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Résumé 

Régulation de la signalisation du récepteur MET par la protéine SOCS1 dans 

le carcinome hépatocellulaire 

 
Par  

Yirui Gui 
Département de pédiatrie, programme d’immunologie, 

 
Thèse présentée à la Faculté de médecine et des sciences de la santé en vue de  

l’obtention du diplôme de philosophiae doctor (Ph.D.) en immunologie 
Faculté de médecine et des sciences de la santé, Université de Sherbrooke,  

Sherbrooke, Québec, Canada, J1H 5N4 
 
La répression fréquente du gène encodant pour le « suppressor of cytokine signaling 1 » 
(SOCS1) dans le carcinome hépatocellulaire (CHC) et la forte susceptibilité des souris 
déficientes pour SOCS1 à développer des tumeurs hépatiques expérimentales suggèrent que 
SOCS joue un rôle de suppresseur de tumeur. Cette notion est supportée par les études 
impliquant la répression de l’expression de SOCS1 via des évènements épigénétiques ou par les 
microARN dans plusieurs autres types de cancers. Les mécanismes moléculaires sous-jacents au 
rôle potentiel de suppresseur de tumeur de SOCS1 dans le foie demeurent à ce jour inconnus. 
Bien que les récepteurs à activité tyrosine kinase (RTK) sont reconnus pour induire l’expression 
de l’ARNm de SOCS1, le rôle et les mécanismes par lesquels SOCS1 peut réguler la 
signalisation des RTK sont incertains. Le RTK MET, qui a pour ligand le facteur de croissance 
des hépatocytes (HGF), régule plusieurs fonctions cellulaires normales. La dérégulation de la 
signalisation du récepteur MET joue des rôles importants dans la pathogenèse du CHC. Des 
études ont démontré que l’activation de MET promeut la prolifération, l’invasion et la migration 
des cellules cancéreuses du foie ainsi que leur dissémination métastatique. La signalisation 
aberrante de MET est un trait commun de plusieurs autres cancers et serait à l’origine de 
l’émergence de la résistance à la chimiothérapie. Dans ce projet, j’ai investigué les mécanismes 
moléculaires par lesquels SOCS1 régule l’activité du récepteur MET. 
 
Mes résultats indiquent que le foie des souris Socs1

-/-
Ifng

-/- se régénère plus rapidement que celui 
des souris contrôles. Suivant une stimulation au HGF, les hépatocytes issus des souris Socs1

-/-

Ifng
-/- présentent une augmentation de la signalisation de MET, de la migration et de la 

prolifération cellulaires. L’expression exogène de SOCS1 dans différentes lignées cellulaires 
d’hépatocarcinomes humains et murins inhibe la signalisation induite par HGF. De plus, SOCS1 
diminue la prolifération, la croissance indépendante de l’anchrage et la migration dans ces 
lignées de CHC in cellulo et réduit de façon significative leur croissance dans les essais de 
xénogreffes chez les souris immunodéficientes. Mes résultats suggèrent que l’activation de la 
signalisation HGF-MET induit la transcription du gène SOCS1, suivi par une interaction 
physique entre SOCS1 et MET. L’analyse de divers mutants de SOCS1 révèle que cette 
interaction implique principalement les domaines SH2 et « kinase inhibitory region » (KIR) de 
SOCS1. L’activité kinasique de MET est requise pour cette interaction puisque l’interaction 
entre SOCS1 et un mutant kinase-inactif de MET est fortement réduite. SOCS1 est aussi 
phosphorylé en aval de MET sur quatre résidus tyrosine (Tyr). Quoique ces résidus Tyr 
représentent théoriquement des sites d’interaction pour des protéines adaptatrices possédant des 



domaines de liaison aux phospho-Tyr, elles ne semblent pas impliquées dans l’interaction de 
SOCS1 avec MET. Je démontre également que SOCS1 induit l’ubiquitination de MET via 
l’élongation de chaînes de polyubiquitine de type K48, conduisant à sa dégradation par le 
protéasome. Cette modulation négative de MET par SOCS1 dans les cellules CHC survient 
indépendamment de la voie de dégradation lysosomale de Cbl qui est partagée par plusieurs 
autres RTK. 
 
En somme, mes résultats démontrent que SOCS1 atténue les fonctions cellulaires de HGF en 
ciblant le récepteur MET pour la dégradation protéasomale. 
 
Mots clés : Carcinome hépatocellulaire, récepteur tyrosine kinase, SOCS1, récepteur MET, 
ubiquitination 
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Frequent repression of the gene coding for the suppressor of cytokine signaling 1 (SOCS1) in 
hepatocellular carcinoma (HCC) and increased susceptibility of SOCS1 deficient mice to 
experimental hepatocarcinogenesis suggest a tumor suppressor role for SOCS1. This notion is 
supported by epigenetic and micro-RNA-mediated blockade of SOCS1 expression in several 
other cancers. Molecular mechanisms underlying the putative tumor suppressor function of 
SOCS1 in the liver have not been elucidated yet. Although receptor tyrosine kinases (RTK) can 
induce SOCS1 mRNA expression, the role and mechanisms of SOCS1 in regulating RTK 
signaling are not yet clear. c-Met is the RTK for hepatocyte growth factor (HGF) and mediates 
several normal cellular functions. HGF signaling and MET activation also play important roles in 
the pathogenesis of HCC. Experimental studies have shown that the activated MET promotes 
proliferation, invasion and migration of liver cancer cells and enhances metastasis. Aberrant 
MET signaling is a hallmark of many other cancers and underlies the emergence of chemo-
resistant clones. In this project, I investigated the molecular mechanisms by which SOCS1 
regulates MET RTK activity.  
 
My results illustrate that the Socs1

-/-
Ifng

-/- liver regenerates at a faster rate than the control one. 
Following HGF stimulation, hepatocytes from Socs1

-/-
Ifng

-/-
 mice display increased MET 

signaling, cell migration and proliferation. Forced expression of SOCS1 inhibits HGF-induced 
signaling pathways in different human or murine hepatoma cell lines. Furthermore, SOCS1 also 
decreases cell proliferation, anchorage-independent growth, and migration of HCC cell lines in 

cellulo, and results in significant inhibition of their growth as xenografts in immunodeficient 
mice. My findings show that activation of HGF-MET signaling results in transcriptional 
activation of SOCS1 gene, followed a physical interaction between SOCS1 and MET. Analysis 
of various SOCS1 mutants reveals that this interaction is mediated primarily via the SH2 and the 
kinase inhibitory region (KIR) domain of SOCS1. MET kinase activity is required for this 
interaction since SOCS1 binding to a kinase-dead MET mutant is dramatically reduced. MET 
promotes phosphorylation of SOCS1 on four tyrosine (Tyr) residues. Although these Tyr might 
represent potential binding sites for adaptors containing phospho-Tyr-binding domains, they do 
not appear to be involved in the interaction of SOCS1 with MET. I also show that SOCS1 
induces polyubiquitination of MET via K48-ubiquitin chain elongation leading to its degradation 
by proteasomes. The SOCS1-mediated downmodulation of MET expression in HCC cells occurs 
independently of the Cbl-mediated lysosomal degradation pathway shared by many other RTKs. 
 



Taken together, my findings show that SOCS1 attenuates HGF-induced cellular functions by 
targeting the activated MET receptor for proteasomal degradation.  
 
Key words: Hepatocellular carcinoma, Receptor tyrosine kinase, SOCS1, MET receptor, 
Ubiquitination 
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1.1. Overview  

          Hepatocellular carcinoma (HCC) ranks the sixth most common malignancy and the third 

leading cause of cancer-related mortality worldwide (Parkin et al., 2005). The incidence of HCC 

has dramatically increased over the past years and is almost equivalent to the mortality rate. This 

is mainly due to the rise of chronic liver diseases including hepatitis B virus (HBV) and hepatitis 

C virus (HCV) infections, leading to liver cirrhosis which is often associated with HCC . 

Excessive alcohol consumption in the setting of chronic viral hepatitis substantially increases the 

risk of HCC compared to viral infection alone. Because of the anatomical location of the early 

HCC foci, lack of awareness and limited screening strategies, 80% of HCC patients are 

diagnosed only at advanced disease stage with a poor prognosis (Thomas and Abbruzzese, 

2005). There are no effective therapies available for HCC patients so far, and these patients have 

rather limited treatment options such as the traditional hepatic resection, liver transplantation, 

chemotherapy and radiotherapy (Kaneko et al., 2010; Poon et al., 2009). Reduction of the 

morbidity and mortality of HCC therefore relies on prevention, early diagnosis and development 

of novel drugs and immune therapies. In the recent years, the growing knowledge on the 

progression of HCC and the molecular mechanisms that control hepatocyte proliferation, 

migration or differentiation have well been characterized. Many cell signaling pathways involved 

in the development of HCC have been identified that might lead to new therapeutic methods.  

The gene for suppressor of cytokine signaling 1 (SOCS1), encompassing a distinct region 

of human chromosome 16, was found to be aberrantly hypermethylated in 88% of HCC (Nagai 

et al., 1994; Yoshikawa et al., 1997). Follow-up studies have revealed epigenetic modification of 

the SOCS1 gene promoter in 65% of human HCC tumor samples (Yoshikawa et al., 2001), 

suggesting a tumor suppressor role for SOCS1 in the liver. This notion is further supported by 

increased susceptibility of Socs1
+/-

 mice to experimental carcinogenesis induced by the chemical 

carcinogen diethylnitrosamine (DEN) (Yoshida et al., 2004). Molecular mechanisms underlying 

the tumor suppressor function of SOCS1 in the liver have not yet been elucidated, and are 

presumed to rely on its ability to suppress cytokine or growth factor signaling pathways.  

Hepatocyte proliferation during liver regeneration (LR) is mediated by several cytokines 

and growth factors (Greenbaum, 2004). Many of these cytokines and growth factors are 

negatively regulated by SOCS1 (Alexander, 2002). Hence, SOCS1 could be implicated at 

multiple stages of hepatocyte proliferation that precede neoplastic transformation. The object of 



this thesis was to elucidate the role of SOCS1 in regulating hepatocyte proliferation using in vivo 

and in vitro approaches, to identify SOCS1-regulated signaling proteins in hepatocytes and to 

characterize the mechanisms of SOCS1’s tumor suppressor function in the liver.  

 

1.2. Structure and functions of the liver 

The liver is the largest glandular organ in the body and is located in the upper right corner 

of the abdominal cavity. There are two kinds of blood vessels in the liver, the hepatic artery and 

the portal vein. The hepatic artery supplies the oxygenated blood originating from the aorta, 

along with cholesterol and other substances necessary for an organism development. The hepatic 

portal vein that provides 80% of the total liver blood drains from the entire gastrointestinal tract, 

including spleen, stomach, pancreas, gallbladder and intestines with absorbed nutrients as well as 

noxious materials. Blood coming from the hepatic artery and the portal vein intermingles and  

 

 

 

Figure 1-1: Liver structure.  
Dual blood supply of the liver merges and enters into the liver lobule at the portal field. Terminal branches 
of the hepatic portal vein (PV) and hepatic artery (HA) empty together, mix and then enter sinusoids in the 
liver. Blood flows through the sinusoids and empties into the central vein (CV) of each lobule. Central 
veins coalesce into hepatic veins, which leave the liver and empty into the vena cava. Bile flows in the 

opposite direction towards the portal triad and exits through the bile ducts (BD). (adapted from (Kang et al., 

2012)) 

 

passes through the sinusoids, finally collects into the hepatic central veins where coalesce into 

hepatic veins which empty into the inferior vena cava (Figure 1-1). The liver receives blood 

from the digestive system via the portal vein, thus is responsible for monitoring the blood 



contents to remove the toxic substances and metabolize dietary carbohydrates, lipids and 

proteins.  

Hepatocytes (parenchymal cells) are the basic structural component of the liver, 

representing 60% of the total cell number and 80% of the total liver volume and performing 

major liver functions (Vekemans and Braet, 2005). They manufacture and synthesize different 

proteins, such as serum, albumin, lipoproteins and intracellular enzymes. In addition, hepatocytes 

also regulate carbohydrate metabolism by synthesizing triglycerides from carbohydrates. 

Hepatocytes have the ability to metabolize, and inactivate harmful substances (such as ammonia, 

toxins, various drugs) by transforming them into lesser harmful compounds.  

Hepatocytes are organized into small hexagonal lobules, which are the functional units of 

the liver. Each lobule is surrounded by connective tissue designated as Glisson’s capsule 

covering the external surface and radiates outward from a central vein in the center, where the 

liver capillaries and the sinusoids are located. At the junction of every three lobules lies the 

portal triads (Figure 1-1), consisting of bile duct, and a terminal branch of the portal vein and 

artery. There are several major non-parenchymal cells (NPC) localized in the hepatic sinusoids, 

including sinusoidal endothelial cells (SECs), Kupffer cells, hepatic stellate cells, these cells 

show an unique characteristic structure and form a functional unit in performing their specialized 

functions (Vekemans and Braet, 2005) . SECs perform important filtration function between the 

blood and the hepatocyte surface, they may function as antigen-presenting cells (APC) and this  

results in the development of antigen-specific T-cell tolerance (Yin et al., 2013). Kupffer cells 

secrete potent mediators for the inflammatory response and play important roles in hepatic 

homeostatic responses (Naito et al., 2004). Stellate cells are derived from bone marrow and serve 

as the origin of liver myofiblasts. They store retinoids and produce hepatocyte growth factor 

(HGF) needed for hepatocyte proliferation (Friedman, 2008). In the healthy adult liver, the 

metabolically active hepatocytes are in quiescent state, but can undergo compensary proliferation 

to repair damage. However, as discussed below, persistent inflammation and genetic factors may 

cause uncontrolled hepatocyte proliferation, leading to hepatocellular carcinoma. 

 

1.3. Hepatocellular carcinoma 

Impaired regulation of intracellular molecular pathways leads to uncontrolled mitogenic 

signaling, leading to the development of cancer (Hanahan and Weinberg, 2011). Even though 



there has been significant progress in diagnosis and treatment for some types of tumors (Kachuri 

et al., 2013), for other tumors such as the liver cancer, the progress has been slow and daunting 

(Mathers et al., 2009). Hence, it is widely accepted that a better understanding of the molecular 

pathogenesis of liver cancer is crucial for further progress in developing early diagnostic tools 

and more effective treatment strategies.  

Increasing knowledge of LR has modified the view that mature hepatocytes are the origin 

of HCC (Lo and Ng, 2013; Papoulas and Theocharis, 2009). When mature, hepatocytes are not 

capable to proliferate efficiently, the bone marrow derived stem cells and hepatocyte progenitor 

cells could differentiate into hepatocytes and participate in LR (Fausto, 2004). It has also been 

proposed that HCC is the outcome of either perturbations of stem cell maturation or re-gaining 

the self-renewing capacity by the previously differentiated cells (Papoulas and Theocharis, 

2009). Accordingly, markers of progenitor cells are found to be expressed in carcinomatous 

hepatocytes (Durnez et al., 2006; Libbrecht and Roskams, 2002). 

 

1.3.1. Epidemiology of hepatocellular carcinoma 

Although HCC is the major prevalent hepatic malignancy worldwide, the incidence of this 

disease happens mainly in the developing countries with 84% of the incidence globally and 83% 

of the total deaths according to GLOBOCAN reports (Ferlay et al., 2010). However, the trend of 

HCC incidence is intriguingly increasing in the western world (El-Serag, 2012). In Canada, the 

five-year survival rate of liver cancer has improved from 8 to 20% between 1992 and 2007; 

however, both incidence and mortality rate of liver cancer has been increasing in Canada 

(Kachuri et al., 2013). According to the Canadian Cancer Registry Database, the incidence of 

HCC and the related mortality have raised up to two times between 1972 to 2006 in men and 

women (Ellison and Wilkins, 2012; Jiang et al., 2011). The incidence and mortality rates of HCC 

has also been steadily increasing in the USA, this trend has been attributed to HCV and HBV 

infection, metabolic syndrome, diabetes and immigration from high incidence regions (Calle et 

al., 2003; Chang et al., 1997; El-Serag, 2004; El-Serag et al., 2006; Siegel and Zhu, 2009; Zhu, 

2013). 

 

1.3.2. Etiology of hepatocellular carcinoma 

The specific risk factors for liver cancer are well defined (Figure 1-2). The main risk 



factors for liver cancer include alcohol, viral hepatitis, food toxins, metabolic syndrome and 

genetic alterations. Excessive alcohol intake causes liver damage, lymphocyte infiltration, fatty 

degeneration and increased production of reactive oxygen species (ROS) (Cardin et al., 2002; de 

la et al., 2001; Jensen and Gluud, 1994, b; Moriya et al., 2001). Chronic infection with HBV and 

HCV is closely related with cirrhosis and HCC development (Shlomai et al., 2014). The 

distribution of HCC incidence is also closely associated with the distribution of HBV and HCV 

infection (Hiotis et al., 2012). HBV X protein in transformed hepatocytes interacts with p53 to 

abrogate p53-induced apoptosis (Elmore et al., 1997) or damaged DNA binding protein (DDB) 

to inhibit the hepatocyte DNA repair (Arbuthnot et al., 2000). Chronic HCV infection induces 

continued expression of cytokines and persistent inflammation in hepatocytes generating a 

mitogenic and mutagenic environment for the development of HCC (Elsharkawy and Mann, 

2007; Levrero, 2006; Nakagawa et al., 2009).  

 

Figure 1-2: Malignant transformation of hepatocytes during liver tumorigenesis.  
Various forms of liver injury last for decades leading to liver cirrhosis and loss of liver function, ultimately 
resulting in the transformation of normal cells into cancerous cells. (Adapted from (Levrero, 2006)) 
 

Aflatoxin is produced by Aspergillus species in contaminated nuts, oilseeds and maize 

(Strosnider et al., 2006). Aflatoxin B1 is a potent liver carcinogen (Lopez et al., 2002; 

Magnussen and Parsi, 2013). Aflatoxin has been reported to induce a base substitution in codon 



249 of the Trp53 gene coding for the tumor suppressor protein p53 (Hsu et al., 1991; Soini et al., 

1996). Thus, many regulatory programs are in place in order to limit aflatoxin contamination in 

food (Williams et al., 2004). Obesity and the associated metabolic syndromes (diabetes mellitus 

and insulin resistance) represent a growing addition to the causes of HCC (El-Serag et al., 2006; 

Wang et al., 2012). Further, the rising epidemic of nonalcoholic steatohepatitis (NASH) also 

contributes to the increase of HCC in the western countries (El-Serag and Mason, 2000). It 

promotes proinflammatory cytokines release and uncontrolled oncogenic signals (Dhanasekaran 

et al., 2012). 

 

1.3.3. Current treatment strategies for hepatocellular carcinoma 

 The treatments for small HCC nodules include surgical resection and liver transplantation 

(Bruix and Sherman, 2011). Immunotherapy has been used as a adjuvant therapy for HCC and it 

has been shown to be beneficial for increasing survival and diminishing recurrence rate (Zhong 

et al., 2012). Transplantation is the only treatment that cures the underlying liver disease along 

with HCC and there is a tendency among liver surgeons to expand the selection criteria for 

candidate patients (DuBay et al., 2011; Page et al., 2014). However, a major limitation for liver 

transplantation is the shortage of liver donors (Zhu, 2013). Surgical resection and liver 

transplantation are not useful options, and tumor ablation of tumors by high energy sources is 

advocated (Page et al., 2014). At late stages of HCC, systemic chemotherapy cytotoxic agents 

such as cisplatin, and doxorubicin could be employed, but these options are still being evaluated 

in clinical trails (Page et al., 2014). Unfortunately, the phase III trials did not show any 

improvement in the survival of patients treated with either solo or combined systemic cytotoxic 

regiments (Leung and Johnson, 2001; Yeo et al., 2005). Therefore, currently, no guideline 

approves the cytotoxic agents as a part of standard therapy (Page et al., 2014). Sorafenib, is a 

mutiple kinase inhibitor that inhibits many oncogenic signaling pathways in the liver, such as 

RAF (rapidly accelerated fibrosarcoma), vascular endothelial growth factor (VEGF) receptor, 

platelet derived growth factor (PDGF) receptor and c-Kit (Adnane et al., 2006; Wilhelm et al., 

2006). Sorafenib has been shown to be beneficial in phase III placebo-controlled trials (Cheng et 

al., 2009; Llovet et al., 2008). It has a manageable toxicity and is an important treatment option 

for inoperable HCC cases (Bruix and Sherman, 2011). 

 



1.3.4. Genetics and epigenetics of hepatocellular carcinoma 

The mutagenic environment created by inflammation promotes activation of proto-

oncogenes and inactivation of tumor suppressors, leading to deregulated hepatocyte proliferation 

and neoplastic transformation (Thorgeirsson and Grisham, 2002; Villanueva et al., 2007). Proto-

oncogenes code for proteins that are responsible for regulating physiological cell growth, 

differention and signal transduction. However, constitutively active proto-oncogenes become 

oncogenic via gene mutation, amplification or chromosomal translocation, leading to 

uncontroled cell proliferation in cancers (Downward, 2003). Tumor suppressor genes (TSGs)  

negatively regulate growth pathways, control cell division, promote apoptosis and inhibit 

metastasis (Sherr, 2004; Sun and Yang, 2010). Repression/inactivation of tumor suppressor 

genes can also result in uncontrolled cell division, leading to cancer development. Consistent 

with this notion, molecular studies on HCC biopsies have shown modulation of the expression of 

several oncogenes and TSGs (El-Serag and Rudolph, 2007; Thorgeirsson and Grisham, 2002).  

Epigenetic aberrations including DNA methylation, histone modifications and non-coding 

RNAs have also been linked to HCC (Pogribny and Rusyn, 2012). CpG islands, which have a 

high frequency of CpG sites located in the promoter regions of many genes, play an important 

role in carcinogenesis (Jones and Laird, 1999). Hypermethylation of CpG islands in gene 

promoters is associated with silencing of TSGs by subsequent downregulation of mRNA 

transcription and can be restored by dimethylation of the promoter region (Baylin and Herman, 

2000; Jones and Laird, 1999; Tischoff and Tannapfe, 2008). Promoter hypermethylation of TSGs 

is a common event in the development of HCC. Nine TSGs (SOCS1, GSTP, APC, E-cadherin, 

RAR- , p14, p15, p16, and p73) were examined in 51 HCC cases and 82% of HCCs showed 

methylation of at least one TSG promoter (Yang et al., 2003). An early study showed aberrant 

methylation of distinct regions of human chromosome 16 in 88% of HCC issues (Nagai et al., 

1994; Yoshikawa et al., 1997). Subsequent studies revealed epigenetic repression of the SOCS1 

gene promoter within this chromosomal segment in a large proportion of human primary HCC 

biopsies (Nishida et al., 2008; Okochi et al., 2003; Um et al., 2011; Yang et al., 2003; Yoshikawa 

et al., 2001). These reports showed SOCS1 promoter methylation in up to 65% of HCC, 

positively correlating with disease severity, compared with 0%-7% of nontumorous or normal 

liver tissues. This means that SOCS1 mRNA levels are lower in the HCC regions because of the 

more aberrant hypermethylation than in the non-HCC regions (Okochi et al., 2003; Yang et al., 



2003; Yoshida et al., 2004). These findings suggest that silencing SOCS1 gene repression by 

methylation may be involved in malignant transformation and that SOCS1 has growth 

suppression activity. The SOCS1 protein, which is the subject of my work, is discussed in detail 

in later sections. 

 

1.4. Regulation of hepatocyte proliferation in the liver 

Among all organs, the liver has the unique ability to repair itself after an acute injury or 

surgical resection. In the normal conditions, almost all hepatocytes reside in the resting (G0) 

phase of the cell cycle and carry out the metabolic functions. Damage to hepatocytes by physical 

surgical resection, chemical (toxins) or pathogen-mediated (hepatitis virus) injury (Fausto, 2000; 

Koniaris et al., 2003; Michalopoulos and DeFrances, 1997) leads to the triggering of regenerative 

mechanisms in the liver. Many cytokines and growth factors are involved in the process of LR. 

Most of the current knowledge on hepatocyte proliferation comes from the experimental model 

of LR following partial hepatectomy (PH). The experimental procedure of PH, first described by 

Higgins and Anderson in 1931,  involves surgical removal of two-third of the liver mass in 

rodents (rats and mice), leaving the remaining lobes intact (Doerr et al., 1990; Greene and Puder, 

2003). PH elicits synchronous proliferation of hepatocytes to restore a functional liver mass, 

which occurs within 2 weeks in rodents. Hepatocyte proliferation ceases when the regenerated 

liver mass reaches the species- and age- specific fraction of the total body mass. PH is a widely-

used powerful tool to study hepatocyte proliferation in vivo, as it allows the use of specific gene 

knockout mouse models to address the molecular components of hepatocyte proliferation and LR 

(Greenbaum, 2004). Dysregulated hepatocyte proliferation during inflammation-driven liver 

injury, recurrent LR and accompanying genetic instability often underlies the development of 

HCC (Thorgeirsson and Grisham, 2002). Hence, the knowledge gained from PH and LR also has 

profound implications in understanding the molecular pathways of deregulated hepatocyte 

proliferation in HCC (Greenbaum, 2004). 

Hepatocyte proliferation during LR is characterized by temporal activation of distinct 

genes that are grouped into four categories. (a) Immediate early genes, which occur within 4 h 

including c-fos, c-jun, junB and c-myc; (b) Between 4-8 h, the delayed early genes Bcl-2 and Bcl-

xL are expressed; (c) The cell cycle regulatory genes such as p53 and mdm2 occur at 8-20 h; (d) 

Genes involved in DNA replication and mitosis (e.g., cyclins, PCNA) occur at 20-48 h. The 



expression of these genes are induced by the precisely coordinated actions of many cytokines 

and growth factors, which regulate three distinct stages of hepatocyte proliferation, namely, (i) 

priming, (ii) DNA synthesis and cell division, and (iii) growth termination (Fausto, 2000; 

Koniaris et al., 2003; Michalopoulos and DeFrances, 1997) (Figure 1-3). These stages are 

discussed below in more details. 

 

 

 

Figure 1-3: Kinetics of liver regeneration following partial hepatectomy.  
After the partial hepatectomy, LPS activates Kupffer cells which secrete cytokines, including IL-6 and 

TNF- , which make hepatocytes competent for proliferation. Several growth factors are implicated in 

regulating proliferation of the primed hepatocytes, in particular HGF and EGF or TGF- . Members of the 

TGF-  family of signaling molecules, act as negative regulators of liver proliferation. (Courtesy from Dr. S. 
Ilangumaran) 

 

Hepatocyte priming: A wide variety of cytokines are differentially expressed during the 

first few hours after PH (the “priming phase”). Tumor necrosis factor-  (TNF- ) and IL-6 are 

critical priming factors, both thought to be secreted in response to gut-derived lipopolysaccharide 

(LPS) after PH by NPCs in the liver, such as Kupffer cells (Taub, 2004). It has been shown that 



serum levels of TNF-  and IL-6 are elevated in the first hours during DNA synthesis in 

hepatocytes after PH and hepatocytes respond by the activation of the transcription factors NF-

B, signal transducers and activators of transcription (STAT) 3, and activator protein (AP1) 

(Cressman et al., 1996; Yamada et al., 1997). PH experiments performed on IL-6 and TNF 

receptor type I (Tnfr1) knockout mice showed retarded LR, however, the injection of IL-6 

reversed the defect in the Tnfr1 KO mice, indicating that TNF-  functions via inducing IL-6 

(Cressman et al., 1996; Yamada et al., 1997). However, TNF- -deficient mice show normal LR, 

possibly due to intact TNFR1 signaling induced by other TNF family members such as 

lymphotoxin-  (Fujita et al., 2001; Hayashi et al., 2005).  

TNF-  stimulates both apoptotic and anti-apoptotic signaling pathways by activating 

caspases, NF- B and JNK kinase (Bradham et al., 1998). NF- B activation is essential for 

TNF -induced changes in c-myc and IL-6 mRNA (Kirillova et al., 1999). IL-6-induced STAT3 

activation is necessary for normal liver regeneration, however STAT3-independent MAPK 

activation may also participate in hepatocyte priming by IL-6 (Li et al., 2002). Administration of 

stem cell factor (SCF) reverses the defective LR in IL-6
-/-

 mice possibly by restoring STAT3 

activation (Ren et al., 2003). IL-6-treated and STAT3-overexpressing livers upregulate anti-

apoptotic proteins Bcl-2 and Bcl-xL, which block caspase activation (Haga et al., 2003; 

Kovalovich et al., 2001; Taub, 2003). Both TNF-  and IL-6 are required for the induction of 

inducible nitric oxide synthase (iNOS) which is necessary for LR and plays a cytoprotective role 

in hepatocytes (Rai et al., 1998). Hence, timely termination of TNF-  activity and maintenance 

of a delicate balance between apoptotic and anti-apoptotic signaling pathways prevent 

hepatotoxicity during the priming stage of LR (Bradham et al., 1998; Mohammed et al., 2004).  

DNA synthesis: Following priming, growth factors facilitate the primed, ‘competent 

hepatocytes’ to progress through the cell cycle. These growth factors, which signal via receptor 

tyrosine kinases (RTKs), provide the mitogenic signals needed for progression from the G1 to S 

phase of the cell cycle. Among these growth factors, hepatocyte growth factor (HGF) and ligands 

of epidermal growth factor receptors (EGFR) are major regulators of hepatocyte proliferation. 

The signaling pathways mediated by MET and EGFR occur early during the regenerative 

process (Michalopoulos, 2007), and, as discussed later, they also contribute to the pathogenesis 

of HCC (Taub, 2004; Villanueva et al., 2007). Both c-Met and the EGFR are tyrosine kinases 

that become activated upon ligand binding and recruit enzymes and scaffolding proteins to 



transduce downstream signals that activate mitogen-activated protein kinase (MAPK) and 

phosphatidyl inositol 3-kinase (PI3K) pathways (Birchmeier et al., 2003; Borowiak et al., 2004). 

Because HGF-induced MET signaling is crucial for embryonic development, genetic ablation of 

HGF or MET causes embryonic lethality (Bladt et al., 1995; Schmidt et al., 1995; Uehara et al., 

1995). On the other hand, tissue specific-deletion of MET expression in hepatocytes has revealed 

a critical role for MET signaling during LR following PH (Borowiak et al., 2004; Huh et al., 

2004). HGF plays a key role in hepatocyte proliferation and mediates MET-induced gene 

expression that is crucial for G2/M progression of hepatocytes during LR (Michalopoulos and 

DeFrances, 1997).  

Besides HGF, certain other growth factors have also been shown to be important for 

normal LR. The IL-6-induced insulin-like growth factor binding protein 1 (IGFBP1), which 

modulates the bioavailability of IGF, is also required for LR (Leu et al., 2003; Leu et al., 2001). 

Similarly to HGF, the mitogenic effects of IGFBP1 are mediated primarily via ERK1/2 

activation (Borowiak et al., 2004; Leu et al., 2003). The ligands that bind to the EGF receptors 

ERBB, EGF and TGF- , also provide mitogenic signals during liver regeneration and stimulate 

mitogenesis in cultured hepatocytes (Jones et al., 1995). Liver-specific deletion of IGFR or 

EGFR impairs LR following PH (Desbois-Mouthon et al., 2006; Natarajan et al., 2007). Most of 

growth factor signaling pathways lead to the activation of transcription factors that are involved 

in LR, such as NF- B, Stat3, AP-1, and C/EBP  (White et al., 2005) that collectively contribute 

to cell cycle progression in the regenerating liver.  

Growth termination: Hepatocyte proliferation ceases after restoration of the functional 

liver mass following PH. Cessation of LR is mediated, at least partially, by transforming growth 

factor 1 (TGF- 1) that is a known suppressor of hepatocyte proliferation produced 

predominantly by hepatic stellate cells (Ikeda et al., 1998). TGF- 1 expression increases early 

(within 5 hours) after PH and stays elevated until the end of regeneration (Braun et al., 1988). 

Inactivation of TGF- 1 signaling in hepatocytes increases hepatocellular proliferation and the 

liver mass: body weight ratio following PH (Romero-Gallo et al., 2005). Expression of TGF- 1 

leads to activation of the Smad pathway in hepatocytes. However, PH also upregulates the 

expression of SnoN and Ski transcriptional repressors, which inhibit TGF-  signaling by 

recruiting histone deacetylases to Smads (Liu et al., 2001; Macias-Silva et al., 2002). Expression 

of SnoN and Ski diminishes after the S phase, reinstating the growth-inhibitory functions of 



TGF- . Deregulation of cytokine signaling in any of the three stages of hepatocyte proliferation, 

namely priming, DNA synthesis and cell division, and growth termination could promote 

hepatocarcinogenesis. 

 

1.5. Receptor Tyrosine Kinases and HGF-MET signaling pathway 

RTKs are membrane spanning cell surface receptors consisting of a glycosylated 

extracellular ligand-binding domain, a single transmembrane helix, and a cytoplasmic portion 

containing the protein tyrosine kinase (TK) domain plus additional carboxy-terminal and 

juxtamembrane regulatory regions (Schlessinger, 2000). Ligand binding to the extracellular 

domain leads to the receptor dimerization and conformational changes that increase kinase 

activity and autophosphorylation of tyrosine residues. Phosphorylation of the distinct tyrosine 

residues of the activated receptor creates binding sites for Src-homology 2 (SH2) and 

phosphotyrosine binding (PTB) domain proteins, most of which also are RTK substrates (Zwick 

et al., 2001). The resultant signaling complexes induce initiation of signal transduction pathways, 

including the Ras-ERK and PI3K-Akt pathways, leading to activation of transcription factors 

that mediate the cellular responses to growth factor stimulation (Pawson and Scott, 1997).  

 

1.5.1. HGF-MET expression, structure and signaling  

HGF was first identified in 1984 as a mitogen for rat hepatocytes (Nakamura et al., 

1984). HGF is secreted by stellate cells and acts in a paracrine manner on epithelial cells. It is 

synthesized as a single-chain inactive polypeptide of 728 amino acids (Nakamura et al., 1989). 

Urokinase plasminogen activator (Mars et al., 1993), HGF activator (HGFa) (Shimomura et al., 

1995) and coagulation factor XI and XII (Peek et al., 2002; Shimomura et al., 1995) cleave the 

inactive single-chain between Arg 494 and Val 495 to an active two-chain HGF that is held 

together by a disulfide bond (Figure 1-4A). The heavy chain contains a hairpin loop and four 

kringle domains, each formed by 80 amino acids long, double-looped structures held together by 

three internal disulfide bridges. The light chain ( -chain) possesses a pseudo-serine protease 

domain lacking enzymatic activity. The -chain binds to the -propeller domain of the MET 

receptor, leading to its dimerization and activation (Comoglio et al., 2008).  



 

Figure 1-4: Domain structure of HGF and its receptor MET. 
A) HGF/SF is proteolytically processed between Arg 494 and Val 495 to form a heterodimer. The -chain 
is composed of a hairpin loop followed by four kringle domains. The -chain shares sequence similarity 
with serine proteases, but is not proteolytically active.  
B) The receptor Met is composed of a disulfide-linked /  heterodimer. The -chain is an extracellular 
glycoprotein; the -chain is a transmembrane subunit responsible for the tyrosine kinase activity. The 
intracellular domain of the receptor includes a tyrosine kinase catalytic site flanked by distinctive 
juxtamembrane and carboxy-terminal sequences. (Adapted from (Comoglio et al., 2008)) 

 

          MET is a prototypic member of the RTK family. c-MET proto-oncogene was originally 

identified as a fusion gene (tpr-met) in a chemically-transformed human ostosarcoma cell line 

(Cooper et al., 1984). The Tpr-Met (Tpr -translocated promoter region) is a mutant MET protein 

generated by a chromosomal translocation event, which replaced the extracellular and 

juxtamembrane domain of c-MET for Tpr, the protein dimerization domain (Park et al., 1986).     

          Human MET is post-translationally glycosylated and proteolytically digested to form a 50 

kDa extracellular -chain and a transmembrane 140 kDa -chain, which are then linked by 

disulfide bonds (Sattler and Salgia, 2009) (Figure 1-4B). The -subunit contains an extracellular 



portion, transmembrane helix and cytoplasmic tail. The cytoplasmic domain is structurally 

highly conserved in all receptor tyrosine kinases, consisting of a juxtamembrane domain, 

followed by a tyrosine kinase catalytic domain and a carboxy-terminal docking site (Ponzetto et 

al., 1994).  

          The ligand for c-MET is a growth factor known as HGF, the canonical HGF/MET 

signaling pathway has emerged as a key determinant in eliciting diverse biological 

developmental and homeostatic processes including proliferation, migration, invasion and 

branching morphogenesis (Birchmeier et al., 2003). HGF binding leads to MET receptor 

dimerization and autophosphorylation of the tyrosines Tyr1234 and Tyr1235 in the kinase 

domain, initiating the subsequent phosphorylation on tyrosine residues of Tyr1349 and Tyr1356 

within the C-terminal, which creates a multi-substrate docking sites (MSDS). They have been 

demonstrated to be essential for the recruitment of signal transducers and scaffolding adaptor 

proteins, serving as a docking site for SH2-containing proteins, which are important for the 

activation of effector signaling pathways (Ponzetto et al., 1994; Sachs et al., 2000). These 

different signal transducers are recruited depending on the amino acid sequence flanking the 

phosphorylated tyrosine residues (Birchmeier et al., 2003; Comoglio, 2001). These signaling 

proteins include growth factor receptor bound protein 2 (Grb2), Grb2-associated binder 1 

(Gab1), PI3K kinase, STATs, PLC  and c-Src (Trusolino and Comoglio, 2002). Gab1 is the most 

crucial signaling molecule downstream HGF-MET, and is responsible for sustained MET 

signaling needed for eliciting cell cycle transition, proliferation and transformation (Mood et al., 

2006). Gab1, which becomes phosphorylated on several tyrosine residues following MET 

receptor activation (Gu and Neel, 2003), provides additional binding sites for downstream 

signaling molecules such as PI3K, SHP2, CRK and p120RasGAP, resulting in sustained ERK 

activation (Birchmeier et al., 2003; Gu and Neel, 2003; Maroun et al., 2000; Montagner et al., 

2005; Mood et al., 2006; Schaeper et al., 2000; Trusolino et al., 2010) (Figure 1-5). Recruitment 

of the Tyr phosphatase SHP2 to Gab1 prevents the binding of p120RasGAP, which inhibits Ras 

by turning on its intrinsic GTPase activity, thereby leading to sustained ERK activation required 

for MET-induced morphogenesis and cell transformation (Gu and Neel, 2003; Maroun et al., 

2000; Montagner et al., 2005; Mood et al., 2006). This Gab1/SHP2-dependent signaling pathway 

is crucial for hepatocyte proliferation as shown by reduced LR in mice with liver-specific 

ablation of either of these molecules, essentially phenocopying the liver-specific HGF or MET 



knockout mice (Bard-Chapeau et al., 2006).  

 

 

 
Figure 1-5: The HGF-MET signaling pathway. 
After HGF binds to its receptor MET, it will induce the MET dimerization and trans-phosphorylation on the 
tyrosine residues (Tyr1234 and Tyr1235) in the catalytic domain and results in phosphorylation of two 
tyrosine residues in the C-terminal (Tyr1349 and Tyr 1356). The C-terminal tyrosines residues creat a 
docking site for a variety of adaptor proteins binding, including  Grb2, Gab1, PI3K and STAT3.  This leads 
to the activation of downstream signaling pathways which promote the MET-mediated cell proliferation, 
survival, migration and invasion. (Adapted from (Trusolino et al., 2010)) 

 

The juxtamembane region is an important site for the negative regulation of the MET 

receptor, containing a critical tyrosine residue (Tyr1003), the phosphorylation of which recruits 

c-Casitas-B-lineage Lymphoma (c-Cbl), a ubiquitin-protein ligase. c-Cbl binds to MET directly 

on Tyr1003 residue and indirectly through SH3 domain of Grb2, thus targeting MET for 

ubiquitination. This ligand-dependent regulatory pathway involves internalization via coated pits 

followed by sorting to and finally degradation within the lysosome (Jeffers et al., 1997; Petrelli 



et al., 2002). In addition, there are other 47-conserved amino acid residues around Ser 985 which 

can be phosphorylated by protein kinase C and recruits protein phosphatase-2A, thus leading to 

attenuation of HGF-induced MET signaling (Gandino et al., 1994) 

 

1.5.2. Regulation of MET signaling 

The HGF/c-Met signaling pathway plays a key role in embryonic development and tissue 

regeneration. It is especially essential for placenta and liver development during embryogenesis 

(Pauwels et al., 1998) and mice lacking of the HGF/MET signaling displays embryonic lethality 

(Schmidt et al., 1995). Following injury, the expression of HGF is increased in a number of 

injured tissues, such as heart, kidney, or liver, in order to promote cell proliferation, migration 

and reconstitution of the injured tissues. Once the regeneration is complete, the HGF levels 

decrease to basal level in order to regulate MET signaling (Michalopoulos and DeFrances, 1997; 

Nakamura et al., 2000; Sato et al., 2001). Besides the regulation of ligand availability, tyrosine 

phosphatases DEP1, PTPN1 and PTPN2 have been shown to regulate MET kinase activity 

(Palka et al., 2003; Sangwan et al., 2008). The activity of MET signaling is also restrained by its 

internalization and compartmentalization to focal adhesion complexes, peri-nuclear sites or 

dorsal ruffles to undertake distinct functions while attenuating unwanted signaling events (Abella 

et al., 2010; Kermorgant and Parker, 2008; Kermorgant et al., 2004). The most important 

regulation of MET occurs via internalization and lysosomal degradation of activated MET that 

requires the E3 Ub-ligase Cbl (Peschard et al., 2001). The two prominent members of the Cbl 

family, c-Cbl and Cbl-b are ubiquitously expressed (Thien and Langdon, 2005b) (Figure 1-6). 

The Cbl family proteins contain a highly conserved tyrosine kinase binding (TKB) domain and a 

RING finger domain in its N-terminal region, both of which are responsible for the ubiquitin 

ligase activity (Lill et al., 2000). TKB domain permits Cbl to interact with tyrosine 

phosphorylated proteins (Lill et al., 2000), and the RING finger binds to E2 conjugating 

enzymes, allowing the transfer of the ubiquitin moieties to substrate proteins (Yokouchi et al., 

1999). 

 



 

 
Figure 1-6: The domain structure of Cbl proteins. 
c-Cbl and Cbl-b contain an N-terminal tyrosine-kinase-binding (TKB) domain which binds to 
phosphotyrosine residues. Cbl proteins contain a RING finger which mediates transferring the ubiquitin 
molecules from E2 enzymes to the target molecules. The C-terminal proline-rich region is involved in the 
adaptor functions for binding with several Src-homology-3-containing proteins. Finally, the C-terminal 
UBA domain has a role in Cbl oligomerization and ubiquitin binding. (Adapted from (Lai et al., 2012)) 
 

The Cbl-dependent endocytic pathway was originally discovered as a regulatory 

mechanism of EGFR signaling and then extended to many other RTKs (Swaminathan and 

Tsygankov, 2006; Thien and Langdon, 2005b). c-Cbl binds to the MET receptor either directly 

to the phosphorylated Tyr1003 residue in the juxtmembane region, or indirectly via the SH3 

domain of Grb2 (Birchmeier et al., 2003). This results in MET being mono-ubiquitinated on 

several lysine residues, its internalization via clathrin-coated pits and delivery to the endosomal 

networks (Carter et al., 2004). The process for the subsequent internalization and endosomal 

sorting involve multiple adaptor proteins with ubiquitin interacting motifs, such as HGF-

regulated tyrosine kinase substrate (Hrs), which recognizes and associates with ubiquitylated 

MET receptor (Peschard and Park, 2007). Following endocytosis, MET accumulates in 

multivesicular bodies (MVB), which fuses with lysosomes, Hrs plays a critical role in MET 

receptor degradation through the endosomal/lysosomal pathway (Tanaka et al., 2008). During 

this process, the interaction of Cbl with Cbl-interacting protein 85 (CIN85) assists the 

endocytosis of MET in the early phase of internalization (Oved and Yarden, 2002). In addition, 

the binding of decorin, a small molecular weight leucine-recih proteoglycan, to MET promotes 

Cbl-dependent MET internalization and degradation (Goldoni et al., 2009).  

It is still unclear what facilitates MET degradation or signaling pathways, although a 

correlation with the concentration of the ligand has been proposed for EGFR (Polo and Di Fiore, 

2006). Proteasomes are also implicated in regulating intracellular sorting of MET following 

ligand stimulation as well as in the degradation of the MET receptor bound to an inhibitory 



antibody DN-30, which is being evaluated for its potential use for anti-tumor therapy (Foveau et 

al., 2009; Hammond et al., 2001; Jeffers et al., 1997; Pacchiana et al., 2010). DN-30 binds to 

extracellular domain of MET to generate a soluble receptor in the extracellular space and a 

membrane-anchored cytoplasmic tail. A disintegrin and metalloprotease (ADAM) catalyzes the 

extracellular shedding of MET which can neutralize HGF/MET mediated signaling pathway. The 

cleavage surface-associated cytoplasmic remnant is performed by -secretase for proteasomal 

degradation pathway (Foveau et al., 2009; Pacchiana et al., 2010). Mechanisms that determine 

whether the endocytosed MET should be routed for intracellular signaling or for lysosomal 

degradation, and the factors that link MET to the proteasomal pathway have not yet been 

understood completely (Trusolino et al., 2010).  

 

1.5.3. Dysegulation of RTK signaling in HCC 

Aberrant RTK signaling is an important molecular driver of carcinogenesis (Lemmon and 

Schlessinger, 2010) including in the pathogenesis of HCC. EGFR signaling has also been 

demonstrated as an important contributing factor during the early stages of HCC development 

(Berasain and Avila, 2014). The EGFR ligands TGF-  and EGF are potent stimulators ofor 

hepatocyte proliferation (Chuang et al., 1991). It has been shown that TGF-  levels are elevated 

in human HCC patients (Kira et al., 1997; Zhang et al., 2004). Furthermore, TGF-  is also 

induced by HBV-DNA and co-localizes with HBV-surface antigens (Schirmacher et al., 1996; 

Tabor et al., 1992). Insulin-like growth factor (IGF) receptor signaling also contributes to 

hepatocarcinogenesis. Among IGFR ligands, IGF-II is the main mediator of IGFR signaling in 

the progression of HCC (Breuhahn et al., 2006). High expression of IGF-II occurs in 16-40% 

human HCC patients, and reduces IGF-II promotes chemosensitivity (Breuhahn et al., 2004; 

Lund et al., 2004). Upregulation and activation of IGFR has also been noted in 20% of HCC 

patients (Breuhahn et al., 2006). VEGF is another well-studied growth factor in HCC implicated 

in angiogenesis (Chan and Yeo, 2012). Elevated VEGF is associated with poor prognosis, higher 

tumor grade and invasion of HCC (Poon et al., 2004; Sergio et al., 2008; Yamaguchi et al., 

1998). In addition to VEGFR, PDGF and fibroblast growth factor (FGF) also promote 

angiogenesis in HCC (Jain and Booth, 2003). 

It has been shown that HGF/MET is one of the most commonly dysregulated signaling 

pathways in cancers including HCC, and is a potential target for therapy (Goyal et al., 2013). 



HGF is secreted by the tumor stromal cells and acts in a paracrine or autocrine manner on 

surrounding epithelial and endothelial cells (Gentile et al., 2008). Somatic mutations localized to 

the kinase domain of MET (exon15 to 19) have been detected in childhood HCC, they alter 

catalytic activity or the structure of the intra-molecular substrate specificity (Park et al., 1999). 

Truncation or point mutations in the juxtamembrane domain lead to uncoupling of MET from 

Cbl-mediated negative regulation and cause enhanced MET receptor stability and cellular 

transformation. These mutations have been shown in lung, thyroid and gastric cancers (Kong-

Beltran et al., 2006; Lee et al., 2000; Ma et al., 2003; Wasenius et al., 2005). Increased 

expression of MET has been reported in HCC biopsies and has been correlated with increased 

mortality in HCC patients (Boix et al., 1994; Tavian et al., 2000; Ueki et al., 1997; Whittaker et 

al., 2010). A recent study has shown that the MET-regulated gene expression profile in HCC 

closely correlates with aggressive tumor growth and poor prognosis (Kaposi-Novak et al., 2006). 

The MET receptor is now considered a key therapeutic target in HCC, and small molecule 

inhibitors and antagonists of the MET receptor are being tested for the treatment of HCC in 

clinical trials (Gao et al., 2012; Muntane et al., 2012). 

          The MET receptor has also been implicated in deregulation of RTK signaling networks in 

cancer (Xu and Huang, 2010). These RTK networks allow crosstalk between different RTKs and 

are implicated in the development of cancer resistance to RTK inhibitors. A seminal study 

showed that forced expression of the TGF-  in rat hepatocytes caused HGF-independent 

activation of c-MET receptor (Presnell et al., 1997). Subsequently, Strom and colleagues showed 

that HGF-independent phosphorylation of MET occurred in human hepatoma cell lines (HepG2, 

AKN1, Huh6) and in the epidermoid carcinoma cell line A431, and that this event required 

activated EGFR, as it could be inhibited by TGF-  neutralizing antibody and/or blocking 

antibody against the receptor (Jo et al., 2000). These studies also showed that MET interacts with 

and transactivates EGFR, presumably via cross-phosphorylation. In addition to EGFR, other 

RTKs may also be involved in the crosstalk with the MET receptor. Recently, MET has been 

shown to form a heterodimer with InsR in hepatocytes upon stimulation with either HGF or 

insulin, and that the MET-InsR hybrid receptor induces more potent activation of the insulin 

receptor substrates than InsR alone, leading to optimal hepatic glucose response (Fafalios et al., 

2011). This report raises the possibility that MET may also be involved in IGFR signaling, which 

is likewise implicated in the pathogenesis of HCC and is a therapeutic target under evaluation in 



clinical trials (Huynh et al., 2011; Wu and Zhu, 2011). 

The implications of RTK crosstalk and the importance of the HGF-MET signaling axis to 

tumorigenesis came to limelight when two reports showed that tumor resistance to therapies 

targeting the EGFR kinase activity was associated with amplification of the c-MET gene and 

MET activation in non-small cell lung cancer and glioblastomas (Engelman et al., 2007; 

Stommel et al., 2007). Similar findings have also been reported in gastric and breast cancers 

(Mueller et al., 2010). These findings indicate that MET activation could be one of the key 

oncogenic mechanisms in tumor progression and that targeting multiple RTKs including MET 

may be required to achieve growth inhibition of HCC. 

 

1.6. Suppressors of Cytokine Signaling 1 (SOCS1) 

1.6.1. Putative tumor suppressor role of SOCS1 in HCC 

As mentioned previously, methylation of the SOCS1 gene promoter has been observed in  

up to 65% of HCC, positively correlating with disease severity, compared to the 0%-7% of 

nontumorous or normal liver tissues (Okochi et al., 2003; Yang et al., 2003; Yoshida et al., 

2004). These observations suggested that SOCS1 may function as a tumor suppressor in the 

liver. In support of this idea, the core protein of HCV, an important etiologic factor of HCC, was 

reported to suppress SOCS1 gene expression (Miyoshi et al., 2005). However, analysis of human 

HCC biopsies showed similar levels of SOCS1 gene methylation in virus positive and virus-

negative HCC samples (Nishida et al., 2008). While SOCS1 methylation occurs predominantly 

in early stages of HBV-associated hepatocarcinogenesis, a negative correlation between SOCS-1 

methylation in HBV-related HCC has also been reported (Ko et al., 2008; Um et al., 2011). 

Another study showed that SOCS1 gene methylation occurs at the hepatitis stage before the onset 

of HCC and highly correlated with liver fibrosis (Yoshida et al., 2004). Notwithstanding the lack 

of consensus over the influence of hepatitis virus on SOCS1 gene methylation, Socs1
+/- 

mice have 

increased susceptibility to hepatocarcinogenesis induced by the chemical carcinogen DEN 

(Yoshida et al., 2004). Notably, methylation of SOCS1 gene promoter has also been reported in 

many other types of cancers including neuroblastoma, myeloma, leukemia, pancreatic 

adenocarcinoma, and colorectal and prostate cancers (Chen et al., 2003; Fujitake et al., 2004; 

Fukushima et al., 2003; Galm et al., 2003; Komazaki et al., 2004; Liu et al., 2003b; Reddy et al., 

2005; Suzuki et al., 2006; Zardo et al., 2002). All these studies support a potential tumor 



suppressor role of SOCS1. In addition to epigenetic repression, SOCS1 gene expression is also 

reduced by at least three microRNAs, miR-155, miR-19a and miR-30d (Jiang et al., 2010; 

Kobayashi et al., 2012; Lu et al., 2009; Pichiorri et al., 2008; Yan et al., 2013). Among these, 

miR-155 is an oncomiR in breast cancer and is also implicated in aggressive growth and invasion 

of HCC cells (Jiang et al., 2010; Yan et al., 2013). MiR-19a is implicated in multiple myeloma 

(Pichiorri et al., 2008), wherein high miR-30d expression correlates with increased risk of 

recurrence in prostate cancer (Kobayashi et al., 2012). The chromosomal region 8q24 harboring 

miR-30d is amplified in prostate cancer (Kobayashi et al., 2012; Sun et al., 2007). These studies 

suggest that downmodulation of SOCS1 can occur by epigenetic repression or via upregulation 

of miRs targeting SOCS1 mRNA. These findings have invigorated the efforts to understand the 

molecular mechanisms of the tumor suppressor function of SOCS1. 

 

1.6.2. The structure of SOCS1 

          SOCS1, also known as STAT-induced STAT-inhibitor (SSI) or Jak-binding protein (JAB), 

was discovered by three independent research groups in 1997 (Endo et al., 1997; Naka et al., 

1997; Starr et al., 1997). Starr et al, cloned the SOCS1 from M1 cells showing its negative 

regulation of macrophage differentiation in response to IL-6 stimulation; Naka et al, reported the 

cloning and characterization of SSI-1 via screening of a murine thymus cDNA library with a 

monoclonal antibody against a sequence motif found in the SH2 domain of STAT; and Endo et 

al, used the yeast two-hybrid system to discover JAB by its ability for binding to JAK2 tyrosine-

kinase JH1 domain. Two other SOCS1 relatives cloned by Starr et al were named SOCS2 and 

SOCS3 (Starr et al., 1997), and all these proteins were similar in structure to the previously 

demonstrated cytokine-inducible SH2-containing protein (CIS) (Yoshimura et al., 1995). By 

using the sequence consensus, the DNA databases were searched, which led to the discovery of 

four new SOCS proteins (SOCS-4 to SOCS-7) to a total of eight SOCS family members (Hilton 

et al., 1998). They all share a central SH2 domain, a conserved C-terminal motif called the SOCS 

box and a highly variable N-terminal sequence (Hilton et al., 1998; Starr et al., 1997), each of 

which is associated with distinct protein-protein interactions. The SOCS proteins may be 

grouped according to the sequence homology as i) CIS and SOCS2, ii) SOCS1 and SOCS3 and 

iii) SOCS4 and SOCS5, and SOCS6 and SOCS7 (Alexander, 2002)  (Figure 1-7). 

 



 

 

Figure1-7: Schematic structure of the CIS/SOCS family.  
The SOCS box is conserved in all the proteins of the SOCS family. SOCS1 and SOCS3 directly inhibit 
the tyrosine kinase activity of JAK, as they contain a kinase-inhibitory region (KIR) which is proposed to 
function as a pseudosubstrate. The length of N-terminal domain varies between SOCS proteins and 
SOCS4-7 possesses relatively long N-terminal domain. (Adapted from (Fujimoto and Naka, 2010)) 
 

 The SH2 domain of SOCS proteins allows them to bind to phosphorylated tyrosine 

residues within the activation loop of JAK kinases and inhibit downstream signaling. SOCS1 has 

been shown to bind and inhibit all four members of the JAK family kinases JAK1-3 and Tyk-2 

(Endo et al., 1997; Naka et al., 1997; Narazaki et al., 1998; Nicholson et al., 1999; Yasukawa et 

al., 1999). The SOCS1 SH2 domain is critical for JAK binding, which is abrogated by mutation 

of the Arg105 residue within the FLVRES motif that constitutes the phospho-tyrosine binding 

pocket (De Sepulveda et al., 1999; Yasukawa et al., 1999). The pre-SH2 region of 24 amino 

acids in SOCS1 has been shown to facilitate high affinity binding to JAKs and inhibition of its 

enzymatic activity (Narazaki et al., 1998; Nicholson et al., 1999; Yasukawa et al., 1999).  

SOCS1 and SOCS3 proteins also harbor a kinase inhibitory region (KIR) in the pre-SH2 domain 

that has been shown to occlude the enzyme active site of JAK kinases, thereby preventing access 

to legitimate substrates susch as STATs (Narazaki et al., 1998; Nicholson et al., 1999; Yasukawa 

et al., 1999). The SH2 domain of SOCS1 can also bind tyrosine residues in a phosphorylated 

independent manner (De Sepulveda et al., 2000).  

 



 

Figure 1-8: SOCS-box domain of SOCS proteins recruits the ubiquitin-transferase system. 
The SOCS box interacts with a complex containing elongBC, cullin-5, RING-box-2(RNX2) and E2 ligase, 
to form an E3 ubiquitin ligase and mediates the degradation of the substrate proteins in a proteasomal- 
dependent pathway.  
  

The C-terminal SOCS box is a highly conserved region of 40 amino acids that has also 

been identified in numerous proteins outside the SOCS family and is implicated in protein 

ubiquitination for proteasomal degradation (Hilton et al., 1998). One well-known non-SOCS 

family protein harbouring the SOCS box motif is the von-Hippel-Lindau (VHL) tumor 

suppressor, which promotes ubiquitination of hypoxia-induciable factor 1-alpha (HIF-1 ) 

(Kamura et al., 1998). The VHL protein forms an E3-ligase complex called CBC
VHL

 (Cullin-

Elongin BC-VHL) because it forms a molecular complex containing Elongins B and C, cullin2, 

Roc1/Rbx1 and an E2 ubiquitin conjugating enzyme (Kamura et al., 2002). This CBC
VHL

 E3 

ligase complex is structurally similar to the SCF family (Skp1, Cullins, F-box proteins) of 

ubiquitin ligases (Tyers and Rottapel, 1999). Similarly to VHL, SOCS1 was shown to interact 

with Elongins B and Elongin C, Cullin 5, Roc1/Rbx2 and E2 ubiquitin conjugating enzyme to 

the C-terminal SOCS-box to form an E3 ubiquitin ligase complex, which was predicted to 

promote ubiquitination of SH2-binding substrate proteins for proteasomal degradation 

(Ilangumaran et al., 2004; Kamura et al., 1998; Zhang et al., 1999) (Figure 1-8). Following this 

prediction, SOCS1 was first shown to promote ubiquitination and proteasomal degradation of 

onco-Vav, an oncogenic variant of the guanine nucleotide exchange factor Vav (De Sepulveda et 

al., 2000). Subsequent studies have shown that full-length SOCS1, but not SOCS-box truncated 

SOCS1 augments ubiquitination and proteasomal degradation of JAK2 and Tel-JAK2 onco-

protein (Frantsve et al., 2001; Kamizono et al., 2001; Rottapel et al., 2002; Ungureanu et al., 

2002). Thus, SOCS1 not only binds to JAKs and inhibits their kinase activity, but also promotes 

their ubiquitination and proteasomal degradation. SOCS1 and SOCS3 also target the insulin 

receptor substrates IRS1 and IRS2 to SOCS box-dependent Ub-mediated degradation, and inhibit 



insulin receptor signaling (Rui et al., 2002).  

In addition to regulate other protein substrates, the SOCS-box motif is also necessary for 

the stability of SOCS1 expression from proteolytic degradation (Narazaki et al., 1998), and 

deletion of SOCS-box leads to a partial unresponsive function of SOCS1 to the inhibition of 

IFN-  signalling (Zhang et al., 2001). Some of the protein ubiquitination function of SOCS1 may 

occur within the nucleus. It has been demonstrated that SOCS1 ubiquitinated HPV E7 protein, 

which was mainly localized in the nucleus (Kamio et al., 2004). This observation, raised the 

possibility of a motif in SOCS-box for the nuclear import (Kamio et al., 2004). Recently, a 

nuclear localization sequence (NLS) was found between the SH2 and SOCS-box domain, 

mediating the translocation of SOCS1 from the cytoplasm to the nucleus (Baetz et al., 2008; 

Koelsche et al., 2009; Lee et al., 2009). It has been also shown SOCS1 interacts with p53 tumor 

suppressor after SOCS1 nuclear translocation, which promotes p53-dependent oncogene-induced 

cell senescence (Calabrese et al., 2009). In this scenario, SOCS1 was not implicated in the 

degradation of p53, but instead implicated in its transcriptional activation. SOCS1 can also 

interact with the p65 subunit to inhibit nuclear NF- B activity (Strebovsky et al., 2011). 

Furthermore, nuclear SOCS1 is observed in primary keratinocytes (Madonna et al., 2010). In 

addition, N-terminal sequences of SOCS1 contain classical diproline motifs involved in the 

binding of SH3-containing molecules including ITK, p85 and Grb2 (De Sepulveda et al., 1999). 

These findings indicate that SOCS1 has a broad range of activities in the cytosol and in the 

nucleus. 

 

1.6.3. Feedback regulation of cytokine signaling by SOCS1  

 Generally, SOCS1 is not constitutively expressed at the steady state, but it can be rapidly 

induced by a variety of cytokines and serves as a tight negative-feedback mechanism to limit 

cytokine-induced cellular functions (Krebs and Hilton, 2001). The SOCS1 gene deficient (Socs1
-

/-
) mice are significantly smaller and die within three weeks after birth with severe systemic 

inflammatory responses due to uncontrolled IFN-  signaling and lymphocyte-dependent 

multiorgan inflammatory disease (Marine et al., 1999; Zhang et al., 1999). Administration of  

IFN-  neutralizing antibody after birth or generation of Socs1
-/-

Ifng
-/- 

mice rescued the  Socs1
-/-

 

mice. These observations demonstrated that SOCS1 is a key modulator of IFN-  signaling 

(Zhang et al., 1999). The promoter region of SOCS1 contains STAT3 and STAT6 binding 



elements (Minamoto et al., 1997; Suzuki et al., 1998). Thus SOCS1 expression can be induced in 

response to cytokine signaling mediated by the JAK-STAT pathway, including IL-2 (Sporri et 

al., 2001), IL-4 (Dickensheets et al., 2007), IL-6 (Endo et al., 1997; Starr et al., 1997) and IFN-  

(Starr et al., 1997; Zhang et al., 1999). The induced SOCS1 binds to the phosphorylated tyrosine 

residues of JAK2 via its SH2 domain and inhibits STAT activation in a feedback manner. There 

are three major mechanisms by which SOCS1 can attenuate the JAK-STAT signaling pathway: 

(1) Directly binding to JAKs to inhibit their tyrosine kinase activity; (2) Binding to the cytokine 

receptor chains and promoting their degradation; (3) Binding to phospho-Tyr residues on 

receptor chains and thereby competitively inhibiting the recruitment and activation of STAT 

proteins (Ilangumaran et al., 2004).  Collectively, all these mechanisms serve to control the 

cellular responses to cytokines namely cell proliferation, differentiation and effector functions.  

 

1.6.4. SOCS1 and TLR signaling 

 Recognition of pathogen-associated molecular patterns (PAMP) by pattern recognition 

receptors (PRRs) of innate immune cells leads to activation and initiation of innate and adaptive 

immune responses (Medzhitov, 2001). As the major member of PRRs, Toll-like receptors (TLR) 

recognize molecules that are broadly shared by pathogens but distinguishable from host 

molecules. Interestingly, besides the cytokines, TLR ligands such as LPS via TLR4 and other 

bacterial pathogens CpG-DNA via TLR9 also can induce SOCS1 expression, which occurs 

independently of the JAK-STAT activation. This SOCS1 induction is essential for regulating the 

intensity and the duration of TLR-induced inflammatory responses to maintain the host defense 

against harmful pathogens. For example, LPS-induced SOCS1 expression in macrophages can 

inhibit TLR-NF- B pathway and STAT1 activation to protect from the LPS-mediated 

inflammatory damage (Kinjyo et al., 2002; Nakagawa et al., 2002). TLR ligands induce SOCS1 

expression either directly through the activation of early growth response-1 (Egr-1), which can 

bind to the SOCS1 promoter (Mostecki et al., 2005), or indirectly by inducing cytokines, 

including IL-6 and IFN-  via the initial TLR signaling pathway (Naka et al., 2005). SOCS1 

protein induced by TLR ligands can also mediate a cross-talk inhibition of the cell’s sensitivity 

to other cytokines (Dalpke et al., 2008).  

It has also been shown that SOCS1 can directly interact with certain some components of 

the TLR signaling cascade. For example, Bruton’s tyrosine kinase-dependent phosphorylation of 



the adaptor protein Mal/TIRAP (MyD88-adaptor like protein, also called TIRAP) downstream of 

TLR2 and TLR4 generate a binding site for the SOCS1 SH2 domain, leading to the subsequent 

polyubiquitination and proteasomal degradation of this adaptor and reduced NF- B activity 

(Mansell et al., 2006). SOCS1 has also been shown to regulate TNF- -induced NF- B activation 

via degradation of p65/RelA (Mansell et al., 2006; Ryo et al., 2003). Regulation of the NF- B 

pathway by SOCS1 may also be critical in HCC as NF- B is a critical mediator of inflammation-

driven carcinogenesis (Karin and Greten, 2005) and the inflammation caused by hepatitis viruses 

is a major risk factor for the development of HCC (Block et al., 2003).  

Notably, nonalcoholic fatty liver disease (NAFLD) is a major cause of liver disease 

associated with morbid obesity which is characterized by increased of pro-inflammatory 

mediators such as interleukin-1 (IL-1) family cytokine members (Dinarello, 2011; Satapathy and 

Sanyal, 2010; Tilg and Moschen, 2011). There are two kinds of receptors for IL-1, only the type 

I receptor can be mediated for the IL-1 signaling pathway (Sims et al., 1993).  IL-1 family 

members such as IL-1 , IL-1 , or IL-18 bind to IL-1R together with TLR stimulation up-

regulating and promoting the production of pro-inflammatory cytokines (Boni-Schnetzler et al., 

2009). The IL-1 mediated signaling via type I IL-1R intracellular domains recruits the adaptor 

protein MyD88 transmitting signals by subsequently recruitment of IL-1R-associated kinase 

(IRAK) 1 and 2. The signaling further progresses by the activation of NF- B and MAPKs 

through the TNFR-associated factor 6 (TRAF6) and TGF -activated kinase 1(TAK1) (Jensen et 

al., 2000). SOCS1 can bind to the p65 subunit of NF- B and facilitates its ubiquitination and 

degradation (Mansell et al., 2006) for suppressing IL-1 pathway, so SOCS1 might have a 

potential role of IL-1R inhibition in the treatment of NAFLD.  

 

1.6.5. Regulation of STAT signaling by SOCS1 in HCC 

In normal physiological conditions, extracellular ligands such as cytokines and growth 

factors engage and activate STAT molecules, leading to transcription of genes required for cell 

survival and proliferation. Like cytokine receptors, RTK possesses STAT docking sites in their 

cytoplasmic domains, and thus can induce STAT activation independently of JAKs. Constitutive 

STAT activation has been frequently observed in a wide variety of human tumor cells (Bowman 

et al., 2000; Buettner et al., 2002). Among the STAT family members, constitutive STAT3 

activation is one of the most commonly transcriptionl factors associated with tumorigenesis (Yu 



and Jove, 2004; Yu et al., 2007; Yu et al., 2009). However, the cause of persistent activation of 

STAT3 in human tumor cells is largely unknown, although this could occur at least partly from 

the loss of negative regulators, including the SH2-containing phosphatases (SHP), the protein 

inhibitors of activated Stats (PIAS) and the SOCS proteins downstream of cytokine signaling 

(Greenhalgh and Hilton, 2001; Wormald and Hilton, 2004). In human HCC, constitutive STAT3 

activation occurs in more than 60% of the cases (Zhang et al., 2012). Furthermore, STAT3 may 

also be involved in hepatitis-mediated progression to the advanced cancer stages, rather than 

occurring as a consequence of HCC (Martin and Herceg, 2012). Increased SOCS1 expression 

has been shown to inhibit IL-6 and EGF mediated tumor cell growth via suppressing STAT3 

activation (Flowers et al., 2005; Narazaki et al., 1998; Yoshikawa et al., 2001). Indeed, a 

negative correlation between SOCS1 and the activated STAT3 has been reported in different 

cancer types (Calvisi et al., 2006; Huang et al., 2008; Park et al., 2007; Yoshikawa et al., 2001). 

Therefore, loss of SOCS1 gene expression in HCC by epigenetic methylation could be an 

important cause underlying the abnormal activation of STAT3 in HCC cases. 

 

1.6.6. SOCS proteins in regulating receptor tyrosine kinase signaling 

Although the principal role of SOCS proteins is the negative feedback regulation of 

cytokine receptor signaling, accumulating evidences indicate that SOCS proteins may also 

regulate the RTK signaling pathways in various cell types (Table 1-1). SOCS1 has been shown 

to bind stem cell factor (SCF) receptor c-KIT and to inhibit ligand-induced proliferation of 

hematopoietic cells (De Sepulveda et al., 1999). Similarly, SH2 domain of SOCS1 interacts with 

phosphotyrosine residues of  the macrophage colony-stimulating factor receptor (M-CSF-R or 

Fms) kinase insert region, resulting in the transient tyrosine phosphorylation of SOCS1 and 

decreased ligand-induced proliferation of hematopoietic cells (Bourette et al., 2001). SOCS1 also 

interacts with InsR and attenuates downstream signaling in hepatoma cell lines (Mooney et al., 

2001). SOCS1-mediated ubiquitination of insulin receptor substrate (IRS) 1 or IRS2 is the key 

step in the inhibition of insulin action in cell lines and mouse liver. SOCS1 occupies the catalytic 

loop of IR to block the phosphorylation of IRS2 and subsequent downstream signaling, leading 

to insulin resistance (Rui et al., 2002; Ueki et al., 2004). SOCS1 has also been shown to bind the 

C-terminal domain of EGFR to induce EGFR-associated STAT degradation or block the further 

recruitment and activation of STAT proteins to EGFR (Xia et al., 2002). SOCS1 interacts with 



the FGF receptor FGFR3, thus inhibiting STAT1 activation and enhancing MAPK pathways in 

chondrocytes (Ben-Zvi et al., 2006).  

Association of other SOCS family members to RTKs includes the interactions between 

SOCS6 and c-KIT (Bayle et al., 2004; Zadjali et al., 2011), SOCS5 and EGFR (Kario et al., 

2005), SOCS3 and FGFR3 (Ben-Zvi et al., 2006). SOCS3 has also been shown to inhibit ERK 

activation downstream of MET and FGFR1, although the underlying mechanisms are not yet 

known (Puhr et al., 2010; Seki et al., 2008). Collectively, these reports suggest that, even though 

SOCS family proteins are well known as negative regulators of the JAK-STAT signaling 

pathway downstream of cytokine receptors, they may also play a broader role in regulating 

growth factor RTK signaling pathways and functions, and contribute to its putative tumor 

suppressor functions in the liver. 

 

Table 1-1. RTK signaling events inhibited/modulated by SOCS proteins 

 EGFR FGFR3 FLT3 INSR KIT References 
CIS     Binds constitutively (Bayle et al., 2004) 

SOCS1 

Induces EGFR 
degradation and 

blocks EGF-induced 
STAT activation. 

Inhibits FGF 
mediated STAT1 

phosphorylation and 
elevates p-MAPK 

levels 

Binds with Flt3 and is a 
negative regulator of Flt3 

mitogenic signals 

Interacts with INSR, 
promotes IRS1 and 
IRS2 ubiquitination 

and degradation 

Interacts with KIT 
and suppresses Kit-

mediated 
mitogenesis 

(Ben-Zvi et al., 2006; De 
Sepulveda et al., 1999; 

Mooney et al., 2001; Rui et 
al., 2002; Ueki et al., 2004; 

Xia et al., 2002) 

SOCS2   

Associates with activated 
Flt3, increases its 
ubiquitination and 

proteasomal degradation, 
decreases Flt3 mediated 

transformation 

  (Kazi and Ronnstrand, 2013) 

SOCS3 

Induce ubiquitination-
dependent EGFR 
degradation and 

downregulation of 
STAT activation 

Binds to FGFR3 
constitutively 

 

 

Binds to IRS1 and 
IRS2 to promote its 
ubiquitin-mediated 

degradation 

 
(Ben-Zvi et al., 2006; Rui et 
al., 2002; Ueki et al., 2004; 

Xia et al., 2002) 

SOCS4 
Decreases of EGFR 

levels 
   

Weakly interacts 
with KIT 

(Bayle et al., 2004; Kario et 
al., 2005) 

SOCS5 
Physically associates 

with and promotes 
EGFR degradation 

   
Weakly interacts 

with KIT 

(Bayle et al., 2004; Kario et 
al., 2005) 

SOCS6   

Interacts with Flt3 and 
enhances its 

ubiquitination and 
degradation 

Binds with INSR, 
inhibits insulin-

dependent activation 
of ERK and IRS1 
phosphorylation 

Binds to KIT and 
promotes its 

ubiquitination, 
inhibits downstream 

signaling 

(Bayle et al., 2004; Kazi et 
al., 2012; Mooney et al., 

2001; Zadjali et al., 2011) 

SOCS7    

Associates with INSR 
and IRS1, negatively 

regulates insulin 
signaling 

 (Banks et al., 2005) 

 

 

 

 

 

 

 

 

 



1.7  Hypothesis and Objectives of this thesis   

          Although several lines of evidence indicate a tumor suppressor role for SOCS1 in the 

liver, the underlying molecular mechanisms remain largely unclear. Among the 8 members of 

the SOCS family, SOCS1 and SOCS3 have been implicated in regulating hepatocyte 

proliferation (Fujimoto and Naka, 2010). Even though the available evidence suggests that 

SOCS1 may play a role in attenuating hepatocyte priming by cytokines IL-6 and TNF- , it is 

equally likely that SOCS1 is involved in the regulation of RTK signaling in hepatocytes. Based 

on the relavant studies, I developed the hypothesis that SOCS1 acts as a tumor suppressor in the 

liver by regulating HGF/MET receptor signaling in hepatocytes. To test the hypothesis, I asked 

the following questions, which evolved sequentially, to elucidate the tumor suppressor functions 

of SOCS1 in hepatocytes. 

 

(i)  Determine the requirement of SOCS1 in liver regeneration and characterize the signaling 

proteins regulated by SOCS1 in the regenerating liver and in primary hepatocytes. 

(ii)  Evaluate the ability of SOCS1 to regulate MET signaling in HCC cell lines, and their 

growth, invasion and metastasis in vivo and in vitro.  

(iii) Determine the molecular mechanisms underlying the regulation of MET signaling by 

SOCS1. 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

CHAPTER 2 

 

MATERIALS and METHODS 

 



2.1. Mice 

Socs1
+/-

Ifng
+/-

 mice were obtained from Dr. J.Ihle (St. Jude’s Hospital, Memphis) and 

backcrossed with Ifng
-/-

 mice in C57BL/6 background (The Jackson Laboratory) to obtain Socs1
-

/-
Ifng

-/-
 mice.  Ifng

-/-
 and C57BL/6 mice were purchased from the Jackson laboratory. The mice 

were housed under specific pathogen-free conditions, and used for experiments at 8-12 weeks of 

age. All experiments were approved by the Institutional Ethics Committee.   

 

2.2. Cell lines 

Human HCC cell lines (SNU423, Hep3B, HepG2, Hepa1-6) and COS-7 cells were 

obtained from American Type Culture Collection (ATCC). All cells were cultured in Dulbecco’s 

modified Eagle’s medium (Sigma) supplemented with 10% fetal bovine serum (FBS) (Gibco) at 

37°C in a humidified atmosphere containing 5% CO2.  

 

2.3. Antibodies, cytokines and reagents 

Phospho-specific antibodies against MET (Tyr 1349, Tyr1234/1235, Tyr1003), Gab1 

(Y307), ERK (T202/Y204), Akt (S473) and STAT3 (Y705) were from Cell Signaling 

Technology (Beverly, MA). Antibodies against total proteins were from Santa Cruz 

Biotechnology (Santa Cruz, CA). Secondary antibodies were from the Jackson Immunoresearch 

Laboratories Inc. (Cedarlane, Burlington, ON). Human and mouse HGF were from R&D 

systems (Minneapolis, MN) or Peprotech (Rocky Hill, NJ). MG-132 and bafilomycin were from 

Calbiochem (San Diego, CA). Chloroquine was from Sigma Aldrich (St. Louis, MO).  

 

2.4. Plasmids 

HA-tagged SOCS1 constructs (full-length, R105K, 123-165, 174-212) were from Dr. 

Rottapel (University of Toronto, Toronto, Canada). Myc-tagged SOCS1 constructs ( 1-39, 1-

68) were from Dr.Yoshimura (Keio University, Tokyo, Japan). HA-tagged full-length Ub and the 

mutants lacking all internal Lys residues (K0) or retaining only K48 or K63 in pRK5 plasmid 

(Lim et al., 2005) were obtained from Addgene (Cambridge, MA). CSF-MET, Tpr-MET and 

their tyrosine residue mutation constructs were kind gifts from Dr. Morag Park (McGill 

University, Montreal, Canada). 



2.5. Plasmid construction 

The SOCS1 57-169 construct was generated by overlapping PCR. To delete SOCS1 

57-169 fragment from Myc-SOCS1 template, I used a pair of primers flanking the whole 

SOCS1 from the template (primers 1 and 4) with HindIII and Xhol two restriction enzyme sites, 

two complementary primers encompassing -15 bp to +15 bp relative to the junction point 

(primers 2 and 3) and a high fidelity polymerase (a mix of Taq and Pfu for example). The 

following oligonucleotides were used as primers:  

P1: aatataagcttatggtagcacgcaaccaggtgg

P4: tcagatctggaaggggaaggctcgartataa

P2: cagctcctgcagcggccgcacgcggcggtgagtgtcgccaggggctg

P3: cagcccctggcgacactcaccgccgcgtgcggccgctgcagg

 

The method employs a two-step PCR strategy. In the first PCR, the deletion primers (2 and 3) 

with corresponding upstream and downstream primers (1 and 4) were used to amplify two DNA 

fragments without the deletion segment. In the second PCR, primers 1-4 and the two PCR 

products from the first two reactions were ligated to generate Myc-SOCS1 57-169, which was 

subcloned into pcDNA3.0. The deletion was verified by sequencing. 

 SOCS1 lacking one or all four of its Tyr residues were generated from the Myc-SOCS1-

pcDNA3.0 template by site-directed mutagenesis using two complementary synthetic 

oligonucleotides containing the desired mutation at the central region as primers. The 

QuikChange® II XL site-directed mutagenesis kit (Agilent technologies) was used according to 

the manufacturer's instructions, with the following oligonucleotide primers:  

Myc-SOCS1/65F Forward: ccgctcccactccgatttccggcgcat

Reverse:  atgcgccggaaatcggagtgggagcgg

Myc-SOCS1/81F Forward: gcctgcggcttcttttggggacccctg

Reverse: caggggtccccaaaagaagccgcaggc

Myc-SOCS1/155F Forward: cgagctgctggagcacttcgtggcggc

Reverse: gccgccacgaagtgctccagcagctcg

Myc-SOCS1/204F Forward: aacccggtactccgtgacttcctgagttcc

 



One or more pairs of primers were used in one reaction depending on the generation of the single 

or multiple Tyr residues mutations in SOCS1. Plasmid clones were sequenced to select the 

correct Y to F mutants. 

 

2.6. Transfection of plasmids and siRNA 

Hep3B and COS-7 cells were plated 18-24 h before transfection so that they can reach 

about 50%-70% confluence at the time of transfection. Cells were transfected with Polyfect
®

 

transfection reagent (Qiagen) or Polyethylenimine (PEI, Sigma-Aldrich; 1μg/μL, pH8.0) 

following manufacturer’s instructions. In brief, desired amount of Polyfect
®
 or PEI was pipetted 

into 150 μl serum-free DMEM, mixed and incubated at RT for 10 min. Desired amount of DNA 

was then pipetted in, mixed and incubated at RT for another 10 min. The complex in medium 

was then added dropwise to cells and incubated for about 20-48 h at 37°C in a 5% CO2 

incubator. 

Validated siRNA targeting c-Cbl (ID: s2476, s2477) and control siRNA were purchased 

from Ambion (Life technologies, Carlsbad, CA). SNU423 cells were plated at around 60% 

confluence in 6-well plates. After 24 h cultivation, transfections were performed, using the 

siRNA duplexes following the manufacturer’s instructions. Transfection mix was removed 24 h 

later and cells were cultured for another 24h before lysis or further HGF stimulation.   

 

2.7. Isolation of Primary Hepatocytes 

Hank’s balanced salt solution (HBSS) was prepared by 1.4M NaCl, 53.6mM KCl, 

3.35mM Na2HPO4, 41.6mM NaHCO3, 100mM HEPES, 5.56mM Glucose, 4mM MgSO4.7H2O, 

4.4mM KH2PO4 and pH was adjusted to 7.4. A non-recirculating two-step perfusion method was 

used to isolate primary cells. 8 to 12 week-old mice were anesthetized by intraperitoneal 

injection of a mixture of Ketamine (10mg/Kg; Wyeth, Guelph, Canada) and Xylazine (10 mg/kg, 

provided by the central animal facility). The inferior vena cava was ligated in the thoracic cavity, 

the portal vein was cannulated with a 25G needle and the abdominal segment of the inferior vena 

cava was cut. Successful cannulation was confirmed by immediate blanching of the liver upon 

perfusion with Ca
2+

/Mg
2+

 -free HBSS containing 0.5 mM EGTA via the portal vein. After 

perfusion with 50 ml buffer at a flow rate of 7 ml/min, the liver was infused with 50 ml of HBSS 

containing 1.8 mM Ca
2+

 and type IV (100 U/ml, Worthington, Lakewood, NJ, USA). The liver 



was minced to release hepatocytes into DMEM containing 10% FBS to quench the collagenase 

activity. Then the cells were centrifuged at 50g for 5 min to remove NPCs and damaged 

hepatocytes. This was repeated once more to obtain a pellet of intact hepatocytes. Cell viability 

and concentration were assessed by trypan blue staining. Cells (0.4 x10
6
) were plated into 

collagen (Sigma–Aldrich)-coated petri dishes in DMEM-10% FBS. The cells were incubated in a 

humidified 5% CO2 incubator at 37°C for experimental use. 

 

2.8. Partial Hepatectomy  

Partial hepatectomy (PH) is to remove 65% of total liver tissue, or sham surgery was 

performed under isoflurane (Abbot Laboratories, Montreal, Canada) anesthesia following a 

published protocol (Mitchell and Willenbring, 2008). After surgical incision of the abdominal 

cavity, a ligature was applied to the base of median and left liver lobes for their excision. Mice 

were sacrificed 2 h, 6 h, 12 h, 24 h, or 48 h following PH and sham surgeries to harvest the 

remnant liver. 

 

2.9. Tumor formation in NOD.scid.gamma (NSG) mice 

NOD.scid.gamma (NSG) mice (8-12 weeks old) purchased from the Jackson Labs (Bar 

Harbor, ME) were used to evaluate tumor growth under protocols approved by the Université de 

Sherbrooke ethics committee. Control and SOCS1 expressing HCC cells (5x10
6

 cells in 100 μL) 

were injected subcutaneously into the left and right hind dorsal area. Injected mice were 

monitored for tumor growth every 3-4 days. The tumor dimensions were measured with a digital 

Vernier caliper and the tumor volume was calculated using the formula mm
3
=1/2 (length x 

width
2
).  

To evaluate tumor growth in the liver, hepatoma cells were injected via intra-

splenic/portal route. Briefly, mice were anesthetized with ketamine (10 mg/kg) and spleen was 

exposed through a small abdominal incision. Tumor cells (10
6

 cells in 100 μL) were injected into 

spleen and the mice were splenectomized 2 min later. Tumor nodules in the liver were examined 

20 days later. Liver tissues were harvested from the NOD.scid.gamma mice after 20 days of 

intrasplenic injection, they were perfused with 2 ml of PBS and then fixed in 10% neutral 

buffered formalin (Fisher Scientific). Fixed tissue were then embedded in paraffin, and 5-μm-

sections were stained with hematoxylin and eosin (H&E) and examined by a light microscope.  



 

2.10. Cell stimulation, lysate preparation and Western blot 

Primary hepatocytes and HCC cell lines, deprived of serum-derived growth factors by 

overnight culture in DMEM-0.25% FBS, were stimulated with HGF and lysed in SDS–PAGE 

sample buffer. Liver tissues were lysed in RIPA buffer (50 mM HEPES, 150 mM NaCl, 1% NP-

40, 0.5% sodium deoxycholate, 0.1% SDS) containing protease inhibitors (1 mM PMSF, 1 mM 

DTT and 1X protease inhibitor cocktail, Sigma) and phosphatase inhibitors (1mM sodium 

vanadate, 10mM NaF and 1mM glycerophosphate) at 4°C for 30 min. Cell lysates were 

centrifuged at 14,000 rpm, 4°C for 20 min to pellet debris, and the supernatants were mixed with 

SDS sample buffer and boiled for 5 min. The lysates were resolved on 8%-10% polyacrylamide 

gels and proteins were transferred to Immobilon-P membranes (Millipore). After transfer, the 

membranes were incubated in blocking solution at room temperature (RT) for 1 hour with gentle 

agitation. Depending on the primary antibodies different blocking solutions were used. For anti-

phosphotyrosine antibody 5% BSA in TBS-Tween buffer (25 mM Tris pH 7.5, 155 mM NaCl, 

0.05% Tween20) was used and 5% non-fat milk in TBS-Tween was used for all other antibodies. 

The membranes were incubated with primary antibodies diluted in blocking solution at 4°C 

overnight. Membranes were then washed three times with TBS-Tween buffer for 5 minutes each 

time, followed by incubation with anti-mouse or anti-rabbit IgG conjugated to horseradish 

peroxidase 1:5,000 diluted in blocking buffers at RT for 1-2 hours with gentle agitation. The 

membranes were washed three times and subjected to enhance chemiluminescence for detection 

of specific proteins. Membranes were stripped and re-probed with different primary antibodies. 

To strip antibodies, the membranes were incubated in stripping buffer (62.5 mM Tris pH 6.8, 2% 

SDS, 100 mM -mercaptoethanol) at 50 °C for 30 min. The membrane was then washed in TBS-

Tween for 3-4 times, blocked and reprobed. 

 

2.11. Generation of HCC cell lines stably expressing SOCS1  

HA-SOCS1 was subcloned into pWPT lentiviral vector (kind gift of Dr. Trono, 

University of Geneva) expressing the human CD8 as the selection marker. Early passage 

HEK293 cells were co-transfected with psPAX2 (encoding HIV-1 Gag, Pol, Tat and Rev 

proteins) and pMD2G (encoding the VSV G envelope protein) – at the ratio of 10:8:3. After 48 

hours the supernatant was collected, filtered with 0.45 m disk filters (Corning # 431220), 



aliquoted and stored at -80°C until used. Hepa1-6, HepG2 and Hep3B cells were transduced with 

the SOCS1 expressing lentirviral construct and 48 h later, cells were sorted using anti-CD8 

antibody-coated magnetic beads (Dynal® Beads, Invitrogen, Burlington, ON, Canada) to 

establish stable cell lines. 

            SNU423 cells were grown to around 80% confluence and transfected with Myc-SOCS1 

vector with PEI method. After 24 h of transfection, cells were split to 1:2, 1:4, 1:8, 1:16 and 1:32 

into 24-well plates containing 10% FBS DMEM plus 500 μg/ml G418. Cell growth was 

observed every day and changed medium with G418 selection drug every half week or if 

necessary. After 2-3 weeks, there was a massive cell death and most of the cells were washed off 

the bottom of the dish, leaving the positive colonies of stable cells. Colonies with a diameter of 

approximately 5 mm (or bigger) were isolated. Each clone were transferred and cultured before 

confirming stable expression of myc-tagged SOCS1 protein. 

 

2.12. Cell proliferation assay 

Primary mouse hepatocytes and human HCC cell lines were plated in 96-well culture 

plates (5-10 x 10
3
 cells/well) in DMEM containing 10% FBS, in the presence or absence of 

mouse or human HGF (30 ng/mL) and cultured for 3 days. One μCi of methyl-[
3
H]-thymidine 

(New England Nuclear) was added per well during last 8 h of culture. Cells were trypsinized, 

harvested onto glass fiber filter mats and the incorporated radioactivity was measured using Top 

Count
®
 microplate reader (Perkin–Elmer). The stimulation index was calculated by dividing the 

counts per minute (CPM) value obtained for HGF-stimulated cultures with that of control 

cultures for each experiment. 

 

2.13. Wound healing assay 

The bottom plates of Petri dishes were marked outside with parallel lines and 1x10
5
 

Hep3B cells transfected with SOCS1/pCDNA3.0 or empty vector were plated and cultured in 

DMEM-10% FBS. For primary hepatocytes, Petri dishes were pre-coated with collagen. When 

the cells were nearly confluent (>90%), the medium was changed to serum-poor medium 

(DMEM-0.25% FBS). After 4 h, a scratch wound was made with a sterile pipette tip and serum-

poor medium containing HGF was added. In some experiments, hydroxyurea (Calbiochem) was 

added to induce cell cycle arrest. Wound closure was photographed and the rate of wound 



healing was quantified by measuring the distance between the edges of the scratch wound at 

several points. 

 

2.14. Colony formation in soft agar 

After adding the bottom layer of 0.6% agar in 2x DMEM containing 20% FBS to 100 

mm petri dishes, 5000 HCC cells were suspended in 0.3% agar in 2x DMEM with 20% FBS as 

the top layer. Cells were fed every 3-5 days by overlying fresh 500 μl regular 10% FBS DMEM 

medium. After about 3 weeks of culture, colonies were stained with 1mg/ml methylthiazol 

tetrazolium (MTT) for 3 hours, photographed and counted using ImageJ software. 

 

2.15. Three-dimensional matrix invasion 

HCC cells (2 10
4
) were serum-starved overnight and collected in 1x DMEM, 

supplemented with 0.5% FBS DMEM with or without 50 ng/mL human HGF, seeded onto the 

top of a fibrillar collagen gel (100 L volume) in 96 wells plate, including 50 L of 1% agarose 

containing 10% FBS on the bottom, following 50 L of fibrillar type I collagen (3 mg/mL) 

(R&D Systems, Minneapolis, MN). They were then incubated for 48h at 37°C in a 5% CO2 

incubator. The cells were then labeled with CellTraceTM Calcein Green AM (invitrogen) for 1h 

before the end of the incubation. Finally, cells were fixed with 3% glutaraldehyde for 30 min 

followed by confocal microscopy (FV1000 Olympus confocal microscope) analysis. Cell 

invasion was observed as a ratio of the fluorescence intensity of each 5 m layer/ fluorescence 

intensity to the top 5 m layer (non-invading cells).  

 

2.16. Co-immunoprecipitation 

COS7 cells seeded on 60mm tissue culture dishes were co-transfected with the indicated 

plasmids. Twenty-four hours later, cells were lysed in RIPA buffer containing protease and 

phosphatase inhibitors (Roche). After incubation at 4°C for 30 min with gentle agitation, cell 

debris were removed by centrifugation. 200-400 μg of total proteins were used in each 

immunoprecipitation reaction containing 1 μg of specific antibody and incubated at 4°C for 2-4 h 

with gentle agitation. 30 μl 50% protein G-agarose beads (GE healthcare) in PBS were added to 

each reaction and the incubation was continued overnight. The beads were washed thoroughly 



and immunocomplexes collected on protein G-agarose beads were eluted by SDS sample buffer 

and analyzed by Western blot. 

 

2.17. GST pull-down assay 

Full-length SOCS1 was subcloned into the pGEX4T3 vector (GE life science), and GST 

and GST-SOCS1 proteins were expressed in BL21 strain of E. coli (Stratagene) and purified 

following manufacturer’s instructions. 500 μg of purified recombinant GST-SOCS1 protein or 

GST protein were used in each pull-down reaction. Proteins were immobilized on glutathione 

agarose beads pre-blocked overnight with 5% BSA/PBS and then equilibrated in binding buffer. 

COS7 cells transfected with CSF-MET plasmid were lysed in RIPA buffer. Cleared lysate 

containing 400 μg total protein was incubated with GST-SOCS1 proteins immobilized on 

glutathione-sepharose beads (GE Healthcare Life Sciences) at 4°C with gentle agitation 

overnight. The beads were washed four times, and bound proteins were detected by Western blot 

using specific antibodies.  

 

2.18. RT-PCR  

Total RNA from cells was extracted using TRIzol reagent (life technologies) and cDNA 

was synthesized using M-MLV Reverse Transcriptase (Promega), following manufacturer’s 

instructions. PCR reactions were performed with Taq DNA polymerase (Invitrogen) for SOCS1 

and 18S rRNA using the following primers: Socs1: forward 5’- tatatggtagcacgcaaccaggtgg-3’, 

reverse 5’- tcagatctggaaggggaaggaatat-3’; 18S: forward 5’- gtaacccgttgaaccccatt -3’, reverse: 5’- 

ccatccaatcggtagtagcg -3’). The following PCR conditions were used: 30 cycles of 94°C for 45 

sec, 55°C for 60 sec and 72°C for 45 sec. 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

CHAPTER 3 

 

RESULTS 



3.1. SOCS1 attenuates hepatocyte growth factor-

induced MET receptor signaling in normal 

hepatocytes and hepatocellular carcinoma cell lines
*
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3.1.1. Introduction 

The SOCS1 gene is frequently epigenetically repressed by CpG methylation in 65% in 

human HCC (Yoshikawa et al., 2001). It has also been reported that the core protein of the HCV, 

an etiologic agent of HCC, can suppress SOCS1 gene expression (Miyoshi et al., 2005). Besides, 

Socs1
+/-

 mice show increased susceptibility to develop HCC following exposure to the 

hepatocarcinogen diethylnitrosamine (Yoshida et al., 2004). These data suggest a tumor 

suppressor role for SOCS1 in the liver. However, the underlying molecular mechanisms remain 

largely unknown.  

SOCS proteins function mainly as negative feedback regulators of cytokines that signal 

via the JAK-STAT pathway (Alexander, 2002; Ilangumaran et al., 2004; Inagaki-Ohara et al., 

2013). Several studies have implicated SOCS proteins also in attenuating the signaling pathways 

activated by RTK such as c-KIT and receptors for M-CSF, insulin, EGF, FGF and HGF (Table 

1-1). Many cytokines and growth factors contribute to proliferation of hepatocytes not only 

under physiological conditions of tissue repair but also to the pathogenesis of HCC.  

LR following PH is widely used to study the regulatory mechanisms of physiological 

hepatocyte proliferation that are also relevant for neoplastic growth (Fausto, 2000; Taub, 2004). 

A colleague in our laboratory has observed that SOCS1 deficiency enhances the rate of liver 

regeneration following partial hepatectomy. This study showed that the enhanced liver 

regeneration in SOCS1 deficient mice did not result from increased hepatocyte priming due to 

IL-6 signaling.  

In the work presented in this section, I investigated whether SOCS1 controls liver 

regeneration by regulating growth factors involved in hepatocyte proliferation. To this end, I first 

evaluated growth-factor-induced signaling events in the regenerating livers of SOCS1-deficient 

mice, and in SOCS1-deficient and control primary hepatocytes following stimulation with HGF. 

I also examined HGF signaling in murine and human hepatoma cells overexpressing SOCS1. 

Finally, the HCC cell proliferation was investigated. My findings show that the anti-tumor 

function of SOCS1 in the liver could result, at least partly, from the negative regulation of MET 

receptor signaling. 

 

3.1.2. SOCS1-null liver shows increased phosphorylation of Gab1 and ERK1/2 

during liver regeneration 



To investigate the role of endogenous SOCS1 in regulating hepatocyte proliferation, I 

used Socs1
-/-

Ifng
-/-

 mice because Socs1
-/-

 mice die within 3 weeks after birth due to deregulated 

IFN-  signaling (Marine et al., 1999). IFN- -deficient mice were previously shown to display 

increased rate of liver regeneration (Sun and Gao, 2004). Because IFN-  is a strong inducer of 

Socs1 gene expression in hepatocytes (Figure 3.1-1), it is possible that the IFN- -mediated 

control of liver regeneration might be dependent on SOCS1. Here, I compared the key 

phosphorylation events downstream of growth factor receptors in the regenerating livers of 

Socs1
-/-

Ifng
-/-

 and control Ifng
-/-

 and C57BL/6 mice. Phosphorylation of ERK1/2 occurred earlier 

with a higher magnitude of response in the regenerating livers of Socs1
-/-

Ifng
-/-

 mice compared to 

Ifng
-/- 

controls (Figure 3.1-2). Phosphorylation of p38 MAPK also showed a similar kinetic 

difference. Because ERK1/2 is activated by growth factors in hepatocytes, I examined 

phosphorylation of Gab1, which is an adaptor molecule downstream of HGF and EGF receptors 

that promotes sustained ERK signaling (Nishida and Hirano, 2003). Following growth factor 

stimulation, Gab1 is phosphorylated on multiple tyrosine residues, which create docking sites for 

signaling proteins containing an SH2 domain (Hammond et al., 2003). As shown in Figure 3.1-

2, phosphorylation of Gab1 occurred earlier in the regenerating liver of SOCS1-deficient mice, 

however it was dephosphorylated by 48 h in both control and SOCS1-deficient mice. The 

increased phosphorylation of Gab1 and ERK1/2 corroborated with the kinetics of Socs1 gene 

expression in the regenerating rat liver (Sakuda et al., 2002). These results suggest that the 

increased rate of liver regeneration in Socs1-deficient mice could result from increased growth 

factor signaling. 



 

 

Figure 3.1-1: HGF induces Socs1 mRNA in hepatocytes. 
(A) Primary hepatocytes isolated from two different C57BL/6 mice were stimulated with mIFN-  or mHGF 
for the indicated periods. Socs1 mRNA levels in primary hepatocytes were evaluated by RT-PCR.  
(B) Hepa 1-6 murine hepatoma cells were stimulated with mIFN-  or mHGF, and Socs1 mRNA levels 
were evaluated by RT-PCR. 
Expression of 18S rRNA was evaluated as a loading control.  
Representative results are shown from three independent experiments. 
 
 

 

 
 

 
Figure 3.1-2: Regenerating livers of Socs1-deficient mice show evidence of increased growth 
factor signaling.  
Whole tissue lysates of liver samples, snap frozen at different time point after PH were examined by 
western blot using the indicated antibodies. Representative results from three independent experiments 
for each group of mice are shown. 

 

3.1.3. Primary hepatocytes lacking Socs1 show increased HGF-induced MET 



signaling 

Among the growth factors that promote hepatocyte proliferation following PH, HGF 

plays an important role in LR (Borowiak et al., 2004; Huh et al., 2004; Taub, 2004). However, 

evaluation of HGF expression in the regenerating livers did not show appreciable difference 

between SOCS1-deficient and control mice (Figure 3.1-3). Next, I investigated whether 

endogenous SOCS1 regulated HGF signaling in hepatocytes. HGF-induced phosphorylation of 

MET, Gab1 and AKT, but not that of ERK1/2, was significantly increased in SOCS1-deficient 

hepatocytes compared to control cells (Figure 3.1-4). Lack of MET was shown to impair 

hepatocyte migration in a wound-healing assay (Huh et al., 2004). As shown in Figure 3.1-5A, 

SOCS1- null cells displayed faster wound healing in the presence of HGF. Furthermore, SOCS1-

deficient hepatocytes proliferated strongly following HGF stimulation (Figure 3.1-5B). These 

results indicated that endogenous SOCS1 downregulates a subset of HGF-induced signaling 

events that promote hepatocyte proliferation and migration. 

 

 

 

     

Figure 3.1-3: HGF expression after partial hepatectomy is not increased in Socs1 deficient mice. 
Whole tissue lysates of liver samples, snap frozen at the different time point after PH were examined by 
Western blot using an antibody against the -chain of HGF. 
 

 

 
 



 
 
Figure 3.1-4: Primary hepatocytes lacking SOCS1 show increased HGF signaling. 
Primary hepatocytes of the indicated genotypes, stimulated with mHGF for the indicated period, were 
lysed and analyzed by Western blot. Representative results from three experiments are shown. 

 

 

 
 

Figure 3.1-5: Primary hepatocytes lacking SOCS1 show increased HGF-induced proliferation and 
cell migration.   
(A) HGF-induced proliferation of primary hepatocytes cultures in triplicate was evaluated by 

3
H-thymidine 

incorporation assay. Data from three independent experiments are shown. Data are presented as mean ± 
SEM (n = 3). 
(B) Confluent cultures of primary hepatocytes were tested for wound healing ability in the presence or 
absence of mHGF. Representative results from two identical experiments are shown. 

 



3.1.4. SOCS1 inhibits HGF-induced MET signaling in HCC cell lines 

I have shown that SOCS1 regulates HGF-induced MET signaling in primary mouse 

hepatocytes. Next, I studied the effect of SOCS1 expression on MET signaling in several human 

(SNU423, Hep3B and HepG2) and mouse (Hepa1-6) HCC cell lines. Stable SOCS1 expressing 

cell lines were derived by either lentiviral transduction (Hepa1-6, Hep3B, HepG2) or G418 

selection (SNU423) of HA-tagged or Myc-tagged SOCS1, respectively. In all these cell lines, the 

HGF-induced tyrosine phosphorylation of MET was markedly reduced in the presence of 

SOCS1, and this effect was more pronounced in SNU423 and Hep3B cells than in HepG2 and 

Hepa1-6 cells (Figure 3.1-6A-D). HGF-induced phosphorylation of Gab1, which recruits 

additional signaling proteins and amplifies MET signaling (Trusolino et al., 2010), was also 

severely reduced in SNU423 and Hep3B cells expressing SOCS1 (Figure 3.1-6A and 6B). Gab1 

expression was detected only weakly in HepG2 and Hepa1-6 cells (not shown). HGF-induced 

ERK phosphorylation, which plays a key role in oncogenic MET signaling (Trusolino et al., 

2010), was strongly inhibited by SOCS1 in SNU423 and HepG2 cells, and to a lesser extent in 

Hep3B and Hepa1-6 cells (Figure 3.1-6). These results, from four different human and mouse 

HCC cell lines, show that SOCS1 attenuates MET signaling in HCC cells and suggest that 

epigenetic repression of SOCS1 could lead to aberrant MET signaling.  



                

 
Figure 3.1-6: SOCS1 attenuates HGF-induced signaling in hepatocellular carcinoma cells.  
Human (SNU-423, Hep3B, HepG2; A-C) and mouse (Hepa 1-6; D) hepatoma cells, stably expressing 
SOCS1 or the control vector were cultured in serum-poor (0.25%) medium overnight and then stimulated 
with human HGF (10 ng/ml) or mouse HGF (25 ng/ml). Phosphorylation of the indicated proteins at the 
indicated time points was evaluated by Western blot. To determine the total amount of the indicated 
proteins, either the blots were stripped and re-probed or new blots were used. Actin was used as loading 
control. Data shown are representative of at least three experiments with similar results for each cell line. 
 

STAT3 phosphorylation is an oncogenic signaling pathway activated by MET (Trusolino 

et al., 2010). SOCS1 has been previously shown to inhibit HGF-induced STAT3 phosphorylation 

(Seki et al., 2008). All HCC cells showed constitutive STAT3 phosphorylation that was not 



increased further by HGF stimulation. Nonetheless, SOCS1 expression inhibited the phospho-

STAT3 level in all cells, indicating that SOCS1 may inhibit MET as well as other signaling 

pathways that could activate STAT3 in hepatocytes such as IL-6 (Figure 3.1-7).  

           
 
Figure 3.1-7: SOCS1 suppresses cytokine-induced STAT activation.  
Hepa 1-6 stably expressing SOCS1, SH2 mutation SOCS1 and control cells were stimulated with IL-6 
and IFN-  (A) or IFN-  (B) for 15 min, cells were lysed and phosphorylation of STAT1 and STAT3 was 
evaluated. Representative results are shown from two independent experiments. 

 

3.1.5. SOCS1 inhibits the growth of HCC cells in vitro and in vivo 

To directly address the role of SOCS1 in regulating the growth and progression of HCC, I 

measured the growth of parental and SOCS1-transfected-stable human and murine hepatoma cell 

lines in vitro and in vivo. Consistent with the inhibition of MET signaling by SOCS1, HGF-

induced proliferation of SNU- 423 and Hepa cells was significantly reduced by stable SOCS1 

expression (Figure 3.1-8). Furthermore, SOCS1 expression led to a reduced number of colonies 

of Hep3B and HepG2 cells in semi-solid culture (Figure 3.1-9). To assess the effects of SOCS1 

on the tumorigenicity of HCC cells, I implanted SNU423 and Hepa1-6 cells expressing SOCS1 

or the control vector subcutaneously into NOD.scid.gamma (NSG) mice. Whereas SNU-423 

cells expressing the control vector formed larger tumors, the SOCS1-expressing cells showed 

significantly reduced tumor growth (Figure 3.1-10A). Examination of the subcutaneous tumor 

nodules showed markedly reduced levels of phospho-ERK in SOCS1 expressing SNU-423 

compared to control tumors (Figure 3.1-10B). Similar results were obtained with tumors formed 

by SOCS1-expressing murine Hepa1-6 cells (Figure 3.1-11). Next, I injected the Hepa cells via 

intra-splenic route in order to deliver the HCC cells to the liver. Whereas Hepa-vector cells 

obliterated the liver with numerous macroscopically visible tumor nodules, Hepa-SOCS1 cells 



formed significantly smaller tumors (Figure 3.1-12A, 12B). Liver tumor nodules from mice 

injected with Hepa-SOCS1 cells via the intra-splenic route also showed reduced MET expression 

compared to tumor nodules formed by Hepa-vector cells (Figure 3.1-12C). Interestingly, tumors 

formed by the SOCS1-expressing cells showed significantly reduced levels of total MET protein 

compared to control tumors developing subcutaneously or in the liver, while phospho-MET was 

not detectable in both. Overall, the above findings indicate that SOCS1 inhibits the growth of 

HCC cells not only by attenuating MET signaling but also by regulating the expression of MET 

receptor.  

 
 
Figure 3.1-8: SOCS1 suppresses HGF-induced proliferation in SNU423 and Hepa cells in vitro.  
(A) SNU423 and (B) Hepa cells expressing SOCS1 or control vector were stimulated with HGF, and cell 
proliferation was assessed by 

3
H-thymidine incorporation assay. Incorporated radioactivity was shown for 

one representative experiment performed in triplicates. Stimulation index (mean ± SEM) was calculated 
from three separate experiments. 

 



            
 

Figure 3.1-9: SOCS1 suppresses HGF-induced anchorage-independent proliferation of HCC cells.  
Hep3B and HepG2 cells expressing SOCS1 or control vector were plated in 0.3% agar medium over 
0.6% agar medium underlayer in six-well plates. Every 3-5 days 500 μL DMEM containing 10% FBS 
medium were added to each well for feeding the cells. After 2-3 weeks, the colonies were stained with 
1mg/ml MTT and photographed. Colony numbers in the entire dish were counted. The assay was 
performed in triplicate and the results represent the mean values from three independent experiments. p 
<0.05, Student’s t test. 
 
 

 

 
Figure 3.1-10: SOCS1 suppresses HGF-induced tumor growth in SNU423 cells in vivo.   
(A) 5 x10

6
 SNU423 expressing SOCS1 or control vector were implanted subcutaneously and tumor 

growth was evaluated every 3-4 days. The tumor dimensions were measured with a digital Vernier caliper 
and the tumor volume was calculated using the formula mm

3
=1/2(length x width

2
). Plotted values are the 

mean ± SD of six mice per group. At the indicated last measurement, tumors were excised, photographed 
and frozen for biochemical studies. 
(B) The individual lysates of all the tumors from the above experiment were evaluated by Western blot for 
the indicated proteins. The densitometry ratio of MET/Actin was shown to emphasize the reduction in 
MET expression caused by SOCS1.  



 
 

 
 
Figure 3.1-11: SOCS1 suppresses HGF-induced tumor growth in Hepa 1-6 cells in vivo.   
(A) 5 x10

6 
Hepa expressing SOCS1 or control vector were implanted subcutaneously and tumor growth 

was evaluated every 3-4 days. At the indicated last measurement, tumors were excised, photographed 
and frozen for biochemical studies. All tumors volumes measured were plotted (mean ± SD) from one 
experiment out of two are shown, student’s t test. **p < 0.01; ***p < 0.001. 
(B) The individual tumor lysates from the above experiment were evaluated by Western blot for the 
indicated proteins. The densitometry ratio of MET/Actin was shown to emphasize the reduction in MET 
expression caused by SOCS. 
 



 
 
Figure 3.1-12: SOCS1 attenuates orthotopic tumor growth of Hepa cells. 
(A) Hepa cells (1 x 10

6
) expressing SOCS1 or control vector were injected via intra-splenic route into 

NSG mice (n=6 per group from two separate experiments). After 20 days, the liver tissues were examined 
macroscopically for tumor nodules.  
(B) The dorsal and ventral views of representative livers and H&E-stained sections of a representative 
liver for each group were shown. TN, tumor nodule. For each group, the areas of thirty random tumor 
nodules from three different mice were measured digitally using the NDP software, and compared by 
Student’s t test.  
(C) The individual tumor lysates from the above experiment were evaluated by Western blot for the 
indicated proteins. The densitometry ratio of MET/Actin was shown to emphasize the reduction in MET 
expression caused by SOCS1. 
 
 

3.1.6. SOCS1 inhibits the invasive properties of HCC cells  

 Besides inducing cell proliferation, HGF-induced MET activation can mediate a variety 

of cellular functions, including cell migration and matrix invasion that could contribute to the 

invasive growth and metastatic potential of cancer cells (Nakanishi et al., 1999). Similarly, loss 

of SOCS1 expression has been correlated to tumor cell invasion and progression to metastasis in 

a number of cancer models. For example, loss of SOCS1 expression in melanoma cells results in 

increased STAT3 signaling and VEGF expression, leading to enhanced invasive potential  



 

 

Figure 3.1-13: SOCS1 suppresses HGF-induced invasion behaviour of HCC cells.  
(A) Invasion assays were performed on control and SOCS1-expressing Hep3B cells with HGF 
stimulation. Serial optical sections of the Calcein-AM stained cells were photographed at 10μm intervals 
by confocal microscopy and depicted as a successive sections at increasing depths that are indicated.  
(B) Invasion assay on Hep3B and HepG2 cells expressing SOCS1 or vector cells were incubated with or 
without HGF for 48 hours. Confocal images were reconstructed to show the cross sectional view of 
invasion.  The graphs show fluorescence intensity of cells plotted against the depth of invasion, from a 
representative experiment. Maximal depth of invasion was calculated from three separate experiments in 
triplicates. Data shown represent the mean ± SEM. * p < 0.05; ** p < 0.01, student’s t test. 

 

(Huang et al., 2008). Concurrent inhibition of MET and VEGF is needed to suppress tumor 

invasion and metastasis (Sennino et al., 2012). Recently, SOCS1 expression has been shown to 

modulate invasion properties of colon cancer cells in vitro by preventing epithelial- 

mesenchymal transition (EMT) (David et al., 2014). STAT3 activation is implicated in the 

expression of different genes that are critical to invasion (Dechow et al., 2004; Niu et al., 2002; 



Xie et al., 2004). I have observed that SOCS1 attenuates STAT3 phosphorylation in HCC cells, 

and inhibits cell migration in a wound healing assay (Figure 3.1-5B and 6). To directly address 

whether SOCS1 inhibits the invasive potential of HCC cells, I cultured them in a 3D-gel 

consisting of a thick matrix of collagen type I. After incubation for 2-days, SOCS1 expressing 

Hep3B and HepG2 cells showed decreased capacity to invade into the collagen matrix compared 

with control cells in the presence of HGF (Figure 3.1-13). These results indicate that loss of 

SOCS1 in HCC cells, which deregulates MET signaling, would also promote invasive cancer 

growth.  

 

3.1.7. Concluding remarks  

Collectively, the above findings using SOCS1-deficient mice and primary hepatocytes, 

mouse and human HCC cell lines overexpressing SOCS1 strongly indicate that at least part of 

the tumor suppressor function of SOCS1 in the liver is mediated via controlling HGF-induced 

MET signaling. Notably, we observed tumors developing from SOCS1-expressing HCC cell 

lines which showed decreased expression of MET (Figure 3.1-10B and 11B) and this 

downmodulation is not evident in vitro after a brief HGF stimulation (Figure 3.1-6). It suggests 

prolonged MET expression occurring in vivo is essential for SOCS1-dependent downmodulation 

of the MET receptor. In the next section, I investigate the mechanisms by which SOCS1 

attenuates HGF-induced MET signaling, and how this leads to the downmodulation of MET 

receptor expression.  

 

 

 

 

 

 



 

 

3.2. SOCS1 negatively regulates MET receptor 

signaling by promoting its ubiquitination and 

proteasomal degradation
1
 

                                                
1
 Data shown in this part is being prepared for publication. 



3.2.1. Introduction 

As shown in the previous section, endogenous SOCS1 attenuates HGF signaling via the 

MET receptor in the liver and primary hepatocytes. In addition, restoration/overexpression of 

SOCS1 in mouse and human HCC cell lines attenuates MET signaling and reduces their 

responsiveness – proliferation, migration and invasion, and their growth as tumor in vivo. Hence, 

it is likely that loss of SOCS1 gene expression by promoter methylation in HCC would lead to 

deregulated MET signaling. Indeed, increased MET expression and aberrant MET signaling 

occur in many cancer types including HCC (Comoglio et al., 2008). In this section, I investigated 

the mechanisms underlying the SOCS1-dependent regulation of MET signaling. As the SH2 

domain of SOCS1 may bind to several phospho-tyrosine residues on the MET receptor, as well 

as those on the adaptor protein Gab1, I hypothesized that SOCS1 might interact with Met, either 

directly or indirectly, and that this interaction would interfere with the activation of downstream 

signaling molecules. In addition, SOCS1 is known to function as a substrate adaptor in 

promoting ubiquitination of several cellular and onco-proteins (Ilangumaran et al., 2004; 

Okumura et al., 2012). Hence, I propose that the downmodulation of MET in SOCS1-expressing 

HCC cells during in vivo growth (Figure 3.1-10B and 11B) could result from the interaction of 

SOCS1 with MET and its ubiquitination. I tested these hypotheses in this section. 

 

3.2.2. SOCS1 interacts with the MET receptor via its SH2 domain 

First, I characterized the interaction between SOCS1 and MET, using Tpr-MET and CSF-

MET constructs (Figure 3.2-1). Tpr-MET is a constitutively active oncoprotein, generated by 

carcinogen-induced chromosomal translocation that juxtaposed the protein dimerization domain 

Tpr (translocated promoter region) with the intracellular segment of MET, whereas CSF-MET 

was constructed from the extracellular domain of CSF-1 receptor and the transmembrane and 

cytosolic regions of MET (Zhu et al., 1994). In COS-7 cells co-transfected with SOCS1 and 

CSF-MET or Tpr-MET, SOCS1 co-immunoprecipitated with the MET constructs and vice versa 

(Figure 3.2-2A). I have also confirmed the interaction between SOCS1 and MET in GST pull-

down assays. CSF-MET interacted with GST-SOCS1 in GST pull-down assays, but not with 

control GST (Figure 3.2-2B). Notably, GST-SOCS1 also pulled-down Grb2, which is known to 

bind SOCS1 via its SH3 domain and the activated MET receptor via SH2 domain (De Sepulveda 

et al., 1999; Trusolino et al., 2010). These results show that SOCS1 interacts with the MET 



receptor.  

 

 

 
Figure 3.2-1: CSF-MET and Tpr-Met.  
Schematic representation of CSF-MET and Tpr-MET, indicating the key Tyr residues in the 
juxtamembrane region (Y1003), within the kinase domain (Y1234, Y1235) and at the C-terminal docking 
site (Y1349, Y1356), as well as the K1110 residue essential for kinase activity. Tpr-MET lacks the Y1003 
residue. 
 



 
 

 
Figure 3.2-2: SOCS1 interacts with MET.  
(A) COS-7 cells were transfected with CSF-MET, Tpr-MET or empty vector, along with myc-SOCS1 or 
empty pcDNA3.0 vector. At 36 h after transfection, immunoprecipitates (IP) of MET or SOCS1 and whole 
cell lysates (input) were analyzed by Western blot using Ab against MET and Myc (to detect SOCS1).  
(B) COS-7 cells were transfected with CSF-MET or empty pXM vector and lysates were incubated with 
GST-SOCS1 or GST alone, followed by GST pull-down using glutathione-Sepharose beads and 
immunoblotting for MET, Grb2 and GST. Representative results from at least three experiments are 
shown.    
   

 

To further characterize the interaction between SOCS1 and MET, I used SOCS1 carrying 

deletion and point mutations (Figure 3.2-3). Disruption of the N-terminal region of SOCS1 

(SOCS1 1-39, SOCS1 1-68) did not affect its interaction with MET (Figure 3.2-4A). The 

R105K point mutation within the SH2 domain (SOCS1R105K) that disrupts phosphorylation-

dependent binding to phosphor-Tyr residues is slightly diminished, whereas partial deletion of 

the SH2 domain (SOCS1 123-165) markedly reduced the interaction (Figure 3.2-4B). Loss of 

the entire SH2 domain along with the pre-SH2 and the KIR regions (SOCS1 57-169) abolished 

SOCS1 binding to CSF-MET (Figure 3.2-4C). Curiously, deletion of the C-terminal SOCS box 



(SOCS1 174-212) also caused an appreciable reduction in its interaction with MET (Figure 3.2-

4B). These results indicate that the integral SH2 domain of SOCS1 is critical for its interaction 

with MET, and that the SOCS box may help to maintain an optimal conformation of SH2 needed 

for this interaction. 

 

 

 

Figure 3.2-3:  Specific structural domain of SOCS1. 
Schematic diagram of the structural domains of wild-type SOCS1 and Myc or HA epitope-tagged 
constructs of SOCS1 carrying various deletion and point mutations. SOCS1-R105K point mutation 
disrupts phospho-Tyr binding capacity of the SH2 domain. SOCS1 ( 174-212) lacks the C-terminal 
SOCS-Box containing consensus motifs required to bind Elongin BC (EloBC) and Cullin5 (Cul5).  

 



 

 

Figure 3.2-4:  Mutations that disrupt the SH2 domain or SOCS box reduce the interaction of 
SOCS1 with MET.  
(A, B and C) COS-7 cells were transfected with CSF-MET along with the indicated SOCS1 constructs. 
After 36-48 h, CSF-MET or Myc-SOCS1 was immunoprecipitated and blotted for SOCS1 or MET proteins 
using Ab against the epitope tags. Expression of CSF-MET and the SOCS1 in the total lysates (input) 
were shown in lower panels. Data shown are representative of three independent experiments. 
 



3.2.3. Key tyrosine residues on MET are dispensable for its interaction with 

SOCS1 

The requirement for the intact SH2 domain of SOCS1 for its interaction with the MET 

receptors (Figure 3.2-4B and 4C), suggests that the interaction may occur via specific tyrosine 

phosphorylation of MET. HGF induces phosphorylation of MET on several tyrosine residues, 

which could serve as docking sites for the SH2 domain of SOCS1 (Figure 3.2-5). These include 

Y1234 and Y1235 within the kinase domain, Y1349 and Y1356 at the C-terminal docking site, 

and the juxtamembrane Y1003 (Trusolino et al., 2010). To identify the phospho-Tyr residues of 

MET that mediate the interaction with SOCS1, I used mutant MET constructs lacking the 

juxtamembrane Y1003 (Tpr-MET, CSF-MET/Y1003F) or the docking site tyrosine Y1349 and 

Y1356 (Tpr-MET/2F and CSF-MET/2F) (Figure 3.2-5). Overexpression ligand-independent 

induced autophosphorylation of CSF-MET and this was abolished by inactivation of the kinase 

domain (Figure 3.2-6). CSF-MET harboring the Y1003F substitution did not affect SOCS1 

binding (Figure 3.2-7A), indicating that Y1003 is dispensable for SOCS1-MET interaction. 

Similarly, the C-terminal docking site of MET was not required to bind SOCS1, as both Tpr-

MET/2F and CSF-MET/2F mutants interacted with SOCS1 as well (Figure 3.2-7B and 7C). 

These findings indicate that SOCS1 interacts with MET at more than one site. It is equally 

possible that the SOCS1-MET interaction may also occur indirectly via the adaptor proteins such 

as Gab1, which interacts with MET and can become heavily phosphorylated on its 11 Tyr 

residues (Hammond et al., 2003; Montagner et al., 2005). 



 

 

 

Figure 3.2-5: Mutant constructs of CSF-MET used in this study. 

 

 

 

 

Figure 3.2-6: Autophosphorylation of overexpressed CSF-MET. 
COS-7 cells were transfected with wildtype CSF-MET, Tpr-MET, the indicated Tyr to Phe mutations at the 
juxtamembrane region (Y1003F) or the C-terminal docking site (2F: Y1349, 1356F), the K1110A 
substitution that abolished the kinase activity (KD, kinase dead), or the empty pXM vector. After 48 h, 
total cell lysates were analyzed by Western blot to evaluate the expression of total MET and Tyr 
phosphorylation of the indicated residues using phospho-specific Ab to verify the loss of kinase activity 
and phosphorylation sites. 
 



 
 

 
 

 
Figure 3.2-7: Critical tyrosine residues on MET receptor are dispensable for the interaction with 
SOCS1. 
COS-7 cells were transfected with the indicated CSF-MET or Tpr-MET constructs along with Myc-SOCS1 
or empty vector. After 48 h, cells were lysed and SOCS1 was immunoprecipitated. Immunoprecipitates 
and total cell lysates were analyzed by Western blot using anti-MET, anti-Myc (for SOCS1) or anti-
phospho-Tyr (4G10) Ab. Representative data from three independent experiments are shown. 
 

 

3.2.4. Kinase activity of MET enhances SOCS1-MET interaction  

Interestingly, I observed that SOCS1 was tyrosine phosphorylated by MET kinase as 

shown in the anti-p-Tyr (4G10) Western blots (Figure 3.2-4A, 4B and 3.2-7). SOCS1 contains 

four Tyr residues Y65, Y81, Y155 and Y204 (Figure 3.2-3). My preliminary data using deletion 

mutants indicate that SOCS1 is Tyr phosphorylated on more than one of the four Tyr residues 

(Figure 3.2-4A and 4B). These observations raised the possibility that the Tyr residues of 

SOCS1 might also be involved in the SOCS1-MET interaction, presumably via SH2-containing 



adaptor proteins such as Grb2, which are recruited to the activated Met receptor directly or via 

Gab1 (Lewitzky et al., 2001; Skolnik et al., 1993). Furthermore, a recent study reported that Tyr 

phosphorylation of SOCS1 diminishes its inhibitory effect on JAK-STAT signaling induced by 

Bcr-Abl, an oncoprotein that causes myelogenous leukemia (Qiu et al., 2012). These reports 

prompted me to address the role of Tyr phosphorylation of SOCS1 on its interaction with MET. 

For this purpose, I used two approaches: (i) I employed a MET construct lacking enzymatic 

activity due to K1110A mutation within the ATP binding site (kinase dead: Tpr-MET/KD and 

CSF-MET/KD) (Figure 3.2-5), and (ii) I generated mutant SOCS1 constructs lacking one or 

more of the 4 Tyr residues (Figure 3.2-3). 

 

 
 

Figure 3.2-8: Loss of MET kinase activity diminishes, but does not abolish, the interaction with 
SOCS1.  
COS-7 cells were transfected with wild-type CSF-MET, CSF-MET /KD along with Myc-SOCS1 or empty 
vector. After 36 h, immunoprecipitates (IP) of MET or SOCS1 and whole cell lysates (input) were 
analyzed by Western blot using Ab against MET, Myc (to detect SOCS1) and phospho-Tyr (4G10) Ab. 



 

Even though lack of Y1003 in the juxtamembrane region or Y1349/1356 at the C-

terminal docking site of MET did not affect its interaction with SOCS1, I observed that the  

 

 

 
Figure 3.2-9:  The tyrosine residues of SOCS1 are dispensable for the interaction with MET. 
(A) COS-7 cells were transfected with MET and different tyrosine residues mutants of SOCS1, after 36h, 
Myc-SOCS1 was immunoprecipitated and whole cell lysates (input) were analyzed by Western blot using 
Ab against MET and Myc (to detect SOCS1). Representative results from at least three experiments are 
shown. 
(B) COS-7 cells were transfected with all tyrosine residues mutated Myc-SOCS1 along with CSF-MET or 
CSF-MET/KD vectors. After 36 h, immunoprecipitates (IP) of  SOCS1 and whole cell lysates (input) were 
analyzed by western blot using Ab against MET and Myc (to detect SOCS1). Representative data from 
three independent experiments are shown. 

 

catalytically inactive CSF-MET/KD showed significantly reduced interaction with SOCS1 in 

reciprocal immunoprecipitation assay  (Figure 3.2-8). It is likely that these Tyr residues, as well 

the Y1234/1235 residues within the kinase domain provide docking sites to the SH2 domain of 

SOCS1 in a redundant manner. However, the finding that SOCS1 itself became phosphorylated 

on Tyr residues by MET suggested an additional interaction between SOCS1 p-Tyr residues and 

SH2 containing adaptors, such as Grb2, recruited to the signalosome assembled by the MET 

receptor. In order to determine whether the phosphorylated tyrosine residues on SOCS1 are 

necessary for stable interaction with MET, I generated SOCS1 constructs lacking only one of the 

four tyrosine residues (Y65F, Y81F, Y155F, Y204F) or all the four residues (4F). As shown in 



Figure 3.2-9A, loss of any one of the four Tyr residues on SOCS1 did not significantly affect 

binding to MET. Moreover, SOCS1 lacking all four Tyr still bound to MET (Figure 3.2-9B). 

This SOCS1-4F construct also interacted, albeit weakly, with kinase-dead CSF-MET. 

Considering the finding that SOCS1 lacking the whole SH2 domain fails to bind MET (Figure 

3.2-4C), the above results collectively indicate that (i) SOCS1 interacts with MET at more than 

one Tyr residue on MET, (ii) this interaction occurs in a phosphorylation-independent manner, as 

in the case of SOCS1-VAV interaction (De Sepulveda et al., 2000), (iii) Kinase activity of MET, 

and presumably the consequent phosphorylation of MET receptor, enhance this interaction,  and 

(iv) even though SOCS1 becomes Tyr phosphorylated by MET, these p-Tyr residues do not 

contribute to SOCS1-MET interaction. 

 

3.2.5. SOCS1 downregulates the expression of MET receptor 

I have observed that co-expression of SOCS1 reduced the expression of the MET 

receptor in several experiments (Figure 3.2-4, 3.2-7 and 3.2-8). These findings validate the 

reduced levels of endogenous MET in SOCS1 expressing HCC cells growing as tumors (Figure 

3.1-10B, 11B and 12C), and lent support to the idea that SOCS1 may promote ubiquitination 

and proteasomal degradation of MET. Even though MET is known to be regulated by Cbl-

mediated ubiquitination and lysosomal degradation, proteasomes have also been implicated in 

MET degradation (Hammond et al., 2001; Jeffers et al., 1997; Peschard et al., 2001; Trusolino et 

al., 2010). However, the E3 Ub-ligase that promotes MET ubiquitination for proteasomal 

degradation is not yet known. To determine whether SOCS1 is involved in this process as a 

substrate adaptor protein for an E3 Ub ligase complex, COS-7 were transfected with MET and 

increasing amounts of SOCS1 expression constructs. As shown in Figure 3.2-10A, SOCS1 

caused a concentration reduction in CSF-MET expression. This reduction was specific to 

SOCS1, as it did not occur with SOCS3 or an unrelated protein (Figure 3.2-10B, 10C).  

 

 



 
 

 
Figure 3.2-10: SOCS1 specifically decreases constitutive activated MET expression. 
(A) COS-7 cells were transfected with CSF-MET along with varying concentrations of pcDNA3.0/myc-
SOCS1. Empty pcDNA3.0 vector was used to equalize the amount of DNA. After 48 h, expression of 
MET and SOCS1 was evaluated in total cell lysates by Western blot.   

COS-7 cells were transfected with the same amount (2.5 μg) of CSF-MET and SOCS1, SOCS3 (B) or 

unrelated protein GIMAP5 (C) and the expression level of MET was evaluated after 36h. Representative 
data from two experiments were shown.   

 

The reduction in CSF-MET expression caused by SOCS1 in transient overexpression 

experiments could result from persistent activation of CSF-MET due to trans-

autophosphorylation (Figure 3.2-6). Similarly, the reduction in endogenous MET expression in 

SNU423-SOCS1 and Hepa tumors (Figure 3.1-10B and 11) could result from continuous 

receptor activation. Hence, it is likely that short-term HGF stimulation may not be sufficient to 

induce appreciable change in endogenous MET levels (Figure 3.1-6). To determine if MET 

kinase activity modulates the SOCS1-dependent downmodulation, COS-7 cells were transiently 

transfected with wildtype or kinase dead CSF-MET along with SOCS1. Thirty-six hours after 

transfection, cycloheximide was added to the culture to block nascent protein synthesis, and the 

decay of MET protein was measured at different time points. As shown in Figure 3.2-11, 

expression of wild type MET profoundly decreased in SOCS1-expressing cells with less than 

20% remaining at 8 h after the addition of cycloheximide. In contrast, more than 50% of the 

kinase dead MET remained after the same period (Figure 3.2-11). These results, based on the 

overexpression system, indicate that SOCS1 can promote rapid downregulation of activated 



MET receptor. This result corroborates with Figure 3.2-9, indicating that interaction between 

MET and SOCS1 is dependent on activation of the tyrosine kinase activity. Even though SOCS1 

binds to and induces discernible downmodulation of kinase dead MET in this overexpression 

system, such phospho-Tyr independent process will be insignificant under physiological levels of 

endogenous SOCS1 and MET proteins. Our results also raise the possibility that 

phosphorylation-dependent stabilization of SOCS1 enhances more efficient downmodulation of 

the MET receptor. 

 

 

Figure 3.2-11: SOCS1 downmodulates activated MET receptor expression.  
COS-7 cells were transfected with indicated CSF-MET constructs along with Myc-SOCS1 or empty 
vectors.  After 36h, cells were lysed and probed to evaluate the expression of CSF-MET. Densitometric 
quantification of MET expression relative to that of actin was shown. Data shown are representative of 
three independent experiments with similar results. 
 

 

3.2.6. SOCS1 promotes ubiquitination and proteasomal degradation of the 

MET receptor 

To directly test whether SOCS1 promotes ubiquitination of MET, I transfected COS-7 

cells with CSF-MET and SOCS1 along with HA-tagged Ub and analyzed ubiquitination of CSF-

MET. SOCS1 robustly induced poly-ubiquitination of CSF-MET (Figure 3.2-12A). Deletion of 

SOCS box, which links protein substrates to the CRL5
SOCS1 E3 Ub-ligase machinery (Okumura 



et al., 2012) (SOCS 174-212; Figure 3.2-3), almost completely abolished CSF-MET 

ubiquitination (Figure 3.2-12A). Whereas wild-type SOCS1 caused marked reduction in CSF-

MET expression, SOCS1 lacking the SOCS box did not cause an appreciable reduction (Figure 

3.2-12A, input). These data indicate that SOCS1 promotes ubiquitination and degradation of 

MET in a SOCS-box-dependent manner.  

The ubiquitin moiety contains seven internal Lys residues that can serve as acceptor sites 

for another Ub moiety, thereby allowing linear and branched Ub chain elongation (Woelk et al., 

2007). Different types of Ub modifications and chain elongation are associated with different  

 

 

 
Figure 3.2-12:  SOCS1 promotes K48-mediated polyubiquitination of the MET receptor.   
(A) COS-7 cells were transfected with CSF-MET and HA-tagged ubiquitin along with HA-tagged wildtype 
SOCS1 or SOCS1 ( 174-212) lacking the SOCS box. After 48 h, CSF-MET was immunoprecipitated and 
analyzed by Western blot using anti-HA Ab to reveal the high molecular weight ubiquitinated MET (MET-
Ub). Whole cell lysates (input) were probed to evaluate the expression of CSF-MET and SOCS1.  
(B) COS-7 cells were transfected with CSF-MET and wildtype SOCS1 along with HA-tagged Ub that 
harbors all the seven internal Lys residues (wildtype, WT), none (K0) or only K48 or K63 residues. After 
48 h, CSF-MET immunoprecipitates were analyzed for Ub modification using anti-HA Ab. Whole cell 
lysates (input) were probed to evaluate the expression of CSF-MET and SOCS1. Data shown are 
representative of two independent experiments with similar results. 

 

functional outcome. For instance, modification by K48-linked poly-ubiquitination facilitates 

proteasome-mediated degradation, whereas K63-mediated poly-ubiquitination promotes 



endocytosis of cell surface receptors that could lead to lysosomal degradation (Woelk et al., 

2007). To determine whether SOCS1 catalyzes K48- or K63-linked ubiquitination of MET, I 

used HA-Ub constructs expressing only K48, K63 or none (K0) of the 7 internal Lys residues. 

Ub-K0 allows only mono-Ub modification but not linear or branched Ub chains. I transfected 

these Ub mutants into COS-7 cells along with MET and SOCS1, and examined how they 

supported MET receptor ubiquitination. As shown in Figure 3.2-12B, SOCS1 catalyzed MET 

ubiquitination with wildtype ubiquitin and ubiquitin-K48 but not with ubiquitin-K63. Next, I 

tested whether MET ubiquitinated by SOCS1 is targeted for proteasomal degradation using the 

proteasome inhibitor MG-132. Lysosomal inhibitors bafilomycin and chloroquin were used for 

comparison. I observed that MG-132 but not lysosomal inhibitors reversed SOCS1- mediated 

decrease in CSF-MET expression (Figure 3.2-13). These results demonstrate that SOCS1 

promotes poly-ubiquitination of MET via K48 Ub chain elongation and targets it for proteasomal 

degradation. 

 

 

 

Figure 3.2-13: SOCS1 decreases MET expression via a proteasomal pathway.  
COS-7 cells were transfected with CSF-MET and myc-SOCS1 either alone or together. Inhibitors of 
proteasome (MG132) or vacuolar proton pump ATPase to block lysosomal protein degradation 
(bafilomycin or chloroquine), were added for 4 h before lysing the cells at 48 h after transfection. As 
control to the inhibitors, the vehicle DMSO was added. Whole cell lysates (input) were probed to evaluate 
the expression of CSF-MET and SOCS1. Data shown are representative of two independent experiments 
with similar results. 

 

3.2.7 SOCS1 destabilizes endogeneous MET receptor in human HCC cells by 

increasing its ubiquitination  



To determine whether the above findings on overexpressed MET could be demonstrated 

for the endogenous MET receptor following its activation by ligand stimulation, I used the 

human HCC cell line SNU423 cells stably transfected with SOCS1. As shown in Figure 3.2-14, 

prolonged HGF stimulation caused a decrease in MET receptor expression, and this 

downmodulation was markedly increased in cells expressing SOCS1. Next, I refined this 

experiment in the presence of cycloheximide to inhibit nascent protein synthesis in order to 

determine the kinetics of SOCS1-dependent MET downmodulation.  As shown in Figure 3.2-15, 

substantial decrease in MET expression occurred within 2 h after ligand stimulation, and this 

decline was significantly augmented over the 8 h period of ligand stimulation.  

 

 

Figure 3.2-14: SOCS1 increases MET degradation in response to HGF stimulation.   
SNU423 cells stably expressing SOCS1 or control vector were serum-starved overnight, stimulated with 
human HGF for the indicated periods, and MET expression was evaluated. Densitometric quantification of 
MET expression relative to that of actin is shown in the bottom panel. Data shown (mean ± SEM) were 
representative of three independent experiments with similar results. *p < 0.05, student’s t test. 
 
 
 

 
 



  

 
 

Figure 3.2-15:  Decreased stability of MET protein in SOCS1 expressing SNU423 cells. 
SNU423 cells expressing SOCS1 or control vector were stimulated with human HGF for 30 min and then 
incubated with cycloheximide to block nascent protein synthesis. At the indicated time points, cells were 
lysed for the analysis by western blot with the Ab against MET, Myc-SOCS1 and actin. Representative 
blot and data from three experiments are shown. *p < 0.05, student’s t test. 
 
 

Next, I tested endogeneous MET-ubiquitination in SOCS1 expressing SNU423 cells. My 

initial attempts to examine the ubiquitinated MET at the same time points when downmodulation 

of MET occurred were unsuccessful. I reasoned that as MET phosphorylation, which promotes 

interaction with SOCS1, occurs within minutes after ligand stimulation, we evaluated 

ubiquitination of MET in SNU-423 cells at shorter time points after HGF stimulation. The 

proteasome inhibitor MG-132 was added to block proteasomal degradation of ubiquitinated 

proteins. As shown in Figure 3.2-16A, HGF stimulation induced rapid ubiquitination of MET 

within 3 min that lasted for up to 15 min in control cells. However, the amount of phospho-MET, 

which also occurred within 3 min after ligand stimulation, remained unchanged throughout this 

period. Interestingly, this HGF-induced MET phosphorylation was not appreciably affected in 

SOCS1-expressing SNU-423 cells, but the presence of SOCS1 caused a significant increase in 

MET ubiquitination between 3 and 15 min of ligand stimulation (Figure 3.2-16A). It is 

noteworthy that the MET-Ub is detectable only for a brief period even in the presence of MG-

132, suggesting that it may undergo non-proteasomal degradation and/or deubiquitination. When 



this experiment was repeated for a longer duration, I observed a discernible downmodulation of 

phosphorylated MET in SOCS1 expressing SNU-423 cells at 30 min of ligand stimulation that 

continued up to 3 h (Figure 3.2-16B). Decrease in the level of total MET expression also became 

detectable within 1 h. Both the decline in p-MET and total MET in SOCS1-expressing SNU-423 

cells was reversed by MG-132. These results implicate SOCS1 in promoting ubiquitination and 

proteasomal degradation of endogeneous MET receptors.  

 

 

 

Figure 3.2-16: SOCS1 rapidly ubiquitinates ligand-activated MET in HCC cells leading to its 
proteasomal degradation. 
(A) SNU423-SOCS1 cells were treated with proteasome inhibitor MG-132 (20 μM) for 4 h before 
stimulation with HGF. At the indicated time points, cells were lysed and MET was immunoprecipitated and 
evaluated for modification by endogenous Ub using anti-Ub antibody. Expression levels of p-MET and 
MET are shown in the total lysates.   
(B) SNU423-SOCS1 or control cells were incubated with or without MG132 for 4 h before stimulation with 
HGF. At the indicated time points, cells were lysed and evaluated with the indicated antibodies. 
Representative data from at least two independent experiments are shown with similar results. 

 



3.2.8. SOCS1-dependent loss of MET occurs independently of the Cbl-

mediated downmodulation 

Many RTKs including MET undergo Cbl-mediated ubiquitination, internalization and 

targeting to multivesicular bodies for lysosomal degradation (Thien and Langdon, 2005a). This 

pathway induces multiple monoubiquitination of RTKs that serves as a signal for endocytosis 

(Haglund et al., 2003). Inhibitors of lysosomal degradation bafilomycin or chloroquin, which 

block vacuolar proton pump and lysosomal acidification, respectively, failed to reverse SOCS1-

mediated decrease in CSF-MET expression (Figure 3.2-13), indicating that the SOCS1-mediated 

loss of MET is distinct from the Cbl-mediated downregulation. This notion is supported by 

several other results. Firstly, co-expression of Cbl markedly reduced CSF-MET expression and 

SOCS1 further enhanced this reduction (Figure 3.2-17A). Secondly, bafilomycin reversed the 

Cbl-dependent loss of CSF-MET but not the SOCS1-mediated reduction, and the proteasome 

inhibitor MG-132 did not cause appreciable reversal of the Cbl-dependent loss (Figure 3.2-17B). 

Thirdly, SOCS1-mediated polyubiquitination and loss of CSF-MET were not affected by the loss 

of Y1003 residue (Figure 3.2-18), which is required for Cbl-mediated ubiquitination (Peschard 

et al., 2001). Collectively, these results indicate that SOCS1 and Cbl downmodulate MET via 

different mechanisms. 

 



 
 
 
Figure 3.2-17: SOCS1 and Cbl downmodulate MET expression in a non-overlapping manner.  
(A) COS-7 cells were transfected with CSF-MET and SOCS1, c-Cbl or both. Control empty vectors were 
used to equalize total DNA used for transfection. 36 h later, cell lysates were evaluated for MET 
expression, SOCS1 and c-Cbl.  
(B) COS-7 cells transfected with CSF-MET and SOCS1 or Cbl, and were treated with MG-132, 
bafilomycine or vehicle for 4 h before cell lysis. Expression of MET, SOCS1 and Cbl were evaluated. 
Representative data from two separate experiments are shown with similar results. 
 
 



 
 

 
Figure 3.2-18: SOCS1 promotes ubiquitination of MET carrying the Cbl-binding site mutation 
Y1003F.  
COS-7 cells were transfected with CSF-MET or CSF-MET lacking Y1003 and myc-tagged SOCS1 along 
with HA-Ub. After 48 h, CSF-MET was immunoprecipitated to evaluate MET ubiquitination. MET 
expression was evaluated in total lysates. Representative data from three separate experiments are 
shown. 
 
 

To directly address whether SOCS1-mediated downmodulation of MET is dependent on 

Cbl or occurs independently of it, I used siRNA targeting c-Cbl in SNU423 cells. Two different 

siRNAs efficiently downmodulated c-Cbl (Figure 3.2-19A). I observed that HGF stimulation 

induced a discernible loss of total MET protein and a profound loss of phosphorylated MET in 

SOCS1-expressing cells, which was reversed only partially and transiently by c-Cbl siRNA 

(Figure 3.2-19B). Next, I examined ubiquitination of MET in SNU423-SOCS1 cells following 

siRNA-mediated Cbl knockdown. As shown in Figure 3.2-20, SOCS1-dependent MET 

ubiquitination was not abolished by the knockdown of c-Cbl. Collectively, the above results 

show that ligand activated phospho-MET is rapidly downmodulated by SOCS1-dependent 

ubiquitination and proteasomal degradation, in parallel with Cbl-dependent downmodulation. 

This process likely occurs continuously in SOCS1-expressing HCC cells during prolonged 

ligand stimulation (Figure 3.2-14) and during in vivo growth (Figure 3.1-10B and 11B), leading 

to diminished MET expression. 



 
 

 
Figure 3.2-19: SOCS1 decreases ligand-activated MET receptor in SNU423 cells independently of 
Cbl. 
(A) SNU423 cells stably expressing SOCS1 or control vector were transfected with siRNAs targeting c-
Cbl or scrambled control. 36 h later, cell lysates were evaluated for the efficacy of Cbl knockdown.  
(B) SOCS1 expressing and control SNU423 cells, transfected with Cbl siRNA or scrambled control. 36 h 
later, the cells were stimulated with human HGF. At the indicated time points, cell lystates were evaluated 
for the expression of the indicated proteins.  
Representative data from at least two independent experiments are shown for each. 
 
 



 
 

 
Figure 3.2-20:  SOCS1 rapidly ubiquitinates ligand-activated MET in HCC cells independently of 
Cbl. 
SNU423-SOCS1 cells were transfected with Cbl siRNA or scrambled control. Thirty-six hours later the 
cells were treated with MG-132 for 4 h and stimulated with HGF. At the indicated time points, cells were 
lysed and MET was immunoprecipitated and evaluated for Ub modification. Expression levels of p-MET 
and MET in the input are shown in the lower panels.  
Representative data from two independent experiments are shown. 

 

3.2.9. Concluding remarks  

In the above section, I have shown that SOCS1 interacts with the MET receptor and I 

have mapped this interaction in detail. My results also show that SOCS1 downmodulates the 

activated MET receptor by promoting its polyubiquitination and proteasomal degradation of Tyr-

phosphorylated MET. I have also shown that this process occurs independently of the Cbl-

mediated lysosomal degradation pathway, which is implicated in the downmodulation of many 

receptor tyrosine kinases including MET. These findings indicate that regulation of MET 

signaling could be an important tumor suppressor mechanism of SOCS1 in HCC, and that 

epigenetic repression of SOCS1 could lead to oncogenic MET signaling. 
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4.1. Induction of Socs1 transcription by RTKs 

SOCS proteins are generally regarded as regulators of the JAK-STAT signalling pathway 

induced by cytokine receptors that lack intrinsic kinase activity. However, a growing number of 

studies have shown that the SOCS genes are also induced following activation of RTKs by 

growth factors (Table 4-1), and that many RTK signaling pathways are regulated by SOCS 

molecules (Table 1-1). In this study, I have shown that SOCS1 gene could be induced in 

hepatocytes following MET activation by HGF and that SOCS1 attenuates MET signaling.  

 

Table 4-1. Regulation of SOCS gene mediated by RTKs 

 

 EGFR FGFR3 FLT3 INSR KIT PDGFR References 

CIS       (Krejci et al., 2009) 

SOCS1       

(Ben-Zvi et al., 2006; De 

Sepulveda et al., 1999; 

Reddy et al., 2012; 

Sundaram et al., 2013) 

SOCS2       

(Kazi and Ronnstrand, 

2013; Reddy et al., 

2012) 

SOCS3       

(Ben-Zvi et al., 2006; 

Cacalano et al., 2001; 

Sundaram et al., 2013) 

SOCS4       (Kario et al., 2005) 

SOCS5       (Kario et al., 2005) 

SOCS6       

(Bayle et al., 2004; Kazi 

et al., 2012; Li et al., 

2004) 

SOCS7       (Banks et al., 2005) 

 

The expression of SOCS1 is regulated primarily via transcriptional control mechanisms, 

although posttranscriptional regulation has also been documented (Gregorieff et al., 2000; 

Ilangumaran et al., 2004). SOCS1 is most potently up-regulated by IFN-  in a STAT1 dependent 

manner (Saito et al., 2000). STAT molecules are the most important transcription factors to 



induce SOCS1 gene through the JAK-STAT pathway. Sequence analyses show that the SOCS1 

gene promoter contains consensus binding sites for at least two transcription factors activated by 

IFN-  (Saito et al., 2000; Taniguchi et al., 1997). One is the IFN-  activation site (GAS) for 

STAT1 homodimer binding, and the other one is IRF (IFN-  regulatory factor) binding element 

(IRF-E). Both sequences are likely to be involved in IFN-  induced SOCS1 gene transcription. 

The GAS element can also be recognized by STAT6 induced following IL-4 stimulation 

(Travagli et al., 2004). The SOCS1 gene expression is also negatively regulated by the 

transcriptional repressors - growth factor independence-1b (GFI-1b) and Kruppel-like factor 4 

(KLF4) (Madonna et al., 2010). However, in response to erythropoietin (EPO) stimulation, 

activated STAT5 can relieve GFI-1b-mediated repression on Socs1’s promoter (Jegalian and Wu, 

2002). The SOCS1 gene also contains consensus binding sites for the transcription factor SP2 

(specificity protein 2), and its activation is essential for IFN- -induced gene transcription 

(Letourneur et al., 2009). Similarly, the promoter of SOCS3 gene contains AP1 and SP1/SP3 

transcription binding, AP1 (activator protein 1) and SP1 proteins phosphorylated and activated 

by ERK promotes SOCS3 gene induction in umbilical vascular endothelial cells (Wiejak et al., 

2012). A composite STAT3-NF- B binding site has also been described within the Socs1 gene 

promoter in regulatory T cells (Chang et al., 2012). As signaling pathways downstream of RTK 

activation can lead to activation of myriad of signaling pathways including ERK, NF- B and 

STAT pathways (Lemmon and Schlessinger, 2010), it is possible that this could lead to the 

induction of SOCS genes, resulting in feed back regulation of RTK signaling (Table 1-1). In the 

case of MET, it is known to activate STAT3, ERK and NF- B signaling pathways (Muller et al., 

2002; Tsukada et al., 2001; Zhang et al., 2002), which could explain the induction of SOCS1 

mRNA following HGF stimulation (Figure 3.1-1). 

 Even though MET signaling can induce Socs1 gene expression, MET signaling in 

hepatocytes is more likely to be attenuated via ‘cross-regulation’ by SOCS1. It has been well 

established that SOCS genes induced by one cytokine can inhibit subsequent signaling via other 

cytokine/growth factor receptors. For instance, SOCS1 induced by prior exposure to IFN-  can 

attenuate T cell responses to IL-4, and SOCS3 induced by IL-10 can block subsequent response 

to IFN-  (Dickensheets et al., 1999; Ito et al., 1999; Song and Shuai, 1998; Venkataraman et al., 

1999). As discussed in the introduction, hepatocyte proliferation is dependent on coordinated and 

sequential action of priming cytokines and growth factors (Fausto et al., 2006). SOCS1 induced 



by priming cytokines such as TNF-  and IL-6 may also help to downregulate the late hepatocyte 

responses to growth factor. Similar regulation may occur in HCC cells in vivo, and thus, 

epigenetic loss of SOCS1 attenuate the inhibitory effect on HCC cell growth. 

4.2. SOCS1-mediated regulation of HGF-MET signaling in the liver  

           LR is a complex process that involves a continuous balance between metabolic 

homeostasis and cellular proliferation. The hepatic mass could restore its original size shortly 

after surgical removal of two thirds of the liver. The intricate interactions between cytokines and 

growth factors are complicated and loss of a single gene rarely results in the blockade of LR 

(Fausto et al., 2006). Based on the cytokines generated after PH, induction of SOCS3 was 

predicted and shown during the priming phase by IL-6 (Campbell et al., 2001). Induction of 

SOCS1 was also shown to occur during LR after PH (Sakuda et al., 2002). Furthermore, both 

SOCS1 and SOCS3 can negatively regulate STAT3 signaling during the early phase of LR 

(Riehle et al., 2008; Sakuda et al., 2002). Using adenovirus-mediated gene transfer to 

hepatocytes in vivo, Seki et al. have shown that both SOCS3 and SOCS1 delay DNA synthesis 

and mitosis, resulting in delayed LR. This study showed that both SOCS1 and SOCS3 inhibited 

IL-6 and HGF signaling, while SOCS3 additionally inhibited EGF signaling (Seki et al., 2008). 

In collaboration with my colleague, we have shown that loss of endogenous SOCS1 accelerates 

the rate of LR (Gui et al., 2011), confirming the regulatory role of SOCS1 in regulating 

hepatocyte proliferation. 

Our study did not support any significant role for SOCS1 in regulating IL-6 signaling 

(Gui et al., 2011), suggesting that SOCS3 might compensate for the absence of SOCS1. Indeed, 

injection of IL-6 into C57BL/6 mice has been shown to potently induce SOCS3 whereas SOCS1 

induction was minimal (Wormald et al., 2006). To understand how endogenous SOCS1 regulates 

LR, I examined the signaling events in the regenerating livers of Socs1
-/-

Ifng
-/-

 mice using Ifng
-/-

 

and C57BL/6 mice as controls. My data showed that SOCS1-deficient livers displayed earlier 

phosphorylation of Gab1, suggesting increased MET signaling as Gab1 is an important signal 

amplifier downstream of MET (Gui et al., 2011). Accordingly, following HGF stimulation in 

vitro, primary hepatocytes from Socs1
-/-

Ifng
-/-

 mice displayed increased phosphorylation of MET 

and Gab1, cell migration and proliferation. These findings demonstrated that SOCS1 is an 

important regulator of HGF-induced MET signaling pathway. In addition, these findings 



indicated that the loss of SOCS1 is not compensated by SOCS3, although an earlier study 

reported that SOCS3 can regulate MET signaling in the liver (Seki et al., 2008). 

It has been shown that Met conditional knockout mice suffer severe impairment of LR 

following PH, and that this was associated with decreased ERK1/2 phosphorylation (Borowiak et 

al., 2004; Huh et al., 2004). We have shown that SOCS1-deficient mice show an accelerated LR 

(Gui et al. 2011) and that ERK1/2 activation occurred earlier and stronger in magnitude in the 

regenerating livers of these mice (Figure 3.1-2). This was not associated with any increase in 

HGF levels (Figure 3.1-3), since it is produced by the non-parenchymal Kuppfer and stellate 

cells in the liver. This indicates that increased liver regeneration in SOCS1-deficient mice occurs 

from deregulated MET signaling rather than from increased ligand availability. However, the 

increased proliferation of primary hepatocytes from Socs1
-/-

Ifng
-/-

 mice in response to HGF 

stimulation was associated with increased phosphorylation of Gab1, but not that of ERK1/2; on 

the other hand, these cells showed strong phosphorylation of Akt, which was not discernibly 

affected in the regenerating livers of SOCS1-deficient mice (data not shown). However, it must 

be noted that hepatocytes in the regenerating liver receive a myriad of signals in vivo, and the 

time course of stimulation in vivo and in vitro are not identical (Figure 3.1-2 and 3.1-4). 

Therefore, it is likely that the variations in the SOCS1-dependent regulation of multiple signaling 

pathways activated by HGF (Vande Woude et al., 1997) are context-dependent.  

 

4.3. Interaction between MET receptor and SOCS1 

SOCS proteins have three specific structural regions/domains that play distinct roles in 

mediating their functions (Krebs and Hilton, 2000). Among them, the central SH2 domain and 

the N-terminal regions are implicated in binding to substrate proteins regulated by SOCS1. The 

SH2 domain is primarily responsible for binding to the JAK kinases and cytokine receptor chains 

at phosphorylated tyrosine residues. Even though the KIR present in SOCS1 and SOCS3 can act 

as a pseudo-substrate for JAK kinases and compete with substrate phosphorylation, the KIR is 

dispensable for SH2-mediated binding to JAKs (Endo et al., 1997; Sasaki et al., 1999; Yasukawa 

et al., 1999). Similarly, the BC box with the C-terminal SOCS box, which is implicated in 

binding to Elongin BC (Kamura et al., 1998), is not involved in binding to substrate proteins that 

are destined for ubiquitination and proteasomal degradation. The variable N-terminal region of 

SOCS1 contains classical diproline motif, which is involved in binding to SH3-containing 



molecules such as Grb2 (De Sepulveda et al., 1999), a key signaling adaptor involved in RTK 

signaling (Lowenstein et al., 1992).  

SOCS proteins have also been implicated in the direct regulation of receptor tyrosine 

kinases in various cell types (Table 1-1). SOCS1 has been shown to interact with stem cell factor 

(SCF) receptor c-KIT and inhibit its functions in hematopoietic cells (De Sepulveda et al., 1999). 

The interaction of SOCS1 with the M-CSF receptor Fms attenuated proliferation induced by M-

CSF in hematopoietic cells (Bourette et al., 2001). SOCS1 also inhibits insulin signaling in 

HepG2 cells by binding to receptor and inhibiting downstream signaling (Mooney et al., 2001). 

In chondrocytes, the interaction of SOCS1 with FGFR3 inhibits FGF-induced STAT1 activation 

(Ben-Zvi et al., 2006). Several other SOCS family members also interact with RTKs. SOCS3, 

SOCS5 and SOCS6 have been shown to bind to FGFR1, FGFR3, EGFR and c-KIT, respectively, 

to inhibit downstream signaling (Bayle et al., 2004; Ben-Zvi et al., 2006; Kario et al., 2005; Puhr 

et al., 2010; Zadjali et al., 2011). Notably, both SOCS1 and SOCS3 has been shown to inhibit 

MET-mediated STAT3 phosphorylation in LR (Seki et al., 2008). Some of these studies have 

investigated the structural determinants on SOCS molecules required for SOCS binding to 

RTKs. In my work, I have studied in detail, the structural elements on SOCS1 and MET 

involved in the interaction between SOCS1 and MET. 

By co-immunoprecipitation assays, I have shown that SOCS1 interacts with MET 

receptor. Besides, I have substantiated this observation by showing the interaction of CSF-MET 

and GST-SOCS1 (Figure 3.2-2B). The latter observation indicates that the interaction between 

SOCS1 and MET probably occurs directly rather than via interacting proteins. Even though, I 

have also observed that SOCS1 binds to Grb2 (Figure 3.2-2B), as shown previously via the 

interaction between the poly-proline residues on the N-terminal region of SOCS1 and the SH3 

domain of Grb2 (De Sepulveda et al., 1999). This interaction was very weak compared to the 

interaction of SOCS1 with MET. Moreover, the N-terminal truncated SOCS1 still efficiently 

interacted with MET (Figure 3.2-4A), further supporting the notion that the interaction between 

SOCS1 and MET might be direct. 

Analysis of various mutations revealed the SOCS1-MET association is primarily 

mediated via the SH2 domain of SOCS1 (Figure 3.2-4). However, a partial deletion of the SH2 

region (D123-165) was still able to bind to MET, whereas a complete SH2 deletion including the 

KIR (D57-165) was needed to completely abolish MET-SOCS1 association. However, deletion 



of the SOCS box diminished the interaction appreciably, suggesting that an intact C-terminus of 

SOCS1 may facilitate a favorable conformation of the SH2 domain for binding to MET. 

Moreover, the R105K point mutation within the FLVRES motif of the SH2 domain of SOCS1 

did not affect SOCS1-MET interaction, indicating that the SOCS1 SH2 domain may bind the Tyr 

residues of MET in a p-Tyr independent manner, as it has been shown for the interaction 

between SOCS1 and the oncogenic Vav protein (De Sepulveda et al., 2000). As the (D57-165) 

deletion that abolished MET binding encompasses both SH2 domain and the KIR region, it 

remains to be addressed whether the KIR region is essential or dispensable for the interaction 

between the SH2 domain of SOCS1 and MET. 

Even though the R105K mutation within the SH2 domain of SOCS1 did not affect its 

interaction with MET, another line of evidence indicate that Tyr phosphorylation of MET 

dramatically enhances the interaction. Specifically, the kinase-dead MET, which fails to 

autophosphorylate its key Tyr redisues that recruit the downstream signaling proteins, showed 

markedly reduced interaction with SOCS1, but did not abolish it (Figure 3.2-8). SOCS1 has 

been shown to bind to the Tyr1007 residue embedded within the DKEYYKV sequence in 

catalytic loop of JAK2 (Yasukawa et al., 1999). The presence of this sequence motif adjacent to 

Tyr1234/1235 (DKEYYS) of MET suggests that this site, situated in the kinase domain of MET, 

is most likely be a preferred binding site of SOCS1. This contention is further supported by the 

failure to inhibit SOCS1 binding by the lack of other key Tyr residues of MET-Y1003 and 

Y1349/1356 docking site. Taken together, I propose that phosphorylation of the Tyr residues 

within the kinase domain of activated MET receptor may recruit SOCS1, leading to inhibition of 

kinase activity and attenuation of downstream signaling. 

 

4.4. SOCS1 promotes ubiquitination of MET receptor in a Cbl-independent 

manner 

          SOCS1 not only interacts with MET and attenuates downstream signaling but I also 

observed that SOCS1 reduces MET expression in overexpressed COS-7 cells. I also observed 

that HCC cell lines expressing SOCS1 showed reduced MET expression after in vivo tumor 

growth (Figure 3.1-10 and 11). SOCS family members and a number of proteins containing the 

SOCS box are known to functions as substrate protein adaptors within the Cullin-Ring type E3 

ubiquitin (Ub) Ligases (CRL) that ubiquitinate proteins for proteasomal degradation (Okumura 



et al., 2012). SOCS1, in particular, has been shown to ubiquitinate several signaling molecules 

and oncoproteins such as Vav, TEL-JAK2, IRS, HPV-E7 and NF- B, and thereby promote their 

degradation by proteasomes (De Sepulveda et al., 2000; Frantsve et al., 2001; Kamio et al., 2004; 

Kamizono et al., 2001; Kamura et al., 2004; Kamura et al., 1998; Liu et al., 2003a; Rottapel et 

al., 2002; Rui et al., 2002; Ungureanu et al., 2002). My findings add MET to the list of proteins 

ubiquitinated by SOCS1. Other RTKs have been previously shown to be ubiquitinated by 

SOCS1 and other SOCS family members (Table 4-2). Although an early report implicated 

SOCS1 and SOCS3 in attenuating EGFR, subsequent work showed that only SOCS5 promoted 

ubiquitination and degradation of EGFR, and that both SH2 and SOCS-box domain of SOCS5 

were involved in this process (Kario et al., 2005). Similarly, the SH2 domain of SOCS6 allows 

its interaction with KIT, leading to its ubiquitination, protein turnover and inhibiting SCF-

dependent signaling (Zadjali et al., 2011). SOCS6 also interacts with FLT3 on pTyr 591 and 919 

residues following ligand stimulation, promoting its ubiquitination and degradation (Kazi et al., 

2012). In addition to SOCS6, SOCS2 also interacts with FLT3 at the same Tyr residues, leading 

to its ubiquitination and proteasomal degradation (Kazi and Ronnstrand, 2013). In a recent study, 

the Von Hippel-Lindau tumor suppressor, which also contains a SOCS box but assembles an E3 

ligase containing Cullin 2, induces polyubiquination of EGFR (Zhou and Yang, 2011). 

Collectively, it appears that even though RTK signaling is regulated by several mechanisms 

including Cbl-dependent receptor endocytosis (discussed below) and protein Tyr phosphatases, 

growing evidence indicate that RTKs are also subject to regulation by SOCS proteins (Kazi et 

al., 2014). 

 

Table 4-2. Ubiquitination or RTKs promoted by SOCS proteins 

 SOCS1 SOCS2 SOCS5 SOCS6 Reference 

EGFR     (Kario et al., 2005) 

FLT3     

(Kazi and Ronnstrand, 2013; Kazi 

et al., 2012) 

KIT     (Zadjali et al., 2011) 

MET     This study 

 

Strict regulation of RTKs is essential to prevent their oncogenic potential. This is 

achieved by regulation of RTK signaling at different levels (Ledda and Paratcha, 2007). These 



include attenuation of the kinase activity by Tyr phosphatases, regulation of downstream 

signaling pathways (e.g., PTEN, SPRY), and Cbl-dependent ubiquitination, endocytosis and 

lysosomal degradation. The ubiquitously expressed Cbl homologues c-Cbl and Cbl-b belong to 

the RING family E3 ligases (Thien and Langdon, 2005b). The Cbl-dependent regulation, 

originally described for EGFR is also shared by many other RTKs including MET (Swaminathan 

and Tsygankov, 2006; Thien and Langdon, 2005a). Cbl promotes ubiquitination of the activated 

MET receptor and facilitates its degradation in lysosomes and sorting to subcellular signaling 

microdomains (Abella et al., 2010; Peschard et al., 2001; Peschard and Park, 2007; Trusolino et 

al., 2010). Several proteins within the Cbl interactome promote degradation of MET and other 

RTKs, such as CIN85 which participates in the early phase of clathrin-mediated endocytosis of 

RTKs (Dikic and Schmidt, 2007); Atrophin-1-interacting protein-1 (AIP1) plays a critical role in 

the formation of MVB (Schmidt and Dikic, 2005). 

Even though Cbl-mediated lysosomal degradation pathway is an important control 

mechanism in the regulation of RTK signaling, proteasome inhibitors also have been known to 

block degradation of MET and EGFR (Hammond et al., 2001; Jeffers et al., 1997; Longva et al., 

2002). The Cbl pathway induces multiple monoubiquitination that serves as a signal for 

endocytosis (Haglund et al., 2003; Mosesson et al., 2003). On the other hand, poly-ubiquitination 

through Ub chain elongation targets proteins for proteasomal degradation (Thien and Langdon, 

2005a; Weissman, 2001; Woelk et al., 2007). Inhibition of ligand-induced loss of EGFR and 

MET by proteasome inhibitors suggested that EGFR and MET might also undergo 

polyubiquitination (Hammond et al., 2003; Hammond et al., 2001; Jeffers et al., 1997; 

Levkowitz et al., 1998; Lipkowitz, 2003; Longva et al., 2002). However, the E3 Ub ligases 

involved in this process remained obscure until very recently.  The work of Zhou et al., identified 

CRL2
VHL

 as the E3 Ub-ligase that induces polyubiquitination of EGFR for proteasomal 

degradation (Zhou and Yang, 2011). The data presented in my study identify for the first time the 

SOCS1 containing E3 Ub ligase, presumably CRL5
SOCS1

, as the principal mediator of 

polyubiquitination of MET.  

          SOCS5-mediated ubiquitination and proteasomal degradation of EGFR, occur 

independently of the Cbl pathway (Kario et al., 2005). Likewise this study, I provided several 

lines of evidence that the SOCS1-mediated ubiquitination of MET does not require the 

participation of Cbl. First, Cbl interacts with MET at Y1003, and the loss of this residue allows 



MET to escape its ubiquitination and lysosomal degradation pathway and to become oncogenic 

(Mak et al., 2007; Peschard et al., 2001). In contrast, SOCS1 could decrease the expression of 

Tpr-MET and CSF-MET-Y1003F, both lacking Y1003, as efficiently as wild-type CSF-MET 

(Figure 3.2-7). Moreover, the loss of Y1003 does not abolish ubiquitination of CSF-MET 

(Figure 3.2-18). Second, SOCS1 promotes modification of MET by K48-linked poly-Ub chains 

recognized by 26S proteasomes (Figure 3.2-12B), but not K63- linked polyubiquitin chains that 

facilitate endocytosis (Woelk et al., 2007). Third, inhibition of lysosomal degradation by 

bafilomycin blocked Cbl-dependent loss of MET but not the SOCS1-mediated reduction in MET 

levels (Figure 3.2-17B). Similarly, the proteasome inhibitor MG-132 inhibited the SOCS1-

mediated but not the Cbl-dependent MET downmodulation (Figure 3.2-17B). Fourth, siRNA-

mediated Cbl knockdown did not inhibit SOCS1-mediated loss of endogenous MET or its 

modification by endogenous Ub in HCC cells (Figure 3.2-19 and 20). I have also used a 

dominant-negative Cbl construct (N-Cbl) lacking the RING domain. Again, N-Cbl failed to 

inhibit SOCS1-mediated decrease in MET expression (data not shown). Finally, the availability 

of both SOCS1 and Cbl causes almost complete loss of MET expression, much more than either 

of them alone (Figure 3.2-17A), suggesting that the two pathways may exert non-overlapping 

control in down-regulating MET signaling.  

Overall, my findings clearly implicate the SOCS1-containing CRL5
SOCS1

 Ub-ligase in 

mediating polyubiquitination of MET, which occurs independently of Cbl. The SOCS1-

dependent regulation of MET has important clinical implications in cancer, especially when the 

cancer cells overcome the Cbl-dependent negative regulation. For instance, gene amplification of 

MET or splice mutation deleting in the Cbl-binding domain in juxtamembrane domain of MET 

have been reported in lung adenocarcinoma and non-small cell lung cancer cells (Kong-Beltran 

et al., 2006; Ma et al., 2005; Onozato et al., 2009), wherein MET activation is enhanced due to 

the loss of Cbl-mediated negative regulation. Furthermore, it has been shown that over-expressed 

MET in human gastric cancers results in the decreased of Cbl protein, because MET activation 

promotes Cbl auto-polyubiquitination and subsequent degradation by the proteasome (Lai et al., 

2012). As a consequence, decreased Cbl expression could lead to enhanced EGFR signaling 

(Guo et al., 2008; Lai et al., 2012), leading to aggressive tumor growth. 

 

4.5. Kinetics of ubiquitination and degradation of the MET receptor by 



SOCS1  

Stable expression of SOCS1 resulted in ubiquitination and proteasome-dependent 

downregulation of endogenous MET receptor in HCC cells within 4 h after ligand stimulation 

(Figure 3.2-16). Similar loss of constitutively active MET in overexpression systems becomes 

detectable only upon inhibition of protein synthesis using cycloheximide (Figure 3.2-11). 

Nevertheless, the overexpression system allowed us to show that this loss is dependent on intact 

kinase activity of the MET receptor. These observations suggested that the SOCS1-mediated loss 

of the MET receptor targets the activated kinase, and that this loss is preceded by receptor 

ubiqutination. However, analysis of ubiquitination of endogenous MET along with the 

expression levels of MET and its phosphorylation revealed that the SOCS1-mediated 

ubiquitination of endogenous MET occurs within 5-10 min after ligand stimulation, and that this 

was associated with the loss of phosphorylated MET for up to 3 h (Figure 3.2-16). During this 

entire period, the expression level of total MET is not discernibly affected. These results lend 

support to the idea that the SOCS1-induced MET receptor degradation affects only a subset of 

the MET receptor that had engaged the ligand, and that persistent occurrence of this process is 

needed to cause a discernible decrease in total MET expression by about 4 h in vitro (Figure 3.2-

14). Thus, continuous ligand availability to SOCS1-expressing HCC cells growing as tumor in 

vivo may underlie the pronounced loss of MET expression in these cells (Figure 3.1-10, 3.1-11). 

Based on these observations, I predict that endogenous SOCS1, induced by MET signaling or by 

other cytokines, would help to attenuate the MET signaling process, and this would contribute to 

a tighter control of MET signaling mediated by other regulatory mechanisms discussed above 

(Trusolino et al., 2010). I also propose that this SOCS1-dependent incremental increase in the 

stringency of MET regulation could be a crucial anti-tumor mechanism in the context of HCC, 

and possibly in other tumors as well. 

 

4.6. SOCS phosphorylation and its association with cancer development 

I observed that SOCS1 itself became tyrosine phosphorylated by catalytically active 

MET kinase but not the kinase-dead MET, and that this phosphorylation occurs on more than 

one of the four Tyr residues (Y65, Y81, Y155 and Y204) (Figure 3.2-4, 7 and 8). This 

contention is further supported by site-directed mutagenesis SOCS1 constructs with individual 

Tyr to Phe substitutions (Y65F, Y81F, Y155F and Y204F). These observations raise the 



possibility that Tyr phosphorylation may modulate the regulatory functions of SOCS1. In this 

context, it has been shown that IL-2, EPO, EGF and PDGF induce phosphorylation of Y204 and 

Y221 on SOCS3, allowing it to bind the SH2 domain of the Ras inhibitor p120RasGAP 

(Cacalano et al., 2001). This enables sustained activation of the Ras and ERK signaling, while 

the JAK-STAT pathway remains inhibited. SOCS1 is unlikely to function in this manner, since 

SOCS1 inhibits HGF-induced ERK activation in HCC cells. In addition, Tyr phosphorylation of 

SOCS3 within SOCS box disrupts its interaction with elongin BC, resulting in the accelerating 

proteasome-mediated degradation of SOCS3 (Haan et al., 2003). Similarly, 

hyperphosphorylation of SOCS3 by oncogenic JAK2 V617F mutant prevents the inhibitory 

effect of SOCS3 on JAK2 kinase (Hookham et al., 2007). A few reports on phosphorylation of 

SOCS proteins reveal a complex scenario: phosphorylation of SOCS1 by the Ser/Thr kinases 

Pim-1 and Pim-2 enhances SOCS1 stability (Chen et al., 2002). A recent study showed that Bcr-

Abl, an oncoprotein that causes chronic myelogeous leukemia, phosphorylates SOCS1 on Y155 

and to a lesser extent on Y204, thereby diminishing the inhibitory effects of SOCS1 on JAK-

STAT signaling (Qiu et al., 2012), akin to the effect of hyperphosphorylated SOCS3 by JAK2 

V617F (Hookham et al., 2007).  Thus, phosphorylation of SOCS1 and SOCS3 contributes to 

hematopoietic cell malignancies. It is noteworthy that SOCS2, SOCS5 and SOCS6 are also 

phosphorylated following EGF treatment, however, the exact mechanism regulating EGF-

mediated signaling is unclear (Kario et al., 2005). Further studies are needed to shed light on the 

functional consequences of Tyr phosphorylation of SOCS1 by MET in oncogenic RTK 

signaling. 

 

4.7. Implications of SOCS1-regulated HGF-MET signaling pathway in HCC 

SOCS1 is generally considered a tumor suppressor protein (Elliott et al., 2008). The first 

evidence for this idea came from the finding that the SOCS1 gene is repressed in HCC 

(Yoshikawa et al., 2001). In fact, the SOCS1 gene is frequently silenced in cancer cells by 

convergent methylation and deletion (Zardo et al., 2002). It is now known that repression of the 

SOCS1 gene occurs in many types of tumors including neuroblastoma, myeloma, leukemia, 

pancreatic adenocarcinoma, and colorectal and prostate cancers (Chen et al., 2003; Fujitake et 

al., 2004; Fukushima et al., 2003; Galm et al., 2003; Inagaki-Ohara et al., 2013; Komazaki et al., 

2004; Liu et al., 2003b; Reddy et al., 2005; Suzuki et al., 2006; Zardo et al., 2002). Moreover, 



recent studies have shown increased expression of micro- RNAs targeting SOCS1 in diverse 

tumors, including miR-155 in breast cancer and leukemia, miR-19a/19b in multiple myeloma 

and miR-30d in recurring prostate cancer (Babar et al., 2012; Jiang et al., 2010; Kobayashi et al., 

2012). Experimentally, overexpression of SOCS1 has been shown to suppress the transforming 

potential of many oncoproteins in rat fibroblasts (Rottapel et al., 2002). Moreover, Socs1
+/-

 mice 

have been shown to be highly susceptible to hepatocarcinogenesis induced by DEN (Yoshida et 

al., 2004). Even though all the above reports support the notion that SOCS1 is a tumor 

suppressor protein, the underlying molecular mechanisms have not yet been elucidated. I have 

shown that SOCS1 regulates MET signaling in hepatocytes (Figure 3.1-6) and that SOCS1 

expression in human HCC cell lines inhibit their potential to form tumors in NOD.scid.gamma 

mice (Figure 3.1-10). Besides, I have provided insight into mechanisms by which SOCS1 

regulates MET signaling. My findings, presented in this thesis, indicate that the tumor suppressor 

functions of SOCS1 in hepatocytes are mediated, at least partly, via regulation of MET signaling.  

The contribution of growth factors and their receptor tyrosine kinases that promote 

hepatocyte survival, proliferation and migration in HCC pathogenesis is a subject of intense 

research (Berasain et al., 2009; Cervello et al., 2012; Gao et al., 2012; Huynh et al., 2011; 

Muntane et al., 2012; Nalesnik and Michalopoulos, 2012; Whittaker et al., 2010; Wu and Zhu, 

2011). The most studied oncogenic RTKs in HCC are MET, IGFR and EGFR. In this study, I 

have focused on the regulation of MET signaling by SOCS1. MET over-expression has been 

reported in HCC compared to the healthy liver, and increased expression of MET has been 

correlated with decreased survival of HCC patients (Boix et al., 1994; Grigioni et al., 1995; 

Okano et al., 1999; Tavian et al., 2000; Ueki et al., 1997; Whittaker et al., 2010). Somatic 

mutations of MET have also been detected in childhood HCC (Park et al., 1999). MET-regulated 

gene expression profile in HCC has been correlated with aggressive phenotype and poor 

prognosis (Kaposi-Novak et al., 2006; Ke et al., 2009; Ueki et al., 1997; Wang et al., 2008). 

These studies indicate that deregulated MET signaling is an important pathogenic factor in HCC, 

and have promoted the development of small molecule inhibitors and antagonists of the MET 

receptor, which are being tested for the treatment of HCC in experimental animal models and are 

undergoing clinical trials (Gao et al., 2012; Muntane et al., 2012).  

           Aberrant MET signaling is also implicated in the progression of many types of 

carcinomas (Comoglio et al., 2008; Trusolino et al., 2010). Because of its diverse oncogenic 



roles, MET is a key target of therapeutic intervention in many types of cancers (Comoglio et al., 

2008). Two recent high-throughput studies using a large array of tumor cell lines revealed that 

MET kinase activation, caused by receptor overexpression or autocrine and stromal cell-derived 

HGF, is the most important mechanism that confers chemo-resistance to molecular therapies 

targeting RTKs or other key oncogenic kinase signaling molecules (Straussman et al., 2012; 

Wilson et al., 2012). Tumor cells often co-express many RTKs, which use the canonical 

signaling pathways to promote survival, proliferation, migration, invasion and metastasis 

(Casaletto and McClatchey, 2012). This signaling redundancy allows extensive crosstalk 

between RTKs, particularly between MET and EGFR in many cancers, necessitating 

simultaneous inhibition of both RTKs to arrest cancer cell growth (Karamouzis et al., 2009; Xu 

and Huang, 2010). Given the ability of SOCS1 to inhibit MET signaling by promoting MET 

ubiquitination and proteasomal degradation, I propose that epigenetic repression of SOCS1 gene 

or its suppression by micro-RNAs in tumors may facilitate RTK crosstalk even in the absence of 

MET amplification and with minimal availability of HGF.  

My findings indicate that loss of SOCS1 gene expression in HCC could lead to aberrant 

MET expression and, as a consequence, aggressive tumor growth. Testing this prediction in 

human HCC could lead to the development of prognostic markers. A first step towards this goal 

could be to evaluate the tumor biopsies for a possible correlation between MET and SOCS1 

expression of at the level of protein, epigenetic CpG methylation, expression of SOCS1-targeting 

miRs and possibly mutations in SOCS box domains. A positive correlation could lead to the 

development of therapeutic approaches aimed at restoring endogenous SOCS1. It has been 

shown that cell-permeable SOCS1 KIR peptides mimicing KIR function could block cytokine 

signaling (Doti et al., 2012). However, our efforts to inhibit MET signaling in hepatocytes with 

these peptides were not successful (data not shown). Even though adenoviral vectors can deliver 

SOCS1 to hepatocytes (Liu et al., 2013; Seki et al., 2008), it may not be a viable approach to 

restore SOCS1 in every tumor cell. Although several MET-specific kinase inhibitors are being 

evaluated, limitations such as drug toxicity are yet to be overcome (Karamouzis et al., 2009; 

Knudsen and Vande Woude, 2008).  

A complementary approach to using MET kinase inhibitors could be to re-establish 

endogenous control of RTK signaling via relieving epigenetic repression of the SOCS1 gene. 

DNA methylation and histone deacetylation are the major mechanisms of epigenetic gene 



repression (Delcuve et al., 2012; Esteller, 2005; Jaenisch and Bird, 2003; Robertson and Wolffe, 

2000; Rodriguez-Paredes and Esteller, 2011; Tuma, 2009). Although repression of the SOCS1 

gene frequently occurs by CpG methylation, recent studies also implicate histone deacetylation 

in myeloid neoplasia and colorectal cancer (Chen et al., 2013; Gao et al., 2013; Nosho et al., 

2009; Xiong et al., 2012; Yang et al., 2003; Yoshikawa et al., 2001). The demethylating agent 5-

Aza-2’-deoxycytidine (Decitabine ; DAC) derepresses the SOCS1 gene in pancreatic cancer 

cells and inhibits tumor growth in vivo (Fukushima et al., 2003; Shakya et al., 2013). The histone 

deacetylase (HDAC) inhibitors tricostatin A (TSA) and suberoylanilide hydroxamic acid 

(Vorinostat ) increase SOCS1 gene expression in colorectal cancer and myeloid leukemia cells 

(Akada et al., 2012; Xiong et al., 2012). TSA and Vorinostat inhibit breast cancer growth in vitro 

and in vivo (Pratap et al., 2010; Vigushin et al., 2001). A recent study has shown that DAC and 

Vorinostat synergize to suppress colorectal cancer growth in vivo (Yang et al., 2012). DAC and 

Vorinostat are FDA (Food and Drug Association) approved to treat hematologic malignancies 

(Issa and Kantarjian, 2009; Kim and Bae, 2011; Plimack et al., 2007; Rodriguez-Paredes and 

Esteller, 2011). These agents could be tested in HCC cell lines for their ability to restore SOCS1 

gene expression and to improve negative regulation of MET signaling in vitro, and to attenuate 

tumor growth as xenografts in NOD.scid.gamma mice. 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

        CHAPTER 5 

 

CONCLUSIONS 

 

 

 

 

 

 

 

 

 

 

 
 

 



HCC is a highly lethal malignancy with very limited therapeutic options. The two most 

pressing needs for the clinical management of HCC are (i) to develop timely diagnostic and 

screening tools, and (ii) to design appropriate therapeutic strategies. At present, there is no early 

detection markers for HCC, and diagnosis is dependent on invariably radiological techniques, 

such as computer tomography (CT) and magnetic resonance image (MRI) scan. Part of this 

problem arises from the insidious nature of the disease. On the other hand, growing knowledge 

on the molecular mechanisms of HCC has raised hope to develop new and personalized 

treatment strategies depending on the dysregulated molecular pathways. In this context, my work 

represents a significant step forward. In this study, I have identified an important molecular 

regulatory mechanisms of MET signaling, a pathway most frequently dysregulated in many 

cancers including HCC.  

The salient findings of my research are (Figure 5-1): (i) SOCS1 is a non-redundant 

regulator of MET signaling in the regenerating liver. (ii) This regulation occurs via SOCS1 

binding to the activated MET receptor via the SOCS1 SH2 domain. (iii) This interaction leads to 

K48-mediated polyubiquitination of the MET receptor and its degradation by the proteasomes. 

(iv) Regulation of MET signaling by SOCS1 in HCC cell lines attenuates proliferation and 

invasion in vitro, and tumor growth in vivo.  

An important clinical implication of my findings is that aberrant, dysregulated MET 

signaling can occur even in the absence of MET overexpression, if the tumors lack the SOCS1 

gene expression. Therefore, testing for SOCS1 gene methylation or expression of SOCS1 

targeting miRs could be indicative of aberrant MET signaling, and the need for more aggressive 

treatment to inhibit MET signaling. I also predict that restoration of SOCS1 by drugs that 

modulate epigenetic alterations could be a complementary approach to improve the disease-free 

survival of HCC patients treated by conventional methods.       

  
 

 

 

 

 

 



 

 

 

 

 

Figure 5-1: The function of SOCS1 in inhibition of HGF-MET signaling and of MET receptor. 
(A) SOCS1 expression is induced by HGF probably through the transcription factor STAT3. SOCS1 binds 
to the MET receptor and inhibits HGF-induced HCC cell proliferation and invasion. 
(B) SOCS1-mediates polyubiquitination of the MET receptor. SOCS1 binds to tyrosine-phosphorylated 
MET through the SH2 and KIR domains. The SOCS-Box of SOCS1 recruits the elonginBC-cullin5-Rbx2 
complex and induces polyubiquitination of MET. Ubiquitinated MET is degraded by the 26S proteasome. 
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