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ABSTRACT 

 

 

SIK2 INVOLVEMENT IN DOWNREGULATION OF FGF 

SIGNALING  

THROUGH GAB1 AND RAF-1 

 

 

Proliferative response of Müller cells to FGF2 is propagated via Ras/MAPK 

pathway, and involves rapid and transient ERK1/2 activation. Results from our laboratory 

implicate SIK2 in the regulation of FGF2 signaling via serine/threonine phosphorylation of 

pathway elements Gab1 and Raf1, on Ser266 and Ser621 respectively.  We propose that these 

phosphorylations hamper interaction with the partners to activate downstream events. In 

this study to test the hypothesis, Ser266 on Gab1 and Ser621 on Raf-1 were mutated to 

alanine via site-directed mutagenesis. As Ser621 has been described as an 

autophosphorylation site, Raf-1 was also rendered kinase inactive. Wild type and mutant 

proteins expressed in HEK 293T cells were purified by immunoprecipitation and were used 

for in vitro kinase assay. Results obtained from in vitro kinase assays indicated that the 

mutations obliterated the phosphorylation by SIK2, thus verified that SIK2 targets these 

serine residues. Co-immunoprecipitation studies revealed that S266A mutation increases 

FGF dependent Gab1-Shp2 binding, no differences were evident in Grb2-Gab1 interaction. 

Therefore, it is conceivable that the Ser266 phosphorylation by SIK2 is important in 

transient nature of Gab1 interaction with Shp2 and might regulate FGF-dependent ERK 

activation. The mutation led to modest enhancement of FGF dependent proliferation in 

MIO-M1 cells.  
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ÖZET 

 

 

SIK2’NİN GAB1 ve RAF-1 ÜZERİNDEN FGF SİNYAL YOLAĞININ 

NEGATİF REGÜLASYONUNA KATILIMI 

 

 

Müller hücrelerinin FGF2’ye karşı proliferasyon cevabı Ras/MAPK yolağı 

üzerinden, hızlı ve geçici ERK 1/2 aktivasyonu ile oluşturulmaktadır. Laboratuvarımızdan 

çıkan sonuçlar SIK2’nin, yolak elemanlarından Gab1 ve Raf-1 proteinlerini sırasıyla  Ser266 

ve Ser621 üzerinden fosforlaması ile FGF2 yolağını regüle ettiğini düşündürmektedir. 

Negatif regülasyon sürecinde gerçekleşecek olayların aktivasyonu için bu fosforlanmaların 

bağlanma partnerleri ile olan etkileşimleri engellediğini önermekteyiz. Bu hipotezi 

doğrulamak adına bu çalışma kapsamında,  in vitro mutagenez yöntemi ile Gab1 üzerindeki 

Ser266 ve Raf-1 üzerindeki Ser621 amino asitleri alanine dönüştürülmüştür. 621. serin amino 

asidinin otofosfarilasyon noktası olması nedeniyle, Raf-1 proteini kinaz inaktif kılınmıştır. 

HEK293T hücrelerinde anlatımları sağlanan yabanıl ve mutant proteinler, in vitro kinaz 

deneyinde kullanılmak üzere  immünçökeltme yöntemi ile izole edilmiştir. İn vitro kinaz 

deneyinden elde edilen sonuçlar bu mutasyonların SIK2 tarafından gerçekleştirilen 

fosforilasyonları engellediğini göstermiştir, böylece SIK2’nin bu serin amino asitlerini 

hedef aldığı doğrulanmıştır. Bağlanma partnerleri ile beraber immünçökeltme çalışmaları 

S266A mutasyonunun FGF uyarımına bağlı Gab1-Shp2 etkileşimini arttığına işaret 

ederken, Gab1-Grb2 etkileşiminde ise belirgin bir fark görülmemiştir. Bu veriler, SIK2 

tarafından gerçekleştirilen Ser266 fosforlanmasının Gab1 proteininin Shp2’ye geçici 

bağlanmasında önemli olduğu ve FGF’e bağlı ERK aktivasyonunu regüle ettiği 

düşündürmektedir. Bu mutasyonun MIO-M1 hücrelerinin FGF’e bağlı proliferasyonunu bir 

miktar arttırdığı görülmüştür. Verilerimiz SIK2’nin FGF2 yolağını Gab1 ve Raf-1 

proteinlerini, sırasıyla  Ser266 ve Ser621 üzerinden fosforlaması ile regüle ettiği önerisini 

desteklemektedir. 
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1. INTRODUCTION 

 

 

1.1. Müller Cells 

 

Major glial cells of the mammalian neural retina are the Müller cells (Bringmann et 

al., 2006). They span the entire thickness of the retina, interact with most of the retinal 

neurons and thus form an anatomical link between retinal neurons and the exchange 

compartments of the retina, like blood vessels, vitreous body and subretinal space 

(Bringmann et al., 2009a). They contribute to maintain structural integrity, homeostasis and 

information processing. (Bringmann and Reichenbach, 2001). They also have important 

roles in the energy metabolism of the tissue; glutamate and GABA removal and recycling, 

modulation of neuronal excitability, regulation of extracellular space volume, extracellular 

pH in the retina and  provide growth factors for neuronal survival (Tsacopoulos and 

Magistretti, 1996; Newman and Reichenbach, 1996; Bringmann et al., 2009a). In many 

retinal injury cases and diseases, including ischemia, glaucoma, age-related macular 

degeneration and diabetic retinopathy, Müller glial cells are activated (Bringmann et al., 

2009b). Activated Müller cells release neurotrophic factors including FGF2, BDNF, IGF-1 

and NGF which are thought to induce survival and proliferation of neurons and glial cells. 

However, in the long term proliferating Müller cells often result in glial scar formation and 

retinal detachment and finally blindness (Bringmann and Wiedemann, 2009). A small 

population of Müller cells preserve ability to undergo dedifferentiation to progenitor like 

cells and transdifferentiation to neurons (Fischer and Reh, 2001; Karl and Reh, 2010; 

Lawrence et al., 2007; Fischer and Bongini, 2010).  

 

MIO-M1 cells are established as a spontaneously immortalized cell line derived 

from the Müller glia of a postmortem human retina, it has been shown that MIO-M1 cells 

express both Müller glial markers as well as stem cell markers (Limb et al., 2002; 

Lawrence et al., 2007). Similar to primary Müller cells in culture, FGF2 and FGF9 induce 

proliferation via activation of ERK1/2 (Hollborn et al., 2004, Kinkl et al., 2001; Çınaroğlu, 

2005).  
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1.2. Fibroblast Growth Factors 

 

Fibroblast growth factors (FGFs) 1 and 2 are among the first growth factors that 

have been identified (Armelin, 1973; Gospodarowicz, 1974). In 1986 FGF2 was cloned and 

characterized (Abraham et al., 1986). Today 22 members of the family are known in the 

human genome. The FGFs are conserved from nematodes to humans (Ornitz et al., 2001). 

Phylogenetic relationships classify mammalian FGFs into seven subfamilies (Itoh and 

Ornitz, 2004) (Figure 1.1). 

 

 

 

Figure 1.1. FGF subfamilies. Seven FGF subfamilies are shown according to their 

phylogenetic relationships. Human FGF19 is the orthologue of mouse FGF15 

(Modified from Mason, 2007). 

 

All members have conserved gene structure and the size of the coding region of 

FGF genes ranges from under 5 kb (FGF3 and FGF4) to over 100 kb (FGF12). The 

molecular weight of FGF proteins ranges between 17 to 34 kDa. The protein structure is 

similar among the family members with the internal 120 amino acid core region where 28 

are highly conserved and 6 are identical (Ornitz, 2000). Ten of the amino acids are 

especially important in their interaction with FGF receptors (FGFR) (Plotnikov et al., 

2000). FGFs may be subjected to post-translational modification and alternative splicing 
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resulting in variable affinities for their receptors and thus affect their function (Olsen et al., 

2006). 

 

Many FGFs have signal peptide sequences at their amino terminal leading to 

secretion. However, FGF 1, 2, 9, 16 and 20 lack the signal peptide and are secreted via an 

alternate path (Powers et al., 2000). FGFs 11-14 are not secreted and do not function as 

FGFR ligands but they are localized to the cell nucleus (Goldfarb, 2005).  

 

FGFs in different cellular contexts may elicit proliferation, differentiation or 

survival responses. They have important roles in processes such as angiogenesis, tissue 

repair and embryonic development of various organs including the nervous system (Ornitz 

et al., 2001; Lamb and Harland, 1995; Reuss et al., 2003). In vitro studies  suggest that they 

play critical roles in axon guidance and synapse formation (Shirasaki et al., 2006; Dai and 

Peng, 1995). FGF 19, 21 and 23 were also found to be functioning as hormones that 

regulate bile, fatty acid, phosphate and glucose metabolisms in target organs (Kurosu et al., 

2007). They have poor heparin sulphate proteoglycan affinity; via binding of a 

transmembrane protein Klotho, they were shown to signal through FGFRs. 

 

FGF expression is observed in developing eye and in adult retina. FGF 1, 2 and 9 

are found to be mainly expressed in adult mammalin retina (Bugra et al., 1994; Bugra and 

Hicks., 1997; Fischer et al., 2004). FGFs 1, 2 and 9 are found to have proliferative effect on 

Müller cells (Mascarelli et al., 1991; Çınaroğlu et al., 2005). FGF8 plays a role in 

differentiation of retinal pigment epithelium cells into retinal neurons and its effect in 

induction of lens formation has been established (Vogel-Höpker et al., 2000). FGF15 

expression is found in retinal progenitor cells at early stages of development and in 

ganglion and amacrine cells at later stages (Kurose et al., 2004). In early mouse embryo, 

FGF9 ectopic expression in retinal pigment epithelial cells causes transdifferentiation of 

these cells (Zhao and Overbeek; 1999). FGF1, FGF2, FGF9 have been shown to promote 

retinal ganglion cell survival in vitro (Desire et al., 1998; Kinkl et al., 2003), whereas 

FGF1, FGF2, FGF5, FGF18 and FGF19 are shown to have roles in photoreceptor survival 

(Faktorovich et al., 1990; Green et al., 2001; Siffroi- Fernandez et al., 2008).  
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1.3. Fibroblast Growth Factor Receptors 

 

  The FGF signaling is transduced through the transmembrane receptor tyrosine 

kinases (RTKs) with the aid of heparin (Ornitz and Itoh, 2001). FGFR family consists of 4 

members, FGFR 1-4, with 55%-72% homology at protein level. FGF receptors share a 

common structure with three IgG like domains, an acid box (AB) and kinase domain 

(Figure 1.2). Alternative splicing of Ig III domain generates many FGFR isoforms (Figure 

1.3), with different ligand affinities and contribute to differential responses obtained by 

different FGFs (Powers et al., 2000).  

  

 

 

Figure 1.2. Structure of the fibroblast growth factor receptors. The extracellular domains of 

FGFRs consist of three IgG like loops ( IgG I-III) and an acid box, located between IgG I 

and IgG II which is composed of seven to eight acidic residues. 
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 FGFR1 and FGFR2 knock-out mice die at early stages due to severe developmental 

defects (Deng et al., 1997; Arman et al., 1998). FGFR3 and FGFR4 knock-out mice were 

viable but have many developmental defects (Weinstein et al., 1998).  

 

 In vertebrates, all FGF receptors are expressed in the retina (Kinkl et al., 2002). It 

has been shown that all FGFR1, FGFR2 and FGFR3 isoforms are expressed in Müller cells 

(Çınaroğlu et al., 2005).  

 

1.4. FGF Receptor Dimerization and Activation 

 

 Like many RTKs, FGFRs transmit the extracellular signal through dimerization and 

trans-tyrosine phosphorylation (Schlessinger, 1988). Heparin or heparin sulphate 

proteoglycans (HSPGs) are required for FGF-FGFR interaction and increase the half-life of 

FGF-FGFR complex (Yayon et al., 1991; Ornitz and Itoh, 2001; Harmer et al., 2004).  

 

 Ligand-dependent dimerization creates seven phosphotyrosine sites in the 

cytoplasmic tail of FGFR1;  Tyr463 in the juxtamembrane domain, Tyr583 and Tyr585 in the 

kinase insert domain, Tyr653 and Tyr654 in the activation loop of the kinase domain, Tyr730 

Figure 1.3. FGFR alternative splicing variants. The exons coding for IgIII domains are a, 

b, c. Blue box: truncation, green box: transmembrane domain, purple box: tyrosine 

kinase domains, yellow box: alternative C-terminal (Modified from Powers et al., 2000). 
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and Tyr766 in the C-terminal tail. All these sites are also conserved in FGFR2 (Furdui et al., 

2006; Mohammadi et al., 1996; Lundin et al., 2003). Phosphorylated tyrosine residues 

create docking sites for intracellular signaling molecules containing Src-homology-2 (SH2) 

domains (Pawson, 1995) leading to the activation of alternative signaling pathways.  

 

1.5. FGF Signaling Pathways 

 

There are three major pathways that are activated by FGFRs (Figure 1.4): 

Phospholipase-C-γ (PLCγ)/Ca+2, phosphoinositide 3-kinase (PI3K)/v-akt murine thymoma 

viral oncogene homolog (Akt) and rat sarcoma (Ras)/mitogen activated kinase-like protein 

(MAPK) pathways (Mason, 2007). Besides these 3 main pathways, there are alternate 

pathways such as v-src sarcoma (Schmidt-Ruppin A-2) viral oncogene homolog (Src) 

signaling pathway or v-crk sarcoma virus CT10 oncogene homolog (Crk) mediated 

pathway (Mason, 2007). Through its SH2 domain, Crk binds to activated FGFR and form 

Crk-Src homology 2 domain containing transforming protein (Shc)-Son of Sevenless (Sos) 

complex, this complex might regulate activation of p38 and Jun kinases and cytoskeletal 

rearrangement. The mechanism of Src pathway activation is not yet clear (Wong et al., 

2002; Dailey et al., 2005). 
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Figure 1.4. FGF Signaling Pathways. Three main pathways activated by FGFs are 

Ras/MAPK pathway, PI3K/AKT pathway and PLCγ/Ca+2 pathway (Modified from Mason, 

2007). 

 
1.5.1. PLCγ/Ca+2 signaling pathway 

 

 PLCγ is the first protein in the pathway that is activated by autophosphorylated 

FGFRs. Autophosphorylation of Tyr766 in carboxyl tail of FGFRs is required for PLCγ 

binding (Maffucci et al., 2009; Mohammadi et al., 1991). Activated PLCγ then hydrolyzes 

phosphatidylinositol-4,5-diphosphate (PI) to diacylglycerol (DAG) and inositol-1,4,5-

triphosphate (IP3). DAG activates protein kinase C (PKC), whereas IP3 triggers the release 

of calcium ions from intracellular compartments (Burgess et al., 1990; Mohammadi et al., 

1991). Activated protein kinase C reinforces the activation of the MAPK pathway by 

phosphorylating rapidly accelerated fibrosarcoma-1 (Raf-1) (Huang et al., 1995). 
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1.4.1. PI3 kinase/Akt pathway 

 

 When FGFRs are autophosphorylated, there are three mechanisms that PI3K/Akt 

pathway is activated. In the first one, phosphorylated tyrosine residues recruit SH2 domain 

containing PI3K regulatory subunit, p85 (Salazar et al., 2009). The second mechanism 

relies on “Grb2 Associated Binder1 (Gab1)-Fibroblast Growth Receptor Substrate 2 (Frs2)-

Growth Factor Receptor Bound Protein 2 (Grb2)” complex to recruit p85 subunit of PI3K 

to membrane (Ong et al., 2001). The last mechanism depends on recruitment of PI3K to 

cell membrane by activated Ras (Rodriguez-Viciana et al., 1994). Activated PI3K then 

activates Akt, which results in phosphorylation and inactivation of apoptotic proteins 

(Schlessinger, 2000). 

 

1.4.2. Ras/MAPK pathway 

 

 Activated FGFR recruits Frs2 and activates it (Kouhara et al., 1997), this  creates 

docking sites for Grb2, Sos and SH2 domain containing protein tyrosine phosphatase 2 

(Shp2). Tyr436 phosphorylation of Frs2 is required for efficient Shp2 recruitment, whereas 

Tyr196 phosphorylation functions as a docking site for Grb2-Sos complexes (Kouhara et al., 

1997; Hadari et al., 1998; Eswarakumar et al., 2005). This complex then interacts with 

small G-protein Ras and activates it, activated protein recruits Raf, which becomes a target 

of several kinases. Activated Raf in turn kinases MAPK/ERK Kinase (MEK), followed by 

Extracellular Signal Regulated Kinase (ERK) activation. This activation allows 

phosphorylation of target transcription factors and results in changes in gene expression 

pattern (Kouhara et al., 1997). 

 

1.6. Negative Regulation of Ras/MAPK Pathway 

 

 Since FGF pathway is involved in critical cell fate decisions, its control is vital for 

the cell. A tight regulation of FGF signaling is achieved by several mechanisms. One of the 

mechanisms for tight regulation of FGF signaling is through receptor downregulation by 

Casitas B-lineage Lymphoma (Cbl) binding. Cbl is recruited via Grb2 binding which 

results in ubiquitination and subsequent degradation of FGFR and Frs2 (Wong et al., 2002).  



9 
 

 Second mechanism involved in downregulation of FGF signaling requires inhibition 

through phosphorylation and dephosphorylation events. The most well studied proteins in 

this context are Sprouty, MAPK phosphatase 3 (MKP3), MAPK phosphatase 1, (MKP-1), 

and Similar expression of FGF genes (Sef) family members. It has been shown that four 

members of Sprouty have differential preferences in terms of FGFR isoforms and inhibit 

Ras/MAPK pathway at the level of Raf activation (Yusoff et al., 2002). Sprouty may also 

compete with Sos1 for Grb2 binding in the pathway (Lao et al., 2006). Sef proteins inhibit 

MEK phosphorylation of ERK; overexpression of Sef results in a decrease in Frs2 and 

FGFR1 phosphorylation levels and FGF induced cell proliferation (Kovalenko et al., 2003). 

As their name imply, MAPK phosphatases work on dephosphorylation of ERK 1/2 on 

phosphotyrosine and phosphothreonine residues (Farooq and Zhou, 2004).  

 

 Finally, ERK in a negative feedback loop downregulates Ras/MAPK signaling (Lax 

et al., 2002; Gotoh, 2008). ERK1 and ERK2 have been shown to phosphorylate Frs2 on 

eight canonical ERK phosphorylation residues when activated by FGFs, thus inhibit the 

recruitment of Grb2 through Frs2.  

 

1.7. Gab Family 

 

Gab proteins belong to a family of scaffold proteins (Gu and Neel, 2003). Gab1 was 

first isolated from a human glial tumor expression library (Holgado-Madruga et al., 1996); 

later Gab2 and Gab3 were identified based on sequence similarities. They range in size 

from 586 to 695 amino acids (Gu et al., 1998; Wolf et al., 2002). C. Elegans homolog is 

Suppressor of Clear 1 (Soc1), Drosophila homolog Daughter of sevenless (Dos) was first 

identified as a potential substrate of Corkscrew, Drosophila homolog of Shp2 (Herbst et al., 

1996).  

 

Gab proteins are involved in several signaling pathways stimulated by many ligands 

(Table 1.1) such as epidermal growth factor (EGF), insulin, interleukins, interferons, 

erythropoietin and thrombopoietin (Liu and Rohrschneider., 2002). 
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Table 1.1. List of pathways involving Gab1 (Modified from Liu and Rohrschneider, 2002). 

 
Receptor Ligand 

Epidermal growth factor receptor Epidermal growth factor 

Insulin receptor Insulin 

Met Hepatocyte growth factor 

Fetal liver kinase receptor 2 Fetal liver kinase 2 ligand 

Stem cell growth factor receptor Stem cell factor 

Neurotrophic tyrosine kinase receptor Nerve growth factor 

Platelet-derived growth factor receptor Platelet-derived growth factor 

B cell receptor Immunoglobin M 

T cell receptor Cluster of differentiation 3ε 

Interleukin 2 receptor Interleukin 2 

Interleukin 3 receptor Interleukin 3 

Interleukin 15 receptor Interleukin 15 

Interleukin 6 signal transducer Interleukin 6 

Interpheron γ receptor Interpheron γ 

Interpheron α receptor Interpheron α 

Granulocyte-colony stimulating factor 

receptor 

Granulocyte-colony stimulating factor 

Granulocyte-macrophage colony 

stimulating factor receptor 

Granulocyte-macrophage colony 

stimulating factor 

Erythropoietin receptor Erythropoietin 

Thrombopoietin receptor Thrombopoietin 

Prolactin receptor Prolactin 

  

Domains that are shared between Gab family members are N-terminal Pleckstrin 

Homology (PH) domain, proline rich region that is centrally located and also multiple 

tyrosine phosphorylation sites that allow Gab1 to interact with several proteins’ SH2 

domains (Rodrigues et al., 2000) (Figure 1.5). PH domains are required for Gab 

recruitment to the membrane, where it binds phosphatidylinositol-3,4,5-triphosphate (PIP3) 

(Lamothe et al., 2004). Proline rich region of Gab proteins facilitate interaction with SH3 

domain containing proteins such as Grb2 (Feng et al., 1994). A recent study has revealed 
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that one molecule of Sos1 binding to the SH3 domain of Grb2, allosterically favors Gab1 

binding to SH3 domain of Grb2 in a tertiary complex (Mcdonald et al., 2010). 

 

 

 
Figure 1.5. Gab family. Green boxes represent plecstrin homology domain, blue boxes 

indicate proline rich region, tyrosine residues that are phosphorylated  are indicated in the 

figure (Modified from Gu and Neel, 2003). 

 

Shp2 and p85 subunit of PI3K are well defined interaction partners of Gab. The 

interaction between Gab-p85 is required for activating Akt pathway in response to FGF 

stimulation (Ong et al., 2001). The tyrosines that are located closer to C terminal constitute 

the binding motif (YXXV/I/L) of Shp2 (Liu and Rohrschneider, 2002). When Tyr627 and 

Tyr659 are phosphorylated, Shp2-Gab1 binding is enhanced (Cunnick et al., 2001).  

 

Schaeper et al. (2007) have shown that Gab1-Shp2 binding is crucial for Met-

receptor directed placental development and cell migration. Bard-Chapeau et al. (2006) 

generated Gab1 and Shp2 knock-out mice and have shown that in both cases ERK1/2 levels 

were decreasing and there were defects in liver regeneration. Similarly, Gab1 deficiency in 

Shp2 binding resulted in a decrease in ERK1/2 activation levels with respect to control 

under insulin-like growth factor stimulation (Koyama et al., 2008).  
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1.8.  Raf Family 

 

Raf is as a serine/threonine protein kinase and is a well known proto-oncogene. The 

family of Raf consists of three members; A-Raf, B-Raf/RafB1and C-Raf/Raf-1 (Figure 

1.6). Raf-1 was first isolated from murine sarcoma virus in 1984 (Mark and Rapp, 1984). 

All three isoforms share three conserved regions (CR) with distinct functions; two of CRs 

are located in amino-terminus; CR1 contains Ras binding domain (RBD) that is required 

for Raf activation and a cysteine rich domain (CRD) which is involved in Ras binding as 

well as interaction with the kinase domain for autoinhibition (Chonget al., 2003). CR2 is a 

serine/threonine rich region, these residues when phosphorylated lead to inactivation. The 

last CR domain, CR3, spans the kinase domain, it is located near carboxyl-terminus, 

phosphorylation sites on this domain are crucial for the activity of Raf-1 (Chong et al., 

2003; Wellbrock et al., 2004).  

 

 

 

 

 

 

 

 

 

 

Raf-1 has a complex mechanism of activation (Figure 1.7). In basal state, Raf-1 is in 

closed conformation through 14-3-3 binding facilitated by phosphorylated Ser259 and Ser621 

residues. Dephosphorylation of Ser259 releases 14-3-3 interaction and allows Ras binding, 

thus Raf-1 recruitment to the membrane (Yip-Schnedider et al., 2000). Membrane recruited 

Raf-1 is then phosphorylated on several serine/threonine residues in the activation loop, 

which is followed by its dimerization and a shift to highly active conformational state. This 

Figure 1.6. Raf family. Raf family has 3 conserved regions; CR1, CR2 and CR3. CR-1 has 

Ras binding domains RBD and CRD, CR2 is composed of several serine and threonine 

residues whereas CR3 is the catalytic kinase domain (Modified from Chong et al., 2003). 
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state is stabilized by 14-3-3 binding via pSer621. pSer621 is subjected to phosphorylation by 

many kinases;  Raf-1 itself, Protein kinase A (PKA) and Adenosine monohosphate-

activated protein kinase (AMPK), this phosphorylation is shown to have negative effect on 

Raf-1 activity (Mischak et al., 1996; Sprenkle et al., 1997). This dual role of pSer621 is not 

well understood. Full kinase activation and phosphorylated state allows Raf-1 to interact 

with MEK (Zhu et al., 2005; Zang and Guan, 2000). Deactivation of Raf-1 starts with 

phosphatase recruitment and dephosphorylation of Ser338. Dephosphorylation allows it to 

interact with ERK that results in further inactivation (Dougherty et al., 2005). 

 

 

 
Figure 1.7. Activation/deactivation cycle of Raf1. Raf-1 activity is tightly controlled by 

phosphorylation and dephosphorylation events (Matallanas et al., 2011). 

 

In malignant melanomas, 66% of the cases have been shown to have a mutation on 

B-Raf and lower frequency of mutations have been identified in other cancer types (Davies 

et al., 2002). Most frequent B-Raf mutation is an activating mutation V600E that leads the 

kinase to fold in an active conformation. This mutated B-RAF stimulates sustained and 

strong activation of ERK and thus trigger melanocyte proliferation and clonal expansion 
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(Wellbrock and Hurlstone, 2010). A-Raf activation cycle is similar to Raf-1 but the binding 

affinities are lower (Matallanas et al., 2011). It is known that, all three Raf kinases can 

activate MEK1/2, which in turn activates ERK1/2. A-Raf is weakly activated by Ras and it 

is not a strong MEK activator (Marais et al., 1997). The biological function is still under 

investigation.  

 

1.9. Salt-Inducible Kinase Family 

 

The salt inducible kinase (SIK) family, which consists of 3 serine/threonine protein 

kinases, belongs to a sucrose-nonfermenting-1 protein kinase (SNF)/ AMPK super family 

(Bright et al., 2009). SIK1 was first isolated from adrenal glands of high-salt diet-fed rats 

(Wang et al., 1999). Homology search on human and mouse genomes identified two SIK1 

related genes (Figure 1.8), named SIK2 and SIK3 (Katoh et al., 2004). Both SIK2 and SIK3 

genes were found on chromosome 11, while the SIK1 gene is located on chromosome 21 

(Katoh et al., 2004). 

 

 

 
Figure 1.8. Salt-inducible kinase family. SIK family has three isoforms with 3 conserved 

domains. They have a conserved kinase domain at N-terminal, a SNF homology domain as 

well as a PKA phosphorylation site at C-terminal end. 

 

The family of AMPKs, including SIKs have flexible activation loops (A-loop) near 

their substrate binding pocket. When this loop is phosphorylated, a structural change in 

catalytic site enhanced kinase activity. Findings have shown that tumor suppressor LKB1 

phosphorylates threonine residues in A-loop of SIKs (Lizcano et al., 2004) and this 

phosphorylation creates a binding site for 14-3-3 protein which then results in a stable 
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active conformation and affects its localization (Al-Hakim et al., 2005, Takemori et al., 

2008). 

 

1.9.1. Salt-Inducible Kinase 1 and 3 

 

The SIK1 gene encodes a protein containing 766 amino acids. It has a nuclear 

import/export domain that spans between amino acids 567-612 (Katoh et al., 2002). In 

addition, many kinase regulatory sites have been identified; cAMP dependent kinase at 

Serine-577, calmodulin kinase site at Threonine-322, LKB1 site at Threonine-182 and an 

autophosphorylation site at Serine-186 (Horike et al., 2002, Jaleel et al., 2005; Hashimoto 

et al., 2008). 

 

SIK1 functions in the regulation of cAMP responsive element-binding (CREB) 

dependent gene expression. Lin et al. (2001) are the first ones to suggest SIK1 repression 

causes steroidogenic gene expression upon adenocorticotropic hormone (ACTH) 

stimulation. Later, Doi et al. (2002) showed that  SIK1 phosphorylates the basic leucine 

zipper domain of transcription factor CREB in the nucleus and causes repression of target 

genes. PKA can phosphorylate SIK1 on Ser577 and results in its translocation to the 

cytoplasm (Figure 1.9), thus controls CREB phosphorylation (Takemori et al., 2002). 

Recently, it was found that SIK1 regulates lipogenic gene expression by phosphorylating 

and inactivating nuclear sterol regulatory element-binding protein-1 (SREBP-1) in liver 

(Yoon et al., 2009). Another target of SIK1 is class IIa histone deacetylase-5 (HDAC-5), 

phosphorylation promotes its nuclear export (Cheng et al., 2011) and inhibits its 

deacetylase activity. Since HDAC inhibition is related with neuroprotective mechanisms, 

SIK1 is proposed as a neuroprotector. SIK1 was also suggested to take part in the  

regulation of intracellular sodium levels (Sjöström et al., 2007) via phosphorylation of 

phosphatase 2A/phosphatase methylesterase-1 (PME-1).  
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Figure 1.9. The role of SIK1 in repression of ACTH stimulated steroidogenic gene 

expression. PKA phosphorylation of SIK1 results in its shuttling between nucleus and 

cytoplasm. (Katoh et al., 2004) 

 

SIK3 is composed of 1263 amino acids (Katoh et al., 2004). It has a kinase domain 

between the residues 8-259, a UBA domain between the residues 283-336 and finally a 

phosphorylation domain between 486-518. LKB1 phosphorylates SIK3 on the kinase 

domain, on Thr163 (Lizcano et al., 2004). Northern blot analyses revealed that SIK3 is 

ubiquitously expressed (Okamoto et al., 2004). In Drosophila, downregulation of SIK3 

ortholog CG15072 leads to similar effects as the downregulation of LKB1, resulting in 

mitotic defects such as spindle and chromosome abnormalities (Bettencourt-Dias et al., 

2004). SIK3 was found to be activated directly by Akt in response to insulin revealing a 

role in energy balance in Drosophila (Wang et al., 2011).  

 

SIK1 and SIK3 roles in cancer were suggested recently. SIK1 has been identified as 

a regulator of p53 dependent anoikis, apoptosis induced by cell detachment (Cheng et al., 

2009). Loss of SIK1 has been shown to result in spread and survival of micrometastases. 

Elevated SIK3 levels are found in ovarian cancer cases (Charoenfuprasert  et al., 2011), it 

was shown that SIK3 overexpression results in enhanced cell proliferation and c-Src was 

found to be downstream signaling mediator of SIK3.  
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1.9.2. Salt-Inducible Kinase 2 

 

SIK2 is initially found as abundantly expressed in both human and mouse adipose 

tissues and SIK2 mRNA is rapidly induced during adipogenesis (Horike et al., 2003). Also 

SIK2 expression has been observed in testis and in developing and adult retina. (Horike et 

al., 2003; Özcan, 2003; Özmen, 2006) 

 

SIK2 is a 931 amino acid protein and the kinase domain is located between the 

amino acids 20-271. It has a ubiqitin-associated domain (UBA) between the residues 293-

346, a phosphorylation domain between the residues 577-623. The isoforms of SIKs have a 

relatively high degree of amino acid similarity. The similarities between SIK1 with SIK2, 

SIK2 with SIK3 in kinase domains are 70% and 73%; in UBA domains 70% and 40%; in 

phosphorylation domains 73% and 33% respectively (Katoh et al., 2004).  

 

One of the first identified kinases of SIK2 is LKB1, which phosphorylates SIK2 at 

Thr172 that is located on the activation loop (Lizcano et al., 2004). The phosphorylation of 

this residue renders the kinase 30 fold more active. Second one is PKA which 

phosphorylates SIK2 on Ser587. This phosphorylation leads to translocation of SIK2 to the 

cytoplasm (Horike et al., 2003).  

 

 Several SIK2 roles in metabolism have been suggested. In human adipocytes it 

phosphorylates IRS1 on Ser794 (rat Ser789) and modulates the efficiency of insulin signaling 

pathway, since SIK2 activity found elevated in diabetic rats  it was suggested to participate 

in development of insulin resistance (Horike et al., 2003; Katoh et al., 2004). In adipocytes 

SIK2 was identified to respond low energy levels in activator 5-amino-4-

imidazolecarboxamide (AICAR) responsive manner, replacing AMPK in AICAR mediated 

glucose uptake (Du et al., 2008). Screaton et al. (2004) have reported that SIK2 

phosphorylates Transducer of Regulated CREB Activity 2 (TORC2), CREB co-activator. 

The resulting phospho-TORC2 is sequestered in the cytoplasm via interaction with 14-3-3 

protein (Figure 1.10). Dentin et al. (2007) have shown that SIK2 is phosphorylated by Akt 

in response to insulin and activated, thus regulate TORC2 phosphorylation. Drosophila 

studies agree with the previous results and showed RNAi mediated knockdown of SIK2 

enhanced TORC activity and results in a resistance to starvation (Wang et al., 2008). It was 
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found that in cortical neurons SIK2 degradation results in elevation of TORC1 activity, 

increase of CREB-dependent gene expression and this prevents neural death after oxygen-

glucose deprivation (Sasaki et al., 2011). Bricambert et al. (2010) showed that SIK2 can 

phosphorylate histone acetyltransferase p300 and regulate hepatic lipogenesis by inhibiting 

acetylation of carbohydrate-responsive element–binding protein (ChREBP).   

 

  

 

 

 

 

 

 

 

 

 

 

  

 Recently, non-metabolic functions of SIK2 are reported. A centrosome linker 

protein c-Nap1 was found to be phosphorylated by SIK2, initiating centrosome separation 

in interphase (Ahmed et al., 2010). In diffuse large B-cell lymphoma (DLBCL), 

overexpression of SIK2 and amplification of SIK2 was found (Nagel et al., 2010).  

 

 

 

 

 

 

 

 

Figure 1.10. Role of SIK2 in TORC2:CREB mediated gene transcription. SIK2 

phosphorylates TORC2 which results in its translocation from the nucleus. (Screaton et 

al., 2004) 
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Table 1.2. Known substrates of SIK2 and their phosphorylation motifs. 

Phosphorylated residues are indicated with red. 

 
SIK2 phosphorylation motif:     (L/I) [(B)X or X(B)] (S/T)X(S/T)XXXL 

Ser794 on IRS1 L R L S T S S G R L 

Ser171 on TORC2 L N R T S S D S A L 

Ser2392 on CNAP1 L H H S L S H S L L 

Ser89 on P300 L L R S G S S P N L 

 

1.9.2.1. SIK2 in FGF pathway: SIK2 was identified in a yeast-two hybrid screen of a retinal 

cDNA library as an FGFR2 interactor and subsequently SIK2 expression was observed in 

developing and adult retina (Özcan, 2003; Özmen 2006). Sequence analysis of full length 

retinal SIK2 transcript revealed the presence of SH2 and SH3 domains, lending further 

support of its involvement in FGFR pathway. 

 

Further experiments showed that phosphorylation status, SIK2 activity and cellular 

localization are changed with FGF2 treatment in Müller cells (Küser, unpublished data; 

Candaş, 2007). Through canonical SIK2 phosphorylation motif search, three members of 

FGF pathway Grb2, Gab1 and A-Raf were revealed as potential targets. SIK2 was able to 

kinase Gab1 and A-Raf in vitro (Küser, 2006). On going studies in our laboratory indicate 

an increase in ERK 1/2 phosphorylation levels  and proliferation rates in MIO-M1 cells 

when SIK2 is knocked down (Küser, unpublished data). We hypothesize that SIK2 is 

activated in response to FGF2 and phosphorylates Gab1 and Raf-1 to decrease the binding 

with other signaling intermediates, thereby creating a negative feedback loop (Figure 1.11). 
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Figure 1.11. Working Model of SIK2 involvement in FGF signaling 
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2. PURPOSE 

 

Çınaroğlu (2005) has proposed that rapid and transient FGF2 dependent ERK 1/2 

activation observed in Müller cells might be a result of negative feedback mechanisms 

involving changes in the phosphorylation status of intermediate signaling molecules. Our 

working hypothesis suggests that SIK2 might be a part of negative regulation of FGF 

pathway through phosphorylation of Gab1 on Ser266 and Raf-1 on Ser621.  

 

In order to test this hypothesis, we aimed in this study: 

• To generate Gab1 and Raf-1 mutants and to verify SIK2 phosphorylation sites of 

Gab1 as Ser266 and Raf-1 as Ser621 in vitro.  

• To analyze the effect of phosphorylation of Gab1-Ser266 on interactions with Gab1 

binding partners Shp2 and Grb2 in response to FGF2. 

• Finally to investigate the effect of Ser266 phosphorylation of Gab1 on FGF2 

dependent proliferation of MIO-M1 cells. 
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3. MATERIALS 

 

 

3.1. Cell Lines 

 

Spontaneously immortalized human Müller glia cell line (MIO-M1) was a kind gift 

of Astrid Limb from University College London, Institute of Ophthalmology, London. 

Human embryonic kidney 293T cells (HEK 293T) were kindly provided by Nesrin Özören 

from Boğaziçi University, İstanbul. 

 

3.2. Chemicals, Plastic and Glassware 

 

All chemicals were purchased from Merck (Germany) or Sigma Aldrich (USA), all 

cell culture products were purchased from Invitrogen (USA) unless stated otherwise in text. 

Plastic products were purchased from TPP (Switzerland) and Greiner (USA). Sterilization 

of solutions and all glassware is done by autoclaving at 121oC for 20 minutes.  

 

3.3. Buffers and Solutions 

 

Buffer and solution compositions are given in Table 3.1 through Table 3.5. 

 

Table 3.1. Solutions for Bacterial Transformation. 

 
Luria Broth (LB) Medium 10 g Tryptone 

 5 g Yeast Extract 

 5 g NaCl 

to 1000 ml with H2O  
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Table 3.1. Solutions for Bacterial Transformation (continued). 

 
NZ amine and Yeast Extract 

(NZY+) Broth 

10 g Casein enzymatic hydrolysate (NZ amine) 

5 g Yeast Extract 

5 g NaCl 

12.5 mM MgCl2 

12.5 mM MgSO4 

0.4 % Glucose 

to 1000 ml with H2O 

LB Agar  1000 ml LB Medium 

20 g Agar 

 

Table 3.2. Buffers and solutions for Cell Culture and assays. 

 
Complete Medium for MIO-

M1 Cells 

Dulbecco’s Modified Eagle Medium (DMEM) 

supplemented with 

10% Fetal Bovine Serum (FBS) 

0.1% Penicillin/Streptomycin  

Complete Medium for HEK 

293T Cells 

DMEM supplemented with 

10% FBS  

0.1% Penicillin/Streptomycin  

1% Non-essential Amino Acid (Biochrom, Germany ) 

10X Trypsin-EDTA Solution 2.5% Trypsin 

7 mM Ethylenediaminetetraacetic acid (EDTA) 

0.9% NaCl 

diluted with 1X Phosphate Buffered Saline (PBS)  

Freezing Medium for MIO-

M1 Cells 

70% DMEM  

20% FBS 

10% Dimethyl Sulfoxide (DMSO)   

Freezing Medium for HEK 

293T Cells 

50% DMEM  

40% FBS 

10% DMSO  
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Table 3.2. Buffers and solutions for Cell Culture and assays (continued). 

 
FGF2 Solution DMEM supplemented with 

1 ng/ml FGF2 

100 µg/ml heparin 

2X HBS Buffer                            1.6 g NaCl 

 0.074 g KCl 

 0.027 g Na2HPO4 

 0.2 g Glucose  

 5 ml 1 M 4-(2-hydroxyethyl)-1-piperazineethanesulfonic 

acid (HEPES)  

 to 100 ml with dd H2O  

 Adjust pH 7.05 

4% PFA 4% Paraformaldehyde (PFA) 

in 1X PBS 

Blocking Solution for 

Proliferation Assay 

5% donkey serum 

0.1% Triton X-100 

In 1X PBS 

 

Table 3.3. Buffers and solutions for Western Blot analysis. 

 
10% SDS-polyacrylamide gel 

(running gel) 

10% Acrylamide:bisacrylamide (37.5:1) 

375 mM Tris-HCl (pH 8.8) 

0.1% Sodium dodecyl sulphate (SDS) 

0.1% Ammonium persulphate (APS) 

0.1% N,N,N’,N’,-tetramethylethylenediamine (TEMED) 

8% SDS-polyacrylamide gel 

(running gel) 

8% Acrylamide:bisacrylamide (37.5:1) 

375 mM Tris-HCl (pH 8.8) 

0.1% SDS 

0.1% APS 

0.1% TEMED 
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Table 3.3. Buffers and solutions for Western Blot analysis (continued). 

 
5% SDS-polyacrylamide gel 

(stacking gel) 

5% Acrylamide:bisacrylamide (37.5:1) 

125 mM Tris-HCl (pH 6.8) 

0.1% SDS 

0.1% APS 

0.1% TEMED 

6X Protein Sample Buffer 2% SDS 

80 mM Tris.HCl (pH 6.8) 

20% Glycerol 

10% β-mercaptoethanol 

0.005% Bromophenol Blue 

Runing Buffer 25 mM Tris.HCl 

250 mM Glycine 

0.2% SDS 

Transfer Buffer 25 mM Tris.HCl 

200 mM Glycine 

15% Methanol 

Tris Buffered Saline with 

Tween 20 (TBST) 

20 mM Tris.HCl (pH 8.0) 

150 mM NaCl 

0.1% Tween 20 

Coomassie Blue Solution 50% Methanol 

10% Acetic Acid 

0.05% Coomassie R250 

Fixing Solution 50% Methanol 

7% Acetic Acid 

Destaining Solution 5% Methanol 

7% Acetic Acid 

Stripping Solution 62.5 mM Tris.HCl (pH 6.8) 

2% SDS 

0.7% β-mercaptoethanol 
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Table 3.4. Buffers for Protein Isolation. 

 
Immnunoprecipitation (IP) 

Lysis Bufer 

20 mM Tris-Cl (pH 7.5) 

150 mM NaCl 

1 mM Na2EDTA 

1% Triton X-100  

Co-immunoprecipitation 

(Co-IP) Lysis Buffer 

20 mM Tris-Cl (pH 8.0) 

125 mM NaCl 

0.5% NP-40 

2 mM Na2EDTA 

 

Table 3.5 Buffers and solutions for Kinase Assay. 

 
2X Kinase Buffer 25 mM HEPES (pH 7.5) 

150 mM NaCl 

10 mM MgCl2 

2 mM MnCl2 

Mg/Mn ATP Cocktail 1X Kinase Buffer supplemented with 

100 µM cold Adenosine triphosphate (ATP) 

75 mM MnCl2 

75 mM MgCl2 

 

3.4. Plasmids  

 

Myc-DDK-tagged open reading frame (ORF) clone of Homo sapiens Raf-1 and 

Myc-DDK-tagged ORF clone of Homo sapiens GAB1, transcript variant 1 was purchased 

from Origene (Maryland ,USA). Gab1 cDNA clone has 2175 base pairs whereas Raf-1 

cDNA clone is composed of 1947 base pairs. cDNAs inserted in pCMV6-ENTRY vector 

has cMyc and Flag tags at their N-terminal (Figure 3.1). pEGFP-N3 plasmid encoding a 

brighter variant of green fluorescent protein (GFP) was used.  
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3.5. Primers 

 

Primers for sited-directed mutagenesis are designed and they are synthesized at 

Iontek (Istanbul, Turkey). 

 

Table 3.6. Primers used for sited-directed mutagenesis.  

 
Gene Mutagenesis Primer Sequence (5’-3’) Tm 

(oC) 

GAB1 

 

S266A 

 

Forward: 

CTGCCCAGGAGTTATGCCCATGATGTTTTAC 

79.6 

Reverse: 

GTAAAACATCATGGGCATAACTCCTGGGCAG 

RAF1 S621A Forward: 

GATCAACCGGAGCGCTGCCGAGCCATCCTTGC 

87.3 

Reverse: 

GCAAGGATGGCTCGGCAGCGCTCCGGTTGATC 

RAF1 K375M Forward: 

GGAGATGTTGCAGTAATGATCCTAAAGGTTGTC 

78.4 

Reverse: 

GACAACCTTTAGGATCATTACTGCAACATCTCC 

Figure 3.1. Plasmid map of pCMV6-ENTRY (Origene, USA). 
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Table 3.7. List of primers used for sequencing. 

 
Gene Primer Sequence 

(5’-3’) 

Tm (oC) 

GAB1 

(7-582 bp) 

Forward:                GGTGGTGAAGTGGTCTGCTC 60.72 

Reverse:                 GGGCTTCTTGCTTTGACAGT 59.48 

GAB1 

(500-1054 bp) 

Forward:                CCACCACACCTGGAAACTCT 59.43 

Reverse:                 TTCCACAGGAGATCGGTCAT 57.3 

GAB1 

(1032-1625 bp) 

Forward:                GCCACCGAAACCACATCC 62.36 

Reverse:                 AAACCATGGGGTTTGAGTCTT 59.72 

GAB1 

(1611-2172 bp) 

Forward:                CAAACCCCATGGTTTAGAGC 59.43 

Reverse:                 TTTCACACTCTTCGCTGGC 60.13 

RAF1 

(16-415 bp) 

Forward:                GGAGCTTGGAAGACGATCAG 59.95 

Reverse:                 GTGTTGTGAGGGGAACATGA 59.37 

RAF1 

(339-930 bp) 

Forward:                TTGGAATACTGATGCTGCGT 59.30 

Reverse:                 GGTTTTCGGCTGTGACCAG 61.65 

RAF1 

(880-1570 bp) 

Forward:                TCCAGTAGCCCCAACAATCT 59.55 

Reverse:                 GGTTGTTATCCTGCATTCGG 60.33 

RAF1 

(1466-1920 bp) 

Forward:                TGGCAACAGTAAAGTCACGC 59.91 

Reverse:                 GGTCAGCGTGCAAGCATT 61.00 
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Table 3.8. Antibodies used. 

 
Antibody Application Dilution Blocking Solution Source Supplier 

Anti-

cMyc tag 

Western 

Blotting 

1:1000 5% milk powder (MP) 

in TBS 

mouse Cell 

Signaling 

(USA) Immuno-

precipitation 

1:1000  

Cell 

Proliferation 

Assay 

1:1000 5% donkey serum 1% 

Triton X-100 in PBS 

Anti-GFP Immuno-

precipitation 

1:1000  rabbit Abcam (UK) 

Anti-SIK2 Western 

Blotting 

1:1500 5% MP 1% Bovine 

Serum Albumin 

(BSA) in TBST 

rabbit Novus 

Biologicals 

(USA) 

Anti-

phospho 

Raf1- 

Ser621 

Western 

Blotting 

1: 1000 5% BSA in TBST rabbit Thermo 

Scientific 

(USA) 

Anti-Gab1 Western 

Blotting 

1:1000 1% MP in TBST rabbit Santa Cruz 

(USA) 

Anti-Shp2 Western 

Blotting 

1:1000 1% MP in TBST rabbit Santa Cruz 

(USA) 

Anti-Grb2 Western 

Blotting 

1:500 3% MP in PBS mouse Upstate 

(USA) 

Anti-Ki67 Cell 

Proliferation 

Assay 

1: 1500 5% donkey serum 1% 

Triton X-100 in 1X 

PBS 

rabbit Leica 

Biosystems 

(Germany) 

Anti-

rabbit 

Alexa 546 

Cell 

Proliferation 

Assay 

1: 1000 5% donkey serum 1% 

Triton X-100 in 1X 

PBS 

donkey Invitrogen 

(USA) 

Anti-

mouse 

Alexa 488 

Cell 

Proliferation 

Assay 

1:250 5% donkey serum 1% 

Triton X-100 in 1X 

PBS 

donkey Invitrogen 

(USA) 

Anti-

mouse 

IgG-HRP 

Western 

Blotting 

1:5000 In blocking solution 

of primary antibody 

goat Santa Cruz 

(USA) 

Anti-

rabbit 

IgG-HRP 

Western 

Blotting 

1:5000 In blocking solution 

of primary antibody 

goat Santa Cruz 

(USA) 
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3.6. Kits 

 

Kits used in this study are listed in Table 3.9. 

 

Table 3.9. Kits used. 

 
Kit Supplier 

QuikChange XL Site-Directed Mutagenesis Kit Stratagene (USA) 

QIAprep Spin Miniprep kit Qiagen (Germany) 

Purelink HiPure Plasmid Filter Maxiprep Kit Invitrogen (Germany) 

Bicinchoninic acid (BCA) assay kit Thermo Scientific (USA) 

  

3.7. Equipment 

 

Table 3.10. Equipments used. 

 
Autoclave Model MAC-601 (Eyela, Japan) 

Model ASB260T (Astell, UK) 

Balances Electronic Balance VA124 (Gec Avery,USA) 

DTBH 210 (Sartorius, Germany) 

Blotting apparatus Mini Trans-Blot Cell (Bio-Rad, USA) 

Carbon-dioxide tank 2091 (Habaş, Turkey) 

Centrifuges Centrifuge 5415R (Eppendorf, USA) 

MiniSpin (Eppendorf, USA) 

Allegra X-22R Centrifuge (Beckman Coulter, USA) 

ProFuge, 10K (Strategene, USA) 

             Centrifuge B5 (B.Braun B. Int., Germany) 

             J2-MC Centrifuge (Beckman Coulter, USA) 

             J2-21 Centrifuge (Beckman Coulter, USA) 

Deep-freezers -200C (2021D) (Arçelik, Turkey) 

-200C (2021D) (Sanyo, Japan) 

         -700C Freezer (Harris, UK) 

             -860C ULT Freezer (ThermoForma, USA) 
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Table 3.10. Equipments used in this study (continued). 

 
Documentation 

System 

Gel Doc XR System (Bio-Rad, USA) 

Electrophoresis 

Equipment 

Mini-PROTEAN 3 Cell (Bio-Rad, USA) 

Gel dryer Model 583 Gel Dryer (Bio-Rad, USA) 

Heat Blocks DRI-Block DB-2A (Techne, UK) 

Thermal Reactor, (Hybaid, UK) 

Hybridization Oven Shake’n’Stack (Hybaid, UK)  

Ice machine AF20 (Scotsman Inc., Italy) 

Incubator Forma Series II Water Jacket (Thermo Scientific, USA) 

Laminal flow 

cabinet 

  Class II A (Tezsan, Turkey) 

             Class II B  (Tezsan, Turkey) 

Magnetic Stirrers    M221 (Elekro-mag, Turkey) 

Clifton Hotplate Magnetic Stirrer (HS31, UK) 

Micropipettes Gilson (France) 

Microscopes    CM110 Inverted Microscope (Prior, UK) 

   Axio Observer Z1 Inverted Mic. (Zeiss, USA) 

Microwave owen M1733N (Samsung, Malaysia) 

pH meter SB70P (Symphony, USA) 

Pipettor Pipetting Aid (Gilson, USA) 

Power supply    Power Pac Basic (Bio-Rad, Italy) 

Protein 

Visualization 

Stella (Raytest, Germany) 

Refrigerators 2082C (Arçelik, Turkey) 

4030T (Arçelik, Turkey) 

Shakers GyroMini Nutating Mixer (Labnet, USA) 

Adjustable Rocker (Cole-Parmer, USA) 

Software AxioVision Rel 4.6 SP1 (Carl Zeiss, USA) 

Xstella (Raytest, Germany) 

Quantity One (Bio-Rad, Italy) 

Sonicator HD 2070 Sonopuls (Bandelin, Germany) 
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Table 3.10. Equipments used in this study (continued). 

 
Spectrophotometer NanoDrop ND-1000 (Thermo, USA) 

Thermocycler MyCycler (Bio-Rad, USA) 

Vacuum pump Hydrotech (Bio-Rad, USA) 

Vortex  Vortexmixer VM20 (Chiltern Scientific, UK) 

Water bath TE-10A (Techne, UK) 

Water purification 

system 

WA-TECH Ultra Pure Water Purification System (WA-                

TECH, Germany) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



33 
 

4. METHODS 

 

 

4.1. Site-Directed Mutagenesis 

 

4.1.1. Primer Design 

 

The primers with 31-33 bp for in vitro mutagenesis were designed to have the 

mutated base situated in the middle. The  GC content was minimum of 40%. The sequences 

and Tm values are listed in Table 3.6. 

 

4.1.2. Generation of Mutation 

 

 Mutagenesis was generated by following the instructions of the manufacturer. To 

synthesize two complimentary oligonucleotides containing the desired mutation, thermal 

cycling reaction was carried out using 10 ng plasmid, 125 ng of each primer, 1µl dNTP 

mix, 3 µl QuikSolution, 5 µl 10X reaction buffer in a total volume of 50 µl. dNTP mix, 

QuikSolution and 10X reaction buffer were included in the kit. Finally 2.5 U PfuUltra HF 

DNA Polymerase was added and each reaction was cycled using the cycling parameters 

outlined in Table 4.1. For control, pWhitescript control plasmid was used. 

Following temperature cycling, the samples  were incubated on ice for 2 minutes, 

spinned shortly and parental DNA removed by Dpn I digestion (10 U) at 37oC for 1 hour. 

 

Table 4.1. Thermal Cycling Parameters for Mutagenesis 

 
Step Cycle Temperature Time 

1 1 95oC 1  minute 

2 18 95oC 50 seconds 

60oC 50 seconds 

68oC 7  minutes 

3 1 68oC 7 minutes 
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4.1.3. Transformation of XL10-Gold Ultracompetent Cells with Mutated Plasmids 

  

  Forty five µl of XL10-Gold ultracompetent cells that are provided with mutagenesis 

kit were thawed slowly on ice, 2 µl XL10 Gold β-mercaptoethanol mix was added, after 10 

minutes of incubation, 2 µl Dpn I treated DNA were added. Subsequent to gentle mixing 

incubation  on ice continued for addtional 30 minutes, cells were heat-pulsed at 42oC water 

bath for 30 seconds exactly and returned on on ice for 2 minutes. 500 µl of preheated NZY+ 

broth was added on each sample, the cells were allowed to grow for 1 hour at 37oC and 

shaking at 250 rpm. For transformation efficiency control, pUC18 plasmid was used. The 

cells were spread on LB-agar plates containing 80 µg/ml X-Gal, 20 mM IPTG and 25 

µg/ml Kanamycin for pCMV6-ENTRY vectors or 100 µg/ml ampicillin for control 

plasmids and incubated at 37oC for 16 hours. 

 

4.1.4. Plasmid Isolation and DNA Sequencing 

 

 Following the blue-white colony screening, selected white colonies were grown in 

LB medium containing 25 µg/ml kanamycin at 37oC for 16 hours with shaking at 250 rpm. 

Plasmids were isolated using  MiniPrep kit or Purelink HiPure Maxiprep, according to 

manufacturers’ instructions. Briefly, bacterial cells were lysed under alkaline conditions 

and detergents with RNase. In the second step, the lysate is neutralized to allow 

renaturation of plasmid DNA, cell debris and chromosomal DNA were removed by 

centrifugation. The supernatant was applied to silica gel columns, where plasmid DNA 

would bind under high salt conditions. In the last step, plasmid DNA was eluted with TE 

buffer. Concentration of the eluted plasmid DNA was determined by measuring optical 

density at 260 nm with the NanoDrop Spectrophotometer. To verify the generation of 

mutagenesis, plasmid DNA was  sent for sequencing. The plasmid DNA was stored at        -

20°C for further studies. 
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4.2. Cell Culture 

 

4.2.1. Maintenance of MIO-M1  and HEK 293T Cells 

 

 MIO-M1 cells were maintained in DMEM with Glutamax supplemented with 10 % 

fetal bovine serum and 0.1 % penicillin/streptomycin. Human embryonic kidney cell line, 

HEK 293T, was maintained in DMEM with Glutamax, 10 % fetal bovine serum, 0.1 % 

penicillin/streptomycin and  1 % non-essential amino acids. Both cell lines were grown at 

370C and under 5% CO2. When the plates reach confluency; cells were washed with 1X 

PBS, treated with trypsin solution for 5 minutes at 370C and scraped. Cells were collected 

by centrifugation at 500 g for 5 minutes, resuspended in complete medium and divided into 

3 plates. For stock preparation, cells were resuspended in freezing medium as in Table 3.2. 

 

4.2.2. Transfection of MIO-M1 and HEK 293T Cells 

 

For transfection; 5x106 HEK 293T cells or 4.5x106 MIO-M1 cells were seeded on cell 

culture plates with 10 cm diameter and incubated overnight at 370C, 5% C02 with 10 ml 

complete medium. On the next day, chloroquine with a final concentration of 25 µM was 

added on each plate. 10 µg of desired plasmid and 2 µg of pEGFP-N3 vector were added to 

a microcentrifuge tube with a final volume of 438 µl dH2O. Sixty two µl of 2 M CaCl2 was 

added and the mixes were let to stand for 5 minutes at room temperature. DNA mixtures 

were added slowly on 500 µl 2x HBS buffer in a new microfuge tube while blowing air 

inside. The tubes were incubated at room temperature for 10 minutes to precipitate the 

DNA molecules with PO4
-3 ions. After incubation, the mixture was added to the cell media 

and incubated at 370C, 5% CO2 for 8 hours. The medium was replaced with fresh complete 

medium to remove chloroquine. In order to validate transfection, GFP expression was 

observed at 48 hours of transfection with fluorescent microscopy. 

 

4.2.3. FGF2 Treatment of MIO-M1 Cells 

 

32 hours after transfection, cells were washed with 1X PBS twice and starved with 

DMEM with Glutamax including 0.1 % penicillin/streptomycin for 16 hours.  

Subsequently, they were incubated with 1 ng/ml FGF2 and 100 µg/ml heparin in DMEM 
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with Glutamax for 10 minutes at 37oC. Control samples received 1X PBS instead of FGF2. 

After 10 minutes of incubation, plates were washed with ice cold 1X PBS and scraped on 

ice with ice-cold 1X PBS including protease and phosphatase inhibitor cocktails (Roche, 

Germany). Cells were collected into microfuge tubes and pelleted by centrifugation at 

13.200 rpm for 5 minutes at 4oC. Pelleted cells were directly processed or stored at -80oC 

for later analysis. 

 

4.3. Immunoprecipitation  

 

Pelleted cells were resuspended with 1ml ice cold immunoprecipitation lysis buffer 

including protease and phosphatase inhibitor cocktails. The cells were sonicated for 5 

seconds in 3 rounds and incubated on ice for 1 hour with gentle mixing occasionally. Cell 

debris was removed by centrifugation 20 minutes at 13.200 rpm at 4oC. In paralelle  30 µl 

Protein G or Protein A agarose beads (Roche, Germany) were washed with 1 ml 

immunoprecipitation lysis buffer three times. After 20 minutes centrifugation, the cell 

lysates were transferred on the washed agarose beads and incubated with gentle rotation at 

4oC for 30 minutes. The mixture was then centrifuged for 1.5 minutes at 13.200 rpm at 4oC 

and the pre-cleared lysate was removed to a new microfuge tube. Aliquots were taken for 

western blot analysis. For determination of protein concentration, BCA assay was 

performed. Lysate concentration was adjusted to 1 mg/ml and GFP/cMyc tag antibody 

(1:1000) was added and rotated overnight at 4oC. Next day, 50 µl Protein A/G agarose 

beads  equilibrated with the lysis buffer as before were added to the samples and incubated 

with gentle rotation for 3 hours at 4oC. The beads were collected, washed with ice cold lysis 

buffer including protease and phosphatase inhibitor cocktails for 1 minute at 13.200 rpm at 

4oC, 3 times. Finally, beads were washed with ice-cold 1X kinase buffer and resuspended 

with 50 µl 1X kinase buffer. One forth of resuspended beads were taken for western blot 

analysis boiled at 95oC for 5 minutes and centrifuged for 5 minutes before loading for SDS-

PAGE analysis. The rest is kept at -80oC until kinase assays. 
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4.4. Co-immunoprecipitation 

 

Co-immunoprecipitation protocol was adapted from Comai (2003). Cells were 

pelleted as described before. The pellets were resuspended with 250 µl ice cold Co-IP lysis 

buffer supplemented with protease and phosphatase inhibitor cocktails and then rotated on a 

rocking platform for 2.5 hours at 4oC. To remove cell debris, samples were centrifuged at 

13.200 rpm at 4oC for 20 minutes. The supernatants were transferred to microfuge tubes 

with  25 µl Protein G agarose beads (Roche, Germany) which were washed with Co-IP 

lysis buffer buffer 3 times beforehand. Lysate and the beads were rotated at 4oC for 20 

minutes, precleared lysates were then taken into new microfuge tubes. Protein 

concentration was determined by BCA protein assay. Lysate concentrations were adjusted 

to 1 mg/ml and lysate was incubated with cMyc tag antibody overnight at 4oC with gentle 

rotation on a rocking platform. Next morning, 50 µl Protein G agarose beads were washed 

with Co-IP lysis buffer three times and incubated with lysate-antibody mix for 3 hours 

rotation at 4oC. The beads were then washed with ice-cold EBC buffer including protease 

and phosphatase inhibitors three times. Finally bead-protein conjugate were collected and 

resuspended with 25 µl 2X SDS sample buffer, boiled at 95oC for 5 minutes and samples 

were centrifuged for 5 minutes before loading for SDS-PAGE analysis. 

 

4.5. BCA Assay 

 

For determination of protein concentration BCA assay was used according to 

manufacturer’s instructions. In brief; BSA dilutions ranging from 0.025 to 2 mg/ml were 

prepared with BCA mix and assayed alongside with the unknown samples in BCA mix. 

Based on the colorimetric reading at 562 nm by a spectrophotometer, a standard curve was 

formed from which the unknown sample concentration was expolated. 

 

4.6. SDS-PAGE and Western Blotting 

 

Lysate was fractionated on polyacrylamide gels, 8% or 10% according to the 

expected size of the proteins under study. The gels were then run in running buffer at 80V 

until samples pass stacking gel, then run at 120 V. For western blotting, the samples that 

resolved on polyacrylamide gels were electroblotted to polyvinyl difluoride (PVDF) 
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membranes (Roche, Germany) in transfer buffer at 100 V for 1.5-2 hours. The membrane 

was washed with TBST solution and incubated with blocking solution for 1-1.5 hours, at 

room temperature. Later, the membrane was incubated with primary antibody dilution 

overnight at 4oC with gentle rotation. Antibody blocking and diluting solutions, and 

dilution ratios are given at Table 3.8. Next day, membrane was washed with TBST for 5 

minutes and 3 times. Following incubation with Horseradish Peroxidase (HRP) conjugated 

secondary antibody diluted in blocking solution for 1 hour at room temperature, membrane 

was again washed with TBST 3 times, 5 minutes each. Subsequently, ImmunoCruz 

Western Blotting Luminol Reagent (Santa Cruz, USA) was applied on the membrane and 

bands were visualized on the imaging system, Stella, with various exposure times.  

 

In order to analyze the same membrane with different antibodies; bound antibodies 

were removed by incubating the membrane with pre-warmed stripping solution for 30 

minutes at 50oC with gentle rotation. Then the membranes were washed with TBST for 10 

minutes and three times. Finally, they were incubated with blocking solution of choice.  

 

For Coomassie Blue staining; after transfer was completed, polyacrylamide gel was 

incubated with fixing solution for 1 hour and then incubated in Coomassie Blue solution 

overnight. Next day, gel was taken in destaining solution for several minutes until the bands 

start to visualize clearly.  

 

4.7. In Vitro Kinase Assay 

 

In vitro phosphorylation assay protocol was followed from Küser’s M.Sc. thesis 

(Küser, 2006). Briefly, 1/4th of cMyc-Gab1 fusion proteins adsorbed with agarose beads 

were used as substrate and 1/8th GFP fused SIK2 on beads were used as the kinase. The 

reaction was carried out in 1X kinase buffer and 1 µl radioactive ATP cocktail containing 

100 µM cold ATP, 1 µCi [γ32P]ATP (3000 Ci/mmol) at 30oC for 30 minutes. In negative 

controls SIK2 was omitted. Autophosphorylation of SIK2 and GST-IRS1 phosphorylation 

by SIK2 was used as positive control.  

 

The reactions were terminated with the addition of 6X SDS sample buffer. Samples 

were boiled at 95oC for 5 minutes, centrifuged for 5 minutes at 13.2K rpm and then were 
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loaded on 8% polyacrylamide gel for fractionation. Gel was washed with distilled water for 

10 minutes, dried at 80oC for 1 hour under vacuum. Dried gel was exposed to X-ray film 

(Amersham, USA) for various times at –80oC. The film was developed in developing 

solution (Kodak, USA) until bands start to visualize, for 0.5-2 minutes. The film was 

washed with tap water and fixed in fixative solution (Kodak, USA) for 5 minutes.  

 

For Raf1 in vitro phosphorylation assay; reaction was set as described above except 

radioisotope was omitted. As control, only kinase inactive Raf1 protein and only kinase 

inactive S621A mutated Raf1 were used. The reactions were initiated with the addition of 1 

µl 10 mM cold ATP and incubated at 30oC for 45 minutes. With the addition of 6X sample 

buffer and boiling at 95oC for 5 minutes, reactions were terminated. Centrifuged samples 

were loaded to 8% polyacrylamide gels and continued with Western blotting as described 

under 4.6. SDS-PAGE and Western Blotting, with SIK2 antibody and phospho- Raf1 

specific for serine 621 antibody.  

 

4.8. Cell Proliferation Assay 

 

Three and a half million MIO-M1 cells were seeded on 10 cm tissue culture plates 

with round coverslips. The cells were transfected with cMyc tagged wild-type Gab1 or 

S266A mutated Gab1 as described in Section 4.2.2. Thirty two hours later, cells were 

starved overnight. Next day, half of the coverslips were taken to 24 well plate and treated 

with FGF2 solution for 2 days. For control, rest of the coverslips were transferred to 24 

well plates and allowed to grow in the absence of FGF2. 

 

 After 2 days, cells were washed for 5 minutes and incubated with 4% PFA in 1XPBS 

for 10 minutes. Following 3 washes with PBS for 10 minutes each, cells were incubated 

with 150 µl blocking solution 1 hour at room temperature. Then the cells were incubated 

with 150 µl cMyc tag antibody dilution overnight at 4oC. Cells were washed with PBS for 5 

minutes and incubated with Ki-67 antibody for 1 hour at room temperature according to 

Table 3.8. Then the cells were washed with 1XPBS for 10 minutes for 3 times. Afterwards, 

cells were incubated with Alexa Fluor 546 conjugated donkey anti-rabbit antibody and 

Alexa Fluor 488 conjugated donkey anti-mouse antibody in blocking solution at room 

temperature for 1 hour in dark. Cells were washed with 1XPBS for 5 minutes followed by 
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DAPI incubation for 5 minutes. Cells were washed with 1XPBS for 10 minutes, for 3 times 

and observed under fluorescent microscope. For quanitification; Ki-67 positive nuclei were 

counted among cMyc tag antibody labeled cells. Transfection efficiency was calculated by 

counting cMyc tag labeled cells and nuclei stained with DAPI. Experiments were repeated 

for three times, at least 300 cells were counted for each experiment.                                 
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5. RESULTS 

 

 

5.1. Site-directed Mutagenesis of Gab1 and Raf-1 

 

The serine residue in SIK2 phosphorylation motif (L/I)[(B)X or X(B)] 

(S/T)X(S/T)XXXL found on Raf-1 and Gab1 sequences were proposed  as the target  site 

of SIK2 kinase activity (Table 5.1). Therefore, this residue in each sequence was mutated to 

the amino acid alanine by a single nucleotide change, T to G, the 796th nucleotide on Gab1 

and the 1861st nucleotide on Raf-1 by site-directed mutagenesis approach. Since Raf-1 

autophosphorylates this site as well, the protein was rendered kinase inactive by mutating 

the lysine residue at position 375 to methionine, the ATP binding site, via substitution of A 

at nucleotide position 1124 to T. 

 

Table 5.1. SIK2 phosphorylation motifs on Gab1 and Raf-1. Serine residues indicated with 

red are the predicted phosphorylation sites for SIK2. 

 
SIK2 phosphorylation motif:       (L/I)[(B)X or X(B)] (S/T)X(S/T)XXXL 

Protein Name Motif Position SwissProt No. 

Gab1 LPRSYSHDVL 266 Q13480 

Raf-1 INRSASEPSL 621 P04049 

 

Following the site-directed mutagenesis, cells were grown on LB agar plates in the 

presence of kanamycin, IPTG and X-Gal. Transformation efficiency was calculated to be 

98%. Individual blue colonies were selected and grown in LB medium, plasmids were 

isolated. The entire coding sequences of Gab1 and Raf-1 clones were determined by DNA 

sequencing using the primers listed in Table 3.7. Sequencing results confirmed the 

generations of targeted mutations in all cases (Figure 5.1 and Figure 5.2). No other 

mutations than the expected ones were detected. 
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Figure 5.1. Verification of Gab1 in vitro mutagenesis products. The targeted residue 

is indicated with an arrow and the SIK2 phosphorylation motif with magenta 

highlighting. 



44 
 

 

(a) 

 

 

 

 

 

 

(b) 

 

 

 

 

 

 

Figure 5.2. Verification of Raf-1 in vitro mutagenesis products. (a) Targeted residue 

within SIK2 phosphorylation motif, highlighted as magenta, is indicated with arrow. 

(b) Mutagenesis at 1124th nucleotide for Raf-1 kinase inactive is indicated with arrow. 
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5.2. Expression and Isolation of Gab1 and Raf-1 Proteins  

 

Ten micrograms of pCMV6-Entry vectors carrying Gab1, S266A-Gab1, KI-Raf-1 

or KI- S621A-Raf-1 cDNAs were co-transfected with 2 µg of pEGFP-N3 plasmids to 

HEK293T cells.  Another group of cells were transfected with 12 µg of GFP-SIK2 

plasmids.  After 48 hours in culture, evaluation of GFP expression under a fluorescent 

microscope indicated a transfection efficiency of 70%. (Figure 5.4, Figure 5.5 and Figure 

5.6)  

 

 

 

Figure 5.3. Transfection of HEK293T cells with GFP-SIK2. Five million cells were 

transfected with 12 µg GFP-SIK2 and allowed to grow for 48 hr. (a) Expression was 

analyzed under fluorescent microscope. (b) Corresponding bright field image. 
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Figure 5.4. Transfection of HEK293T cells with Gab1. HEK293T cells expressing GFP 

and WT-Gab1 (a) or S266A-Gab1 (c) proteins were analyzed 48 hr post-transfection under 

the fluorescent microscope. (b, d) Corresponding brightfield images are given. 
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Before isolating the proteins expressed in HEK-293T cells, their presence in the 

lysates were confirmed by western blotting using anti-cMyc tag antibody. Control samples 

were transfected with pEGFP-N3 plasmid. The results (Figure 5.6) did not reveal any bands 

in the control lysates, whereas a 115 kDa band was observed in the lysates obtained from 

cMyc tagged Gab1 transfected cells and a 74 kDa band was evident in the lysates of Raf-1 

transfected cells, as predicted for the fusion proteins. GFP antibody was used to detect the 

expression of GFP-SIK2 in transfected HEK293T cell lysates (Figure 5.7). The expected 

150 kDa band corresponding to the fusion protein was observed. No bands were present at 

 

Figure 5.5. Transfection of HEK293T cells with Raf-1. HEK cells expressing GFP and KI-

Raf-1 (a) or with KI-S621A-Raf-1 proteins (c) were analyzed 48 hr post-transfection under 

the fluorescent microscope. (b, d) Corresponding brightfield images are given. 
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150 kDa in control cell lysates, transfected with pEGFP-N3 only. Lysates were used in 

subsequent immunoprecipitation studies.   

 

 

 
Figure 5.6. Expression of cMyc tagged Gab1 and Raf-1 proteins. Lysates from HEK cells 

were fractionated on 8% PAGE and analyzed by Western bloting using anti-cMyc 

antibody. The control samples were transfected with pEGFP-N3. 

 

 

 
Figure 5.7. Expression of GFP tagged SIK2 protein. Lysates from HEK cells transfected 

with GFP-SIK2 were fractionated on 8% PAGE and analyzed by Western blotting using 

anti-GFP antibody. Control samples were transfected with pEGFP-N3 vector. 

 

 Proteins that were expressed in HEK293T cells were isolated by 

immunoprecipitation using antibodies specific for their tag sequences, anti-cMyc for Gab1 

and Raf-1 proteins and anti-GFP antibody for SIK2. Following the isolation of proteins, 

aliquots were resolved on 8% SDS-PAGE gels and Western blotting using anti-cMyc tag 

antibody for Gab1 and Raf-1 and anti-SIK2 antibody for SIK2 was performed. In 

WT/S266A-Gab1 samples 115 kDa bands were observed (Figure 5.8.) as predicted. In KI-

Raf-1 and KI-S621A Raf-1 samples, the expected 74 kDa bands were evident. Western blot 

analysis indicated that 150 kDa GFP-SIK2 protein was purified (Figure 5.8). 
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Figure 5.8. Immunoprecipitated WT/S266A-Gab1 and KI-Raf1/KI-S621A-Raf-1 proteins. 

One forth of antibody-bead conjugates were fractionated on 8% PAGE and Western blots 

were probed with anti-cMyc antibody. 

 

 

 
Figure 5.9. Western blot analysis of immunoprecipitated SIK2. One forth of antibody-bead 

conjugates were resolved on 8% PAGE and Western blots were probed with anti-SIK2 

antibody. 

 

5.3. Phosphorylation of Gab1 and Raf-1 by SIK2 

 

 Immunoprecipitated WT-Gab1 and S266A-Gab1 were used as substrates in in-vitro 

kinase assays in the presence of [γ 32P] –ATP and GFP-SIK2 was used as the kinase.  With 

SIK2 autophosphorylation activity, phosphorylation of the 150 kDa band represented an 

internal control in these assays. Activity of SIK2 was also evaluated using its known 

substrate IRS1. We used IRS1 fragment, expressed as a fusion protein with GST in 
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bacterial cells and purified by GST affinity chromatography. As negative controls, reactions 

including only  WT-Gab1 or S266A-Gab1 were run.   

 

 Initially we verified the kinase activity of immunopurified SIK2 used in this series 

of experiments. As expected; the protein catalyzes the phosphorylation of IRS1 and exhibit 

autophosphorylation activity, as indicated by the presence of 47 kDa and 150 kDa bands on 

the autoradiogram, respectively (Figure 5.10a).  In the kinase reactions carried in the 

absence of SIK2, neither WT-Gab1 nor S266A-Gab1 samples on the autoradiograms 

revealed signal (Figure 5.10b). When WT-Gab1 was included in the reactions along with 

SIK2, we observed a 150 kDa band corresponding to the autophosphorylated SIK2 and a 

115 kDa band – the predicted size for the cMyc-Gab1 fusion protein. This 115 kD band 

was not detectable in samples where S266A-Gab1 was used as the substrate (Figure 5.10c). 

These results are in agreement with the earlier findings of our group suggesting Gab1 as 

SIK2 substrate (Küser, 2006) and indicate that the SIK2 target phosphorylation site is Ser266 

on Gab1.  

 

 KI-Raf-1 phosphorylation analysis was also carried out in vitro. Since an antibody 

specific for phospho-Ser621 Raf-1 was available, in vitro kinase assays were performed in 

the presence of cold ATP and the products were analyzed by Western blotting. In the same 

samples input KI-Raf-1 and SIK2 levels were evaluated with anti-cMyc or SIK2 antibodies, 

respectively (Figure 5.11). 

 

 In the control samples, where only KI-Raf-1 was included, a slight signal at 74 kDa  

was observed, indicating the presence of a residual autophosphorylation activity (Figure 

5.11a). The signal at this band was significantly enhanced in the presence of SIK2 in the 

assay (Figure 5.11b). In the reactions where S621A-Raf-1 mutants were used as substrate, 

no bands were detected with pSer 621-Raf-1 specific antibody. These data support the idea  

that Ser621 on Raf-1 is the in vitro target of SIK2 (Figure 5.11b).   
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(a) 

 

 

(b)                                                           (c)                                                                                                                             

 

 

 

 

 

 

 

 

Figure 5.10. Analysis of Gab1 phosphorylation by SIK2. (a) SIK2 activity was assayed. 

 (b) Samples including WT-Gab1 or S266A-Gab1 were devoid of SIK2. (c) The samples 

including WT-Gab1 or S266A-Gab1 and SIK2. 
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(a)                                                                              (b) 

 

  

 

 

 

 

 

 

5.4. Interaction of Gab1 with Its Partners 

 

 In order to analyze the effect of S266A mutation on the interaction of Gab1 with 

its binding partners in MAPK signaling, MIO-M1 cells transfected with either WT-Gab1 or 

S266A-Gab1 were used in co-immunoprecipitation studies with or without 10 minutes of 

FGF treatment. The immunoprecipitations were carried out by anti-cMyc tag antibody and 

the interactions were analyzed using anti-Shp2, anti-Grb2 and anti-SIK2 by Western 

blotting. 

 

  In the immunocomplexes formed from cell lysates, Gab1 was detected as a 115 

kDa band (Figure 5.12). The probing of the membrane with Shp2 and Grb2 antibodies 

revealed 68 kDa and 25 kDa bands, respectively (Figure 5.12). Results indicate that 10 

minutes of FGF2 treatment enhances the interaction of Gab1 with these partners. Similarly, 

the S266A mutation appeared to augment Shp2 levels in the complex in FGF dependent 

Figure 5.11. Analysis of Raf-1 phosphorylation by SIK2. (a) KI-Raf-1 autophosphorylation 

was shown in upper panel, input KI-Raf1 in lower panel. (b) KI-Raf-1 phosphorylation by 

SIK2 is shown in upper panel, input Raf-1 in middle panel, input SIK2 in lower panel. 
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manner. This supports the idea that SIK2 negatively affects the stability of the complex in 

response to FGF2 in MIO-M1 cells. 

 

 

 
Figure 5.12. Interaction of Gab1 with binding partners. Samples were analyzed by Western 

blotting. Membranes were probed with anti-cMyc tag antibody (the upper panel), with anti-

Shp2 antibody (the middle panel) or Grb2 antibody (lower panel).  

 

5.5. Proliferation of WT-Gab1 or S266A-Gab1 Expressing MIO-M1 Cells 

 

 Transfected and overnight starved MIO-M1 cells were treated with 1 ng/ml FGF2 

and 100 µg/ml heparin for 2 days, control cells received PBS and 100 µg/ml heparin. Then 

the cells were assayed for proliferation. Staining of cells with anti-cMyc tag antibody, 

followed by an Alexa-488 conjugated secondary antibody, indicated that transfection 

efficiencies were 90-94% in all samples. Anti-Ki-67 antibody, in conjunction with an Alexa 

546 conjugated secondary antibody, was used to asses proliferation. 

 

 Results in Figure 5.13 were quantified as explained in section 4.18. Statistically 

significant increase in the proliferaton of WT-Gab1 or S266A-Gab1 transfected MIO-M1 

cells upon FGF2 treatment was observed (Figure 5.15). FGF dependent proliferation 
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difference between WT-Gab1 and S266A-Gab1 expressing cells was not found to be 

significant according to the Student’s T-test.   

 

 

 
Figure 5.13. FGF dependent proliferation of MIO-M1 cells expressing WT-Gab1 or    

S266A-Gab1. Proliferation was followed with Ki-67 antibody staining. cMyc tagged Gab1 

expressing cells were labeled with cMyc. Cell nuclei were stained with DAPI.  
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Figure 5.14. Quantification of MIO-M1 proliferation. Ki-67 expressing nuclei among cMyc 

tag antibody labeled cells were counted. Data was analyzed by Student’s T-test.  

 * p ≤ 0.1  ** p ≤ 0.05. 
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6. DISCUSSION 

 

 

Müller cells are the major glial cells of the retina and they have many roles 

involving maintenance of retinal integrity and neuronal survival (Bringmann and 

Reichenbach, 2001). Müller cell activation is observed in almost all retinal diseases and 

injury cases (Bringmann et al., 2006). This activation includes proliferation and the release 

of neurotrophic factors including FGF2, perhaps as an attempt to aid in neuronal survival. 

But often continued proliferation causes retinal detachment and might result in blindness in 

the long term (Bringmann et al., 2009b). One of the factors implicated in the process is 

FGF2, as it has been reported to be mitogenic for Müller cells in vitro (Mascarelli et al., 

1991; Çınaroğlu et al., 2005) and exogenously applied factor has been shown to stimulate 

proliferation of Müller cells in vivo (Lewis et al., 1992; Fischer et al., 2002). This cellular 

response involves rapid and transient ERK1/2 activation. This ERK activation profile 

suggests existence of strong negative feedback control mechanisms, likely to involve 

phosphorylation/dephosphorylation events. Studies from our laboratory raise the possibility 

that SIK2 is part of such regulation of FGF signal transduction.   

 

SIK2 was isolated as a FGFR2 interactor and its activity, phosphorylation levels and 

cellular localization are found to be modulated in response to FGF2 (Özcan, 2003; Özmen 

2006; Candaş, 2007; Küser, unpublished data). SH2 and SH3 domains are present on SIK2, 

which would allow interaction with other intermediates of the FGF pathway (Koch et al., 

1991). Through canonical SIK2 phosphorylation motif searches Gab1 and A-Raf were 

revealed as candidate substrates and further shown to be phosphorylated by SIK2 in vitro 

(Küser, 2006). Recently, it has been shown that ERK phosphorylation and proliferation 

were increased when SIK2 is suppressed in MIO-M1 cells (Küser, unpublished data). 

Based on these findings, we hypothesized that FGF activation of ERK might activate SIK2, 

activated SIK2 in turn phosphorylates Gab1 and Raf-1. We reason that reduced binding of 

Gab1 and Raf-1 with their partners creates a negative feedback loop for the FGF pathway. 

 

In this context, we aimed at investigating whether SIK2 can target Ser266 on Gab1 

and Ser621 on Raf-1 phosphorylations in FGF dependent manner. Therefore, these serine 

residues were mutated to alanine via site-directed mutagenesis. As Ser621 has been 
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described as an autophosphorylation site (Morrison et al., 1993), to eliminate the masking 

of SIK2 kinase activity, Raf-1 was also rendered kinase inactive. Mutant and wild-type 

proteins expressed in HEK293T were obtained by immunoprecipitation to be used in        in 

vitro kinase assay. We also studied the role of Ser266 mutation in interaction of Gab1 with 

its binding partners and the effect of this mutation on proliferation of MIO-M1 cells under 

FGF stimulation. 

 

The double mutant form of Raf-1 was used to investigate SIK2 activity on this 

protein by in vitro kinase assay and Western blotting with a p-Ser621 specific antibody. A 

residual phosphorylation activity of KI-Raf-1 was observed in reactions involving the 

K375M mutation. However, in the presence of SIK2, KI-Raf-1 phosphorylation was 

increased significantly. Kinase-inactive Raf-1 proteins carrying the S621A mutation were 

phosphorylated neither by themselves nor by the presence of SIK2. These results support 

our hypothesis that Ser621 on Raf-1 is a substrate of SIK2. The importance of this residue 

has been discussed in many publications (Mischak et al., 1996; Sprenkle et al., 1997; 

Matallanas et al., 2011). In this respect a particularly important interaction involves 14-3-3 

binding, which depends on Ser621 phosphorylation and keeps Raf-1 in either a “closed 

inactive state” or a “dimerized highly active state”. The dual role of pSer621 is controlled by 

many kinases such as Raf-1 itself, PKA and AMPK. We suggest that Raf-1 activation and 

stabilization is tightly controlled by the known kinases and the newly proposed upstream 

kinase SIK2. Involvement of other kinases makes it difficult to investigate the effect of 

SIK2 phosphorylation on Raf-1 in vivo. To gain further understanding of the SIK2-Raf-1 

interaction, experiments with sh-SIK2 MIO-M1 cell line should be designed. Since Ser621 

phosphorylation is recognized by the 14-3-3 protein, SIK2 phosphorylation might have a 

regulatory role for 14-3-3/Raf-1 binding. Thus, this binding should be further studied.  

 

In vitro kinase experiments using WT-Gab1 verified our earlier findings that it can 

be phosphorylated by SIK2. S266A mutation on Gab1 obliterated the phosphorylation of 

the protein. In the reactions carried out in the absence of SIK2, neither WT-Gab1 nor 

S266A Gab1 was kinased. Thus, we conclude that the in vitro SIK2 target on Gab1 is 

Ser266. Gab1 serine/threonine phosphorylations have been proposed to have negative 

regulatory role on RTK pathways. It has been previously shown that PKC, the 

serine/threonine kinase, can phosphorylate Gab1 in vitro (Gual et al., 2001). This 
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phosphorylation proposed to lower tyrosine phosphorylation of Gab1, hampering its 

interaction with PI3K and downregulates HGF signaling. In another study, Lehr et al. 

(2004) have shown that ERK phosphorylation of Gab1 in response to insulin on several 

serine/threonine residues causes negative regulation of PI3K/Akt pathway. Likewise, our 

finding raises the possibility that Ser266 phosphorylation of Gab1 by SIK2 represents a 

mechanism of downregulation of FGF signaling. 

 

Gab1, all mammalian forms, as well as its Drosophila ortholog DOS and its 

C.elegans ortholog Soc1, have been shown to interact with Shp2 (Liu and Rohrschneider, 

2002; Sarmay et al., 2006; Gu and Neel, 2003). A number of studies involving knock-out 

animals and mutant Shp2 or Gab1 proteins have underscored the importance of Gab1-Shp2 

binding for ERK activation (Cai et al., 2002; Bard-Chapeau et al., 2006). Grb2 interaction 

is also important for membrane recruitment of Gab1 and allows receptor complex 

formation with Frs2, Shc or Sos1. Grb2 binding sites are conserved among all mammalian 

Gab proteins thus this indicates a common recruitment mechanism for Gab1. Gual et al., 

(2001) have suggested that serine/threonine phosphorylation might change the three-

dimensional structure of Gab1 where tyrosine phosphorylation sites are hidden, thus block 

its interaction with the partners. Therefore, we investigated the effect of Ser266 mutation on 

its interaction with the direct binding partners, Shp2 and Grb2. Our results showed that the  

Gab1-Shp2 interaction was enhanced with FGF treatment in comparison to the controls, 

agreeing with the literature (Ong et al., 1997). We observed that there is a significant 

increase of Shp2 in the immunoprecipitates after 10 minutes of FGF treatment for mutant 

Gab1 with respect to wild-type. Therefore, it is conceivable that the mutation leads to 

sustained Gab1-Shp2 interaction. In this context, we suggest that SIK2 phosphorylation of 

Gab1 on Ser266 disrupting Gab1-Shp2 binding, might lead to downregulation of FGF-

dependent ERK activation. Phosphorylation of this site did not create a change in binding 

of Grb2/Gab1, so we can assume that this site is not directly related with Grb2 interaction.  

 

Next, the effect of pSer266-Gab1 on proliferation of MIO-M1 cells under FGF2 

induction was studied. Though, significant increases in proliferation of FGF treated cells 

were observed, higher proliferation rates were expected. The difference that FGF2 was 

expected to create on proliferation might be masked by Gab1 overexpression. Mitogenic 

effect of Gab1 overexpression has been pointed out in various studies (Chan et al., 2010; 
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Kameda et al., 2006) Gab1 and Shp2 knock-outs resulted in lower ERK phosphorylation 

and suppressed hepatocyte proliferation (Bard-Chapeau et al., 2006). Given the importance 

of Gab1-Shp2 binding in proliferation (Felici et al., 2010), we expected to have a 

significant elevation of proliferation by S266A-Gab1 mutant. Contrary to our expectations, 

S266A did not result in a significant proliferation increase in comparison to WT. One of the 

reasons for this might be the involvement of a multitude of proteins in proliferation. Thus, 

the effect of only one protein with a single mutation might not be enough to create a 

significant change. Additionally, some other kinase activities might be involved that might 

balance this change. Besides, technical issues might be another reason. It is difficult to 

express exogenous proteins in MIO-M1 cells. A stable line expressing S266A-Gab1 might 

be used to see a significant effect in proliferation. Also repeating these assays using SIK2 

silenced MIO-M1 cell lines would clarify the role of Ser266 phosphorylation on 

proliferation.   

 

In summary, we have shown that SIK2 phosphorylates Gab1 on Ser266, mutation of 

this site leads to enhanced Gab1-Shp2 binding, and modest increase in Müller cell 

proliferation. These findings support our working model suggesting Ser266-Gab1 and Ser621-

Raf-1 phosphorylations by SIK2 is part of the negative feedback regulation of FGF2 

pathway (Figure 6.1). This proposed negative feedback mechanism contributes to the better 

understanding of Müller cell activation and proliferation. 
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Figure 6.1. Proposed negative feedback mechanism of FGF pathway involving Gab1 and 

Raf-1 phosphorylations by SIK2. 

 

 

  



61 
 

REFERENCES 

 

 

Abraham, J. A., J. L. Whang, A. Tumolo, A. Mergia, and J. C. Fiddes, 1986, "Human Basic 

Fibroblast Growth Factor: Nucleotide Sequence, Genomic Organization, and 

Expression in Mammalian Cells", Cold Spring HarborSymposia on Quantitative 

Biology, Vol. 51,  pp. 657-668. 

 

Ahmed, A. A., Z. Lu, N. B. Jennings, D. Etemadmoghadam, L. Capalbo, R. O. Jacamo, N. 

Barbosa-Morais, X. F. Le, P. Vivas-Mejia, G. Lopez-Berestein, G. Grandjean, G. 

Bartholomeusz, W. Liao, M. Andreeff, D. Bowtell, D. M. Glover, A. K. Sood, and R. 

C. Bast, Jr., 2010, "SIK2 Is a Centrosome Kinase Required for Bipolar Mitotic Spindle 

Formation That Provides a Potential Target for Therapy in Ovarian Cancer", Cancer 

Cell, Vol. 18, No. 2, pp. 109-121. 

 

Al-Hakim, A. K., O. Goransson, M. Deak, R. Toth, D. G. Campbell, N. A. Morrice, A. R. 

Prescott, and D. R. Alessi, 2005, "14-3-3 Cooperates with LKB1 to Regulate the 

Activity and Localization of QSK and SIK", Journal of Cell Science, Vol. 118, No. 23, 

pp. 5661-5673. 

 

Arman, E., R. Haffner-Krausz, Y. Chen, J. K. Heath, and P. Lonai, 1998, "Targeted 

Disruption of Fibroblast Growth Factor (FGF) Receptor 2 Suggests a Role for FGF 

Signaling in Pregastrulation Mammalian Development", Proceedings of the National 

Academy of Sciences of the USA, Vol. 95, No. 9, pp. 5082-5087. 

 

Armelin, H. A., 1973, "Pituitary Extracts and Steroid Hormones in the Control of 3T3 Cell 

Growth", Proceedings of the National Academy of Sciences of the USA, Vol. 70, No. 9, 

pp. 2702-2706. 

 

Bard-Chapeau, E. A., J. Yuan, N. Droin, S. Long, E. E. Zhang, T. V. Nguyen, and G. S. 

Feng, 2006, "Concerted Functions of Gab1 and Shp2 in Liver Regeneration and 

Hepatoprotection", Molecular Cell Biology, Vol. 26, No. 12, pp. 4664-4674. 

 



62 
 

Bettencourt-Dias, M., R. Giet, R. Sinka, A. Mazumdar, W. G. Lock, F. Balloux, P. J. 

Zafiropoulos, S. Yamaguchi, S. Winter, R. W. Carthew, M. Cooper, D. Jones, L. 

Frenz, and D. M. Glover, 2004, "Genome-Wide Survey of Protein Kinases Required 

for Cell Cycle Progression", Nature, Vol. 432, No. 7020, pp. 980-987. 

 

Bricambert, J., J. Miranda, F. Benhamed, J. Girard, C. Postic, and R. Dentin, 2010, "Salt-

Inducible Kinase 2 Links Transcriptional Coactivator P300 Phosphorylation to the 

Prevention of ChREBP-Dependent Hepatic Steatosis in Mice", The Journal of Clinical 

Investigation, Vol. 120, No. 12, pp. 4316-4331. 

 

Bright, N. J., C. Thornton, and D. Carling, 2009, "The Regulation and Function of 

Mammalian AMPK-Related Kinases", Acta physiologica, Vol. 196, No. 1, pp. 15-26. 

 

Bringmann, A., I. Iandiev, T. Pannicke, A. Wurm, M. Hollborn, P. Wiedemann, N. N. 

Osborne, and A. Reichenbach, 2009, "Cellular Signaling and Factors Involved in 

Muller Cell Gliosis: Neuroprotective and Detrimental Effects", Progress in Retinal 

and Eye Research, Vol. 28, No. 6, pp. 423-451. 

 

Bringmann, A., T. Pannicke, B. Biedermann, M. Francke, I. Iandiev, J. Grosche, P. 

Wiedemann, J. Albrecht, and A. Reichenbach, 2009, "Role of Retinal Glial Cells in 

Neurotransmitter Uptake and Metabolism", Neurochemistry International, Vol. 54,   

No. 3, pp. 143-160. 

 

Bringmann, A., T. Pannicke, J. Grosche, M. Francke, P. Wiedemann, S. N. Skatchkov, N. 

N. Osborne, and A. Reichenbach, 2006, "Muller Cells in the Healthy and Diseased 

Retina", Progress in Retinal and Eye Research, Vol. 25, No. 4, pp. 397-424. 

 

Bringmann, A., and A. Reichenbach, 2001, "Role of Muller Cells in Retinal 

Degenerations", Frontiers in Bioscience, Vol. 6, pp. 72-92. 

 

Bringmann, A., and P. Wiedemann, 2009, "Involvement of Muller Glial Cells in Epiretinal 

Membrane Formation", Graefe's Archive for Clinical and Experimental 

Ophthalmology, Vol. 247, No. 7, pp. 865-883. 



63 
 

Bugra, K., and D. Hicks, 1997, "Acidic and Basic Fibroblast Growth Factor Messenger 

RNA and Protein Show Increased Expression in Adult Compared to Developing 

Normal and Dystrophic Rat Retina", The Journal of Molecular Neuroscience, Vol. 9, 

No. 1, pp. 13-25. 

 

Bugra, K., L. Olivier, E. Jacquemin, M. Laurent, Y. Courtois, and D. Hicks, 1994, "Acidic 

Fibroblast Growth Factor Is Expressed Abundantly by Photoreceptors within the 

Developing and Mature Rat Retina", European Journal of Neuroscience, Vol. 6, No. 6, 

p. 1062. 

 

Burgess, W. H., C. A. Dionne, J. Kaplow, R. Mudd, R. Friesel, A. Zilberstein, J. 

Schlessinger, and M. Jaye, 1990, "Characterization and cDNA Cloning of 

Phospholipase C-Gamma, a Major Substrate for Heparin-Binding Growth Factor 1 

(Acidic Fibroblast Growth Factor)-Activated Tyrosine Kinase", Molecular Cell 

Biology, Vol. 10, No. 9, pp. 4770-4777. 

 

Cai, T., K. Nishida, T. Hirano, and P. A. Khavari, 2002, "Gab1 and SHP-2 Promote 

Ras/MAPK Regulation of Epidermal Growth and Differentiation", Journal of Cell 

Biology, Vol. 159, No. 1, pp. 103-112. 

 

Candaş, D., 2007, SIK2 Is a Potential Mediator of Cross-Talk Between FGF and PKA 

Pathways, M.S. Thesis, Boğaziçi University. 

 

Charoenfuprasert, S., Y. Y. Yang, Y. C. Lee, K. C. Chao, P. Y. Chu, C. R. Lai, K. F. Hsu, 

K. C. Chang, Y. C. Chen, L. T. Chen, J. Y. Chang, S. J. Leu, and N. Y. Shih, 2011, 

"Identification of Salt-Inducible Kinase 3 as a Novel Tumor Antigen Associated with 

Tumorigenesis of Ovarian Cancer", Oncogene, Vol. 30, No. 33, pp. 3570-3584. 

 

Cheng, H., P. Liu, Z. C. Wang, L. Zou, S. Santiago, V. Garbitt, O. V. Gjoerup, J. D. 

Iglehart, A. Miron, A. L. Richardson, W. C. Hahn, and J. J. Zhao, 2009, "SIK1 Couples 

LKB1 to p53-Dependent Anoikis and Suppresses Metastasis", Science Signaling, Vol. 

2, No. 80, p. 35. 

 



64 
 

Cheng, J., M. Uchida, W. Zhang, M. R. Grafe, P. S. Herson, and P. D. Hurn, 2011, "Role of 

Salt-Induced Kinase 1 in Androgen Neuroprotection Against Cerebral Ischemia", 

Journal of Cerebral Blood Flow and Metabolism, Vol. 31, No. 1, pp. 339-350. 

 

Chong, H., H. G. Vikis, and K. L. Guan, 2003, "Mechanisms of Regulating the Raf Kinase 

Family", Cell signaling, Vol. 15, No. 5, pp. 463-469. 

 

Cinaroglu, A., Y. Ozmen, A. Ozdemir, F. Ozcan, C. Ergorul, P. Cayirlioglu, D. Hicks, and 

K. Bugra, 2005, "Expression and Possible Function of Fibroblast Growth Factor 9 

(FGF9) and Its Cognate Receptors FGFR2 and FGFR3 in Postnatal and Adult Retina", 

Journal of Neuroscience Research, Vol. 79, No. 3, pp. 329-339. 

 

Cinaroglu, E. A., 2005, Müller Cells as Potential Targets of FGF9 in Rodent Retina, Ph.D. 

Thesis, Boğaziçi University. 

 

Cunnick, J. M., L. Mei, C. A. Doupnik, and J. Wu, 2001, "Phosphotyrosines 627 and 659 of 

Gab1 Constitute a Bisphosphoryl Tyrosine-Based Activation Motif (BTAM) 

Conferring Binding and Activation of SHP2", The Journal of Biological Chemistry, 

Vol. 276, No. 26, pp. 24380-24387. 

 

Dai, Z., and H. B. Peng, 1995, "Presynaptic Differentiation Induced in Cultured Neurons by 

Local Application of Basic Fibroblast Growth Factor", Journal of Neuroscience, Vol. 

15, No. 8, pp. 5466-5475. 

 

Dailey, L., D. Ambrosetti, A. Mansukhani, and C. Basilico, 2005, "Mechanisms Underlying 

Differential Responses to FGF Signaling", Cytokine and Growth Factor Reviews,     

Vol. 16, No. 2, pp. 233-247. 

 

 

 

 

 



65 
 

Davies, H., G. R. Bignell, C. Cox, P. Stephens, S. Edkins, S. Clegg, J. Teague, H. 

Woffendin, M. J. Garnett, W. Bottomley, N. Davis, E. Dicks, R. Ewing, Y. Floyd, K. 

Gray, S. Hall, R. Hawes, J. Hughes, V. Kosmidou, A. Menzies, C. Mould, A. Parker, 

C. Stevens, S. Watt, S. Hooper, R. Wilson, H. Jayatilake, B. A. Gusterson, C. Cooper, 

J. Shipley, D. Hargrave, K. Pritchard-Jones, N. Maitland, G. Chenevix-Trench, G. J. 

Riggins, D. D. Bigner, G. Palmieri, A. Cossu, A. Flanagan, A. Nicholson, J. W. Ho, S. 

Y. Leung, S. T. Yuen, B. L. Weber, H. F. Seigler, T. L. Darrow, H. Paterson, R. 

Marais, C. J. Marshall, R. Wooster, M. R. Stratton, and P. A. Futreal, 2002, "Mutations 

of the BRAF Gene in Human Cancer", Nature, Vol. 417, No. 6892, pp. 949-954. 

 

Deng, C., M. Bedford, C. Li, X. Xu, X. Yang, J. Dunmore, and P. Leder, 1997, "Fibroblast 

Growth Factor Receptor-1 (FGFR-1) Is Essential for Normal Neural Tube and Limb 

Development", Developmental Biology, Vol. 185, No. 1, pp. 42-54. 

 

Dentin, R., Y. Liu, S. H. Koo, S. Hedrick, T. Vargas, J. Heredia, J. Yates, 3rd, and M. 

Montminy, 2007, "Insulin Modulates Gluconeogenesis by Inhibition of the Coactivator 

TORC2", Nature, Vol. 449, No. 7160, pp. 366-369. 

 

Desire, L., Y. Courtois, and J. C. Jeanny, 1998, "Suppression of Fibroblast Growth Factors 

1 and 2 by Antisense Oligonucleotides in Embryonic Chick Retinal Cells in Vitro 

Inhibits Neuronal Differentiation and Survival", Experimental Cell Research, Vol. 241, 

No. 1, pp. 210-221. 

 

Doi, J., H. Takemori, X. Z. Lin, N. Horike, Y. Katoh, and M. Okamoto, 2002, "Salt-

Inducible Kinase Represses cAMP-Dependent Protein Kinase-Mediated Activation of 

Human Cholesterol Side Chain Cleavage Cytochrome P450 Promoter Through the 

CREB Basic Leucine Zipper Domain", The Journal of Biological Chemistry, Vol. 277, 

No. 18, pp. 15629-15637. 

 

Dougherty, M. K., J. Muller, D. A. Ritt, M. Zhou, X. Z. Zhou, T. D. Copeland, T. P. 

Conrads, T. D. Veenstra, K. P. Lu, and D. K. Morrison, 2005, "Regulation of Raf-1 by 

Direct Feedback Phosphorylation", Molecular Cell, Vol. 17, No. 2, pp. 215-224. 

 



66 
 

Du, J., Q. Chen, H. Takemori, and H. Xu, 2008, "SIK2 Can Be Activated by Deprivation of 

Nutrition and It Inhibits Expression of Lipogenic Genes in Adipocytes", Obesity (Silver 

Spring), Vol. 16, No. 3, pp. 531-538. 

 

Eswarakumar, V. P., I. Lax, and J. Schlessinger, 2005, "Cellular Signaling by Fibroblast 

Growth Factor Receptors", Cytokine and Growth Factor Reviews, Vol. 16, No. 2, pp. 

139-149. 

 

Faktorovich, E. G., R. H. Steinberg, D. Yasumura, M. T. Matthes, and M. M. LaVail, 1990, 

"Photoreceptor Degeneration in Inherited Retinal Dystrophy Delayed by Basic 

Fibroblast Growth Factor", Nature, Vol. 347, No. 6288, pp. 83-86. 

 

Farooq, A., and M. M. Zhou, 2004, "Structure and Regulation of MAPK Phosphatases", 

Cell Signaling, Vol. 16, No. 7, pp. 769-779. 

 

Felici, A., A. Giubellino, and D. P. Bottaro, 2010, "Gab1 Mediates Hepatocyte Growth 

Factor-Stimulated Mitogenicity and Morphogenesis in Multipotent Myeloid Cells", 

Journal of Cellular Biochemistry, Vol. 111, No. 2, pp. 310-321. 

 

Feng, S., J. K. Chen, H. Yu, J. A. Simon, and S. L. Schreiber, 1994, "Two Binding 

Orientations for Peptides to the Src SH3 Domain: Development of a General Model for 

SH3-Ligand Interactions", Science, Vol. 266, No. 5188, pp. 1241-1247. 

 

Fischer, A. J., and R. Bongini, 2010, "Turning Muller Glia into Neural Progenitors in the 

Retina", Molecular Neurobiology, Vol. 42, No. 3, pp. 199-209. 

 

Fischer, A. J., C. R. McGuire, B. D. Dierks, and T. A. Reh, 2002, "Insulin and Fibroblast 

Growth Factor 2 Activate a Neurogenic Program in Muller Glia of the Chicken 

Retina", The Journal of Neuroscience, Vol. 22, No. 21, pp. 9387-9398. 

 

Fischer, A. J., G. Omar, J. Eubanks, C. R. McGuire, B. D. Dierks, and T. A. Reh, 2004, 

"Different Aspects of Gliosis in Retinal Muller Glia Can Be Induced by CNTF, Insulin, 

and FGF2 in the Absence of Damage", Molecular Vision, Vol. 10, pp. 973-986. 



67 
 

Fischer, A. J., and T. A. Reh, 2001, "Transdifferentiation of Pigmented Epithelial Cells: a 

Source of Retinal Stem Cells?", Developmental Neuroscience, Vol. 23, No. 4-5, pp. 

268-276. 

 

Furdui, C. M., E. D. Lew, J. Schlessinger, and K. S. Anderson, 2006, "Autophosphorylation 

of FGFR1 Kinase Is Mediated by a Sequential and Precisely Ordered Reaction", 

Molecular Cell, Vol. 21, No. 5, pp. 711-717. 

 

Goldfarb, M., 2005, "Fibroblast Growth Factor Homologous Factors: Evolution, Structure, 

and Function", Cytokine and Growth Factor Reviews, Vol. 16, No. 2, pp. 215-220. 

 

Gospodarowicz, D., 1974, "Localisation of a Fibroblast Growth Factor and Its Effect Alone 

and with Hydrocortisone on 3T3 Cell Growth", Nature, Vol. 249, No. 453, pp. 123-

127. 

 

Gotoh, N., 2008, "Regulation of Growth Factor Signaling by FRS2 Family 

Docking/Scaffold Adaptor Proteins", Cancer Science, Vol. 99, No. 7, pp. 1319-1325. 

 

Green, E. S., K. G. Rendahl, S. Zhou, M. Ladner, M. Coyne, R. Srivastava, W. C. Manning, 

and J. G. Flannery, 2001, "Two Animal Models of Retinal Degeneration Are Rescued 

by Recombinant Adeno-Associated Virus-Mediated Production of FGF-5 and FGF-

18", Molecular Therapy, Vol. 3, No. 4, pp. 507-515. 

 

Gu, H., and B. G. Neel, 2003, "The "Gab" in Signal Transduction", Trends in Cell Biology, 

Vol. 13, No. 3, pp. 122-130. 

 

Gu, H., J. C. Pratt, S. J. Burakoff, and B. G. Neel, 1998, "Cloning of P97/Gab2, The Major 

SHP2-Binding Protein in Hematopoietic Cells, Reveals a Novel Pathway for Cytokine-

Induced Gene Activation", Molecular Cell, Vol. 2, No. 6, pp. 729-740. 

 

Gual, P., S. Giordano, S. Anguissola, P. J. Parker, and P. M. Comoglio, 2001, "Gab1 

Phosphorylation: A Novel Mechanism for Negative Regulation of HGF Receptor 

Signaling", Oncogene, Vol. 20, No. 2, pp. 156-166. 



68 
 

Hadari, Y. R., H. Kouhara, I. Lax, and J. Schlessinger, 1998, "Binding of Shp2 Tyrosine 

Phosphatase to FRS2 Is Essential for Fibroblast Growth Factor-Induced PC12 Cell 

Differentiation", Molecular and Cellular Biology, Vol. 18, No. 7, pp. 3966-3973. 

 

Harmer, N. J., L. L. Ilag, B. Mulloy, L. Pellegrini, C. V. Robinson, and T. L. Blundell, 

2004, "Towards a Resolution of the Stoichiometry of the Fibroblast Growth Factor 

(FGF)-FGF Receptor-Heparin Complex", Journal of Molecular Biology, Vol. 339, No. 

4, pp. 821-834. 

 

Hashimoto, Y. K., T. Satoh, M. Okamoto, and H. Takemori, 2008, "Importance of 

Autophosphorylation at Ser186 in the A-Loop of Salt Inducible Kinase 1 for Its 

Sustained Kinase Activity", Journal of Cellular Biochemistry, Vol. 104, No. 5, pp. 

1724-1739. 

 

Herbst, R., P. M. Carroll, J. D. Allard, J. Schilling, T. Raabe, and M. A. Simon, 1996, 

"Daughter of Sevenless Is a Substrate of the Phosphotyrosine Phosphatase Corkscrew 

and Functions During Sevenless Signaling", Cell, Vol. 85, No. 6, pp. 899-909. 

 

Holgado-Madruga, M., D. R. Emlet, D. K. Moscatello, A. K. Godwin, and A. J. Wong, 

1996, "A Grb2-Associated Docking Protein In EGF- and Insulin-Receptor Signalling", 

Nature, Vol. 379, No. 6565, pp. 560-564. 

 

Hollborn, M., K. Jahn, G. A. Limb, L. Kohen, P. Wiedemann, and A. Bringmann, 2004, 

"Characterization of the Basic Fibroblast Growth Factor-Evoked Proliferation of the 

Human Muller Cell Line, MIO-M1", Graefe's Archive for Clinical and Experimental 

Ophtalmology, Vol. 242, No. 5, pp. 414-422. 

 

Horike, N., H. Takemori, Y. Katoh, J. Doi, L. Min, T. Asano, X. J. Sun, H. Yamamoto, S. 

Kasayama, M. Muraoka, Y. Nonaka, and M. Okamoto, 2003, "Adipose-Specific 

Expression, Phosphorylation of Ser794 in Insulin Receptor Substrate-1, and Activation 

in Diabetic Animals of Salt-Inducible Kinase-2", Journal of Biological Chemistry, Vol. 

278, No. 20, pp. 18440-18447. 

 



69 
 

Horike, N., H. Takemori, Y. Katoh, J. Doi, and M. Okamoto, 2002, "Roles of Several 

Domains Identified in the Primary Structure of Salt-Inducible Kinase (SIK)", 

Endocrine Research, Vol. 28, No. 4, pp. 291-294. 

 

Huang, J., M. Mohammadi, G. A. Rodrigues, and J. Schlessinger, 1995, "Reduced 

Activation of RAF-1 and MAP Kinase by a Fibroblast Growth Factor Receptor Mutant 

Deficient in Stimulation of Phosphatidylinositol Hydrolysis", Journal of Biological 

Chemistry, Vol. 270, No. 10, pp. 5065-5072. 

 

Itoh, N., and D. M. Ornitz, 2004, "Evolution of the FGF and FGFR Gene Families", Trends 

in Genetics, Vol. 20, No. 11, pp. 563-569. 

 

Jaleel, M., A. McBride, J. M. Lizcano, M. Deak, R. Toth, N. A. Morrice, and D. R. Alessi, 

2005, "Identification of the Sucrose Non-Fermenting Related Kinase SNRK, as a 

Novel LKB1 Substrate", FEBS Letters, Vol. 579, No. 6, pp. 1417-1423. 

 

Kameda, H., H. Ishigami, M. Suzuki, T. Abe, and T. Takeuchi, 2006, "Imatinib Mesylate 

Inhibits Proliferation of Rheumatoid Synovial Fibroblast-Like Cells and 

Phosphorylation of Gab Adapter Proteins Activated by Platelet-Derived Growth 

Factor", Clinical and Experimental Immunology, Vol. 144, No. 2, pp. 335-341. 

 

Karl, M. O., and T. A. Reh, 2010, "Regenerative Medicine for Retinal Diseases: Activating 

Endogenous Repair Mechanisms", Trends in Molecular Medicine, Vol. 16, No. 4, pp. 

193-202. 

 

Katoh, Y., H. Takemori, J. Doi, and M. Okamoto, 2002, "Identification of the Nuclear 

Localization Domain of Salt-Inducible Kinase", Endocrine Research, Vol. 28, No. 4, 

pp. 315-318. 

 

Katoh, Y., H. Takemori, N. Horike, J. Doi, M. Muraoka, L. Min, and M. Okamoto, 2004, 

"Salt-Inducible Kinase (SIK) Isoforms: Their Involvement in Steroidogenesis and 

Adipogenesis", Molecular and Cellular Endocrinology, Vol. 217, No. 1-2, pp. 109-

112. 



70 
 

Kinkl, N., G. S. Hageman, J. A. Sahel, and D. Hicks, 2002, "Fibroblast Growth Factor 

Receptor (FGFR) and Candidate Signaling Molecule Distribution within Rat and 

Human Retina", Molecular Vision, Vol. 8, pp. 149-160. 

 

Kinkl, N., J. Ruiz, E. Vecino, M. Frasson, J. Sahel, and D. Hicks, 2003, "Possible 

Involvement of a Fibroblast Growth Factor 9 (FGF9)-FGF Receptor-3-Mediated 

Pathway in Adult Pig Retinal Ganglion Cell Survival in Vitro", Molecular and Cellular 

Neuroscience, Vol. 23, No. 1, pp. 39-53. 

 

Kinkl, N., J. Sahel, and D. Hicks, 2001, "Alternate FGF2-ERK1/2 Signaling Pathways in 

Retinal Photoreceptor and Glial Cells in Vitro", Journal of Biological Chemistry, Vol. 

276, No. 47, pp. 43871-43878. 

 

Koch, C. A., D. Anderson, M. F. Moran, C. Ellis, and T. Pawson, 1991, "SH2 and SH3 

Domains: Elements That Control Interactions of Cytoplasmic Signaling Proteins", 

Science, Vol. 252, No. 5006, pp. 668-674. 

 

Kouhara, H., Y. R. Hadari, T. Spivak-Kroizman, J. Schilling, D. Bar-Sagi, I. Lax, and J. 

Schlessinger, 1997, "A Lipid-Anchored Grb2-Binding Protein That Links FGF-

Receptor Activation to the Ras/MAPK Signaling Pathway", Cell, Vol. 89, No. 5, pp. 

693-702. 

 

Kovalenko, D., X. Yang, R. J. Nadeau, L. K. Harkins, and R. Friesel, 2003, "Sef Inhibits 

Fibroblast Growth Factor Signaling by Inhibiting FGFR1 Tyrosine Phosphorylation 

and Subsequent ERK Activation", Journal of Biological Chemistry, Vol. 278, No. 16, 

pp. 14087-14091. 

 

Koyama, T., Y. Nakaoka, Y. Fujio, H. Hirota, K. Nishida, S. Sugiyama, K. Okamoto, K. 

Yamauchi-Takihara, M. Yoshimura, S. Mochizuki, M. Hori, T. Hirano, and N. 

Mochizuki, 2008, "Interaction of Scaffolding Adaptor Protein Gab1 with Tyrosine 

Phosphatase SHP2 Negatively Regulates IGF-I-Dependent Myogenic Differentiation 

via the ERK1/2 Signaling Pathway", Journal of Biological Chemistry, Vol. 283, No. 

35, pp. 24234-24244. 



71 
 

Kurose, H., T. Bito, T. Adachi, M. Shimizu, S. Noji, and H. Ohuchi, 2004, "Expression of 

Fibroblast Growth Factor 19 (Fgf19) During Chicken Embryogenesis and Eye 

Development, Compared with Fgf15 Expression in the Mouse", Gene Expression 

Patterns, Vol. 4, No. 6, pp. 687-693. 

 

Kurosu, H., M. Choi, Y. Ogawa, A. S. Dickson, R. Goetz, A. V. Eliseenkova, M. 

Mohammadi, K. P. Rosenblatt, S. A. Kliewer, and M. Kuro-o, 2007, "Tissue-Specific 

Expression of BetaKlotho and Fibroblast Growth Factor (FGF) Receptor Isoforms 

Determines Metabolic Activity of FGF19 and FGF21", Journal of Biological 

Chemistry, Vol. 282, No. 37, pp. 26687-26695. 

 

Küser, G., 2006, Identification of Candidate Substrates of SIK2 in Vitro, M.S. Thesis, 

Boğaziçi University. 

 

Lamb, T. M., and R. M. Harland, 1995, "Fibroblast Growth Factor Is a Direct Neural 

Inducer, Which Combined with Noggin Generates Anterior-Posterior Neural Pattern", 

Development, Vol. 121, No. 11, pp. 3627-3636. 

 

Lamothe, B., M. Yamada, U. Schaeper, W. Birchmeier, I. Lax, and J. Schlessinger, 2004, 

"The Docking Protein Gab1 Is an Essential Component of an Indirect Mechanism for 

Fibroblast Growth Factor Stimulation of the Phosphatidylinositol 3-Kinase/Akt 

Antiapoptotic Pathway", Molecular Cell Biology, Vol. 24, No. 13, pp. 5657-5666. 

 

Lao, D. H., S. Chandramouli, P. Yusoff, C. W. Fong, T. Y. Saw, L. P. Tai, C. Y. Yu, H. F. 

Leong, and G. R. Guy, 2006, "A Src Homology 3-Binding Sequence on the C 

Terminus of Sprouty2 Is Necessary for Inhibition of the Ras/ERK Pathway 

Downstream of Fibroblast Growth Factor Receptor Stimulation", Journal of Biological 

Chemistry, Vol. 281, No. 40, pp. 29993-30000. 

 

Lawrence, J. M., S. Singhal, B. Bhatia, D. J. Keegan, T. A. Reh, P. J. Luthert, P. T. Khaw, 

and G. A. Limb, 2007, "MIO-M1 Cells and Similar Muller Glial Cell Lines Derived 

from Adult Human Retina Exhibit Neural Stem Cell Characteristics", Stem Cells, Vol. 

25, No. 8, pp. 2033-2043. 



72 
 

Lax, I., A. Wong, B. Lamothe, A. Lee, A. Frost, J. Hawes, and J. Schlessinger, 2002, "The 

Docking Protein FRS2alpha Controls a MAP Kinase-Mediated Negative Feedback 

Mechanism for Signaling by FGF Receptors", Molecular Cell, Vol. 10, No. 4, pp. 709-

719. 

 

Lehr, S., J. Kotzka, H. Avci, A. Sickmann, H. E. Meyer, A. Herkner, and D. Muller-

Wieland, 2004, "Identification of Major ERK-Related Phosphorylation Sites in Gab1", 

Biochemistry, Vol. 43, No. 38, pp. 12133-12140. 

 

Lewis, G. P., P. A. Erickson, C. J. Guerin, D. H. Anderson, and S. K. Fisher, 1992, "Basic 

Fibroblast Growth Factor: A Potential Regulator of Proliferation and Intermediate 

Filament Expression in the Retina", The Journal of Neuroscience, Vol. 12, No. 10, pp. 

3968-3978. 

 

Limb, G. A., T. E. Salt, P. M. Munro, S. E. Moss, and P. T. Khaw, 2002, "In Vitro 

Characterization of a Spontaneously Immortalized Human Muller Cell Line (MIO-

M1)", Investigative Ophthalmology and Visual Science, Vol. 43, No. 3, pp. 864-869. 

 

Lin, X., H. Takemori, Y. Katoh, J. Doi, N. Horike, A. Makino, Y. Nonaka, and M. 

Okamoto, 2001, "Salt-Inducible Kinase is Involved in the ACTH/cAMP-Dependent 

Protein Kinase Signaling in Y1 Mouse Adrenocortical Tumor Cells", 

Molecular Endocrinology, Vol. 15, No. 8, pp. 1264-1276. 

 

Liu, Y., and L. R. Rohrschneider, 2002, "The Gift of Gab", FEBS Letters, Vol. 515, No. 1, 

pp. 1-7. 

 

Lizcano, J. M., O. Goransson, R. Toth, M. Deak, N. A. Morrice, J. Boudeau, S. A. Hawley, 

L. Udd, T. P. Makela, D. G. Hardie, and D. R. Alessi, 2004, "LKB1 Is a Master Kinase 

That Activates 13 Kinases of the AMPK Subfamily, Including MARK/PAR-1", 

The EMBO Journal , Vol. 23, No. 4, pp. 833-843. 

 

 



73 
 

Lundin, L., L. Ronnstrand, M. Cross, C. Hellberg, U. Lindahl, and L. Claesson-Welsh, 

2003, "Differential Tyrosine Phosphorylation of Fibroblast Growth Factor (FGF) 

Receptor-1 and Receptor Proximal Signal Transduction in Response to FGF-2 and 

Heparin", Experimental Cell Research, Vol. 287, No. 1, pp. 190-198. 

 

Maffucci, T., C. Raimondi, S. Abu-Hayyeh, V. Dominguez, G. Sala, I. Zachary, and M. 

Falasca, 2009, "A Phosphoinositide 3-Kinase/Phospholipase Cgamma1 Pathway 

Regulates Fibroblast Growth Factor-Induced Capillary Tube Formation", Public 

Library of Science One, Vol. 4, No. 12, p. 8285. 

 

Marais, R., Y. Light, H. F. Paterson, C. S. Mason, and C. J. Marshall, 1997, "Differential 

Regulation of Raf-1, A-Raf, and B-Raf by Oncogenic Ras and Tyrosine Kinases", 

Journal of Biological Chemistry, Vol. 272, No. 7, pp. 4378-4383. 

 

Mark, G. E., and U. R. Rapp, 1984, "Primary Structure of V-Raf: Relatedness to the Src 

Family of Oncogenes", Science, Vol. 224, No. 4646, pp. 285-289. 

 

Mascarelli, F., J. Tassin, and Y. Courtois, 1991, "Effect of FGFs on Adult Bovine Muller 

Cells: Proliferation, Binding and Internalization", Growth Factors, Vol. 4, No. 2, pp. 

81-95. 

 

Mason, I., 2007, "Initiation to End Point: The Multiple Roles of Fibroblast Growth Factors 

in Neural Development", Nature Reviews Neuroscience, Vol. 8, No. 8, pp. 583-596. 

 

Matallanas, D., M. Birtwistle, D. Romano, A. Zebisch, J. Rauch, A. von Kriegsheim, and 

W. Kolch, 2011, "Raf Family Kinases: Old Dogs Have Learned New Tricks", Genes 

and Cancer, Vol. 2, No. 3, pp. 232-260. 

 

McDonald, C. B., K. L. Seldeen, B. J. Deegan, V. Bhat, and A. Farooq, 2010, "Assembly of 

the Sos1-Grb2-Gab1 Ternary Signaling Complex Is under Allosteric Control", 

Archives of Biochemistry and Biophysics, Vol. 494, No. 2, pp. 216-225. 

 



74 
 

Mischak, H., T. Seitz, P. Janosch, M. Eulitz, H. Steen, M. Schellerer, A. Philipp, and W. 

Kolch, 1996, "Negative Regulation of Raf-1 by Phosphorylation of Serine 621", 

Molecular Cell Biology, Vol. 16, No. 10, pp. 5409-5418. 

 

Mohammadi, M., I. Dikic, A. Sorokin, W. H. Burgess, M. Jaye, and J. Schlessinger, 1996, 

"Identification of Six Novel Autophosphorylation Sites on Fibroblast Growth Factor 

Receptor 1 and Elucidation of Their Importance in Receptor Activation and Signal 

Transduction", Molecular Cell Biology, Vol. 16, No. 3, pp. 977-989. 

 

Mohammadi, M., A. M. Honegger, D. Rotin, R. Fischer, F. Bellot, W. Li, C. A. Dionne, M. 

Jaye, M. Rubinstein, and J. Schlessinger, 1991, "A Tyrosine-Phosphorylated Carboxy-

Terminal Peptide of the Fibroblast Growth Factor Receptor (Flg) Is a Binding Site for 

the SH2 Domain of Phospholipase C-Gamma 1", Molecular Cell Biology, Vol. 11, No. 

10, pp. 5068-5078. 

 

Morrison, D. K., G. Heidecker, U. R. Rapp, and T. D. Copeland, 1993, "Identification of 

the Major Phosphorylation Sites of the Raf-1 Kinase", The Journal of 

Biological Chemistry, Vol. 268, No. 23, pp. 17309-17316. 

 

Nagel, S., E. Leich, H. Quentmeier, C. Meyer, M. Kaufmann, M. Zaborski, A. Rosenwald, 

H. G. Drexler, and R. A. Macleod, 2010, "Amplification at 11q23 Targets Protein 

Kinase SIK2 in Diffuse Large B-Cell Lymphoma", Leukemia and Lymphoma, Vol. 51, 

No. 5, pp. 881-891. 

 

Newman, E., and A. Reichenbach, 1996, "The Muller Cell: A Functional Element of the 

Retina", Trends in Neuroscience, Vol. 19, No. 8, pp. 307-312. 

 

Okamoto, M., H. Takemori, and Y. Katoh, 2004, "Salt-Inducible Kinase in Steroidogenesis 

and Adipogenesis", Trends in Endocrinology and Metabolism, Vol. 15, No. 1, pp. 21-

26. 

 

 



75 
 

Olsen, S. K., J. Y. Li, C. Bromleigh, A. V. Eliseenkova, O. A. Ibrahimi, Z. Lao, F. Zhang, 

R. J. Linhardt, A. L. Joyner, and M. Mohammadi, 2006, "Structural Basis by Which 

Alternative Splicing Modulates the Organizer Activity of FGF8 in the Brain", Genes 

and Development, Vol. 20, No. 2, pp. 185-198. 

 

Ong, S. H., Y. R. Hadari, N. Gotoh, G. R. Guy, J. Schlessinger, and I. Lax, 2001, 

"Stimulation of Phosphatidylinositol 3-Kinase by Fibroblast Growth Factor Receptors 

is Mediated by Coordinated Recruitment of Multiple Docking Proteins", Proceedings 

of the National Academy of Sciences of the U S A, Vol. 98, No. 11, pp. 6074-6079. 

 

Ong, S. H., Y. P. Lim, B. C. Low, and G. R. Guy, 1997, "SHP2 Associates Directly with 

Tyrosine Phosphorylated P90 (SNT) Protein in FGF-Stimulated Cells", Biochemical 

and Biophysical Research Communications, Vol. 238, No. 1, pp. 261-266. 

 

Ornitz, D. M., 2000, "FGFs, Heparan Sulfate and FGFRs: Complex Interactions Essential 

for Development", Bioessays, Vol. 22, No. 2, pp. 108-112. 

 

Ornitz, D. M., and N. Itoh, 2001, "Fibroblast Growth Factors", Genome Biology, Vol. 2, 

No. 3, p. 3005. 

 

Özcan, F., 2003, Identification of Putative Serin/Threonine Kinase Implicated in FGF 

Signal Transduction and Its Compability with an FGF Pathway Simulation Model, 

Ph.D. Thesis, Boğaziçi University. 

 

Özmen, Y., 2006, SIK2 Expression in Retinal Cells and Its Possible Involvement Along 

with PKA in FGF9 Signal Transduction, Ph.D. Thesis, Boğaziçi University.  

 

Pawson, T., 1995, "Protein Modules and Signalling Networks", Nature, Vol. 373, No. 

6515, pp. 573-580. 

 

Plotnikov, A. N., S. R. Hubbard, J. Schlessinger, and M. Mohammadi, 2000, "Crystal 

Structures of Two FGF-FGFR Complexes Reveal the Determinants of Ligand-

Receptor Specificity", Cell, Vol. 101, No. 4, pp. 413-424. 



76 
 

Powers, C. J., S. W. McLeskey, and A. Wellstein, 2000, "Fibroblast Growth Factors, Their 

Receptors and Signaling", Endocrine-Related Cancer, Vol. 7, No. 3, pp. 165-197. 

 

Powers, J. F., M. J. Evinger, P. Tsokas, S. Bedri, J. Alroy, M. Shahsavari, and A. S. 

Tischler, 2000, "Pheochromocytoma Cell Lines from Heterozygous Neurofibromatosis 

Knockout Mice", Cell and Tissue Research, Vol. 302, No. 3, pp. 309-320. 

 

Reuss, B., and O. von Bohlen und Halbach, 2003, "Fibroblast Growth Factors and Their 

Receptors in the Central Nervous System", Cell and Tissue Research, Vol. 313, No. 2, 

pp. 139-157. 

 

Rodrigues, G. A., M. Falasca, Z. Zhang, S. H. Ong, and J. Schlessinger, 2000, "A Novel 

Positive Feedback Loop Mediated by the Docking Protein Gab1 and 

Phosphatidylinositol 3-Kinase in Epidermal Growth Factor Receptor Signaling", 

Molecular Cell Biology, Vol. 20, No. 4, pp. 1448-1459. 

 

Rodriguez-Viciana, P., P. H. Warne, R. Dhand, B. Vanhaesebroeck, I. Gout, M. J. Fry, M. 

D. Waterfield, and J. Downward, 1994, "Phosphatidylinositol-3-OH Kinase as a Direct 

Target of Ras", Nature, Vol. 370, No. 6490, pp. 527-532. 

 

Salazar, L., T. Kashiwada, P. Krejci, P. Muchowski, D. Donoghue, W. R. Wilcox, and L. 

M. Thompson, 2009, "A Novel Interaction Between Fibroblast Growth Factor 

Receptor 3 and the p85 Subunit of Phosphoinositide 3-Kinase: Activation-Dependent 

Regulation of ERK by p85 in Multiple Myeloma Cells", Human Molecular Genetics, 

Vol. 18, No. 11, pp. 1951-1961. 

 

Sarmay, G., A. Angyal, A. Kertesz, M. Maus, and D. Medgyesi, 2006, "The Multiple 

Function of Grb2 Associated Binder (Gab) Adaptor/Scaffolding Protein in Immune 

Cell Signaling", Immunology Letters, Vol. 104, No. 1, pp. 76-82. 

 

 

 



77 
 

Sasaki, T., H. Takemori, Y. Yagita, Y. Terasaki, T. Uebi, N. Horike, H. Takagi, T. Susumu, 

H. Teraoka, K. Kusano, O. Hatano, N. Oyama, Y. Sugiyama, S. Sakoda, and K. 

Kitagawa, 2011, "SIK2 Is a Key Regulator for Neuronal Survival after Ischemia via 

TORC1-CREB", Neuron, Vol. 69, No. 1, pp. 106-119. 

 

Schaeper, U., R. Vogel, J. Chmielowiec, J. Huelsken, M. Rosario, and W. Birchmeier, 

2007, "Distinct Requirements for Gab1 in Met and EGF Receptor Signaling in Vivo", 

Proceedings of the National Academy of Sciences of the United States of America, No. 

39, pp. 15376-15381. 

 

Schlessinger, J., 1988, "Signal Transduction by Allosteric Receptor Oligomerization", 

Trends in Biochemical  Sciences, Vol. 13, No. 11, pp. 443-447. 

 

Schlessinger, J., 2000, "Cell Signaling by Receptor Tyrosine Kinases", Cell, Vol. 103, No. 

2, pp. 211-225. 

 

Screaton, R. A., M. D. Conkright, Y. Katoh, J. L. Best, G. Canettieri, S. Jeffries, E. 

Guzman, S. Niessen, J. R. Yates, 3rd, H. Takemori, M. Okamoto, and M. Montminy, 

2004, "The CREB Coactivator TORC2 Functions as a Calcium- and cAMP-Sensitive 

Coincidence Detector", Cell, Vol. 119, No. 1, pp. 61-74. 

 

Shirasaki, R., J. W. Lewcock, K. Lettieri, and S. L. Pfaff, 2006, "FGF as a Target-Derived 

Chemoattractant for Developing Motor Axons Genetically Programmed by the LIM 

Code", Neuron, Vol. 50, No. 6, pp. 841-853. 

 

Siffroi-Fernandez, S., M. P. Felder-Schmittbuhl, H. Khanna, A. Swaroop, and D. Hicks, 

2008, "FGF19 Exhibits Neuroprotective Effects on Adult Mammalian Photoreceptors 

in Vitro", Investigative Ophthalmology & Visual Science, Vol. 49, No. 4, pp. 1696-

1704. 

 

 

 



78 
 

Sjostrom, M., K. Stenstrom, K. Eneling, J. Zwiller, A. I. Katz, H. Takemori, and A. M. 

Bertorello, 2007, "SIK1 Is Part of a Cell Sodium-Sensing Network That Regulates 

Active Sodium Transport Through a Calcium-Dependent Process", Proceedings of the 

National Academy of Sciences of the United States of America, Vol. 104, No. 43, pp. 

16922-16927. 

 

Sprenkle, A. B., S. P. Davies, D. Carling, D. G. Hardie, and T. W. Sturgill, 1997, 

"Identification of Raf-1 Ser621 Kinase Activity from NIH 3T3 Cells as AMP-

Activated Protein Kinase", FEBS Letters, Vol. 403, No. 3, pp. 254-258. 

 

Takemori, H., Y. Katoh, N. Horike, J. Doi, and M. Okamoto, 2002, "ACTH-Induced 

Nucleocytoplasmic Translocation of Salt-Inducible Kinase. Implication in the Protein 

Kinase A-Activated Gene Transcription in Mouse Adrenocortical Tumor Cells", The 

Journal of  Biological Chemistry, Vol. 277, No. 44, pp. 42334-42343. 

 

Takemori, H., and M. Okamoto, 2008, "Regulation of CREB-Mediated Gene Expression by 

Salt Inducible Kinase", The Journal of Steroid Biochemistry and Molecular Biology, 

Vol. 108, No. 3, pp. 287-291. 

 

Tsacopoulos, M., and P. J. Magistretti, 1996, "Metabolic Coupling Between Glia and 

Neurons", The Journal of Neuroscience, Vol. 16, No. 3, pp. 877-885. 

 

Vogel-Hopker, A., T. Momose, H. Rohrer, K. Yasuda, L. Ishihara, and D. H. Rapaport, 

2000, "Multiple Functions of Fibroblast Growth Factor-8 (FGF-8) in Chick Eye 

Development", Mechanisms of  Development, Vol. 94, No. 1, pp. 25-36. 

 

Wang, B., J. Goode, J. Best, J. Meltzer, P. E. Schilman, J. Chen, D. Garza, J. B. Thomas, 

and M. Montminy, 2008, "The Insulin-Regulated CREB Coactivator TORC Promotes 

Stress Resistance in Drosophila", Cell Metabolism, Vol. 7, No. 5, pp. 434-444. 

 

Wang, B., N. Moya, S. Niessen, H. Hoover, M. M. Mihaylova, R. J. Shaw, J. R. Yates, 3rd, 

W. H. Fischer, J. B. Thomas, and M. Montminy, 2011, "A Hormone-Dependent 

Module Regulating Energy Balance", Cell, Vol. 145, No. 4, pp. 596-606. 



79 
 

Wang, Z., H. Takemori, S. K. Halder, Y. Nonaka, and M. Okamoto, 1999, "Cloning of a 

Novel Kinase (SIK) of the SNF1/AMPK Family from High Salt Diet-Treated Rat 

Adrenal", FEBS Letters, Vol. 453, No. 1-2, pp. 135-139. 

 

Weinstein, M., X. Xu, K. Ohyama, and C. X. Deng, 1998, "FGFR-3 and FGFR-4 Function 

Cooperatively to Direct Alveogenesis in the Murine Lung", Development, Vol. 125, 

No. 18, pp. 3615-3623. 

 

Wellbrock, C., and A. Hurlstone, 2010, "BRAF as Therapeutic Target in Melanoma", 

Biochemical Pharmacology, Vol. 80, No. 5, pp. 561-567. 

 

Wellbrock, C., M. Karasarides, and R. Marais, 2004, "The RAF Proteins Take Centre 

Stage", Nature  Reviews Molecular Cell Biology, Vol. 5, No. 11, pp. 875-885. 

 

Wolf, I., B. J. Jenkins, Y. Liu, M. Seiffert, J. M. Custodio, P. Young, and L. R. 

Rohrschneider, 2002, "Gab3, a New DOS/Gab Family Member, Facilitates 

Macrophage Differentiation", Molecular and Cellular Biology, Vol. 22, No. 1, pp. 231-

244. 

 

Wong, A., B. Lamothe, A. Lee, J. Schlessinger, and I. Lax, 2002, "FRS2 Alpha Attenuates 

FGF Receptor Signaling by Grb2-Mediated Recruitment of the Ubiquitin Ligase Cbl", 

Proceedings of the National Academy of Sciences of the United States of America, Vol. 

99, No. 10, pp. 6684-6689. 

 

Yayon, A., M. Klagsbrun, J. D. Esko, P. Leder, and D. M. Ornitz, 1991, "Cell Surface, 

Heparin-Like Molecules Are Required for Binding of Basic Fibroblast Growth Factor 

to Its High Affinity Receptor", Cell, Vol. 64, No. 4, pp. 841-848. 

 

Yip-Schneider, M. T., W. Miao, A. Lin, D. S. Barnard, G. Tzivion, and M. S. Marshall, 

2000, "Regulation of the Raf-1 Kinase Domain by Phosphorylation and 14-3-3 

Association", Biochemical Journal, Vol. 351, No. 1, pp. 151-159. 

 



80 
 

Yoon, Y. S., W. Y. Seo, M. W. Lee, S. T. Kim, and S. H. Koo, 2009, "Salt-Inducible 

Kinase Regulates Hepatic Lipogenesis by Controlling SREBP-1c Phosphorylation", 

The Journal of Biological Chemistry, Vol. 284, No. 16, pp. 10446-10452. 

 

Yusoff, P., D. H. Lao, S. H. Ong, E. S. Wong, J. Lim, T. L. Lo, H. F. Leong, C. W. Fong, 

and G. R. Guy, 2002, "Sprouty2 Inhibits the Ras/MAP Kinase Pathway by Inhibiting 

the Activation of Raf", The Journal of Biological Chemistry, Vol. 277, No. 5, pp. 

3195-3201. 

 

Zhang, B. H., and K. L. Guan, 2000, "Activation of B-Raf Kinase Requires 

Phosphorylation of the Conserved Residues Thr598 and Ser601", The EMBO Journal, 

Vol. 19, No. 20, pp. 5429-5439. 

 

Zhao, S., and P. A. Overbeek, 1999, "Tyrosinase-Related Protein 2 Promoter Targets 

Transgene Expression to Ocular and Neural Crest-Derived Tissues", Developmental 

Biology, Vol. 216, No. 1, pp. 154-163. 

 

Zhu, J., V. Balan, A. Bronisz, K. Balan, H. Sun, D. T. Leicht, Z. Luo, J. Qin, J. Avruch, and 

G. Tzivion, 2005, "Identification of Raf-1 S471 as a Novel Phosphorylation Site 

Critical for Raf-1 and B-Raf Kinase Activities and for MEK Binding", Molecular 

Biology of the Cell, Vol. 16, No. 10, pp. 4733-4744. 

 

 

 

 




