Cirstea et al., 2010; Schubbert et al., 2006). 

One of the mutated genes in RAS signaling is RAF1 as a downstream signal transducer. RAF1 

mutations can be divided into three groups that affected three regions in the protein. The first group 

of mutations (70% of total RAF1 defects) occur in the N-terminal consensus 14-3-3 recognition 

sequence or adjacent residues.  The second cluster (15% of RAF1 lesions) includes mutations which 

affect the activation region of the kinase domain (Asp486 and Thr491). The third group (15% of 

RAF1 mutations) occur at the two adjacent residues (Ser612 and Leu613) located at the C-terminal. 

These panel of RAF1 mutations differentially disrupt protein function and intracellular signaling 

(Tartaglia et al., 2011). Phenotype analysis of NS patients with RAF1 mutations (75% of cases) 

exhibit Hypertrophic cardiomyopathy (HCM). HCM is probably the major cause of unexpected death 

in patients with NS (Wilkinson et al., 2012) and is characterized by an increase in left ventricular 
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wall thickness. Its pathophysiology is poorly understood, but there is evidence from in vivo models 

that aside from MAPK pathway also other RAS-dependent effector pathways are involved, and that 

pharmacological inhibition may prevent the myocardial changes (Dhandapany et al., 2011; Marin et 

al., 2011). 

 

 
Figure 5: Schematic view of mutated genes of RASophaties in RAS-MAPK pathway. 

RASopathies are a group of developmental disorders with overlying clinical features and characterized by germline 

mutations in genes that encodes for proteins involved in this pathway (illustrated in color code). This group of 

developmental disorders includes the following disorders: noonan syndrome (NS), noonan syndrome with multiple 

lentigines (NSML), NF1-like syndrome (NF1-like), neurofibromatosis type 1 (NF1), capillary malformation– arteriovenous 

malformation syndrome (CM-AVM), cardio-facio-cutaneous syndrome (CFC), and costello syndrome (CS). NF1, 

neurofibromin 1; SPRED1, sprouty-related, EVH1 domain containing protein. 

1.5.3 Hypertrophic cardiomyopathy (HCM) 

HCM is the most common inherited form of heart failures affecting up to 0.2% of the population, 

which is manifested as thickening of the left ventricular wall, contractile dysfunction and potentially 

fatal arrhythmias. The molecular events that lead to clinical phenotype of HCM is still unclear but 

mutations in more than 20 genes have been identified which elucidate the genetic basis of HCM. 

Most of these genes encode sarcomeric proteins including myosin 7 (also known as cardiac muscle 

β-myosin heavy chain; MYH7), cardiac myosin-binding protein C (MYBPC3) and cardiac muscle 

troponin T (TNNT2) (Frey et al., 2011). As it has been mentioned earlier, NS patients according to 

the type of gene mutation, show different cardiac disease, such as HCM. In addition to the mutation 

in sarcomeric proteins, other stimuli can lead to cardiac hypertrophy that are divided into 

biomechanical and stretch-sensitive mechanisms which are associated with the release of growth 
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factors, cytokines, hormones and chemokines. These ligands are sensed by cardiac myocytes through 

different membrane-bound receptors such as RTK, GPCRs and gp130-linked receptors. These 

signaling directly leads to hypertrophic growth by changing gene expression, increasing protein 

translation and decreasing the rates of protein degradation. The important mediators of cardiac 

hypertrophy from proteins to signaling pathways are MAPK, NFAT, insulin-like growth factor-I 

(IGF-I), PI3K/AKT and mTOR (Heineke and Molkentin, 2006). 

GPCRs are activated by angiotensin II, endothelin-1 and catecholamines, leads to generation of 

DAG which function as an intracellular ligand for PKC and its activation. PKC activation cause the 

production of inositol-1,4,5 trisphosphate which upon accumulation leads to the mobilization of 

internal Ca2+ by directly binding to the Ins(1,4,5)P3 receptor located in the endoplasmic reticulum or 

the nuclear envelope. Ca2+ storage mediates hypertrophic signaling through calcineurin–NFAT 

activation or calmodulin dependent kinase (CaMK)–HDAC inactivation (Wilkins and Molkentin, 

2004).  

In cardiac myocytes, MAPK signaling is initiated by different ligands such as IGF-1, TGF-β and 

cardiotrophin-1 binding to RTKs, GPCRs and gp130-linked receptors. Activates MAPKs including 

ERK, JNK and p38 phosphorylate multiple intracellular targets, including numerous transcription 

factors that induce the reprogramming of cardiac gene expression (Heineke and Molkentin, 2006). 

MEK/ERK signaling can induce cardiac hypertrophy by enhancing the transcriptional activity of 

NFAT (Sanna et al., 2005).  

 

1.6 Fragile X mental retardation protein (FMRP) 

 

Genetic deficiency of the fragile X mental retardation protein (FMRP; also known as FRAXA, 

MGC87458, POF, POF1) results in the most common inherited form of intellectual disability, fragile 

X syndrome (FXS; also known as Escalante's syndrome or Martin–Bell syndrome) (Maurin et al., 

2014). It results from expansion of a CGG nucleotide repeat in the 5' untranslated region (UTR) 

of FMR1 (Verkerk et al., 1991) and the protein is ubiquitously expressed in different human cell types. 

During early embryonic development (0–14 days), FMRP is ubiquitously expressed similar to adult 

tissues. In the stage of day 15-19 of development, FMRP shows a specific pattern of expression, 

mainly in tissues from ectodermal lineage, such as brain, hair follicles, sensory cells and adrenal 

medulla (Bardoni et al., 2001).  

FMRP consists of an N-terminal domain containing two tudor (Tud) domains and one K 

homology 0 (KH0) domain, a central region containing two KH1 and KH2 domains, and a C-terminal 

domain containing a phosphorylation site (Bartley et al., 2014) and an arginine-glycine-glycine 

(RGG) region (Fig. 6) (Myrick et al., 2015). FMRP displays a nuclear localization signal (NLS), a 

nuclear export signal (NES) and two nucleolar localization signals (NoLSs) (Fig. 6) (Bardoni et al., 

1997; Feng et al., 1997; Kim et al., 2009; Taha et al., 2014; Tamanini et al., 1999), consequently 

localizing to different subcellular compartments in the cytosol and nucleus (Taha et al., 2014). The 

N-terminus of FMRP harbors different protein binding characteristics due to various subdomains. 

Two conserved Tud1/2 domains (also called N-terminal domain of FMRP 1 and 2 or NDF1 and 

NDF2) (Ramos et al., 2006; Taha et al., 2014) are part of the royal family of proteins that also includes 

Agenet, MBT, PWWP, and chromo domains (Maurer-Stroh et al., 2003). FMRP and Tud1/2 have 
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been shown to selectively associate with trimethyl-lysine peptides derived from histones H3K9 and 

H4K20 (Adams-Cioaba et al., 2010; Ramos et al., 2006) together with chromatin (Alpatov et al., 

2014). The N-terminus of FMRP has been proposed to be a platform for multiple protein-protein 

interactions (Ramos et al., 2006) (Ramos et al., 2006). A recent structure of the flexible FMRPN-term 

has revealed that this domain resembles a KH domain (Hu et al., 2015) that is directly linked to the 

tandem KH domains of FMRPcentral. KH domains are typical RNA and single strand DNA binding 

modules, which have been first described for the heterogeneous nuclear RNA-binding protein 

(hnRNP-)K (Nicastro et al., 2015; Varelas et al., 2008). FMRPC-term may apply for FMRPN-term, i.e. 

its interactions may not all be direct protein-protein interactions but rather mediated via RNAs. 

 
Figure 6: Schematic diagram highlighting major domains and motifs of FMRP. 

FCT, FMRP C-terminus; KH0, KH1 and KH2, tandem K homology domain (first described for hnRNP K protein); NES, 

nuclear export signal; NLS, nuclear localization signal; NoLS, nucleolar localization signal; RGG, arginine-glycine-glycine 

region; P, phosphorylation sites; Tud1 and Tud2, tandem Tudor domains. 

 

1.6.1 FMRP functions 

FMRP has been described previously to be involved in different biological functions. The most 

prominent function of FMRP is regulation of translation. The mechanisms of translational regulation 

by FMRP are not entirely clear, although mounting evidence suggests that FMRP suppresses 

translation of its target mRNAs via association with either stalled, untranslating polyribosomes or 

microRNA (miRNAs) (Wang et al., 2012a; Chen and Joseph, 2015; Irwin et al., 2000; Kenny et al., 

2014). This can leads to the formation of cytoplasmic ribonucleoprotein (RNP) granules, which 

control the expression, repression, or decay of specific mRNAs (Alberti et al., 2017). There are 

different types of cytoplasmic RNA granules, eukaryotic RNA processing bodies (P-bodies) and 

stress granules (SGs), which transport, store or degrade mRNAs, thereby indirectly regulating protein 

synthesis (Sfakianos et al., 2016; Alberti et al., 2017; Chyung et al., 2018; El Fatimy et al., 2016). 

There is an increasing evidence that such RNP granules are associated with several age-related 

neurodegenerative diseases (Maziuk et al., 2017). 

FMRP not only acts as an RNA binding protein (RBP) and local translational regulator for 

synaptic transmission (Ascano et al., 2012; Brown et al., 2001; Darnell and Klann, 2013; Darnell et 

al., 2011; Fernandez et al., 2013; Sakano et al., 2017; Santoro et al., 2012), but is also involved in 

the control of calcium channels (Ferron et al., 2014), actin cytoskeletal dynamics (Billuart and Chelly, 

2003; Nolze et al., 2013; Schenck et al., 2003), chromatin dynamics (Alpatov et al., 2014), DNA 

damage response (DDR) (Alpatov et al., 2014; Liu et al., 2012), and replication stress response 

(Zhang et al., 2014). These cellular functions presume physical properties for FMRP, which are 
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required not only for the recognition and localization of messenger RNA (mRNA) targets but also 

for direct association with a multitude of proteins and protein complexes (Pasciuto and Bagni, 2014a; 

Taha et al., 2014).  

1.6.2 FMRP and stem cells 

As it mentioned above, stem cells are regulated by a complex mechanism to maintain their 

unique characteristics. Understanding stem cell regulation is critical to unlocking their therapeutic 

potential. Conversely, stem cells also give the opportunity to explore mechanisms of development, 

as well as developmental disorders, such as FXS. FMRP play significant roles in several types of 

stem cells, including GSCs, eNSCs, aNSCs, ESCs and iPSCs (Callan and Zarnescu, 2011). So 

understanding the role of FMRP in stem cell regulation is important for two reasons, first the post-

translational function of FMRP likely plays a role in stem cell regulation and second, these cells 

provide a promising model to novel mechanisms and test potential treatments for FXS. 

FMRP and ESCs/iPSCs, Eiges and his colleagues analyzed hESCs derived from a 

preimplantation FXS embryo to investigate the early events of FMR1 gene inactivation. They showed 

that in undifferentiated FXS-ESCs with full expansion of CGG repeats, FMR1 was expressed with 

acetylated promoter but in differentiated cells FMR1 gene was methylated. They showed for the first 

time that differentiation will trigged FMR1 inactivation (Eiges et al., 2007).  Later, Telias et al. 

showed that during hESCs neural differentiation, FMRP expression had a steady upregulation, while 

FXS-hESCs could not upregulate FMRP during differentiation and exhibited aberrant expression of 

several neurogenesis markers. Although FXS-hESCs could differentiate to functional neurons, they 

had reduced synaptic connections (Telias et al., 2013). FXS-hESCs are a prominent model for 

investigating the disease mechanism of FXS in human. The development of iPSCs technology made 

a revolution in human development and diseases. Despite intense interest, very few FXS-iPSC studies 

have been published. Urbach et al. reprogrammed fibroblasts from three FXS individuals to iPSCs 

and found that the FMR1 gene remained transcriptionally silent and the promoter was methylated in 

all FXS-iPSCs. These data showed that there is a difference between hESCs and hiPSCs in FXS 

modeling and reprogramming has little effect on the silenced FMR1 gene (Urbach et al., 2010). 

Moreover, Sheridan et al. analyzed differentiation ability of FXS-hiPSCs to neurons and showed that 

FXS-iPSC differentiated neurons exhibited shorter neurites and fewer neurons, but more glia and also 

confirmed the lack of FMR1 gene reactivation in hiPSCs (Sheridan et al., 2011). These studies prove 

how hPSCs have given us the opportunities to study FXS and related disorders in human systems and 

to investigate questions that cannot be answered using rodent models. 

https://www.ncbi.nlm.nih.gov/pubmed/?term=Telias%20M%5BAuthor%5D&cauthor=true&cauthor_uid=23219959
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Aims and objectives 

The development of human embryonic stem cells opens new windows for basic research and 

regenerative medicine due to their two remarkable properties, self-renewal and pluripotency. A key 

goal in stem cell research is to identify the factors, which keeps human pluripotent stem cells (hPSCs) 

undifferentiated in vitro and differentiating later to mature functional derivatives. However, obtaining 

a clear and detailed view of how signaling pathways maintain pluripotency in vitro has been difficult 

to achieve due to some limiting factors including; disparate culture conditions, tools for evaluation 

of signal transduction pathways, their crosstalk and feedback loops. Basic fibroblast growth factor 

(bFGF) was the first factor found to be crucial for the maintenance of hPSCs in vitro. It promotes 

hPSCs self-renewal and pluripotency in two ways by directly activating RAS-MAPK and RAS-PI3K 

pathways and by indirectly stimulating autocrine effects. This thesis aimed at exploring and 

expanding in-depth the molecular mechanism of pluripotency with the focus of bFGF downstream 

signaling. Our data revealed that MAPK pathway appears to be the prime signaling pathway 

downstream of bFGF for maintaining pluripotency in hiPSCs (chapter II). Obtained knowledge about 

molecular properties and regulation of RAS GTPases is compiled in chapter III. 

In addition to the role of RAS-MAPK pathway in maintaining pluripotency, dysregulation of 

this pathway causes a class of developmental syndromes called RASopathies. Noonan syndrome 

patients with RAF1S257L point mutation are frequently associated with pathological hypertrophic 

cardiomyopathy (HCM). Understanding the molecular mechanism of HCM, induced by RAF1S257L, 

was another objective of this thesis. Therefore, patient-specific iPSCs, carried RAF1S257L, were 

differentiated to cardiac myocytes and investigated the mechanism involved in HCM in details 

(chapter IV). 

Another developmental disorder that can be investigated by the technology of hiPSCs is fragile 

X syndrome (FXS), with mutation in FMR1 gene. The protein, FMRP, plays a critical role in chromatin 

regulation, RNA binding, mRNA transport, and translation and interestingly plays important 

regulatory roles in several types of stem cells. The underlying mechanisms, including the cellular FMRP 

protein networks, which has remained elusive, was another goal of this thesis. We explored multitudes of 

novel FMRP interacting proteins and described numerous novel FMRP interactors and networks, which are 

involved in diverse subcellular processes (chapter V). 
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Background 

Hypertrophic cardiomyopathy (HCM) was reported as the first familial cardiomyopathy, is 

manifested as increase in left ventricular wall thickness and is the most common cause of sudden 

death in young people. HCM usually results from mutations in genes encodings structural 

components of sarcomere and signaling function. Dysregulation of sarcomeric proteins and signaling 

upregulate the fetal gene program, change the calcium transient rate, force generation and energy 

consumption. Altogether, these result in the increasement of cardiomyocytes size, fibrosis and 

pathological HCM.  

The germline mutations of RAS-MAPK signaling components result in a set of developmental 

disorders collectively called RASopathies, which are characterized by craniofacial dysmorphology, 

delayed growth, neurocognitive impairment, cardiac abnormalities and an increased cancer risk. A 

number of cardiac defects are listed in RASopathy with various prevalence in different disorders. 

Among them, the mild to-severe HCM is the main complication in patient affected by RASopathy.  

More than 30 years, RAS and its signaling components are studies as oncogenes. HCM is 

diagnosed in 80 % of LEOPARD individuals (PTPN11 and RAF1 mutations), 65% of Castello 

syndrome (HRAS mutation), 40% in Cardio-Facio-Cataneous syndrome (BRAF mutation) and 20% 

in Noonan Syndrome (NS) (RAF1>PTPN11>RIT1 mutations). Although, in general the frequency 

of HCM in NS syndrome is low (20%), notably, more than 90% of NS with RAF1 point mutation are 

associated with pathological HCM. RAF kinases, ARAF, BRAF and CRAF, share three conserved 

regions CR1-3. CR1 contains RAS binding domain (61-192aa) and CR2 (251-266) provides a 

regulatory phosphorylation site that acts as a docking site for 14-3-3 binding. Kinase domain are 

clustered in CR3 (333-625). Razzaque and Pandit reported, 80% NS individuals with S257L mutation 

mailto:reza.ahmadian@uni-duesseldorf.de
mailto:george.kensah@med.uni-goettingen.de
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in the CR2 exhibit the severe HCM with disorganized muscle bundles. However, the molecular 

mechanism of HCM, induced by RAF1S257L is not fully understood. To investigate the mechanism 

underlying the RAF1 induced HCM, we need the human disease model of cardiomyocytes which 

endogenously express RAF1S257L. 

Material and methods 

Generation and cultivation of human iPSCs 

Dermal fibroblasts were obtained with the institutional ethics approval and under informed 

consent of the parents from a female who was diagnosed with rapidly progressive HCM and a S257L-

mutation in exon 7 of RAF1. Human foreskin fibroblasts were purchased from ATCC and served as 

healthy controls. Fibroblasts were cultured in DMEM high glucose supplemented with 10% fetal calf 

serum, 1% non-essential amino acids, and 2 mM L-glutamine (all Thermo Scientific). Human iPSCs 

were generated using a cocktail of non-integrating episomal reprogramming vectors obtained from 

Addgene (pCE-hSK #41814, pCE-hOct3/4 #41813, pCE-hUL #41855, pCE-mp53DD #41856, 

pCXB-EBNA1 #41857) as previously published. In brief, 1x105 human fibroblasts were mixed with 

1 µg of each plasmid in a total amount of 100 µL resuspension buffer R (Thermo Scientific). After 

electroporation using the Neon Transfection system (Thermo Scientific) with two 20 ms pulses of 

1650 V, fibroblasts were plated in fibroblast medium onto a Geltrex matrix coated 6-well culture 

dish. After 24 h, medium was exchanged and cells were maintained further on in DMEM/F12 + 

GlutaMAX supplemented with 1% N2 supplement, 2% B27 supplement, 1% non-essential amino 

acids and 100 ng/mL bFGF. After 3-4 weeks, emerging iPSC colonies were manually dissected under 

microscopic control and plated individually on mitotically inactivated (gamma-irradiation at 30 Gγ) 

murine embryonic fibroblast feeder layers (iMEFs). Established human iPSCs were then cultivated 

as colonies on iMEFs in iPSC-medium (DMEM/F12 + GlutaMAX supplemented with 20% (v/v) 

knockout serum replacement, 0.1 mM 2-mercaptoethanol (Sigma), 1% (v/v) non-essential amino acid 

stock and 25 ng/ml FGF-2 (Peprotech) or as feeder-free monolayers in Geltrex coated cell culture 

flasks in iMEF conditioned iPSC-medium incl. 100 ng/mL FGF-2 (CM+/100) and passaged every 3-

4 days.  

Reverse transcriptase polymerase chain reaction  

Cells were disrupted by TRIzol™ reagent (Ambion, Life Technologies, Germany) and total 

RNA was extracted via RNeasy plus kit (Qiagen, Germany) according to the manufacturer’s protocol. 

Possible genomic DNA contaminations were removed using the DNA-free™ DNA Removal Kit 

(Ambion, Life Technologies, Germany). DNase-treated RNA was transcribed into complementary 

DNA (cDNA) using the ImProm-II™ reverse transcription system (Promega, Germany). Quantitative 

real-time reverse transcriptase polymerase chain reaction (qPCR) was performed using TaqMan 

probes or SYBR Green reagent (Life Technologies, Germany. The 2-∆∆Ct method was employed for 

estimating the relative mRNA expression levels and 2-∆Ct for mRNA levels. Among 6 different HKG 

that we tested HPRT1 showed the minimal variation among different cell lines and therefore, was 

used for normalization. 

Flow cytometry  
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For flow cytometric analysis, to prepare the single-cell suspensions of hiPSC-CBs, they were 

washed with phosphate buffer saline and incubated with Versene (EDTA-Solution, Gibco 

#15040066) for 10 min in Eppi-Thermomixer at 37°C. Continuously, TrypLE (10x) was added and 

incubate for additional 10 min at 37°C and 1200 rpm until the cell aggregates have disappeared.  Cells 

were fixed in 4% paraformaldehyde (PFA; Merck) for 10 min on ice and permeabilized with 90% 

ice-cold methanol for 20 min followed by a blocking step with 1.5% BSA and 2.5% goat or donkey 

serum diluted in PBS for 1 h at 4°C. Cells were stained with primary antibodies included OCT3/4 

(1:1000; Santa crus, # sc-5279), cardiac troponin t (1:200, Invitrogen, # MA5-12960) and Myosin 

light chain 2 V (1:100, Synaptic Systems, #  310111) overnight at 4°C. Secondary antibodies (Alexa 

Fluor 488-conjugated goat anti-mouse IgG and Alexa Fluor 488-conjugated donkey anti-rabbit IgG) 

were from Life Technologies and used at a dilution of 1:2000 for one hour at room temperature. 

Samples were collected with FACScanto (BD PharMingen) and analyzed with FlowJo Software 

(Treestar, Ashland, OR). 

Immunoblotting 

To extract the total protein, hiPSC-CBs were washed with phosphate buffer saline and lysis 

buffer (50 mM Tris-HCl pH 7.5, 100 mM NaCl, 2 mM MgCl2, 1% TritonX 100, 10% glycerol, 20 

mM beta-glycerolphosphate, 1 mM Ortho-Na3VO4, EDTA-free protease inhibitor (Roche, 

Germany)) and to disturb the cell aggregate the sonicator with 70% power were used Sonicate for 40 

second and they kept in rotor in 4⁰C for 30 min. Protein concentrations were determined with 

Bradford assay (Bio-Rad). Equal amounts of cell lysates (10-50 µg), were subjected to Sodium 

dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE). Following electrophoresis, the 

proteins were transferred to a nitrocellulose membrane by electroblotting and probed with primary 

antibodies overnight at 4˚C. All antibodies from Santa Cruz were diluted 1:200 in 5% non-fat milk 

(Merck, Germany)/TBST (Tris-buffered saline, 0.05% Tween 20), remaining antibodies were diluted 

1:1000. The following antibodies were applied for immunoblotting: mouse γ-tubulin (WB:1:2000, 

Sigma-Aldrich, # T5326),rabbit phospho-MEK1/2 (WB:1:1000, S217/S221, # 9154), rabbit 

phospho-ERK1/2 (WB:1:1000, T202/T204, # 9106), rabbit phospho-Akt (S473, WB:1:1000# 4060 

and T308, #2965), phospho-YAP (WB 1:1000; Ser 127; Cell Signaling, #4911), YAP (WB 1:1000; 

Cell Signaling, # 4912), JNK (WB 1:1000; Cell Signaling, # 9252), phospho-JNK (WB 1:1000; Thr 

183/Tyr185; Cell Signaling, # 9251), S6K (WB 1:1000; Cell Signaling, # 2708), phospho-S6K (WB 

1:1000; Thr389; Cell Signaling, # 9205), phospho-p38 (WB 1:1000; Thr180/Tyr182; Cell Signaling, 

#9211) and p38 (WB 1:1000; Cell Signaling, # 8690), OCT3/4 (WB: 1:1000; Santa crus, #sc-5279), 

alpha-actinin (WB 1:1000, Sigma, # A7811), cardiac troponin t (WB:1000, Invitrogen, #MA5-

12960), Myosin light chain 2 V (Synaptic Systems, #  310111), ATP2A2/SERCA2 (WB 1:1000; Cell 

Signaling, # 4388), RAF1 (WB 1:1000; abcam, #AB181115), phospho-RAF1 (WB 1:1000; S259, 

abcam, #ab173539). Membranes were stained with horse radish peroxidase (HRP)-conjugated 

secondary antibodies (1:5000 dilution). Signals were visualized using ECL (enhanced 

chemiluminescence) reagent (GE Healthcare). 

Immunocytochemistry 

Immunostaining was performed as described previously (Nakhaei-Rad et al., 2015). Briefly, 

cells were washed twice with ice-cold PBS containing magnesium/calcium and fixed with 4% 
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Formaldehyde (Merck) for 20 min at room temperature. To permeabilize cell membranes, cells were 

incubated in 0.25% Triton X-100/PBS for 5 min. Blocking was done with 3% bovine serum albumin 

(BSA, Merck) and 2% goat serum diluted in PBS containing 0.25% Triton X-100 for 1 h at room 

temperature. Incubation with primary antibodies was performed overnight. Cells were washed 3-

times for 10 min with PBS and incubated with secondary antibodies 2 h at room temperature. Slides 

were washed 3-times and the ProLong® Gold antifade mountant (4',6-diamidino-2-phenylindole) 

(Life Technologies) was applied to mount the coverslips. Primary antibodies included OCT3/4 

(1:1000; Santa crus, #sc-5279), TRA-1-60 (1:100, abcam), SSEA4 (1:70, Hybridoma Bank), alpha-

actinin (1:200, Sigma, # A7811), cardiac troponin t (1:200, Invitrogen, #MA5-12960), RAF1 (1:250; 

abcam, #AB181115). Secondary antibodies included Alexa488-conjugated goat anti-rabbit IgG 

(Invitrogen, #A11034), Alexa546-conjugated goat anti-mouse IgG (Invitrogen, #A11003), 

Alexa633-conjugated goat anti-rabbit IgG (#A4671), and Alexa488-conjugated goat anti-mouse IgG 

(Invitrogen, #A11029) (all from Life Technologies). Confocal images were obtained using a LSM 

510-Meta microscope (Zeiss, Jena, Germany). 

Transmission electron microscopy (TEM) 

Small biopsies were fixed with 6% glutaraldehyde/0.4 M phosphate buffered saline (PBS) and 

were processed with a Leica EM TP tissue processor with 1%-osmium-tetroxide and embedded in 

resin. For electron microscopy, ultrathin sections were contrasted with 3% lead citrate trihydrate with 

a Leica EM AC20 (Ultrastain kit II) and were examined using a Zeiss EM 109 transmission electron 

microscope equipped with a Slowscan-2K-CCD-digital camera (2K-wide-angle Sharp:eye). 

Results 

RAF1S257L causes left ventricular hypertrophy, fetal arrhythmia and perivascular fibrosis 

The meanwhile 18-year old female patient is the sixth of six children of healthy, unrelated 

parents. Pregnancy was complicated by polyhydramnion and fetal arrhythmias (Figs. 1A and 1B). 

The patient was born at 36-weeks gestation by caesarean section without complications. Medial 

epicanthus, low-set ears, deep hair line, right sided ptosis, and lateralized mamillas were noticed at 

birth. Immediately after birth, the ECG revealed chaotic atrial arrhythmia and ventricular 

arrhythmias, necessitating treatment with atenolol, while the echocardiogram displayed a 

biventricular hypertrophic cardiomyopathy (HCM) (Figs. 1C and D). Septal hypertrophy inclined 

within the next years and resulted in obstruction of the left ventricular outflow tract. A cardiac 

catheter examination at age 5 1/2 years demonstrated a left-ventricular intracavitary pressure 

gradient of 70 mmHg, prompting transaortic septal myectomy. Since then, HCM is non-progressive, 

not limiting daily-life activities. At the age of 8 years, she suffered one afebrile seizure. At this time, 

a short stature (height 114 cm, 3 cm < third percentile) was noticed. Neither lentigines nor other 

cutaneous symptoms were visible. Now, Noonan syndrome was suspected because of her peculiar 

face (Fig. 1A) in conjunction with short stature and HCM. At last follow-up, at the age of 16 years 

and a height of 146 cm (5 cm < third percentile), her cardiac status was stable. She is still on beta-

blocker, although Holter ECGs at age 15 and 16 years displayed nor arrhythmias. Cardiac MRI at 

this age disclosed a mild to moderate hypertrophy of the left ventricle with a septal wall thickness 
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during diastole of 15 mm and left-ventricular posterior wall thickness of 14 mm, being above the 

normal range in adults (Fig. 1D). 

Compared to a healthy individual, histological analysis of a left ventricular endomyocardial 

biopsy performed at age 5 ½ years showed a cardiomyopathy with increased nuclear diameter and 

myofibrillar disarray in H&E and Desmin stained sections (Figs. 1 F/F` and G/G`). Fibrosis was 

pronounced perivascular (Masson Trichrome, MT) (Fig. 1 H/H`) and the endothelial cell layer of 

the myocardial vessels was enlarged demonstrated by immunohistochemistry against smooth 

muscle actin (SMA) (Fig. 1 I/I`).  

Reprogramming of the somatic cells towards hiPSCs  

To investigate the mechanism of HCM, we need the source of pluripotent and proliferative 

cells to produce large amount of the cells and later differentiate them to human cardiomyocytes. 

Fibroblasts were obtained from dermal biopsies of NS patients heterozygotes for RAF1S257L (Fig. 

2A). The reprogramming of fibroblast to hiPSC was performed with cocktail of non-integrating 

episomal vectors harboring the transcription factors of OCT3/4, SOX2, L-MYC, TRP53 and EBNA-

1 as previously published. The hiPSC-RAF1 colonies stained positive for pluripotent markers of 

Alkaline phosphatase, OCT4, SOX2, NANOG, TRA1-60 and SSEA4. Differentiation assay 

confirmed that they were able to differentiate to all three germ layer, ectoderm, mesoderm and 

endoderm (Fig. 2).  
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Figure 1. Clinical manifestation of NS with RAF1 c.770C>T mutation. 

A) A girl with clinical diagnosis of Noonan syndrome was recognized with right-sided ptosis, down-

slanted angles of the mouth, and lateralized mamillas. B) Schematic family pedigree of Noonan 

patient. C) ECG displaying chaotic supraventricular arrhythmia. 2-Channel Holter monitoring 

demonstrating a ventricular arrhythmia (triplet). D) Representative cardiac MRI in longitudinal axis 

during diastole (left) and systole (right) at age 16 years depicting moderate cardiac hypertrophy. F-I) 

Microscopy analysis of cardiac tissue (CT). F/F`) HE staining shows moderate variation of 

cardiomyocyte size and nuclei. G/G`) Desmin represent the microfilament disarray. H/H`) Masson 

trichrome staining (I/I`) shows perivascular fibrosis, smooth muscle actin staining (SMA) 

demonstrates endothelial thickening. 
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Figure 2. Characterization of RAF1S257L-iPSCs. 

Human RAF1-iPSCs reveal a normal karyotype, express pluripotency markers and differentiate into 

ectodermal, endodermal and mesodermal derivatives in vitro. A) RAF-1 Patient derived from dermal 

fibroblasts. B) Typical RAF1-iPSC colony on mitotically inactivated murine feeder cells. C) Colonies 

stain positive for alkaline phosphatase activity. D) In passage 8 after reprogramming, iPSCs show a 

normal diploid karyotype. E) Sanger sequencing confirmed the heterozygous RAF1 S257L mutation 

in iPSCs (asterisk). F) Expression of pluripotency markers Oct4, SSEA4 and Tra-1-60 by 

immunofluorescence staining and flow cytometry. Gray histograms represent isotype controls. G) 

Trilineage differentiation of patient iPSCs. Expression of endodermal (TUBB3), mesodermal 

(Nkx2.5 and sarcomeric alpha actinin) and endodermal (Sox17) markers was detected. F) Relative 

gene expression of pluripotency (Nanog, Oct4, Sox2) and differentiation markers (Nestin, TUBB3, 

beta myosin heavy chain, Nkx2.5, FoxA2, alpha fetoprotein) of differentiated embryoid bodies on 

day 24 of differentiation relative to undifferentiated iPSCs normalized by beta actin expression. Bar 

graphs represent mean of three independent samples +/- SEM. *P < 0.05, **P < 0.01, ***P < 0.001, 

****P < 0.0001, unpaired t test. Scale bars: A, F, G: 100 µm, B, C: 1000 µm. 
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Uncovering multiple protein interaction networks linked to 

fragile X mental retardation protein 
 
 
Physical and functional protein and RNA interaction networks of FMRP suggest its participation in 

different fundamental cellular processes 
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IL-6 trans-signaling controls liver regeneration after partial 

hepatectomy 
 
 

IL-6 trans-signaling completely compensates for the loss of IL-6 classic signaling in liver 
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Pluripotent stem cells possess two remarkable properties: pluripotency or the ability to give rise into all 

the tissues of adult body and immortality or indefinite self-renewal. The derivation of hESCs from human 

embryo (Thomson et al., 1998) and the development of hiPSCs by reprogramming somatic cells (Takahashi 

et al., 2007) are the main technological breakthroughs in biomedical research. Investigating the molecular 

basis of hESCs or hiPSCs as well as studying how pluripotency is maintained and how lineage commitment 

is regulated, are crucial not only for understanding the human embryogenesis and differentiation into 

different cell types but also for human disease modeling, drug discovery and stem cell therapy; these 

potentials are on the beginning to be identified (Pera and Tam, 2010). Therefore, it is noteworthy to search 

for the key signaling pathways that govern pluripotent state of hiPSCs. Moreover, studying the pathological 

mechanisms underlying human diseases plays an essential role in discovering novel therapeutic strategies. 

Disease modeling using primary cells from patients is useful for developing therapeutic strategies and 

aetiology of human diseases. However, there are some limitations such as lack of accessible source of 

primary cells from patients. hiPSCs are an attractive alternative since they can easily be reprogrammed from 

different cell types, such as skin fibroblasts and blood cells, from different patients. Due to properties of 

hiPSCs, self-renewal and potential to differentiate into nearly any cell type in the body, patient-specific-

iPSCs can provide wide range of disease-relevant cells and various cell types that were previously not 

possible to access like neurons and cardiomyocytes (Shi et al., 2017).  

Small GTPases of RAS superfamily are central nodes of intracellular signaling which are involved in 

almost every aspect of cell biology. This family composed of different families (RAS, RHO, RAN, RAD, 

RAG, RAB and ARF) with specific expression, regulation and effector proteins which can activate different 

signaling pathways and exert their cellular function. 

This doctoral thesis provided new insights into molecular mechanism of pluriotency in hiPSCs with the 

focus of bFGF downstream signaling (chapter II) continued by expanding the knowledge about molecular 

properties and regulation of RAS GTPases (chapter III). In chapter IV, the advantage of hiPSC is 

introduced by reprogramming dermal fibroblasts from a NS patients with HCM due to a RAF1 

mutation. Specific hiPSCs were differentiated into cardiomyocytes and the mechanism involved in 

HCM was investigated in details. In chapter V, another developmental disorder, fragile X mental 

retardation, is introduced and the interaction networks of a large number of novel FMRP binding proteins 

are studied in details. 

7.1 hiPSCs and pluripotency 

This thesis provides novel molecular insight into the regulation of pluripotency maintenance of 

hiPSCs (chapter II). Our findings indicate that among the signaling pathways downstream of bFGF, 

the MAPK pathway plays a critical role in maintaining pluripotency, whereas strong activation of 

p38 and JAK/STAT3 signaling is linked to differentiation of hiPSCs. In contrast, no relevant changes 

occurred in the activation of AKT or JNK pathways from pluripotent hiPSCs towards differentiated 

cells. Moreover, we identified NRAS among the RAS paralogs as the likely link between bFGF 

receptor and the MAPK pathway that maintains hiPSCs pluripontency. Each signaling will be 

discussed in details below. 

MAPK signaling pathway and pluripotency  Different studies suggest pleiotropic effects of 

bFGF activating different pathways in hESCs either directly or indirectly by inducing paracrine 
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signaling via iMEFs in coculture (Lanner and Rossant, 2010). For investigating the mechanistic 

effects of bFGF, we compared the signaling pathways in undifferentiated vs. differentiated hiPSCs 

obtained via bFGF withdrawal. FGF has been reported to activate multiple downstream signaling 

pathways, including MAPKs (ERK, JNK and p38), PI3K and JAK/STAT (Bottcher and Niehrs, 

2005). Our study demonstrates the activation of MEK-ERK1/2 pathway in undifferentiated hiPSCs 

and a remarkable decrease in the p-MEK and p-ERK1/2 levels by withdrawing bFGF which induces 

their differentiation. Previously, Li and colleagues have shown that inhibiting FGF signaling induces 

hESC differentiation into primitive endoderm and trophectoderm (Li et al., 2007). However, Singh 

et al. have reported a pro-differentiation role of MAPK pathway in hESCs (Singh et al., 2012). These 

conflicting reports could be due to different culture conditions, cell lines or even pathway dose-

dependency. Our data argue against a pro-differentiation role of the MAPK pathway. We used in this 

study a system for culturing hiPSCs with iMEF-CM that was supplemented with 100 ng/ml bFGF 

which was different from Li et al. and Singh et al. (Li et al., 2007; Singh et al., 2012). Under these 

conditions we are able to dissect direct and paracrine iMEF-mediated influences of bFGF without the 

risk of confounding effects based on sample contamination with feeder cells. Our data clearly showed 

that MAPK pathway positively regulates hiPSC pluripotency. 

 

PI3K/AKT signaling pathway and pluripotency  PI3K/AKT activation by bFGF has also been 

shown to be important for the maintenance of the undifferentiated state of hESCs (Eiselleova et al., 

2009). This pathway contributes to a variety of important cellular processes including nutrient uptake, 

anabolic reactions, proliferation and survival (Yu and Cui, 2016). Proliferation and survival can be 

controlled by mTORC1 mediated activation of S6K and mTORC2 mediated inhibition of FOXO-1, 

respectively (Laplante and Sabatini, 2012; Chiang and Abraham, 2005). Armstrong and colleagues 

have shown that PI3K/AKT is important for maintaining pluripotency in hES-NCL1 cells and the key 

components of this pathway, such as p-PDK1, p-PTEN, p-AKT308 and p-AKT473 are downregulated 

during differentiation to embryoid bodies (Armstrong et al., 2006). Li and coworkers have shown 

that PI3K/AKT pathway, downstream of bFGF, is highly active in hESCs, such as H1 and H9 cells, 

which supports hESC self-renewal and pluripotency (Li et al., 2007). Other studies have implicated 

the survival and anti-apoptotic role of PI3K/AKT in hESCs and hiPSCs (Hossini et al., 2016; 

Romorini et al., 2016; Singh et al., 2012). In our study, two axes of AKT activation were investigated, 

PI3K-PDK1-AKT-S6K and mTORC2-AKT-FOXO1 as downstream pathways of bFGF, which is 

different from previous reports that just showed the importance of PI3K/AKT in maintenance of 

pluripotency and not as a target of bFGF signaling (Hossini et al., 2016; Romorini et al., 2016; Singh 

et al., 2012). Our results showed that there was no change in the activation level of these two pathways 

following hiPSCs differentiation. This suggests that AKT-S6K and AKT-FOXO1 signaling remain 

unaffected in the presence and absence of bFGF during a long-term culture which may be due to the 

presence of knockout serum replacement (KSR) in iMEF-CM. KSR contains high levels of insulin 

that can activate AKT pathways (Singh et al., 2012). This rather suggests that PI3K/AKT is not 

critical for maintaining the undifferentiated state of hiPSCs and most probably plays an anti-apoptotic 

role required for survival of hiPSCs rather than their pluripotency.  

 

p38 MAPK and JNK signaling pathways and pluripotency  In addition to MAPK and 

PI3K/AKT pathways, we also analyzed other signaling pathways, including p38 MAPK and JNK, 

both can be activated by FGF signaling (Lanner and Rossant, 2010). p38 activation has been observed 
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in response to a variety of extracellular stresses and mitogenic stimuli which lead to different cell-

specific responses, including inflammation, cell death, senescence, survival, cell growth and 

differentiation (Zarubin and Han, 2005). So far, little is known about the role of p38 in pluripotency 

of hESCs. Neganova and colleagues demonstrated an increased activity of p38 MAPK during the 

early stage of reprogramming of human fibroblasts to hiPSCs and the importance of this pathway for 

obtaining fully reprogrammed cells (Neganova et al., 2017). Moreover, hESCs and hiPSCs are in a 

high-methionine metabolic state which decreases upon differentiation. In this regard, it has been 

shown that methionine deprivation triggering the activation of p53-p38 signaling leads to NANOG 

downregulation and differentiation into all three germ layers (Shiraki et al., 2014). We showed in this 

study, for the first time, an increase in p38 MAPK activity during hiPSCs differentiation under bFGF 

starvation. It can be proposed that p38 is inhibited as a downstream target of bFGF in undifferentiated 

hiPSCs. Findings from Drosophila studies and some human cancers indicate that JNK might be a 

regulator of stem cells and cancer stem cells. Brill et al. observed a significantly elevated JNK activity 

in undifferentiated hESCs, which if blocked by JNK inhibitors under feeder-free conditions in the 

presence of conditioned medium (CM), led to decreased OCT4 expression and differentiation (Brill 

et al., 2009). A possible contribution of JNK signaling to the maintenance and/or self-renewal of 

hESCs was additionally confirmed in a different hESC line, Harvard’s HUES-7. In response to BMP-

induced differentiation, a transient elevation of c-Jun phosphorylation was observed, which indicates 

both the competence of the basal JNK pathway to maintain the stemness of the hESCs and a possible 

involvement of JNK activation in the initiation of hESC differentiation (Van Hoof et al., 2009). In 

our study, we observed the constant activation of JNK during hiPSCs differentiation in response to 

bFGF starvation. Thus, JNK pathway may be involved in other cellular responses rather than 

maintaining pluripotency or inducing differentiation. 

 

JAK/STAT3 signaling pathway and pluripotency  mESCs can be maintained in vitro by adding 

LIF to the medium and its withdrawal rapidly leads to differentiation (Smith et al., 1988; Williams et 

al., 1988). LIF activates JAKs which subsequently phosphorylate STAT3. Activated STAT3 

translocates into the nucleus and activates transcription of target genes (Sasse et al., 1997; Wang et 

al., 2012b). Interestingly, LIF/STAT3 signaling fails to support self-renewal of hESCs and is 

nonresponsive to LIF/STAT3 (Daheron et al., 2004). Since LIF is not the only cytokine that activates 

JAK/STAT3 pathway, we analyzed the activity of this pathway downstream of bFGF. Similar to 

Humphrey and coworkers, who have shown that STAT3 phosphorylation was not detectable in 

undifferentiated hESCs (Humphrey et al., 2004), we also could not observe phosphorylation of 

STAT3 in undifferentiated hiPSCs. Interestingly, upon differentiation, JAK/STAT3 pathway was 

activated in hiPSCs. It can be postulated that unlike mESCs, hiPSCs do not require STAT3 activity 

for the maintenance of their pluripotency but rather for their differentiation. 

 

RAS paralogs and pluripotency  We demonstrated the critical role of MAPK pathway 

downstream of bFGF in maintaining pluripotency in hiPSCs. For further analysis of this pathway, we 

analyzed the expression of canonical RAS isoforms in undifferentiated vs. differentiated hiPSCs. 

Interestingly we found that in contrast to the decreased level of MAPK pathway activity in 

differentiated hiPSCs, the levels of RAS mRNA and protein were both upregulated upon 

differentiation. To elucidate the activity level of RAS (GTP-bound), pull down assays were 

performed with CRAF-RBD as an effector for RAS proteins. RAS activity was drastically reduced 
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in differentiated hiPSCs compared to undifferentiated cells, consistent with the decrease of MAPK 

pathway activity levels. These findings suggest that RAS-RAF is upstream of MEK/ERK and its 

activity will be decreased upon differentiation in hiPSCs. Furthermore, we analyzed main RAS 

paralogs, i.e. H-, K- and NRAS. Interaction analyses with two RAS effectors (RAF and PI3K) showed 

that among the RAS paralogs, NRAS preferentially interacts with RAF in the presence of bFGF and 

activates the MAPK pathway while no interaction was observed with PI3K independent of the bFGF 

stimulation status. KRAS interacts physically with RAF and PI3K but showed no preference for either 

of the effectors upon bFGF starvation or stimulation. 

7.2 hiPSCs and disease modeling 

Noonan syndrome is an autosomal dominant disorder of RASopathies which is manifested by 

heart defects, facial dysmorphism, ectodermal abnormalities and mental retardation. One of the 

common molecular pathogenesis of these disorders are the mutations in genes of RAS-MAPK 

signaling pathway. The role of RAS-MAPK in HCM remains controversial. In 2007, mutation in 

RAF1 were identified in patients with NS and LEOPARD syndrome (Pandit et al., 2007; Razzaque 

et al., 2007). RAF1 is a Ser/Thr kinases which transmits signals from RAS proteins (from the cell 

surface) to the nucleus. Regulation of RAF1 is complex and involves protein–protein interactions, 

phosphorylation at multiple residues (inhibitory and activatory) and localization (Wellbrock et al., 

2004). RAF isoforms, RAF1, ARAF and BRAF share three conserved regions CR1, CR2 and CR3 

(Mercer and Pritchard, 2003). BRAF mutations identified in CFC patients were located in CR1 and 

CR3 domains (Aoki et al., 2008), meanwhile mutations in RAF1 reported in NS and LEOPARD 

patients mostly were clustered in CR2 domain and some mutations in CR3 domain. 80% of NS 

individuals with S257L mutation in the CR2 domain of RAF1, exhibit the severe HCM with 

disorganized muscle bundles and enhanced phosphorylation of ERK1/2 (Pandit et al., 2007; 

Razzaque et al., 2007). 

Previously, Kobayashi and colleagues identified eight RAF1 mutations in 18 out of 119 patients 

with NS and related conditions without any mutations in other genes of RAS-MAPK pathway. The 

frequent phenotype of these patients was HCM and short stature. Four of these mutations were 

clustered in CR2 domain (p.S257L, p.S259F, p.P261A, and p.N262K) which has an inhibitory 

phosphorylation site (serine at position 259; S259). Among all mutations, S257L, was found in 11 

patients. Moreover, they investigated the molecular mechanisms by which RAF1 mutants are 

activated. Mutations in CR2 domain including S257L, had impaired phosphorylation of S529, which 

will lead to non-efficient binding of RAF1 to 14-3-3 proteins, resulting in partial activation of ERK, 

suggesting that mutations in CR2 domain lead to dephosphorylation of S259, which is the primary 

pathogenic mechanism in the activation of RAF1 mutants as well as the downstream ERK (Kobayashi 

et al., 2010). Later, Dhandapany et al. investigated the role of RAF1 signaling in HCM in neonatal 

and adult rat cardiomyocytes. Overexpression of wild-type and different mutations of RAF1 

including S257L and L613V in adult rat cardiomyocytes, caused HCM by activating ERK and 

calcineurin pathways whereas similar RAF1 overexpression in neonatal rat cardiomyocytes only 

activated calcineurin signaling. These data suggested that RAF1 overexpression induced HCM via 

two pathways, ERK and calcineurin, which depends on the developmental stage of heart 

(Dhandapany et al., 2011). In the current status of the art, our understanding about molecular 

mechanism of HCM is mainly based on animal models. Animal models will provide the scientist 
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valuable information about the whole organism; however, several remarkable differences exist 

between the mouse and human models. For instance, the resting beating rate of the mouse is 10-time 

more that human. In mouse, the myosin heavy chain 6 (faster isoform) is a dominantly expressed in 

ventricle and in human myosin heavy chain 7 (slower). The heart development, ion channels 

contribution and therefore electrical properties varies between human and mouse. One other hand, 

there are difficulties to obtain the human heart tissue samples. Regardless of this issue, since the adult 

cardiac myocytes represents the terminally differentiated cells, they are not surviving in long-term 

culture for further studies. Additionally, in the case of RASophaty, since the patients have the 

developmental disorders and exhibits the postnatal and neonatal HCM (below 2 years), the adult 

cardiac myocytes will not be helpful here. To circumvent these hurdles, the patient-specific human 

pluripotent stem cell-derived cardiomyocytes will be beneficial for overall understanding of human 

HCM. So, to investigate the mechanism underlying the RAF1 induced HCM, we generated 

ventricular hiPSC-cardiac bodies from patient carried RAF1S257L in 3D. Patient-derived cardiac 

myocytes recapitulated the HCM phenotype such as cell size enlargement, expression of fetal genes, 

and increased sarcomere protein synthesis and myosin heavy chain beta to alpha switch. RAF1S257L 

cardiac myocytes exhibited the abnormal sarcomere structure, increased calcium transient and cardiac 

contractility. CB-RAF1S257L illustrated a specific SERCA2 upregulation that may affect the calcium 

uptake via SR from cytoplasm. Signaling analysis also confirmed the higher MAPK activity in mutant 

CBs. These findings indicated an increased RAS-MAPK signaling pathway in RAF1S257L cardiac 

myocytes may regulate the observed HCM phenotype. 

7.3 FMRP and multiple cellular process 

FMRP has been described previously to be involved in different biological functions, e.g., RNA 

transport, protein translation, actin cytoskeleton remodeling, and SG formation (Chen and Joseph, 

2015; Sethna et al., 2014; Bardoni et al., 2006; Sidorov et al., 2013; Kenny and Ceman, 2016; Kim 

and Ceman, 2012; Wang et al., 2012a; Santoro et al., 2012; Fernandez et al., 2013; Maurin et al., 

2014; Zalfa et al., 2006; Alpatov et al., 2014; Garber et al., 2006; Santos et al., 2014). Most of these 

functions have been retained to the ability of FMRP to control translation of many different mRNAs 

(Pasciuto and Bagni, 2014b). This can explain why FMRP is expressed in several tissues and cell 

lines including iPSCs. FMRP has been previously suggested to play a role in maintenance and 

differentiation of iPSCs (Li and Zhao, 2014). Identified proteins in this study which interact with 

FMRP were classified into three ontologies, cellular component, molecular function, and biological 

process. The vast majority of these proteins are involved in binding of nucleic acids, especially 

mRNA, rRNA and miRNA and participate in RNA metabolism, ribosome biogenesis, RNA 

interference, mRNA processing and transport, actin dynamics, mitochondrial stability, SGs formation 

and translation. Other major functions include the regulation of the DNA damage response (DDR), 

transcription, cell cycle regulation, apoptosis, antiviral response, immunity, and proliferation. These 

functions imply an intracellular shuttling of FMRP into different subcellular compartments of the 

cell. FMRP has been previously described to be predominantly cytoplasmic (Tamanini et al., 1997). 

In recent years, it has become increasingly evident that FMRP translocates into the nucleus due to 

sequence motifs responsible for its nuclear import and export as well as nucleolar localization (Taha 

et al., 2014; Adams-Cioaba et al., 2010; Dube et al., 2000; Bardoni et al., 2003; Lai et al., 2006; Kim 

et al., 2009; Dury et al., 2013; Alpatov et al., 2014; Zhang et al., 2014; Okray et al., 2015; Tan et al., 

2016)  
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The data presented in this work considerably expand the physical and functional protein and 

RNA interaction networks of FMRP and suggest its participation in various fundamental cellular 

processes throughout the body beyond the central and peripheral nervous system. Accordingly, 

FMRP functions may start in the nucleolus following cytoplasmatic–nuclear translocation, where it 

may be involved in DNA damage response, maintenance of genome stability, biogenesis of ribosomal 

subunits and most likely their nuclear export. FMRP may be part of the transcriptional factory by 

regulating gene expression via interaction and orchestration of RNA polymerase II, where it directly 

binds to a large set of mRNAs and transport them to sites of local translation. Upon any kind of 

cellular stress, FMRP accumulates at sites of stress responses and facilitates for example stabilization 

double-strand RNA-binding and activating PKR and as consequence, leading to the formation of 

stress granules. Moreover, our novel interactome indicates that FMRP plays a central role in 

mitochondrial quality control and mitophagy, functions that are directly related to neurodegenerative 

and cognitive disorders, including FXS, Huntington's disease, Alzheimer disease, Down syndrome, 

and progressive supranuclear palsy. Our work provides valuable insights and constitutes a useful 

starting point for future studies of the cellular functions of FMRP. 
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