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Résumé 

Régulation du role potentiellement oncogénique de p21Cip1/Waf1 par  
SOCS1 dans le foie  

Par Mehdi Yeganeh 
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 

 
Le “Suppressor of cytokine signaling -1” (SOCS1) est une protéine de 24 kD qui 

fonctionne principalement comme un régulateur négatif des voies de signalisation 
intracellulaires. SOCS1 inhibe l’axe JAK-STAT et induit l’ubiquitylation et la dégradation 
de certaines protéines cibles. L’expression de SOCS1 est diminuée par 
l’hyperméthylation de son promoteur dans plus de 65% des cas de carcinome 
hépatocellulaire. Les souris déficientes en SOCS1 ne survivent que trois semaines après 

la naissance à cause d’une hyperinflammation induite par IFN-. Afin d’étudier le rôle 
anti tumoral de SOCS1 dans le foie, nous avons utilisé les souris Socs1-/-Ifng-/-, Ifng-/- et 
les souris de type sauvage. Nous avons démontré que le taux de la régénération du 
foie après une hépatectomie partielle était augmenté chez les souris déficientes en 
SOCS1. De plus, les souris Socs1-/-Ifng-/- étaient plus susceptibles pour le 
développement des nodules hépatiques suite à un traitement avec diethylnitrosamine 

(DEN). Par contre, les souris déficientes en IFN- ont démontré une résistance contre le 
cancer du foie. Néanmoins, au contraire de nos attentes préliminaires, nous n’avons 
pas observé une augmentation des taux sériques d’IL-6. Pourtant, la prolifération 
compensatoire et la synthèse de l’ADN étaient élevées chez les souris SOCS1 KO. Afin 
d’expliquer cette observation, nous avons étudié l’activation de p53. Nous n’avons pas 
trouvé une réponse differente de stabilisation ni de phosphorylation de p53 (Ser15) 
après traitement au cisplatin (in vitro) ou DEN (in vivo). Par contre, nous avons observé 
que l’expression du gène Cdkn1a était élevée chez les hépatocytes déficients en 
SOCS1. De plus, l’expression ectopique de SOCS1 pouvait supprimer l’expression de 
p21 chez les cellules HepG2 traitées au cisplatin. Nous avons aussi constaté que la 
stabilité de p21 était augmentée chez les hépatocytes primaires déficients en SOCS1. 
En effet, SOCS1 induisait l’ubiquitylation et la dégradation de p21. SOCS1 pouvait 
interagir avec p21 par son domaine SH2. De plus, SOCS1 pouvait contrôler la 
localisation cytoplasmique de p21 en régulant l’activité d’AKT. Bien que p21 soit connu 
comme un inhibiteur du cycle cellulaire, il peut également participer à l’assemblage 
des complexes CDK4-Cyclin D. Nous avons démontré que l’expression de p21 et des 
cyclines de type D était augmentée chez les souris déficientes en SOCS1 après 
l’hépatectomie partielle. En diminuant l’expression de p21 par shRNA, nous avons 
empêché la réponse proliférative des hépatocytes SOCS1 KO. Finalement, nous avons 
trouvé que l’expression élevée de p21 chez les hépatocytes déficients en SOCS1 
rendait les cellules plus résistantes contre l’apoptose. En conclusion, nos résultats 
suggèrent que SOCS1 protège contre le cancer du foie par la régulation des activités 
oncogéniques de p21. 

Mots clés : SOCS1, p21, cycle cellulaire, apoptose, ubiquitylation, cancer du foie, 
inflammation. 
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Summary 

Regulation of the potentially oncogenic role of p21 by SOCS1 in the liver 
By Mehdi Yeganeh 

Program of immunology 
Thesis presented at the Faculty of medicine and health sciences for the obtention of 

Doctor degree diploma philosophiae doctor (Ph.D.) in immunology 
Faculty of medicine and health sciences, University of Sherbrooke, 

 Sherbrooke, Québec, Canada, J1H 5N4 

Suppressor of cytokine signaling -1 (SOCS1) is an inducible 24 kD protein that 
principally acts as a negative regulator of different intracellular signaling pathways. 
SOCS1 exerts its regulatory feedback by blocking the JAK-STAT axis and inducing 
ubiquitylation and subsequent proteasomal degradation of target proteins. The gene 
coding for Socs1 has a CpG-rich promoter and can be methylated by 
methyltransferases. SOCS1 is silenced due to hypermethylation of its promoter in 
almost 65% of hepatocellular carcinoma cases. SOCS1 deficient mice cannot survive 

more than three weeks of age because of enhanced IFN- induced inflammation. To 
better understand the tumor suppressor role of SOCS1 in the liver we used Socs1-/-Ifng-

/-, while Ifng-/- and wild type mice served as controls. We found that SOCS1 deficient 
mice showed accelerated liver regeneration following standard partial hepatectomy 
(PH). Moreover, Socs1 null mice were susceptible to development of hepatic nodules 

after treatment with diethylnitrosamine (DEN). Interestingly, the IFN- deficient mice 
showed reduced number of liver tumors. In contrast to our preliminary expectations, 
we did not observe elevated IL-6 serum levels in SOCS1 deficient mice compared to the 
controls. Nevertheless, loss of SOCS1 was associated with increased compensatory 
proliferation and DNA synthesis after PH and DEN treatment. To find an explanation 
for the increased tumorigeneis in the SOCS1 deficient liver, we examined the 
activation of p53 and its target genes. Although we observed neither a variable 
phosphorylation (Ser15), nor an impaired stabilization of p53 after cisplatin (in vitro) or 
DEN treatment (in vivo), Cdkn1a expression was increased in the absence of SOCS1. 
We also found that ectopic expression of SOCS1 could suppress the mRNA levels of 
p21 in HepG2 cells treated with cisplatin. In addition, we found that loss of SOCS1 
increased p21 stability in hepatocytes and that SOCS1 could induce p21 ubiquitylation 
and subsequent proteasomal degradation. We showed that SOCS1 could bind directly 
to p21 via its SH2 domain. Furthermore, in SOCS1 deficient hepatocytes, p21 was 
retained in the cytosol in an AKT dependent fashion. While classically known as a cell 
cycle inhibitor, p21 can promote the assembly and kinase activity of CDK4-cyclin D 
complexes. We showed that D-type cyclins and p21 levels were increased in the liver 
of SOCS1 deficient mice following PH. Suppression of p21 by transient shRNA 
transfection in SOCS1 deficient primary hepatocytes could reverse their increased 
proliferative response to mitogens. Finally, we found that increased p21 expression in 
SOCS1 deficient hepatocytes renders them resistant to apoptosis. In conclusion, our 
findings suggest that SOCS1 protects against liver cancer via inhibiting the oncogenic 
potential of p21. 

Keywords: SOCS1, p21, cell cycle, apoptosis, ubiquitylation, liver cancer, 

inflammation.  
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              ancer is the outcome of altered cellular behavior due to impaired 

regulation of molecular pathways. The “neoplastic” cells often preserve constitutive 

mitogenic signaling, evade cell death, bypass suppressor mechanisms, overcome 

replicative senescence, spread and invade other organs via systemic circulation and 

promote angiogenesis (Hanahan and Weinberg, 2011). Understanding the regulatory 

machineries that prevent these fatal consequences of imbalanced cellular homeostasis 

would provide insight into the complex nature of carcinogenesis and would eventually 

help us develop novel therapeutic strategies.  

The extensive worldwide research endeavors have led us to a better perspective 

of the intracellular events that might render a healthy cell neoplastic. As a result, there 

has been significant progress in diagnosis, treatment and even prevention for at least 

certain types of tumors (Kachuri et al., 2013). However, for certain other cancers, the 

progress has been limited and the outlook has not changed for a long time. Indeed, 

cancer is still a leading cause of death (Mathers et al., 2009). This unfortunate picture 

is partly due to the complexity of cell events and the multifactorial nature of molecular 

pathways. There are still many obscure corners in cancer research that are particularly 

challenging. 

 Liver cancer is one such malignancy for which a global consensus about the 

therapeutic approaches is still controversial and effective interventions are not 

available. Moreover, hepatologists are still desperately looking for some practical and 

early diagnosis tools for liver cancer (Chaiteerakij et al., 2013). The aim of the current 

research was to provide a better explanation for molecular predisposition to liver 

cancer. In this PhD thesis, I have investigated how a small adaptor protein called 

Suppressor of Cytokine Signaling-1 (SOCS1), whose expression is suppressed in the 

majority of liver cancer patients, regulates neoplastic transformation of liver cells, 

particularly hepatocytes. The findings presented in this thesis have important 

implications for development of better treatment methods for liver cancer. 
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1.1. Liver histology  

The liver is the biggest gland in mammalians and plays a central role in diverse 

metabolic functions (Michalopoulos and DeFrances, 1997; Fausto et al., 2006). Liver is 

the main organ for producing many plasma proteins and carbohydrates, storage of 

minerals and vitamins and detoxifying toxins that enter portal vein circulation (Arias, 

2009). The cells that constitute the liver can be classified into two main groups of 

epithelial cells and mesanchymal cells (Table 1.1). More than 90% of the liver 

parenchyma consists of hepatocytes (Papoulas and Theocharis, 2009). Cholangiocytes 

are epithelial cells that line the intra-hepatic and extra-hepatic biliary duct system. 

Moreover, cholangiocytes are responsible for modification of the bile produced by 

hepatocytes (O'Hara et al., 2013). Kupffer cells are the liver resident macrophages and 

play important roles in hepatic homeostasis and host defense (Naito et al., 2004). 

Hepatic stellate cells (HSC) are derived from bone marrow and serve as the origin of 

liver myofibroblasts, store retinoids and produce hepatocyte growth factor (HGF) 

(Friedman, 2008). Liver myofibroblasts are the main fibrogenic effector cells and are 

absent in the healthy liver. However, upon liver damage, they arise from hepatic 

stellate cells and portal mesenchymal cells to produce extracellular matrix and 

collagen (Lemoinne et al., 2013). Liver sinusoidal endothelial cells (LSEC) line the 

sinusoids and differ from the endothelium of big vessels in lacking basement 

membrane and containing the fenestrae structures (De Leeuw et al., 1990). Moreover, 

a subset of LSECs are derived from bone marrow and, in parallel with HSCs, function as 

a main source of HGF (DeLeve, 2013). Cancer can originate from all of these cell types, 

but hepatocellular carcinoma (HCC) is the most frequent type of liver cancer (El-Serag, 

2012). Throughout this thesis, by “liver cancer” we refer to HCC unless specified 

otherwise. 

1.2. Cellular origin of primary liver cancers 

Even though mature hepatocytes are traditionally believed to be the origin of 

HCC, recent advances in our knowledge of liver regeneration has modified this view 

(Papoulas and Theocharis, 2009; Lo and Ng, 2013). The bone marrow derived stem 

cells and hepatocyte progenitor cells, especially when mature hepatocytes are not 

capable to proliferate efficiently, could differentiate into hepatocytes and participate 
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in liver regeneration, (Fausto, 2004). Both mature differentiated hepatocytes and 

progenitor cells could give rise to tumor. Notably, hepatocytes that are derived from 

progenitor cells are more susceptible to the oncogenic transformation (Papoulas and 

Theocharis, 2009). 

 

Epithelial Cells 

Hepatocytes 
Cholangiocytes 
Hepatic progenitor cells 
Intermediate Hepatocyte like cells 

Mesenchymal cells 

Kupffer sells 
Hepatic stellate cells 
Myofibroblasts 
Endothelial cells 

Table 1.1. Different cell types in the liver 
Liver cells can be classified into epithelial and mesenchymal cells. 
 

As an example, hepatoblastoma, the most frequent pediatric liver tumor, 

contains both epithelial and mesenchymal components. The mesenchymal part of the 

tumor consists of teratotic tissues such as cartilage, bone, endocrine and neural 

structures (Kim et al., 2001). It is, therefore, believed that the precursor cells in 

hepatoblastoma are the pluripotent progenitor cells (Ruck and Xiao, 2002; Fiegel et al., 

2004). Hepatocellular adenoma is a benign tumor of liver that is seen exclusively in 

women who have been taking estrogen contraceptives for a prolonged period (Rooks 

et al., 1979). Nevertheless, hepatocyte progenitor cells are detectable in the dysplastic 

foci of hepatocellular adenomas and are thought to be responsible for possible 

malignant transformations (Libbrecht et al., 2001). 

In addition to progenitor cells, stem cells have also been studied as the origin of 

cancer in the liver (Ma et al., 2007). Recently, it has been suggested that the highly 

fatal cholangiocarcinoma could be derived from both stem cells and hepatic progenitor 

cells, but not mature cholangiocytes (Asayama et al., 2002; Kim et al., 2004). This 

notion is supported by the finding of mixed hepatocyte and biliary structures in some 

forms of primary liver tumors, suggesting a pluripotent origin (Steinberg et al., 1994; 
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Lee et al., 1997; Lo and Ng, 2013). In rodents, hepatocyte progenitor cells have been 

shown to participate in development of HCC (Tsao and Grisham, 1987; Sell, 2002). 

Therefore, it has 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). In agreement with this theory, 

carcinomatous hepatocytes are known to express markers of progenitor cells 

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

1.3. Epidemiology of hepatocellular carcinoma 

HCC is the fifth most common cancer among men and seventh most common 

cancer among women (El-Serag, 2012). Sub-Saharan Africa and Eastern Asia are the 

HCC high-incidence regions (> 20 per 100,000) whereas Europe, America, and Oceania 

have lower numbers of affected patients. Nevertheless, the current trend of HCC 

incidence declines in the Far East while it is intriguingly increasing in the western world 

(El-Serag, 2012). The recent report of the Advisory Committee on Canadian Cancer 

Statistics shows that 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). The age-period-cohort 

analysis of liver cancer data from the Canadian Cancer Registry Database and the 

Canadian Vital Statistics Death Database has shown that the incidence of HCC has 

raised from 2.6 and 1.5 per 100 000 in 1972-74 to 6.5 and 2.2 per 100 000 in 2004-06 

in men and women, respectively. Meanwhile, the mortality rate has increased from 3.3 

and 2 per 100 000 in 1972-74 to 6 and 2.6 per 100 000 in 2004-06 among men and 

women, respectively (Jiang et al., 2011). This report has been independently confirmed 

by Statistics Canada (Ellison and Wilkins, 2012). 

HCC is a growing cancer issue in other industrialized countries as well. A German 

registry has recently reported the HCC trends that are quite similar to the Canadian 

counterparts (Weinmann et al., 2013). In the United States, HCC statistics have shown 

similar trends (Zhu, 2013). The latest evaluations confirmed that the incidence rate of 

HCC in the United States has tripled between 1975 and 2005 (Altekruse et al., 2009; El-

Serag, 2011) and, in contrast to many other cancers, HCC-related mortality is 

increasing (Jemal et al., 2009). Part of this rise in HCC incidence is due to HCV infection 
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that is highly associated with liver inflammation and cancer. Almost 30-50% of 

American patients with HCC are infected with HCV (Zhu, 2013). In Asia, however, HBV 

infection has a greater impact on HCC prevalence and HBV vaccination programs have 

been beneficial to prevent HCC in Asian populations (Chang et al., 1997). On the other 

hand, the increasing number of patients with metabolic syndromes and diabetes 

contributes to the increased rate of HCC incidence (Siegel and Zhu, 2009). Specially, 

individuals affected by obesity and type-2 diabetes have twice the risk for HCC 

compared to healthy populations (Calle et al., 2003; El-Serag, 2004; El-Serag et al., 

2006). Finally, the immigrants from Asia and Africa also constitute a substantial 

fraction of HCC cases in North America (Zhu, 2013). 

1.4. Diagnosis of liver cancer 

Hepatocellular carcinoma, characteristically, has an indolent progression and 

many patients present at advanced and inoperable stages (Zhu, 2013). Therefore, 

several studies have suggested performing a cost-effective screening in high-risk 

populations in order to make a timely diagnosis. Early diagnosis of HCC is quite 

essential to choose the most appropriate treatment protocol. However, it still remains 

a clinical challenge for physicians (Bruix and Sherman, 2011; Page et al., 2014). 

Although Serum Alpha-fetoprotein (AFP) level has been used as a biomarker for 

HCC, recent studies indicate that AFP lacks sufficient sensitivity and specificity to be 

considered as a powerful screening tool at the early stages of HCC (Singal et al., 2009; 

Lok et al., 2010; Bruix and Sherman, 2011). The new guideline of the American 

Association for the Study of Liver Diseases (AASLD) stresses on the repetitive use of 

ultrasound examination in 6-month intervals as a highly reliable method for 

surveillance of high-risk patients (Bruix and Sherman, 2011). The ultimate diagnosis of 

HCC is made by a dynamic contrast-enhanced liver imaging and biopsy (Bruix and 

Sherman, 2011). Pathologic diagnosis of HCC requires expertise to estimate the real 

grading of the tumor. Staining for glypican-3, heat shock protein-70 and glutamine 

synthetase is helpful and positivity for any two markers confirms the diagnosis of HCC 

(Neoplasia, 2009). 
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1.5. Management of liver cancer 

The management strategy for HCC depends on the staging of the cancer (Page et 

al., 2014). The classical tumor-node-metastasis (TMN) system is not as useful for liver 

cancer as in other types of cancer (Pons et al., 2005). Therefore, many alternative 

staging systems have been developed (Yan and Yan, 2003; Pons et al., 2005), among 

which, the Barcelona-Clinic Liver Cancer (BCLC) system is widely accepted and utilized 

in management as well as in therapeutic trials (Forner et al., 2010). 

The current therapies for HCC could be divided into three major categories: (i) 

curative, (ii) palliative and (iii), systemic therapies (Bruix and Sherman, 2011). The 

curative treatments include surgical resection and liver transplantation (Bruix and 

Sherman, 2011). These interventions are applicable to small solitary liver nodules. The 

perioperative mortality of HCC resection is high and only patients with a good health 

condition and at early stages might profit from surgery (Parikh et al., 2003; Asiyanbola 

et al., 2008). Liver transplantation can be considered as the first choice of treatment in 

well-selected patients and the five-year survival is 70% with less than 15% chance of 

recurrence (Mazzaferro et al., 1996). Adoptive immunotherapy has been used as a 

post-operative adjuvant therapy for HCC and several cohorts have been shown to 

benefit from this intervention with improved survival and decreased 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 main restriction for liver transplantation is the shortage of liver donors 

(Zhu, 2013).  

In advanced stages of HCC when liver transplantation or surgical resection is not 

helpful, locoregional ablation of tumors is the main choice of treatment. Tumor 

ablation may be carried out by using high energy sources (radiofrequency or 

microwave), percutaneous ethanol injection, transarterial radioembolization 

(TARE)/chemoembolization (TACE) and drug-eluting beads (Page et al., 2014). The 

trans-arterial interventions rely on the fact that the hepatic artery supplies the tumor 

and catheterization allows to directly deliver the chemotherapeutic agents (cisplatin, 

doxorubicin, mitomycin C) or the radioisotope (yttrium-90) to the tumor cells (Brown 
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et al., 2009; Sangro et al., 2012). 

In end-stage HCC, local treatments or surgical resection might not be appropriate 

and systemic chemotherapy is indicated by employing cytotoxic agents as cisplatin, 

interferon-alpha, doxorubicin and 5-fluorouracil (Page et al., 2014). Despite some early 

promising reports, unluckily, 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, but only in clinical trials 

(Page et al., 2014). On the other hand, having a better understanding of the molecular 

basis of HCC, multiple kinase inhibitors have been introduced. Sorafenib, is a mutiple 

kinase inhibitor that switches off many signaling pathways recognized in the pathology 

of liver cancer, including RAF (rapidly accelerated fibrosarcoma) proto-oncogenes, 

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 HCC patients in two different international phase III 

placebo-controlled trials. The Sorafenib HCC Assessment Randomized Protocol 

(SHARP) showed that Sorafenib improved the overall survival from 7.9 months 

(placebo group) to 10.7 months in more than 600 patients. Sorafenib also increased 

the progression-free time by up to 3 months (Llovet et al., 2008). Additionally, in 

another phase III trial in the Asia-Pacific region, Sorafenib improved the overall survival 

from 4.2 months in placebo group to 6.5 months in the trial group (Cheng et al., 2009). 

CALGB80802 is an ongoing phase III randomized trial to compare the benefits of 

systemic Sorafenib alone or in combination with doxorubicin in advanced HCC cases 

(Zhu, 2013); this trial follows an earlier phase II trial that had confirmed the survival 

improvement among patients under combination therapy with doxorubicin and 

Sorafenib compared to doxorubicin single therapy (Abou-Alfa et al., 2010). Due to the 

efficacy and manageable toxicity of Sorafenib, it is now considered as the first line 

treatment for HCC cases who cannot undergo other treatments (Bruix and Sherman, 

2011). 
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1.6. Pathophysiology and risk factors of HCC 

Liver cancer is distinguishable among all types of malignancies by having distinct 

and well-known environmental and molecular risk factors. A challenge in HCC 

treatment is its late clinical presentation (Zhu, 2013). The possibility of identifying 

high-risk populations using a sensitive and specific screening biomarker early in the 

course of HCC would be enormously valuable. The major risk factors of liver cancer 

include alcohol consumption, viral hepatitis, food toxins, metabolic syndrome and 

certain genetic defects. It is globally believed that most of these risk factors promote 

liver cancer through an inflammatory process. Here, I will first discuss the 

inflammatory basis of HCC and then review the main risk factors of liver cancer in 

more detail. 

1.6.1. Inflammation and liver cancer 

Several studies indicate that liver cancer is the outcome of chronic inflammatory 

responses within the liver towards hazardous environmental stimuli (Ramakrishna et 

al., 2013). Moreover, other risk factors of HCC such as viral hepatitis and obesity also 

promote inflammation in the liver. In a healthy liver, over 90% of hepatocytes are in 

quiescence and are not responsive to growth factors (Zimmermann, 2004). However, 

in response to pro-inflammatory cytokines, namely TNF- -6, hepatocytes are 

“primed” to enter the cell cycle (Fausto et al., 1995; Streetz et al., 2000; Wuestefeld et 

al., 2003; Jia, 2011; Kuraishy et al., 2011). The main sources of inflammatory cytokines 

in the liver are the non-parenchymal cells (NPC), including Kupffer cells and hepatic 

stellate cells. NPCs are activated by particles released from necrotic or apoptotic 

hepatocytes following liver damage, to produce and secrete inflammatory cytokines 

such as TNF- and IL-6 (Zimmermann, 2004). Priming by these inflammatory cytokines 

is the first step that enables undamaged hepatocytes to undergo cell division. 

Partial hepatectomy (PH) is a powerful experimental tool to examine 

proliferation of hepatocytes in vivo by observing the regeneration rate of the liver 

following surgical removal of two-third of the hepatic mass in rodents (Higgins, 1931; 

Yokoyama et al., 1953). The magical regenerative capacity of the liver has been known 

since ancient times. In Greek mythology, Prometheus angered Zeus, the Father of Gods 
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and Men, for stealing fire and giving it to mankind as a gift. Punished by Zeus, 

Prometheus was sentenced to be chained to a cliff where everyday an eagle came to 

rip out his liver and the remnants grew back overnight to be ripped again by the eagle 

the next day; luckily, he was unchained eventually by Heracles (Krishna and Hillman, 

1970)! In reality, however, complete liver regeneration (LR) following hepatectomy 

takes almost a year in healthy human subjects (Chen et al., 1991). In mice, LR after a 

standard partial hepatectomy lasts seven to ten days (Yokoyama et al., 1953). 

The physiological “compensatory proliferation” has evolved to restore the vital 

functions of lost parts of the liver. The importance of the inflammatory response for 

this regenerative process has been demonstrated in IL-6 deficient mice that suffer a 

massive liver necrosis after PH. LR can be, however, restored by administering a single 

dose of recombinant IL-6 prior to surgery (Cressman et al., 1996). The process of LR 

can be studied in three steps: (a) priming, (b) proliferation and (c) termination (Figure 

1.1) (Zimmermann, 2004). As mentioned above, during the priming phase quiescent 

hepatocytes enter the G1 phase of the cell cycle and become responsive to growth 

factors. Most growth factors that promote liver regeneration belong to the family of 

Receptor Tyrosine Kinases (RTK). These growth factors include HGF, epidermal growth 

factor (EGF), transforming growth factor-alpha (TGF-), VEGF and fibroblast growth 

factor (FGF) (Jia, 2011). In fact, a minimal basal activity of EGF receptor (EGFR) is 

required to maintain the functions of the healthy liver at the steady state (Skarpen et 

al., 2005; Natarajan et al., 2007). Loss of EGFR and c-Met (the EGF and HGF receptors) 

is associated with impaired LR (Natarajan et al., 2007; Ishikawa et al., 2012; 

Thorgeirsson, 2012). Once the liver regains its initial mass and functionality, the 

process of regeneration is terminated. The mechanisms that sense liver restoration 

remain mysterious to hepatologists. However, it is believed that the major players for 

termination of LR are transforming growth factor-beta (TGF-) and activins 

(Zimmermann, 2004; Jia, 2011). The rats lacking TGF- receptor II show an extensive 

LR (Nakamura et al., 2000). Moreover, the expression of activin A and its receptor, 

follistatin, are decreased during the proliferation phase and come to normal levels only 

at 72 hours after PH (Date et al., 2000). On the other hand, Ski and Ski-related novel 
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protein N (SnoN) transcription repressors neutralize the TGF- signaling during DNA 

synthesis (Macias-Silva et al., 2002).  

The inflammation-induced compensatory proliferation is a key event during early 

stages of HCC development (Teufelhofer et al., 2005; Naugler et al., 2007; Sakurai et 

al., 2008; Park et al., 2010; Kuraishy et al., 2011). For example, it has been shown that 

the gender disparity for HCC in male mice was due to a higher levels of IL-6 related to 

sex hormones and that IL-6 deficient mice were resistant to diethylnitrosamine (DEN)-

induced HCC (Naugler et al., 2007). Similarly, tissue-specific deletion of IKK- or p38 in 

hepatocytes accelerated compensatory regeneration due to increased liver damage in 

response to DEN (Sakurai et al., 2008). The IL-1/IL-6 axis played a critical role and 

blockade of this axis led to reduced LR (Sakurai et al., 2008). 

 

 

Figure 1.1. Schema of liver regeneration following partial hepatectomy 
Early after partial hepatectomy (PH), inflammatory cytokines are induced (red curve) 
to prime the hepatocytes. The primed hepatocytes start proliferating under influence 
of growth factors (green curve). When the liver mass is sufficiently restored, the 

proliferation phase is suppressed via activation of TGF- (blue curve). The indicated 
time periods are relative of PH termination. 
 

1.6.2. Alcohol and HCC  

Alcohol ingestion is a known risk factor for liver damage (Cardin et al., 2002). 

Alcoholic hepatitis has some specific microscopic features such as intracellular hyaline 

inclusions (Mallory bodies), neutrophil infiltration, hepatocyte necrosis and fatty 

degeneration (Jensen and Gluud, 1994; Jensen and Gluud, 1994; de la et al., 2001). The 

pathologic consequence of excessive ethanol intake is mainly due to the oxidative 
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damage (Moriya et al., 2001). The oxidative stress is an outcome of the formation of 

CYP2E1 variant of cytochrome P450 by ethanol (Kessova and Cederbaum, 2003). 

CYP2E1 is a generator of effective reactive radicals. CYP2E1 also facilitates generation 

of acetaldehyde and lipid preoxidation (Kessova and Cederbaum, 2003). The co-

incidence of alcoholism and HCV infection can synergistically increase the risk of HCC 

development (Cooksley, 1996; Moriya et al., 2001; Morgan et al., 2003). In mice, 

chronic ethanol ingestion causes fatty liver degeneration and cirrhosis, which are, at 

molecular scale, attributed to hypoxia, toxic metabolites, DNA acetaldehyde adducts 

and induction of CYP2E1 (de la et al., 2001; Niemela, 2001). 

1.6.3. Hepatic viral infection and HCC  

Chronic infection with hepatitis B virus (HBV) or hepatitis C virus (HCV) is 

associated with cirrhosis and fibrosis, preceding HCC development (Shlomai et al., 

2014). Notably, the geographical distribution of HBV and HCV prevalence coincides 

with HCC incidence rates (Poorolajal et al., 2010; Mittal and El-Serag, 2013) and 

continuous surveillance for HCC is recommended in patients with viral hepatitis (Bruix 

and Sherman, 2011). However, our understanding of the underlying mechanisms that 

predisposes these patients to HCC is not lucid. 

HBV is a DNA virus of Hepadnaviridae family and can be transmitted by blood 

products, sexual contact and pregnancy (Ganem and Varmus, 1987; Dandri and 

Locarnini, 2012). Young children and infant are more prone to development of chronic 

hepatitis compared to adults. Sodium taurocholate co-transporting polypeptide 1 

(NTCP1), a bile acid pump, is a known receptor for HBV (Yan et al., 2012). HBV genome 

encodes surface proteins that make the envelope (env), polymerase (pol) with reverse 

transcriptase activity, X protein needed for viral replication and the core protein that 

constructs the neucleocapsid of the virus (Yan et al., 2012). In hepatocytes, the viral 

DNA translocates to the nucleus where it forms a covalently closed circular DNA 

(cccDNA) (Levrero et al., 2009). This step requires transcription factors that are 

abundant in hepatocytes. 

HBV infection is associated with a 10 to 100-fold increase in HCC risk (Nguyen et 

al., 2009). Global prevention of HBV infection led to reduced HCC incidence in Asia 

(Chang et al., 1997). HBV-induced HCC is not usually dependent on the degree of liver 
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damage or fibrosis (Shlomai et al., 2014). Currently, HBV infection is treated with 

recombinant IFN-2 or inhibitors of reverse transcriptase (Chang et al., 2010; Gordon 

et al., 2013; Tujios and Lee, 2013). Some researchers suggest that HBV induced HCC is 

dependent on an immune-mediated mechanism. The transgenic mice for HBV protein 

that were adoptively transferred with HBV specific cytotoxic T cells, developed HCC 

(Chisari, 1995). However, this finding is contradicted by the fact that in most HBV 

carriers the extent of liver damage and fibrosis is minimal. In human adults, cytotoxic T 

cells are capable to recognize the infected hepatocytes and eradicate them, leading to 

95% of cure of acute HBV infection (Thimme et al., 2003). Indeed, 5% of patients with 

chronic HBV infection get cleared from HBV annually (Shlomai et al., 2014). 

HCV is an RNA virus of Flaviviridae family (Houghton, 2009). HCV genome 

encodes a core protein, two envelope proteins and seven non-structural proteins 

(Washburn et al., 2011). HCV can be transmitted via unsafe sexual contact and 

contaminated blood-derived products (Perz et al., 2006). Strict quality control of blood 

products resulted in lower HCV-related incidence of HCC (Tanaka et al., 2008). HCV 

infection is chronic in 50 to 80% of cases with a high risk of liver fibrosis (Shlomai et al., 

2014). HCV needs the liver specific micro RNA miR-122 for viral replication and 

clearance of miR-122 in HCV infected patients is associated with decreased viral load 

(Janssen et al., 2013). It is generally accepted that HCV-associated inflammation can 

significantly contribute to the devolvement of HCC (Luedde and Schwabe, 2011; 

Weber et al., 2011). However, eradication of HCV in advanced liver fibrosis is 

associated with decreased incidence of HCC, indicating that the inflammatory theory 

does not explain all the findings (Yu et al., 2006; Cardoso et al., 2010; Morgan et al., 

2010). In agreement with this notion, studies on transgenic mice expressing HCV 

proteins have shown some direct effect of HCV on several intra-hypatocyte signalling 

pathways (Washburn et al., 2011). For example, viral proteins can directly induce NF-

kB pathway and induce type I interferons and IL-6 (Yu et al., 2012). The core protein of 

HCV can localize to mitochondria and inhibit electron transfer, resulting in generation 

of reactive oxygen species (ROS) (Korenaga et al., 2005). Moreover, the non-structural 

5B protein can induce proteasomal degradation of retinoblastoma protein (Rb) and 

accelerate S phase entry (for cell cycle concepts see below) (Munakata et al., 2005). 
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Furthermore, interaction of HCV proteins and p53 can protect against apoptosis (Deng 

et al., 2006). 

1.6.4. Metabolic syndrome and liver cancer 

Metabolic syndrome consists of obesity, diabetes mellitus (DM) and insulin 

resistance, and can lead to HCC development (El-Serag et al., 2006; Wang et al., 2012). 

Specially, in western countries, where HBV and HCV infection is not endemic as in Asia, 

non-alcoholic fatty liver disease (NAFLD) has been implicated as an important risk 

factor for HCC (Calle et al., 2003). The oncogenic consequences of metabolic syndrome 

are attributed to insulin and insulin-like growth factor-1 (IGF-1) signaling and the 

obesity-related chronic inflammation status (Giovannucci et al., 2010). The increasing 

number of patients with metabolic syndrome, obesity and NAFLD in the United States 

has raised concerns about liver cancer outbreak as a potential complication (Charlton 

et al., 2011; Welzel et al., 2011; Baffy et al., 2012). Accordingly, anti-diabetic 

medications have been shown to have beneficial effects against cancer. Metformin, 

the most widely used medication for treatment of diabetes, provides anti-neoplastic 

effects through both insulin dependent and independent mechanisms (Gallagher and 

LeRoith, 2011). In fact, the rate of cancer incidence is considerably lower among 

diabetic patients on metformin (Decensi et al., 2010; Noto et al., 2012; Soranna et al., 

2012). It is noteworthy that the odds for developing HCC is lower in diabetic patient 

who receive metformin (Hassan et al., 2010; Singh et al., 2013). Additionally, diabetic 

patients treated with thiazolidinediones, (pioglitazone and rosiglitazone) are less 

frequently affected by primary liver cancer. Interestingly, rosiglitazone, and not 

pioglitazone, could also protect against colorectal cancer (Chang et al., 2012). 

Contrarily, diabetic patients who receive insulinogenic medications like sulfonylureas 

are prone to development of cancer in general (Bowker et al., 2006; Chang et al., 

2012) and HCC in particular (Hassan et al., 2010). Meanwhile, these reports should be 

interpreted carefully as there exists other studies showing no significant 

improvements for HCC risk in patients who receive anti-diabetic medicines (Singh et 

al., 2013). The possible biases are the co-incidence of other risk factors for HCC. 

Notably, the anti-HCC effects of metformin are more prominent among western 

populations rather than in Asians (Singh et al., 2013).  
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In mice, both dietary and genetic-based obesity was associated with increased 

risk to developing HCC. Liver carcinogeneis in obese mice was associated with 

increased hepatic inflammation through IL-6 and TNF- signaling pathways (Park et al., 

2010). 

1.6.5. Alimentary toxins and liver cancer 

Aflatoxins are produced by Aspergillus flavus and Aspergillus parasiticus that can 

colonize various food products such as milk, nuts, oilseeds and maize (Strosnider et al., 

2006). There are different types of aflatoxins and all of them have carcinogenic activity 

(Magnussen and Parsi, 2013). However, aflatoxin B1 is the most potent one and is 

classified as a group A carcinogen by the World Heath Organization (WHO) (Lopez et 

al., 2002). The threat of aflatoxin intoxication could be accentuated by a recent report 

of Reuters about aflatoxin contamination of corn grain in the United States in 2012 

(Magnussen and Parsi, 2013). While chronic dietary exposure to aflatoxin is associated 

with cancer, acute intoxication of aflatoxin may also cause life endangering 

consequences (Magnussen and Parsi, 2013).  

Aflatoxin has mutagenesis activity and aflatoxicosis has been shown to be 

associated with a 249G>T base substitution on Trp53 gene coding for the tumor 

suppressor protein p53 (Hsu et al., 1991; Soini et al., 1996). Moreover, aflatoxin has 

been shown to induce chromosomal aberrations and DNA damage (Moudgil et al., 

2013). The coincidental exposure to aflatoxin and HBV can synergically increase the 

risk of HCC development by about 30 times (Groopman et al., 2008; Liu and Wu, 2010). 

Similarly, some reports suggest the synergic effect of HCV and aflatoxin on HCC 

pathogenesis (Kuang et al., 2005; Kirk et al., 2006; Wild and Montesano, 2009). Given 

the serious consequences of aflatoxins, many countries follow the strict regulatory 

programs developed by the WHO and Food and Agricultural Organization (FAO) 

(Williams et al., 2004). One important preventive measure is to provide information to 

the farmers for an appropriate handling of crops (Wild and Gong, 2010; Wu and 

Khlangwiset, 2010).  

Ochratoxin A (OTA) is another mycotoxin and is classified as a group 2B 

carcinogen by the international agency for research in cancer (IARC), along with 

aflatoxin M1 (Matsuda et al., 2013). OTA could be found in cereals and coffee. OTA is 
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also known as a causative agent for nephritic disease (Bayman and Baker, 2006). Even 

though the role of OTA in HCC is not yet explored, some reports have shown that OTA 

can induce DNA damage in HepG2 human hepatoma cells (Ehrlich et al., 2002; Renzulli 

et al., 2004). Traces of OTA can be detected in body fluids by high-performance liquid 

chromatography (HPLC) and OTA measurement has been proposed to be employed as 

a biomarker for HCC (Matsuda et al., 2013). 

1.6.6. Genetics and epigenetics of liver cancer 

Genomic instability and chromosomal abnormalities, either genomic gain or loss, 

predispose to HCC (Buendia, 2002; Guichard et al., 2012; Ozen et al., 2013). Genomic 

aberrations might be an outcome of HBV genome integration into the host DNA 

(Brechot et al., 1980; Brechot et al., 2000). However, it has been suggested that HBV 

does not target specific regions on the host genome and even in the same tumor the 

viral DNA could be inserted in various genomic locations (Fujimoto et al., 2012). 

In addition, some single gene mutations and polymorphisms could be associated 

with an increased risk of liver cancer. The four most frequent mutated genes include 

Trp53, CTNNB1, AXIN1 and ARID1A (Bressac et al., 1990; Ozturk, 1999; Ozturk et al., 

2009). Meanwhile, scanning the whole genome has revealed mutations in more than 

22 additional genes in human samples of HCC (Fujimoto et al., 2012; Guichard et al., 

2012; Huang et al., 2012). Indeed, in the regions where environmental risk factors of 

HCC are not frequently seen, the inborn genetic defects might extensively contribute 

to the HCC incidence rate (Hemminki and Li, 2003). For instance, allelic variations of 

SERPINA1, the gene coding for Alpha-1 antitrypsin (A1AT), could increase the chance of 

HCC development (Teckman, 2013). A1AT is a glycoprotein, mainly produced in the 

liver and released in serum in order to protect against the nonspecific effects of the 

endogenous proteases produced during inflammatory conditions (Rudnick et al., 2004; 

Nelson et al., 2011). SERPINA1 has been shown to have over 100 different variants; 

however, the Z mutant allele (known as PIZZ) is the most frequent variant and is 

responsible for the A1AT-related liver disease (Qu et al., 1997). Periodic acid-Schiff 

(PAS) and diastase digestion staining can reveal the aggregation of the Z variant A1AT 

in hepatocytes (An et al., 2005). Homozygote PIZZ patients often suffer lung 

emphysema and liver damage (Eriksson, 1990). The resulting chronic liver damage and 
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inflammation could lead to cirrhosis and HCC (Perlmutter, 2004; Lindblad et al., 2007; 

Teckman, 2013). Other genetic diseases that may cause liver cancer include glycogen 

storage disease type I (Von Gierke’s disease) due to mutation of the gene encoding 

glucose-6-phosphatase (Bianchi, 1993; Janecke et al., 2001; Franco et al., 2005), 

hemochromatosis due to mutations of the hemochromatosis gene (HFE) (Elmberg et 

al., 2003; Haddow et al., 2003; Pietrangelo, 2004; Alexander and Kowdley, 2009), 

porphyria due to mutations of hydroxymethylbilane synthase (HMBS) gene (Ostrowski 

et al., 1983; Andant et al., 2000; Seth et al., 2007; Ulbrichova et al., 2009), and 

Hereditary tyrosinemia type I due to defects in the gene encoding fumarylacetoacetate 

hydrolase (FAH) (Weinberg et al., 1976; Scott, 2006). 

Epigenetic aberrations including DNA methylation, histone modifications and 

non-coding RNAs have also been linked to HCC (Pogribny and Rusyn, 2012). 

Hypomethylation or hypermethylation of cytosine bases of oncogenes or tumor 

suppressor genes can increase or decrease their expression, respectively (Pogribny and 

Beland, 2009; Sceusi et al., 2011). Genome wide studies in HCC samples have shown 

that hypomethylation affects primarily the normally methylated repetitive DNA 

sequences, like long interspersed nucleotide elements 1 (LINE1), retroviral 

intracesternal A particles (IAPs) and Alu elements (Takai et al., 2000; Tangkijvanich et 

al., 2007; Kim et al., 2009; Lee et al., 2009). Moreover, hypomethylation of several 

oncogenes have been identified in HCC including uPA, TFF3, MAT2A, HKII, CD147, VIM, 

HPA and SNCG (Yang et al., 2001; Goel et al., 2003; Xiao et al., 2003; Chan et al., 2004; 

Okada et al., 2005; Zhao et al., 2006; Kitamura et al., 2011; Kong et al., 2011). In 

contrast, inactivation of various genes due to aberrant methylation of the CpG islands 

of their promoters could also increase the HCC risk. Some of the genes affected by 

hypermethylation in HCC include RASSF1A, RB1, SYC, GSTP1, NQO1, NORE1B, RIZ1, 

RELN, PAX5, FBLN1, p16INK4A, p15INK4B and SOCS3 (Roncalli et al., 2002; Zhong et al., 

2002; Edamoto et al., 2003; Schagdarsurengin et al., 2003; Li et al., 2004; Niwa et al., 

2005; Tada et al., 2005; Macheiner et al., 2006; Yuan et al., 2006; Harder et al., 2008; 

Zhang et al., 2010; Kanda et al., 2011; Liu et al., 2011; Okamura et al., 2011). 

Using restriction landmark genome scanning analysis of DNA from HCC biopsies, 

it was shown that a distinct region on chromosome 16 was aberrantly methylated in 
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almost 88% of the cases (Nagai et al., 1994; Yoshikawa et al., 1997). Later, the gene 

coding for suppressor of cytokine signaling-1 (SOCS1) was localized within this 

chromosomal region and transcriptional repression of SOCS1 as a result of its 

promoter methylation was observed in up to 65% of human primary HCC samples 

(Yoshikawa et al., 2001; Okochi et al., 2003; Miyoshi et al., 2004).  

The high frequency of SOCS1 silencing in HCC has encouraged many scientists to 

investigate the pathological consequences of SOCS1 deficiency in the liver. However, 

as we will see, SOCS1 has a broad range of functions and in spite of the recent 

progresses, we do not have yet a comprehensive explanation for its ‘putative’ anti-

tumor function in the liver. The current research is an effort to better understand how 

SOCS1 might suppress tumor formation in hepatocytes. We will first review SOCS 

proteins, their mechanisms of action and their implications in human diseases and 

cancer. 
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1.7. Suppressor of Cytokine Signaling family 

The family of suppressor of cytokine signaling (SOCS) consists of eight proteins 

that were first discovered as the negative regulators of JAK-STAT signaling pathway 

(Yoshimura et al., 1995; Endo et al., 1997; Masuhara et al., 1997; Matsumoto et al., 

1997; Minamoto et al., 1997; Naka et al., 1997; Starr et al., 1997). SOCS proteins are 

relatively small proteins of 20 to 50 kD (Figure 1.2) and display tissue-specific 

expression pattern (Trengove and Ward, 2013). For instance, SOCS1 is mostly 

expressed in thymus, spleen, intestine and peripheral blood lymphocytes; SOCS2 is 

mainly expressed in heart, placenta, lung, kidney and prostate; and for SOCS3 the 

highest expression levels have been reported in heart, placenta, lung, skeletal muscle 

and peripheral blood lymphocytes (Aman and Leonard, 1997). Moreover, despite some 

redundancies, as we will specify shortly, members of SOCS family regulate specific 

intracellular signaling pathways. Therefore, regardless of several similarities among 

them, SOCS proteins have context-dependent and specific functions. Another major 

characteristic of SOCS proteins is their inducibility by cytokines and growth factors and 

their minimal basal expression at the steady state levels (Starr et al., 1997; Starr and 

Hilton, 1998). We will first review the structural and functional aspects of SOCS 

proteins and then discuss their role in the regulation of various signaling pathways and 

receptors.  

1.7.1. Functional domains of SOCS proteins 

SOCS proteins share two distinct domains namely, a Src Homology 2 (SH2) 

domain and the SOCS-box domain that confer their molecular characteristics (Figure 

1.2) (Tamiya et al., 2005). The N-terminal region varies among members of SOCS family 

and does not contain any recognizable domains. SOCS6 and SOCS7, however, require 

their N-terminal sequence for nuclear localization (Matuoka et al., 1997; Hwang et al., 

2007). 

The 40-amino acid C-terminal SOCS-Box domain is a conserved sequence that 

can be found in over 70 proteins in human and is essential for binding to the adaptor 

proteins Elongin B and Elongin C (Piessevaux et al., 2008). This domain enables SOCS 

proteins (as well as other SOCS-box harbouring proteins) to participate in a protein 

complex, working together as an E3 ubiquitin ligase (see below) (Tamiya et al., 2005). 
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It is noteworthy that SOCS-box is also involved in proteasomal degradation of SOCS 

proteins themselves (Kamura et al., 1998; Zhang et al., 1999; Chen et al., 2002). The 

adaptor function for the SOCS-box domain depends on phosphorylation of its tyrosine 

residues (Piessevaux et al., 2008). Meanwhile, SOCS-box may also occasionally 

contribute to substrate recognition (see below) (Piessevaux et al., 2008).  

The SH2 domain is important for the substrate specificity of SOCS proteins 

(Machida and Mayer, 2005). An SH2 domain is ~100 amino acids long and contains two 

α helices and seven anti-parallel β-sheets in a “βαβββββαβ” order (Kuriyan and 

Cowburn, 1997). The SH2 domain can recognize p-tyrosine residues via a p-tyrosine 

pocket and a “specificity determining region” that binds on the C-terminal side of the 

p-tyrosine. Replacement of a conserved Arginine within the FLVRES in the p-tyr binding 

pocket would disrupt the binding of SOCS proteins to phospho-tyrosine residues 

(Mayer et al., 1992). However, phosphorylation-independent binding to Tyr residue 

can also occur as in the case of SOCS1 binding to Vav (De Sepulveda et al., 2000). 

SOCS1 and SOCS3 have the highest homology (Trengove and Ward, 2013) and both 

have two 12-amino acid-long sequences adjacent to the SH2 domain, namely the 

Extended SH2 Subdomain (ESS) and the Kinase Inhibitor Region (KIR) (Machida and 

Mayer, 2005). The ESS (68 aa to 79 aa in SOCS1) is required for the association with 

JAK2 activation loop (Giordanetto and Kroemer, 2003). The KIR domain (56 aa to 67 aa 

in SOCS1) enables SOCS1/3 to act as a pseudosubstrate for JAK2 (Nicholson et al., 

1999; Yasukawa et al., 1999). Nuclear translocation of SOCS1 may be needed for 

exerting its maximal inhibitory functions (Koelsche et al., 2009). Indeed, a bipartite 

nuclear localization signal (NLS) domain has been identified between the SH2 and 

SOCS-Box domains, encompassing 159 aa to 172 aa of SOCS1 sequence (Baetz et al., 

2008; Koelsche et al., 2009). Engineered exogenous Cytokine-inducible SH2-containing 

protein (CISH) with an inserted SOCS1-NLS sequence, gains the ability of nuclear 

translocation (Baetz et al., 2008). 

1.7.2. Mechanisms of Action of SOCS proteins 

The members of Janus Kinases (JAK) family, JAK1/2/3 and TYK2, contain a 

catalytic domain and a kinase-like domain implicated in auto-regulation. This is why 

they are named after the two-faced Roman god, Janus (Harrison, 2012). The cytokine 
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and growth factors receptors that do not have an intrinsic kinase activity require the 

recruitment of the JAK tyrosine kinases for a full activation (Linnekin et al., 1997). The 

recruited JAKs trans-phosphorylate each other and gain the ability to phosphorylate 

the downstream signaling molecules including the Signal Transducer and Activator of 

Transcription (STAT) proteins (Harrison, 2012). The phospho-tyr residues on the 

cytoplasmic side of receptors serve as the docking sites to the SH2 domain of STATs. 

The STAT family has seven members. Once phosphorylated, STATs dimerize and 

translocate into the nucleus to induce the transcription of their target genes including 

SOCS proteins (Harrison, 2012). In fact, SOCS proteins are minimally expressed at the 

steady state level. 

 

Figure 1.2. Functional domains of SOCS proteins. 
All the SOCS proteins share the SH2 and SOCS-box domains. Note that SH2 and SOCS-
box domains may overlap (light purple). SOCS1 and SOCS3 contain a kinase inhibitory 
region (KIR) and an extended SH2 subdomain (ESS). The N-terminal length is variable in 
different SOCS members. SOCS-box contains an Elongin C binding region (BC, shown 
only for SOCS1) and a region for binding to Cullin5 (not shown). The numbers indicate 
the first amino acid of each domain/region. The sizes are relative to the real lengths of 
SOCS proteins. 
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Blocking the JAK-STAT signal transduction is a classical function of SOCS proteins 

(Inagaki-Ohara et al., 2013). When a SOCS protein is induced, it returns to the 

responsible JAK-STAT pathway to exert its negative feedback effect. The SOCS SH2 

domain can compete with STAT molecules to the phospho-tyrosine residues on the 

receptor. Furthermore, they can also bind to the phosphorylated JAKs and prevent 

their interaction with STATs. Meanwhile, privileged with KIR domains, SOCS1 and 

SOCS3 inhibit the kinase activity of JAK by representing themselves as 

pseudosubstrates. Figure 1.3 schematizes the JAK-STAT signaling blockade by SOCS 

proteins. As an example, ectopic SOCS1 switches off the IFN- induced phosphorylation 

of STAT1 in mouse embryonic fibroblasts (MEF) (Figure 1.4). 

 
 
Figure 1.3. Negative regulation of JAK-STAT pathway by SOCS proteins. 
The schema represents the classical function of SOCS proteins: (A) The cytokine 
receptor and the cytoplasmic Janus kinases (JAK) are not activated. (B) Upon cytokine 
binding to its receptor, members of JAK family phosphorylate the tyrosine residues 
(pY) on the cytoplasmic segment of the receptor that act as the docking sites for STAT 
proteins. The latter, in turn, become phosphorylated, dimerize and translocate into the 
nucleus to promote gene transcription, including members of SOCS family. (C) SOCS 
proteins bind to pY residues via their SH2 domain and competitively block the JAK-
STAT axis or participate in conjugating ubiquitin (Ub) monomers to the target receptor, 
facilitating their subsequent proteasomal degradation. 
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Figure 1.4. SOCS1 suppresses IFN- signaling pathway. 
Mouse embryonic fibroblasts (MEF) from SOCS1 null (Socs1-/-) mice were stably 
transfected with a construct expressing HA-tagged SOCS1 (developed by Dr. S. 
Ilangumaran (Ilangumaran et al., 2002)). After serum starvation, cells were stimulated 

with IFN- (10 ng/ml) for the indicated time points. The phosphorylation of STAT1 was 
examined by western blot. 
 

A second mechanism employed by SOCS proteins to negatively regulate 

intracellular pathways is to promote ubiquitylation and subsequent proteasomal 

degradation of a target protein. Protein ubiquitylation is the outcome of the sequential 

activity of an E1 ubiquitin (Ub)-activating enzyme, an E2 Ub-conjugating enzyme, and 

an E3 Ub-ligating enzyme, ending in binding of a single ubiquitin (monoubituitylation) 

or multiple ones (polyubiquitylation) on the Lys residues of the target proteins (Ye and 

Rape, 2009). Ubiquitin itself has seven Lys residues, hence, can receive other ubiquitin 

monomers to form a Ub chain (Pickart and Fushman, 2004). Specific branch ubiquitin 

chains could variably change the cell fate. Ubiquitylation on Lys11 and Lys48 induces 

protein degradation by 26S proteasome, while ubiquitylation on Lys63 promotes 

internalization (Verma et al., 2004; Ye and Rape, 2009). The 26S proteasome is a 

complex of 31 subunits that form a central barrel shaped 20S catalytic compartment 

and a 19S regulatory unit. The 19S complex recognizes the ubiquitylated proteins and 

transfers them into the 20S subunit, where the proteins are degraded. The discovery 

of Ub-dependent proteasomal degradation of proteins earned Avram Hershko, Aaron 

Ciechanover and Irvin Rose the 2004 Nobel Prize in chemistry (Hershko, 2005). 

As mentioned earlier, the ubiquitylation function of SOCS proteins relies on their 

ability to assemble an E3 Ub ligase complex through their SOCS-box (Piessevaux et al., 

2008). The SOCS molecules are the substrate recognition subunits (SRS) of the E3 Ub-

ligase via interacting with the phospho-tyrosine residues through their SH2 domain 

(Piessevaux et al., 2008). This characteristic will assign specificity to different SOCS 
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family members. As any SOCS-box containing protein, they interact with elongin C 

through the BC motif in the SOCS-box. Elongin C in turn binds to Elongin B to make a 

dimer to bridge between SOCS and a member of Cullin scaffold proteins. In addition, 

on the distal side of BC motif, a Cullin motif provides further support for SOCS-Cullin 

interaction (Kamura et al., 2004). Finally, the RING-finger-domain-only protein, Rbx, is 

bound to Cullin. The Elongin-Cullin-Socs (ECS) complex behaves like an E3 Ub ligase 

and recruits E2 ubiquitin transferase (Figure 1.5)(Kamura et al., 2001; Kile et al., 2002).  

 

Figure 1.5. Schematic representation of Elongin-Cullin-Socs (ECS)-E3 ubiquitin ligase. 
The target protein (substrate) is recognized via its phospho-tyrosine (pY) residue by 
the SH2 domain of the SOCS protein. The SOCS protein, in turn, recruits Elongin C/B 
and Cullin5 to its C-terminal SOCS-box domain and the whole molecular complex 
functions as an E3 ubiquitin ligase (see the text). Note that Cullin 5 also binds directly 
to the SOCS protein via a distal motif. RBX2: RING-finger-domain-only protein-2 

SOCS proteins mainly interact with Cullin5 (Kamura et al., 2004). However, it has 

been shown that both SOCS1 and SOCS3 have a lesser affinity for Cullin5 compared to 

the other SOCS proteins (Babon et al., 2009). Importantly, the ubiquitylation role of 

SOCS1 has been also shown in conjunction with Cullin2 (Kamizono et al., 2001). These 

findings indicate a possible flexibility of SOCS1 for interacting with both Cullin2 and 

Cullin5. How SOCS1 prefers Cullin2 or Cullin5 has not been comprehensively studied. 

Table 1.2 provides a list of some proteins that are known to be ubiquitylated by 

members of SOCS family. 
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SOCS 
protein 

Target protein Reference 

CISH Mpl, growth hormon receptor, 
IRS-1/2 

(Okabe et al., 1999) 
(Hansen et al., 1999) 
(Rui et al., 2002) 

SOCS1 JAK1/2,TEL-JAK2, VAV, IRS1/2, 
MAL, RelA, c-Met 

(Vuong et al., 2004)  
(Ungureanu et al., 2002)  
(Frantsve et al., 2001; Kamizono et al., 
2001) 
(De Sepulveda et al., 2000) 
(Rui et al., 2002) 
(Mansell et al., 2006) 
(Ryo et al., 2003) 
(Gui et al., 2011) 

SOCS2 Growth Hormone Receptor, 
SOCS3 

(Vesterlund et al., 2011) 
(Tannahill et al., 2005) 

SOCS3 IRS-1/2, CD33, G-CSF, gp130, 
JAK2 

(Rui et al., 2002) 
(Orr et al., 2007) 
(Kershaw et al., 2014) 

SOCS4 EGFR (Kario et al., 2005) 
SOCS5 EGFR (Kario et al., 2005; Nicholson et al., 2005). 
SOCS6 p56/ck kinase , c-Kit (Choi et al., 2010) 

(Zadjali et al., 2011) 
SOCS7 IRS-1 (Banks et al., 2005) 

Table 1.2. Protein targets for SOCS family.  
Some proteins targeted by members of the SOCS family for ubiquitylation and 
subsequent proteasomal degradation. Note that the list for SOCS1 is longer than for 
other members. 
 
1.7.3. The role of SOCS proteins in human diseases 

The first discovered member the SOCS family, cytokine-induced SH2 domain 

containing protein (CISH), is induced by erythropoietin, IL-2, IL-3, granulocyte-

macrophage colony stimulating factor (GM-CSF) (Yoshimura et al., 1995; Matsumoto et 

al., 1997), growth hormone (Adams et al., 1998), prolactin (Helman et al., 1998; Pezet 

et al., 1999), IL-9 (Lejeune et al., 2001), IL-10 (Shen et al., 2000), IFN- (Brender et al., 

2001), IFN-, TNF- (Starr et al., 1997), granulocyte colony stimulating factor (G-CSF) 

(Hunter et al., 2004), thrombopoietin (Okabe et al., 1999) and T-cell receptor (TCR) 

stimulation (Li et al., 2000). CISH is expressed in different organs with the highest 

levels in liver, heart and kidney (Yoshimura et al., 1995). STAT5 is the main inducer of 

CISH and tissues from STAT5 deficient mice do not have detectable CISH expression 



 26 

(Teglund et al., 1998; Moriggl et al., 1999). However, the negative regulation of TCR by 

CISH is independent of STAT5 (Li et al., 2000). CISH has been linked to some diseases. 

For example during the active phase of systemic lupus erythematous (SLE), CISH mRNA 

are elevated in the peripheral blood monocytes (Tsao et al., 2008). Moreover, CISH 

transcript levels are lower in chondrocytes from patients with osteoarthritis (de 

Andres et al., 2011). 

SOCS1, the second member of the family, has been investigated more 

extensively. In 1997, SOCS1 was discovered by three different groups as an IL-6 

induced protein in murine monocytic leukemic M1 cells (Starr et al., 1997), a JAK2 

binding protein that inhibited its catalytic domain (Endo et al., 1997) and as a STAT-

induced STAT inhibitor protein (Naka et al., 1997). Later, six other members, SOCS2-7 

were cloned from both mouse and human cells (Masuhara et al., 1997; Matuoka et al., 

1997; Minamoto et al., 1997; Starr et al., 1997). However, as we will see, SOCS1 and 

SOCS3 have the highest homology and share some functional and structural 

similarities (Trengove and Ward, 2013). 

Although SOCS1 is induced by a narrower range of cytokines and growth factors 

compared to CISH, SOCS2 and SOCS3, it has a longer list of target proteins (Table 1.2). 

The induction of SOCS1 could be tissue specific. For example, IL-6 is a potent inducer of 

both SOCS1 and SOCS3 in murine bone marrow cells, but SOCS1 is induced to a lesser 

extent by IL-6 in the liver (Wormald et al., 2006). The expression of SOCS1 is 

suppressed by miR-155 (Jiang et al., 2010). SOCS1 can negatively regulate signalling 

pathways downstream of interferon type I and II (Song and Shuai, 1998), LIF (Naka et 

al., 1997), TNF- (Morita et al., 2000), IL-2 (Sporri et al., 2001), IL-3 (Endo et al., 1997), 

IL-4 (Losman et al., 1999), IL-6 (Naka et al., 1997), IL-7 (Trop et al., 2001), IL-12 (Eyles et 

al., 2002), IL-15 (Ilangumaran et al., 2003), thrombopoietin (Starr et al., 1997), thymic 

stromal lymphopoietin (TSLP) (Isaksen et al., 1999), oncostatin M (Starr et al., 1997), 

leptin (Motta et al., 2004), insulin (Kawazoe et al., 2001), IGF-1 (Zong et al., 2000), and 

TLR (Mansell et al., 2006). SOCS1 binds to JAK1, JAK2 and TYK2 and serve as a 

pseudosubstrate (Endo et al., 1997; Naka et al., 1997; Nicholson et al., 1999). 

Moreover, as we will see, SOCS1 can induce proteasomal degradation of many 

signalling molecules including JAK1 (Vuong et al., 2004), JAK2 (Ungureanu et al., 2002), 
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TEL-JAK2 (Frantsve et al., 2001; Kamizono et al., 2001), VAV (De Sepulveda et al., 

2000), insulin receptor substrate (IRS) (Rui et al., 2002) and MyD88-adapter-like (MAL) 

(Mansell et al., 2006). 

Socs1 null mice do not survive after their third week of age due to an 

exaggerated T cell mediated inflammation resulting in extensive liver damage (Naka et 

al., 1998; Starr et al., 1998). Therefore, to rescue these mice, they have been crossed 

with IFN deficient or Rag1-/- strains. T cell conditional Socs1 null mice show increased 

CD8+ differentiation as well as increased thymic FOXP3+CD4+ regulatory T cells (Chong 

et al., 2003; Zhan et al., 2009). SOCS1 has been shown to protect against 

autoimmunity. SOCS1 restricts the activity of cytotoxic CD8+ cells against pancreas 

beta-cells (Barral et al., 2006) and melanocytes (Rodriguez et al., 2013). Moreover, 

increased expression of co-stimulatory ligands BAFF and APRIL is associated with 

increased autoantibody production in SOCS1-/-IFN-/- mice (Hanada et al., 2003). 

Lacking regulation of many pro-inflammatory cytokines, SOCS1 deficiency is associated 

with inflammatory pathologies like arthritis (Egan et al., 2003) and lung fibrosis 

(Nakashima et al., 2008). On the other hand, SOCS1 transgenic mice show 

spontaneous colitis (Inagaki-Ohara et al., 2006). As discussed earlier, SOCS1 is known 

as a tumor suppressor protein and is silenced in various solid and non-solid cancers. 

SOCS3 has the closest homology to SOCS1 (Liongue et al., 2012). Even though the 

embryonic haematopoiesis remains intact, Socs3 null embryos cannot survive more 

than 13 days due to extensive trophoblastic and placental abnormalities (Roberts et 

al., 2001). SOCS3 expression is strongly induced through STAT3 signaling pathway. 

Unlike SOCS1, numerous cytokines and growth factors can induce SOCS3 expression. 

These include TNF- (Hong et al., 2001), GM-CSF (Faderl et al., 2003), EGF, PDGF 

(Cacalano et al., 2001), thyroid stimulating hormone (TSH) (Park et al., 2000), insulin 

(Sadowski et al., 2001), basic fibroblast growth factor (BFGF) (Terstegen et al., 2000), 

IL-1 (Boisclair et al., 2000), IL-2 (Cohney et al., 1999), IL-3 (Magrangeas et al., 2001), 

IL-4 (Losman et al., 1999), IL-6 (Croker et al., 2003), IL-9 (Lejeune et al., 2001), IL-10 

(Shen et al., 2000), IL-11 (Auernhammer and Melmed, 1999), IL-13 (Starr et al., 1997), 

IL-22 (Kotenko et al., 2001), interferon type I and II (Song and Shuai, 1998), prolactin 

(Pezet et al., 1999), growth hormone (Adams et al., 1998), erythropoietin (Sasaki et al., 
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2000) and thrombopoietin (Wang et al., 2000). The number of pathways negatively 

regulated by SOCS3 is, however, limited compared to SOCS1 and includes EGFR 

(Cacalano et al., 2001; Tonko-Geymayer et al., 2002), PDGF (Cacalano et al., 2001), 

BFGF (Terstegen et al., 2000), insulin (Sadowski et al., 2001) and TSH (Park et al., 2000) 

signaling pathways. 

Apart from classical JAK-STAT regulation, SOCS3 can also interfere in intracellular 

signaling pathways by competing for the binding sites with molecules that contain an 

SH2 domain like SHP2 and STAT4 (Nicholson et al., 2000; Yamamoto et al., 2003). 

Furthermore SOCS3 can also induce ubiquitylation and proteasomal degradation of 

some proteins (Table 1.2) (Rui et al., 2002; Irandoust et al., 2007; Orr et al., 2007; 

Kershaw et al., 2014). SOCS3 negatively regulates JAK2 in myeloproliferative cells 

(Hookham et al., 2007) and STAT5 in acute myeloid leukemia (van de Geijn et al., 

2004). Moreover, hypermethylation and loss of SOCS3 have been observed in some 

solid tumors like oesophageal adenocarcinoma (Tischoff et al., 2007), malignant 

melanoma (Tokita et al., 2007), lung cancer (He et al., 2003), prostate cancer (Pierconti 

et al., 2011) colorectal cancer (Li et al., 2012), glioma (Lindemann et al., 2011), breast 

cancer (Nakagawa et al., 2008) cholangiocarcinoma (Isomoto et al., 2007) and HCC 

(Niwa et al., 2005; Ogata et al., 2006).  

In terms of functions, SOCS2 is similar to CISH, and it is mainly induced by STAT5 

downstream growth hormone (Greenhalgh et al., 2002), erythropoietin (Wang et al., 

2004), prolactin (Helman et al., 1998), IL-2 (Minamoto et al., 1997), IL-3, IL-4, leukemia 

inhibitory factor (LIF), GM-CSF (Starr et al., 1997), IL-1 and IL-6 (Dogusan et al., 2000). 

SOCS2 negatively regulates the signaling pathways of growth hormone (Ram and 

Waxman, 1999), insulin-like growth factor-1 (IGF-1) (Dey et al., 1998) and IL-6 

(Nicholson et al., 1999). Paradoxically, at high concentrations, SOCS2 might enhance 

growth hormone and EGF signaling and counteract the negative effects of other SOCS 

proteins (Favre et al., 1999; Michaylira et al., 2006). Consistent with this behavior, 

both SOCS2 knockout and SOCS2 transgenic mice show increased growth and weight 

compared to wild type littermates (Metcalf et al., 2000; Greenhalgh et al., 2002). 

Meanwhile, loss of SOCS2 in mice is associated with skewing of T cell responses 

towards Th2 type (Knosp et al., 2011). Moreover, SOCS2 can promote ubiquitylation of 
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SOCS3 and abrogate SOCS3 mediated negative regulation (Tannahill et al., 2005). 

Expression of SOCS2 is decreased in osteoarthritis (de Andres et al., 2011). HIV 

infection increases SOCS2 expression in peripheral blood monocytes and perturbs 

cytokine signaling (Cheng et al., 2009). SOCS2 can both promote and inhibit oncogenic 

transformations. SOCS2 can increase growth hormone-mediated proliferation of 

colorectal cells (Bogazzi et al., 2009). In contrast, SOCS2 hypermethylation was seen in 

ovarian cancer (Sutherland et al., 2004) and expression of SOCS2 was shown to be 

associated with a better outcome in breast cancer (Haffner et al., 2007). 

SOCS4 is induced by EGFR signaling (Nicholson et al., 2005). miR-98 has been 

identified to regulate translation of SOCS4 (Hu et al., 2010). SOCS4 can dock on the 

phospho-tyrosine residues of EGFR and promotes its ubiquitylation and proteasomal 

degradation (Kario et al., 2005). Moreover, as SOCS4 binds the same docking residues 

responsible for STAT3 binding, it can also competitively suppress the EGFR-STAT3 axis 

(Bullock et al., 2007). SOCS4 can also modulate ovarian follicular development through 

regulation of LIF/Jak1/Stat1 pathway (Sutherland et al., 2012). Animal model of SOCS4 

knockout has not been reported yet in the literature and its functions have not been 

extensively addressed in vivo (Trengove and Ward, 2013). However, some evidences 

propose a tumor suppressor function for SOCS4. Elevated levels of SOCS4 expression in 

breast cancer have been shown to be associated with a better clinical outcome (Sasi et 

al., 2010) and SOCS4 suppression due to the CpG hypermethylation on its promoter 

was related to gastric carcinoma (Kobayashi et al., 2012). Furthermore, experimental 

suppression of SOCS4 in mice was associated with increased STAT3 activation and 

progression of epithelial cancer (Scheitz et al., 2012). 

SOCS5 is expressed in various tissues like muscular structures, nervous system, 

intestines, respiratory and urogenital tracts (Hilton et al., 1998; Magrangeas et al., 

2000; Nicholson et al., 2005; Liu et al., 2008). However, SOCS5 has a relatively higher 

expression in lymphoid organs (Brender et al., 2004). The SH2 domain sequence in 

human SOCS4 and SOCS5 share 90% homology and both can negatively regulate EGFR 

signaling (Kario et al., 2005; Nicholson et al., 2005). In addition, SOCS5 can negatively 

regulate IL-6 and IL-4 receptor signaling (Nicholson et al., 1999). Even though SOCS5 

knockout mice have normal T-helper development (Brender et al., 2004), SOCS5 
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transgenic mice show Th1 skewed maturation of naïve T cells due to suppression of IL-

4 activity (Seki et al., 2002). Similarly, SOCS5 is involved in Th2 related type-1 

inflammatory diseases like asthma and allergy (Arakawa et al., 2004; Egwuagu et al., 

2005; Ozaki et al., 2005; Ohshima et al., 2007). SOCS5 transgenic mice are more 

resistant to sepsis due to IL-4/STAT6 downregulation (Watanabe et al., 2006). The 

only, so far, published anti-tumor role of SOCS5 has been described for thyroid tumor 

where its expression was reduced (Yoon et al., 2012). 

SOCS6 is mainly expressed in monocytes and granulocytes (Krebs et al., 2002). 

SOCS6 requires its N-terminal segment for nuclear translocation and degradation of 

STAT3 (Hwang et al., 2007). Moreover, SOCS6 suppresses TCR signaling by promoting 

ubiquitylation of p56lck kinase (Choi et al., 2010). SOCS6 is also a negative regulator of 

ERK signaling downstream of FLT3 and c-KIT (Bayle et al., 2004; Kazi et al., 2012). 

Similarly, SOCS6 is induced by insulin and IGF-2 can inhibit the signaling pathways 

downstream of insulin receptor and IGF-1R (Mooney et al., 2001). The increased IGF-

1R signaling is associated with weight loss in SOCS6 deficient mice (Krebs et al., 2002). 

Negative regulation of IGF-1 by SOCS6 decelerates neural stem cell differentiation 

(Gupta et al., 2011). Additionally, SOCS6 mediates PIM3-induced suppression of insulin 

receptor signaling pathway and SOCS6 expression is decreased in pancreatic beta cells 

of PIM3 deficient mice (Vlacich et al., 2010). SOCS6 might also have some anti-tumor 

functions. The expression of SOCS6 is decreased in cancer of lung, liver, thyroid, 

stomach and colon (Storojeva et al., 2005; Lai et al., 2010; Sriram et al., 2012; Yoon et 

al., 2012). However, this issue has been contradicted by other data showing increased 

SOCS6 expression in gastric cancer (Yoon et al., 2012). 

SOCS7 is expressed at higher levels in brain, pancreas and skeletal muscles (Krebs 

et al., 2002; Banks et al., 2005). SOCS7 is induced by growth hormone, prolactin 

(Dogusan et al., 2000), insulin, IGF-1 (Krebs et al., 2002) and EGF (Matuoka et al., 

1997). Furthermore, SOCS7 can subject IRS-1 to proteasomal degradation (Banks et al., 

2005). SOCS7 and SOCS6 can regulate the signaling pathways via IRS-2, IRS-4 and p85 

subunit of PI3K, though the mechanism is not clear yet (Krebs et al., 2002; Li et al., 

2004). SOCS7 knockout mice show increased insulin sensitivity, hyperplasia of the 

pancreatic islets (Banks et al., 2005) and skin lesions subsequent to massive mast cell 
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infiltration (Knisz et al., 2009). High levels of SOCS7 are associated with a better 

prognosis of cancer (Tellechea et al., 2012). 

1.7.4. Loss of SOCS1 in cancer  

SOCS1 is widely considered as a tumor suppressor protein, and perturbed 

expression of SOCS1 has been investigated in various types of tumors (Zardo et al., 

2002). Loss of SOCS1 has been shown in hematopoietic malignancies (Reddy et al., 

2005). For example, SOCS1 expression is frequently suppressed in multiple myeloma 

(MM) due to its promoter hypermethylation (Galm et al., 2003). Similarly, in almost 

60% of patients with acute and chronic myeloid leukemia, SOCS1 methylation was 

detected (Chen et al., 2003; Liu et al., 2003). Interestingly, SOCS1 methylation in 

leukemic cells was shown to be correlated with t(15;17) chromosomal translocation 

(Chen et al., 2003). 

Methylation of SOCS1 was also shown in epithelial cancers like pancreatic 

(Fukushima et al., 2003; Komazaki et al., 2004) and colorectal carcinomas (Fujitake et 

al., 2004). In addition to hypermethylation, expression of different micro-RNAs has 

been linked to the anti-tumor roles of SOCS1 in HCC and other types of cancer 

(Murakami et al., 2006). miR-155 is known to suppress SOCS1 expression (Lu et al., 

2009) and the role of miR-155 in breast cancer has been correlated with decreased 

SOCS1 expression (Jiang et al., 2010). Also, the expression of miR-155 in HCC has been 

shown to be significantly upregulated (Yan et al., 2013). In prostate cancer, elevated 

level of miR-30d is a negative prognostic factor through downregulation of SOCS1 

(Kobayashi et al., 2012). Meanwhile, miR-30d also promotes tumor invasion in HCC 

(Yao et al., 2010). Furthermore, miR-19a and 19b down-regulate SOCS1 expression in 

multiple myeloma (Pichiorri et al., 2008), gastric carcinoma (Qin et al., 2013) and HCC 

(Han et al., 2012). 

The anti-tumor role of SOCS1 in the liver has been supported by some 

experimental findings. SOCS1 gene is suppressed by HCV infection and Socs1+/- 

(heterozygous) mice show increased susceptibility to diethylnitrosamine (DEN)-

induced HCC (Kamio et al., 2004; Miyoshi et al., 2005). Indeed, loss of SOCS1 in mice is 

associated with increased T cell-mediated hepatitis and SOCS1 was suggested to 

protect against IFN- and TNF- induced apoptosis in the liver (Torisu et al., 2008). 
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Moreover, it was shown that SOCS1 methylation significantly correlated with liver 

fibrosis in human, and SOCS1 deficient mice showed enhanced liver fibrosis in 

response to dimethylnitrosamine (DMN) (Yoshida et al., 2004). Our laboratory has 

shown that absence of SOCS1 accelerates liver regeneration following partial 

hepatectomy, and that this is associated with enhanced c-Met signaling pathway (Gui 

et al., 2011). We reported that SOCS1 interacted with Met and that SOCS1 deficient 

hepatocytes show accelerated DNA synthesis and migration in response to HGF (Gui et 

al., 2011). Nevertheless, our understanding of the tumor suppressor functions of 

SOCS1 is far from clear, as shown by my findings presented in this thesis, on other 

functions of SOCS1 in regulating the cell cycle, cell migration and apoptosis. 
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1.8. The cell cycle  

The cell cycle consists of a defined set of sequential cellular events that are 

required for morphological and functional modifications prior, during and after cell 

duplication (Schafer, 1998). These steps are named after the functional status of the 

cell. The cells that are not actively proliferating but are still functional and remain in 

quiescence or the GAP 0 phase (G0); upon growth stimulation, they go through the 

commitment phase called GAP 1 (G1) before starting the DNA Synthesis phase (S). 

Subsequently, the cells will go through the GAP 2 phase (G2) to prepare for the Mitosis 

phase (M) (Figure 1.6). The rate of cell cycle progression is a major determinant of the 

rate of cell proliferation and varies in different cell types (Kuwajima et al., 2014).  

The progression of cell cycle is maintained by serial activation of cyclin 

dependent protein kinases (CDKs) and their interactions with cyclins (Figure 1.6). CDKs 

were first discovered in yeast as single proteins regulating the cell cycle (Nurse and 

Thuriaux, 1980; Reed et al., 1982). In eukaryotes, however, the CDK family consists of 

26 proteins, reflecting the complexity of cell cycle regulation in advanced cells 

(Endicott and Noble, 2013). CDKs contain a serine/threonine catalytic core that is 

composed of a conserved PSTAIRE sequence (Pro-Ser-Thr-Ala-Ile-Arg-Glu), an ATP-

binding pocket and a T-loop motif (Lim and Kaldis, 2013). CDKs must couple with 

cyclins to be able to exert their catalytic activity. Different cyclins are associated with 

different cell cycle phases and have variable expression at each phase (Murray, 2004). 

In addition to serving as activating subunits, cyclins also display specificity for CDKs at 

specific cell cycle stages (Draetta, 1990; Sherr, 1993). 

The main substrate of CDK-cyclin complex is retinoblastoma protein (Rb) 

(Harbour and Dean, 2000). When hypo-phosphorylated, Rb is bound to the members 

of the E2F transcription factor family (Harbour and Dean, 2000). Upon phosphorylation 

of Rb, E2F is released and induces genes needed for cell cycle progression (Harbour 

and Dean, 2000). During early G1, D-type cyclins levels are increased in response to 

mitogens and bind to CDK4 and CDK6 to promote cell cycle (Boylan and Gruppuso, 

2005). Among genes induced by E2F is cyclin E (Moroy and Geisen, 2004) and this 

latter protein activates CDK2 during the late G1 phase to preserve Rb phosphorylation 

(Moroy and Geisen, 2004). Later, CDK2 couples with cyclin A to complete the S phase 
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before cells enter the G2 phase (Vermeulen et al., 2003). G2 progression is mainly 

dependent on CDK1-cyclin B1 interaction and eventually cells enter the M phase to 

produce daughter cells (Figure 1.6) (Furuno et al., 1999). 

1.8.1. Regulation of the cell cycle 

An important characteristic of cells is their ability to respond to cellular stress or 

genomic damage by halting the cell cycle progression. The cell cycle arrest provides 

the cells with a sufficient lag to repair the damage or to cope with the undesirable 

condition. The main purpose of this strategy is to prevent transmission of the damaged 

genome to the daughter cells (Bartek and Lukas, 2007). The cell cycle arrest could 

happen at different checkpoints and deregulation of these checkpoints is associated 

with genomic instability and cancer predisposition as well as resistance to anti-cancer 

treatments (Eastman, 2004; Nakanishi et al., 2006). The main tools to induce cell cycle 

arrest are the cyclin-dependent kinase inhibitors (CKIs). To date, seven CKIs have been 

found in mammals that are categorized in two sub-classes: the INK4 locus coded genes 

and the Cip/Kip family (Lim and Kaldis, 2013). 

The INK4 family proteins include p16INK4a p15INK4b, p18 INK4c and p19INK4d. The 

members of INK4 family are essential for replicative senescence and when mutated, as 

in immortalized cells, they escape replicative senescence (Symington and Carter, 1995; 

Enders et al., 1996; Loughran et al., 1996; Munro et al., 1999; Dickson et al., 2000). The 

INK4 proteins compete with D-type cyclins for binding to CDK4/6 and their forced 

expression in cells is associated with G1 phase arrest (Figure 1.6) (Sherr and Roberts, 

1999; Massague, 2004). Even though the INK4 proteins have similar structure, their 

expression profiles are variable in different tissue organs and at different stages of 

development (Canepa et al., 2007). INK4 proteins are generally considered as tumor 

suppressor proteins and their loss has been documented in various cancers in human 

(Ortega et al., 2002; Pei and Xiong, 2005). 

The INK4a/ARF/INK4b locus is a 35 kb part of genome where three tumor 

suppressor genes- p16INK4a, p15INK4b and ARF- are encoded through a distinct open 

reading frame (p15INK4b) and alternative splicing (p16INK4a and ARF) (Sharpless and 

DePinho, 1999). ARF (also known as p19-ARF in mice and p14-ARF in human) interferes 

with the p53-Mdm2 interaction and interrupts degradation of p53 by Mdm2 (Serrano 
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et al., 1996; Sharpless and DePinho, 1999). The stabilized p53 then will induce 

transcription of other CKIs, like p21 that will cause cell cycle arrest (see below). Mice 

lacking either of INK4a/ARF/INK4b locus encoded genes are prone to spontaneous 

cancer and simultaneous absence of p16INK4a and ARF synergistically increases the risk 

of cancer in knockout mice (Sharpless et al., 2004; Bardeesy et al., 2006). 

 

 

Figure 1.6. The schematic representation of the cell cycle.  
When cells quit G0 phase, they start progressing into the early G1 phase under the 
regulation of CDK4/6-cyclin D and later CDK2-cyclin E will derive cells into the S phase. 
Eventually, cell cycle progression toward mitosis is promoted by CDK1-cyclin B1. 
Members of the INK4 family of cyclin dependent kinase inhibitors (CKI) are the major 
suppressors of CDK4/6-cyclin D activity by competing with cyclin D. The CIP/KIP family, 
however, inhibits the function of cyclin E, A and B1 complexes. Importantly, p21 can 
promote the activity of CDK4/6-cylin D and CDK1-cyclin B1 during the early G1 phase 
and G2/M transition respectively (see the text). 
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1.8.2. The CIP/KIP Family  

The CDK interacting protein/kinase inhibitor protein (CIP/KIP) family includes 

three members: p21Cip1, p27Kip1 and p57Kip2 (Sherr and Roberts, 1999). They bind to 

CDK-cyclin complexes through their N-terminal domain and inhibit the CDK activity 

(Polyak et al., 1994; Toyoshima and Hunter, 1994). Among the three members, p21 

and p27 have the highest sequence homology. Contrarily to INK4 family, CIP/KIP 

proteins do not restrict the activity of the cyclin D-bound CDKs at the entry into the G1 

phase (Sherr and Roberts, 1999). On the other hand, both p21 and p27 can similarly 

participate in the cyclin D/CDK complex at stoichiometric levels and improve its 

catalytic activity (Polyak et al., 1994; Sherr and Roberts, 1995). 

 

Figure 1.7. Structural domains and motifs of p21  
The interaction of p21 and cyclins and CDKs are mediated on its N-terminal side via 
Cy1 and CDK motifs respectively. Cy2 is a cyclin binding motif on the C-terminal side 
that has a lower affinity. The PCNA-interacting (PIP-Box) motif of p21 (in red) is 
required for binding to PCNA as well as CRL4Cdt2. Also, p21 contains a D-box motif that 
is involved in APC/CCdc20 mediated ubiquitylation. All the members of CIP/KIP family 
have a nuclear localization signal (NLS) motif on the C-terminal tail (in yellow). The 
numbers indicate the first amino acid of each domain/motif. 

 

In spite of several similarities in function and structure, the phenotype of 

knockout mice for each Cip/Kip member is different, reflecting their specificity. The 

p27 null mice develop early and higher-grade carcinomas compared to control 

littermates. However, even though the initiation and growth of tumor was not affected 

in p21 deficient mice, they develop poorly differentiated tumors (Philipp et al., 1999). 
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Moreover, in contrast to p57, p21 and p27 are dispensable during mouse 

embryogenesis and prenatal development (Nakayama, 1998; Pateras et al., 2009). In 

this thesis, we will focus on the biology of p21 with regard to the anti-tumor activity of 

SOCS1 in the liver. 

1.8.2.1 Discovery of p21 

In 1993, four independent laboratories reported the discovery of a 21 kD 

protein. Currently known as p21Cip1/Waf1 (or, simply p21, for the ease of reading), it was 

originally shown as a protein interacting with CDK-cyclin complexes, designated as CDK 

interacting protein 1 (CDK1) (Harper et al., 1993), CDK2 associated protein-20 (CAP20) 

(Gu et al., 1993) and p21 (Xiong et al., 1993). In the same year, p53 over-expression 

was shown to induce a protein that was named as wild-type p53 activated-fragment 1 

(WAF1) (El-Deiry et al., 1993). Moreover, p21 was later cloned from senescent 

fibroblasts - called senescent cell-derived inhibitor 1 (sdi1) (Noda et al., 1994)- and 

from differentiating melanocytes and was designated as melanoma differentiation 

antigen 6 (mda6) (Jiang et al., 1995). Given the diversity of the interests of these 

laboratories, one can deduce the diversity in the cellular functions of p21. Similarly, 

p27 was first discovered as an inhibitor of CDK2-cyclin E complex and was shown to 

induce G1 phase arrest in response to TGF- (Polyak et al., 1994; Polyak et al., 1994; 

Slingerland et al., 1994; Sheaff et al., 1997). The last member of the family, p57, was 

identified as three distinct transcripts by screening a mouse embryo cDNA library, 

using p21 probes. The newly discovered sequences corresponded to a 348 amino acid 

product with a 57 amino acid-long region bearing homology to p21 and p27 (Lee et al., 

1995). 

1.8.2.2. Functional domains and motifs of p21 

p21 is able to participate in quaternary complexes with cyclins, CDKs, and PCNA 

(Xiong et al., 1993; Sherr and Roberts, 1995) as well as to directly make a binary 

complex with only PCNA. The latter complex can inhibit PCNA-dependent DNA 

replication by preventing activation of DNA polymerase delta (Waga et al., 1994). p21 

contains two distinct motifs for interacting with CDKs (N-terminal) and PCNA (C-

terminal) (Chen et al., 1995; Goubin and Ducommun, 1995; Luo et al., 1995; Nakanishi 
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et al., 1995; Zakut and Givol, 1995). The conserved PCNA-interacting motif (PIP-Box) 

encompasses amino acid 140 to 164 and is required for ubiquitylation of p21 by 

CRL4Cdt2 (Havens and Walter, 2009). On the C-terminal side, p21 also harbors a 

putative bipartite nuclear localization signal (NLS) sequence between residues 141-

156. The C-terminal tail of p21 has also a motif for cleavage that can be targeted by 

caspase 3. This C-terminally truncated p21 loses its PCNA binding capacity, nuclear 

localization and is not able to suppress apoptosis. Therefore, activation of caspase 3 

improves the cytotoxicity of chemotherapeutic agents by inactivating p21 (Zhang et 

al., 1999). On the N-terminal end, p21 can directly interact with cyclins via a cyclin 

binding motif (Chen et al., 1996). The main cyclin binding motif (17 aa-24 aa, 

ACRRLFGP), named Cy1, is conserved in all members of CIP/KIP family. Mutation of Cy1 

motif prevents p21 interaction with cyclin D-CDK4 and cyclin E-CDK2 complexes (Luo et 

al., 1995; Chen et al., 1996; Lin et al., 1996). Additionally, another similar motif, Cy2, 

was identified on the C-terminal tail of p21 (152 aa- 158 aa), which is overlapping with 

the PIP-box motif (Figure 1.7). CDK2-Cyclin E/A complexes can bind to both Cy1 and 

Cy2; however, CDK4-cyclin D complex binds exclusively to Cy1 motif. Importantly, 

cyclin D and CDK4 cannot bind p21 individually, but bind to the complex (Chen et al., 

1996). A 6-amino acid long motif (53 aa- 58 aa) is responsible for binding to CDK2 (CDK 

motif). It has been proposed that p21 binds to cyclins via Cy1 (and Cy2) and to CDKs via 

CDK motif, simultaneously (Chen et al., 1996). Cy2 has a lower affinity compared to 

Cy1. Moreover binding of PCNA to p21 may mask Cy2 unless p21 concentration 

exceeds free PCNA as in conditions like DNA damage response (Luo et al., 1995). 

Finally, p21 contains a destruction box (D-box) motif sequence (RXXLXXXXN) that is 

required for its ubiquitylation by APC/CCdc20 prior mitosis (Amador et al., 2007). 

1.8.2.3. Regulation of CDKN1A transcription 

In human, the CDKN1A gene resides on chromosome 6p21.2 and generates four 

coding transcripts (Nozell and Chen, 2002; Radhakrishnan et al., 2006; Jung et al., 

2010). Some of these variants encode p21-related proteins with distinct functions. For 

instance, an alternate promoter located in the first intron of p21 was shown to induce 

two variants of p21 transcripts, P21B and P21C, both of which could be induced by 

p53. However, P21B encoded a novel protein with a pro-apoptotic activity (Nozell and 
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Chen, 2002). Recently, a novel murine transcript of p21 was identified that differed in 

the first exon from the classical p21. The first exon is located 2.8 kb upstream of the 

classical transcription start site and is flanked by two p53 responsive elements (Gartel 

et al., 2004). Figure 1.8 represents the cis elements on the p21 promoter. 

 

Figure 1.8. Schematic representation of p21 promoter response elements. 
C/EBP: CCAAT/enhancer binding protein, RTK: receptor tyrosine kinase, OA: okadaic 
acid, PMA: phorbol-12-myristate-13-acetate; TPA: 12-O-tetradecanoyl-phorbol-13-
acetate, 53-RE: p53 response element. Numbering corresponds to the length of base 
pairs from the start site at +1. 
 

Transcription of the Cdkn1A gene could also be induced independently of p53 

(Russo et al., 1995; Alpan and Pardee, 1996; Zeng and el-Deiry, 1996; Haapajarvi et al., 

1999). For example, in Saos-2 and T98G cells that lack functional p53, oxidative stress 

can induce p21 dependent cell cycle arrest (Russo et al., 1995). Moreover, in 21PT 

human breast cancer cells, mimosine can induce p21 during the G1 phase in a p53 

independent manner (Alpan and Pardee, 1996). A more proximal region (-119 bp) on 

p21 promoter includes six Sp1/Sp3 binding sites and has an important role for p53-

independent transcription of p21 (Gartel and Tyner, 1999). Moreover, as shown in 

keratinocytes, a minimal GC-rich sequence of 78 bp that includes the TATA-box is 

required for p21 induction. While both Sp1 and Sp3 were shown to bind the GC-rich 

region, Sp3 was critical for the inducibility of the promoter (Prowse et al., 1997). 

Phorbol ester (PMA) and okadaic acid can induce p21 during differentiation of U937 

cell towards macrophages via the first and second Sp1 responsive element (Biggs et al., 

1996). E2F1 and E2F3 can also bind to cis elements within the Sp1 binding site region 

(+16 to -119) (Gartel et al., 2000). The third Sp1 binding site involves p21 transcription 
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induced by TGF- mediated transcription of p21 in HaCat cells (Datto et al., 1995). 

Indeed, downstream TGF- signaling, SMADs and Sp1 interact to induce p21 

transcription (Datto et al., 1995). The third Sp1 cis element regulates induction of p21 

by Ca2+ and lovastatin (Prowse et al., 1997; Lee et al., 1998). Moreover, progesterone 

and nerve growth factor can also induce p21 via the Sp1 binding sites (Yan and Ziff, 

1997; Owen et al., 1998; Richer et al., 1998). Regulation of Sp1 binding sites can affect 

p21 transcription. Histone deacetylase (HDAC) inhibitors are used as anti-cancer 

treatments and can increase p21 transcription by enhancing acetylation of Sp1/Sp3 

transcription factors (Jung et al., 2010). On the other hand, the oncoprotein c-myc can 

suppress p21 transcription by interacting with Sp1 (Gartel et al., 2001). 

JAK-STAT signaling pathway can also activate transcription of p21 via the three 

STAT binding sites located at -692, -2557 and -4232 bp (Chin et al., 1996; Gartel and 

Tyner, 1999). STAT1 has been shown to induce p21 upon activation by 

thrombopoietin, IFN-, EGF and FGF receptors leading to cell differentiation and 

growth arrest (Chin et al., 1996; Matsumura et al., 1997; Johnson et al., 1998). In a 

human osteosarcoma cell line, IL-6 promotes cell differentiation via p21 induction by 

STAT1 and STAT3 (Bellido et al., 1998). In rat BDS1 and as4 hepatoma cells, 

dexamethasone (glucocorticoid) could induce p21 transcription via a CCAAT/enhancer 

binding protein- (C/EBP-) consensus binding site (Cram et al., 1998) at position -

1270 (Cram et al., 1998). Moreover, antioxidant treatment can sensitize colorectal 

cancer cells to chemotherapy via C/EBP- mediated transcription of p21 (Chinery et 

al., 1997). C/EBP- binds to a NF-IL6 binding site on p21 promoter at -1924 (Chinery et 

al., 1997). As mentioned above, p21 can induce differentiation of U937 myeloid cells. 

Vitamin D3 is known to induce p21 transcription via a Vitamin D3 responsive element 

at -771 bp (Liu et al., 1996). Finally, downstream of PMA or okadaic acid, activator 

protein 2 (AP2) induces p21 transcription via a consensus binding site between -103 

and -95 (Zeng et al., 1997) (Figure 1.8). 

1.8.2.4. Regulation of gene transcription by p21 

While p21 is well known for its effect on CDK/cyclin complexes, it has also been 

shown to influence the transcriptional activity of some transcription factors that 

involve cell proliferation. NF-kB requires the activity of the p300 coactivator for an 
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optimal transcriptional activity (Mukherjee et al., 2013). On the other hand, p300 can 

bind the CDK2-cyclin E complex through it C-terminal region that is also implicated for 

NF-kB activity. p21 can promote p300 coactivator availability by inhibition of CDK2 

and, as a result, enhance the NF-kB transcriptional activity (Perkins et al., 1997). 

Meanwhile, p21 can bind to the subunits of E2F and suppress its transcriptional 

activity. This effect of p21 is independent of its role on CDK/cyclin mediated Rb 

phosphorylation (Delavaine and La Thangue, 1999). Furthermore, the c-Myc protein 

can bind to the C-terminal region of p21 and prevent the inhibitory effects of p21 on 

PCNA mediated DNA synthesis. Reciprocally, p21 bound to c-Myc could suppress its 

transcription activity (Kitaura et al., 2000). 

Forced expression of p21 can induce senescence in cells (McConnell et al., 1998; 

Chang et al., 2000). Importantly, in cells overexpressing p21, the expression of genes 

that are associated with senescence or aged-related disorders is increased (McConnell 

et al., 1998; Chang et al., 2000). Some of these genes were specifically induced during 

p21 - and not other CKIs- mediated cell cycle arrest. Furthermore, the induction of 

these genes has paracrine effects on cells and the conditioned medium can exert 

similar effects like resistance against apoptosis or proliferation of cells with low p21 

levels (Chang et al., 2000). Furthermore, the anticancer medications that induce p21-

mediated cell cycle arrest, promote expression of senescence-related genes (Chang et 

al., 1999; Kramer et al., 2001). These effects occur independently of p21 inhibitory 

function on CDKs. Ectopic expression of p21 may suppress transcription of many genes 

involved in DNA repair and replication (Harvat et al., 1998; Chang et al., 2000). 

1.8.2.5. Post-transcription regulation of p21 

The non-coding micro-RNAs (miRNA) have been shown to regulate CDKN1A 

transcripts. The members of three miRNAs clusters, miR-17-92, miR-106a-363 and miR-

106b-25 can suppress p21 expression (Jung et al., 2010). These miRNAs include miR-

17, miR-20, miR-93 and miR-106 (Ivanovska et al., 2008; Petrocca et al., 2008; Kim et 

al., 2009; Li et al., 2009). Moreover, miRNAs can induce p53 downregulation (miR-125 

family) or upregulation (miR-29 family), therefore, indirectly influencing p21 

transcription (Le et al., 2009; Park et al., 2009; Zhang et al., 2009). 

In addition, regulation of mRNA stability by RNA binding proteins has also an 
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important effect on p21 expression. HuD, HuR and RBM38 are RNA binding proteins 

that bind to the AU-rich elements in the 3’UTR of CDKN1A mRNA and improve the 

stability of the transcript (Joseph et al., 1998; Yang et al., 2004; Yano et al., 2005; Al-

Mohanna et al., 2007). Moreover, RNCP1, a RNA bidning protein induced by p53, can 

stabilize p21 transcripts (Shu et al., 2006). 

1.8.2.6. Post-translation regulation of p21 

The post-translational modifications of p21 are pivotal determinants of its 

functional diversity affecting cell viability, cell mobility and DNA synthesis (Lu and 

Hunter, 2010). Several site-specific mutagenesis studies have shown that lysine 

residues 141, 154, 161 and 163 of human p21 serve as ubiquitylation sites and involve 

proteasomal degradation (Bendjennat et al., 2003). Moreover, acetylation of the same 

lysine residues prevents ubiquitylation and increases the stability of p21(Li et al., 2010; 

Lee et al., 2013). On the other hand, phosphorylation of p21 on Serine and Threonine 

residues can dramatically change the function of the protein.  

1.8.2.6.1. Ubiquitylation of p21 

In the liver, p21 has a relatively short half-life of about 30 minutes (Albrecht et 

al., 1997). This might reflect the tightly controlled stability of p21 and the selectivity of 

its expression. The stability of members of CIP/KIP family is regulated via activation of 

twelve different E3 ubiquitin ligase systems (excluding SOCS1) through proteasomal 

degradation (Starostina and Kipreos, 2012). The CIP/KIP proteins are not individually 

able to make tertiary structures unless bound to other proteins. This characteristic 

enables them to bind to a wide range of proteins and to acquire variable tertiary 

structures (Galea et al., 2008; Galea et al., 2008). This “intrinsic flexibility” fits the 

CIP/KIP class CKIs to the E3 ubiquitin ligase strategy of recognizing specific tertiary 

structures, hence, contributes to specificity (Galea et al., 2008). Furthermore, the 

specificity of the E3 ubiquitin ligases is determined by other variables such as cell cycle 

phase and sub-cellular localization (Ardley and Robinson, 2005). In this section, we will 

review the mechanisms that regulate p21 stability, including proteasomal degradation. 

A) SCFSkp2 mediated p21 degradation during early S phase: The SCF (Skp1-

Cullin1-F-box) E3 ubiquitin ligase uses the F-box protein Skp2 (S phase kinase-
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associated protein 2) as the substrate recognition subunit (SRS) in conjunction with the 

accessory protein Cks1 (cyclin kinase subunit 1). SCFSkp2 can target all three members 

of the CIP/KIP family when phosphorylated by the CDK2-Cyclin A/E complexes (Lu and 

Hunter, 2010). Active CDK2 can phsophorylate p21 on Ser130 during late G1 and early 

S phase where coincidentally Skp2 reaches its peak and subjects p21 to proteasomal 

degradation (Carrano et al., 1999).  

B) CRL4Cdt2 mediated p21 degradation in the S phase: Cullin4-Ring-Ligase 

complex (CLR4) employs Cdt2 as the substrate recognition subunit (SRS) (Havens and 

Walter, 2011). CRL4Cdt2 binds to the PCNA bound proteins on the chromatin upon DNA 

damage by recognizing a PCNA Interacting Protein (PIP-Box) motif (Havens and Walter, 

2009; Abbas and Dutta, 2011). Similarly, CRL4Cdt2 also binds to p21 during the S phase 

of the cell cycle and induces its degradation (Abbas and Dutta, 2011; Shibata et al., 

2011). Meanwhile, to be recognized by CRL4Cdt2, p21 should be phosphorylated on 

Ser114 by GSK3- (Havens and Walter, 2009; Abbas and Dutta, 2011). In vitro studies 

have suggested that p21 interferes with the role of PCNA in processivity of DNA 

polymerases (Havens and Walter, 2011). 

Intriguingly, abrogating the CRL4Cdt2
 activity showed some contradictory effects 

in different studies. Knocking down the ubiquitin-conjugating enzyme (UBCH8) of 

CRL4Cdt2 increases p21 levels and delays S phase in response to UV irradiation (Shibata 

et al., 2011). Meanwhile, another report showed that in HeLa cells, inactivation of 

Cdt2, the SRS, caused excessive DNA replication. However, this effect was shown to be 

due to p21-mediated prevention of the nuclear export of the replication-licensing 

factor Cdc6 during S phase (Kim et al., 2007; Kim et al., 2008). 

C) APC/CCdc20 mediated p21 degradation in the M phase: The multi-subunit E3 

ligase APC/CCdc20 (anaphase promoting complex/cyclosome with activating subunit 

Cdc20) targets proteins with a destruction box (D-box) motif including p21 (Amador et 

al., 2007; Barford, 2011). Prior to mitosis, when cells shift from S to G2 phase, p21 

levels increase. It has been suggested that p21 is involved in nuclear retention of cyclin 

B and in accumulation of pre-mitotic cells (Dulic et al., 1998). APC/CCdc20 was shown to 

promote p21 degradation during pro-metaphase to facilitate M phase transition by 

maintaining CDK1 activity (Amador et al., 2007; McLean et al., 2011). 
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D) CRL2LRR1 induced degradation of cytosolic p21: CRL2LRR1 is an E3 ligase that 

has been shown to act specifically on cytoplasmic p21 (Starostina et al., 2010). 

Knockdown of LRR1 (the SRS) or Cullin 2 in human HeLa cells was associated with 

elevated levels of cytosolic p21 (Starostina et al., 2010). Furthermore, upregulation of 

p21 in the absence of Cullin 2 or LRR1 does not affect the cell cycle progression. 

Interestingly, in Caenorhabditis elegans where LRR1 has a nuclear localization, loss of 

LRR1 deregulates nuclear p21, whereas in mammals LRR1 has a cytosolic localization, 

hence, affects specifically cytosolic p21 (Starostina et al., 2010). As we will discuss in 

detail, the cytoplasmic accumulation of p21 can modulate cell motility by inhibiting the 

RhoA–ROCK–LIMK-cofilin pathway of cytoskeletal reorganization. 

E) Other less studied E3 ligases affecting p21 stability: In addition to the 

aforementioned E3 ligases, some other less defined pathways have been proposed to 

affect p21 stability. Upon DNA damage, p53 can induce both p21 and a p53-inducible 

RING-finger protein (p53RFP) (Ng et al., 2003). p53RFP has an E3 ligase function and 

can restrict the extent of cell cycle arrest after DNA damage. It has been proposed that 

p53RFP switches off p53-dependent cell cycle arrest via degradation of p21 and 

promotes apoptosis through a p53-independent pathway (Huang et al., 2006). The E3 

Makorin RING Finger Protein 1 (MKRN1) can induce degradation of both p21 and p53 

(Lee et al., 2009). After a genotoxic event, MKRN1 preferably induces p21 degradation 

and predisposes the cells to apoptosis (Lee et al., 2009). However, it is not yet clear if 

p53RFP and MKRN1 can affect p21 in a certain subcellular localization or upon a well-

defined post-translational modification. 

F) Ubiquitin-independent degradation of p21: The murine double minute clone 

2 (MDM2) and MDM2-like protein (MDMX) RING E3 ligases are the main regulators of 

p53 stability (Wang and Jiang, 2012). Both Mdm2 and Mdmx can promote nuclear p21 

(and not cytosolic) degradation via proteasome, but independently of ubiquitylation 

and facilitate G1 to S transition (Jin et al., 2003; Zhang et al., 2004; Jin et al., 2008). For 

this purpose, MDM2 and MDMX bring p21 and proteasome together. The protein 14-

3-3 plays a critical role by binding to MDM2/MDMX, p21 to and the C8 subunit of 20S 

proteasome (Wang et al., 2010). Importantly, 14-3-3 can only bind to the nuclear p21 

and this mechanism does not influence cytosolic p21 (Wang et al., 2010). MDM2 and 
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MDMX affect the stability of p21 during G1 and early S phases of the cell cycle. 

Knocking down 14-3-3 or MDM2/MDMX is associated with accumulation of nuclear 

p21 and G1 phase arrest (Jin et al., 2003; Jin et al., 2008; Wang et al., 2010). 

1.8.2.6.2. Phosphorylation of p21  

Phosphorylation of various residues may alter the functions of p21 by affecting 

its stability, sub-cellular localization and protein-protein interaction. The, so far, 

studied phosphorylation sites on p21, the upstream kinases and the related 

consequences are aligned in table 1.3. 

 
Phospho-
Residue 

Responsible 
Kinase 

Consequences References 

Thr 57 

GSK3- 
Possible cytoplasmic localization 
Proteasomal degradation (E3 Unknown) 

(Rossig et al., 2002) 

ERK2 
Cytoplasmic localization 
Proteasomal degradation (E3 Unknown) 

(Hwang et al., 2009) 

P38/JNK1 

Increases p21 stability (mechanism unknown) 
Phosphorylation only feasible in vitro and not 
in vivo 
Sub-cellular localization not determined 

(Kim et al., 2002) 

CDK2 Promoting G2/M transition 
(Dash and El-Deiry, 
2005) 

Ser 98 ASK1/JNK1 Binds to ASK1 and inactivates its function (Zhan et al., 2007) 

Ser 114 GSK3- 
Proteasomal degradation of PCNA bound p21 
by CRL4

Cdt2 
 

(Lee et al., 2007), 
(Abbas et al., 2008) 

Ser 130 

P38/JNK1 

Increases p21 stability in HD3 cells 
(mechanism unknown) 
Sub-cellular localization not determined 

(Kim et al., 2002) 

ERK2 
Cytoplasmic localization 
Proteasomal degradation (E3 Unknown) 

(Hwang et al., 2009) 

CDK2 
Proteasomal degradation by SCF

Skp2 
at S 

phase entry 

(Lu and Hunter, 2010) 
(Jarviluoma et al., 
2006) 

Thr 145 AKT/PKA/PIM1 
Cytoplasmic localization/impaired PCNA 
interaction 

(Zhou et al., 2001; Li et 
al., 2002; Zhang et al., 
2007) 

Ser 146 
AKT/PKC/PIM1 Increased stability 

(Zhou et al., 2001; Li et 
al., 2002; Zhang et al., 
2007) 

NDR Increased stability associated with G1 arrest (Cornils et al., 2011) 

Ser 153 PKC Cytoplasmic localization 
(Rodriguez-Vilarrupla 
et al., 2005) 

 
Table 1.3. List of currently known phospho-residues on human p21 sequence. 
GSK3: Glycogen synthase kinase 3, ERK: Extracellular signal-regulated kinase, JNK: c-
Jun N-terminal kinase, ASK1: Apoptosis signal-regulating kinase 1, PKA: Protein kinase 
A, NDR: Nuclear-Dbf2-related, PKC: Protein kinase C. 
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The residue Thr57 located in the CDK binding domain can be phosphorylated by 

three different upstream kinases. The glycogen synthase kinase3-betta (GSK3-) 

mediates phophorylation of Thr57 and promotes proteasomal degradation of p21 

(Rossig et al., 2002). Moreover, it was proposed that Thr57 phosphorylation by GSK3- 

is putatively associated with its cytoplasmic localization (Rossig et al., 2002). 

Accordingly, mutant p21 lacking the CDK binding site has a longer half-life (Cayrol and 

Ducommun, 1998). Extracellular signal-regulated kinase 2 (ERK2) is another kinase that 

has been shown to induce p-Thr57. Mitogen-mediated activation of ERK2 leads to 

cytosolic localization of p21 and decreased stability, hence, promotes cell cycle 

progression (Hwang et al., 2009). On the other hand, transforming growth factor-1 

(TGF-1) can induce stabilization of p21 via p38 and JNK1 signaling pathways and 

independently of SMADs (Kim et al., 2002). However, while both p38 and JNK1 were 

shown to induce phosphorylation of p21 on Thr57 and Ser130 by employing in vitro 

assays and using HD3 colon epithelial cells as an in vivo system, phosphorylation of 

Thr57 was not observed following TGF-1 treatment (Kim et al., 2002). Although the 

precise mechanisms of p21 stabilization downstream of p38/JNK1 have not been 

explored, it has also been suggested that MAPK activation is responsible for TGF-1 

induced p21 and subsequent G1 arrest (Kim et al., 2002). 

Apoptosis signal-regulating kinase 1 (ASK1) is able to directly bind and 

phosphorylate p21 on Ser98 (Zhan et al., 2007). This interaction also inactivates the 

kinase activity of ASK1 and was suggested as one of the anti-apoptotic mechanisms of 

p21 (Huang et al., 2003; Zhan et al., 2007). It has been shown that upon UV irradiation, 

GSK3- is activated by ATR and phosphorylates p21 on Ser114 (Lee et al., 2007). This 

phosphorylation would destabilize p21 via proteasome degradation through 

involvement of CRL4Cdt2 E3 ligase, as described earlier (Abbas et al., 2008). As 

mentioned above, downstream of TGF-1 signaling, p38 and JNK1 can also induce 

phosphorylation of Ser130 on p21 and promote its stabilization (Kim et al., 2002). In 

contrast, CDK2 induced Ser130 phosphorylation would subject p21 to proteasomal 

degradation and facilitate S phase entry (Lu and Hunter, 2010). The process is 

dependent on the Cy2 motif on the C-terminal tail of p21 (Zhu et al., 2005). 
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Interestingly, phospho-Ser130 p21 can also be induced by K cyclin of Kaposi sarcoma’s 

herpesvirus. This modification would release the inhibitory effect of p21 on CDK2, and 

hence, bypass the p21-induced G1 arrest (Jarviluoma et al., 2006). It has been also 

demonstrated that ERK2 mediates phosphorylation of p21 on Ser130, in combination 

with Thr57 (see above), subsequently leading to its cytoplasmic translocation and 

degradation; however, the responsible E3 ligase has not been identified yet (Hwang et 

al., 2009). Moreover, it is not yet known whether simultaneous phosphorylation of 

both Thr57 and Ser130 is required for ERK2-dependent cytosolic retention of p21, or 

whether each phospho-residue could be individually associated with the same 

consequence. 

The two C-terminal residues, Thr145 and Ser146 can be phosphorylated by 

different kinases, including Akt, Pim-1, PKC and PKA (Zhou et al., 2001; Li et al., 2002; 

Zhang et al., 2007). Importantly, phosphorylation of Thr145 would cause cytoplasmic 

translocation of p21 in breast or lung epithelial cells, but not in colon epithelial or 

endothelial cells (Wang et al., 2010). This evidence suggests that p21 modification 

might have a tissue-specific outcome. Furthermore, phosphorylation of Thr145 

prevents PCNA inhibition by p21 (Rossig et al., 2001). Phosphorylation on Ser146 

increases p21 stability and improves cell survival (Li et al., 2002). Akt can also indirectly 

enhance p21 stability via inhibiting GSK3- (Rossig et al., 2002). Furthermore, it has 

been shown that downregulation of S100A11, a member of the S100 family of Ca²⁺ 

binding proteins, suppresses AKT activation and induces p21 stability via Thr57 

phosphorylation by GSK3-1 (Foertsch et al., 2013). Recently, it has been shown that 

the nuclear-Dbf2-related (NDR) kinases can induce Ser146 (and not Thr145) 

phosphorylation and increase p21 stability (Cornils et al., 2011). Meanwhile, apart 

from Ser146, PKC can also phosphorylate p21 on Ser153 and lead to its cytoplamic 

localization. However, this effect of PKC is inhibited by the direct interaction of 

calmodulin with p21 (Rodriguez-Vilarrupla et al., 2005). No tyrosine phophorylation 

has been reported for human p21 yet. However, in mouse glioma cells, it was shown 

that phosphorylation of Tyr76 by Src facilitated CDK4-cyclin D nuclear retention 

downstream of the PDGF receptor, conferring an oncogenic role to p21 (Hukkelhoven 

et al., 2012). 
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1.8.3. Cell cycle regulation by p21 

We earlier reviewed some basic concepts of cell cycle regulation. p21 and INK4 

locus proteins play complementary roles in cell cycle arrest and senescence (Paramio 

et al., 2001). Moreover, kertinocytes that lack both p21 and p16 are resistant to 

senescence and produce poorly differentiated tumors (Paramio et al., 2001). However, 

even though p21 is widely considered as an inhibitor of cell cycle via suppression of the 

catalytic activity the CDK-cyclin complexes, typically after DNA damage (Coqueret, 

2003), there are numerous studies that have shown p21 up-regulation upon 

stimulation of cells by mitogens (Michieli et al., 1994; Macleod et al., 1995; Hiyama et 

al., 1998). Notably, p21 has been reported to be indispensable for the maintenance 

and development of murine myeloid cells as well as for their normal mitogenic activity 

in response to GM-CSF and Steel Factor (Mantel et al., 1996). Meanwhile, p21 is 

thought to be involved in assembly of cyclin and CDK complexes and to regulate the 

kinase activity of the complex based on its stoichiometric concentrations (Zhang et al., 

1994). p27 has been similarly shown to be necessary for CDK-cyclin catalytic activity in 

mouse embryonic fibroblasts (Cheng et al., 1999). 

Importantly, as shown in primary fibroblasts, active CDKs participate in a 

quaternary complex including cyclins, PCNA and p21 (or p27) (Zhang et al., 1993). This 

finding has been documented for cyclin A, cyclin B, cyclin D, CDK1, CDK2, CDK4 and 

CDK5. Notably, the quaternary complex is reduced to a binary p21-PCNA complex in 

transformed cells (Zhang et al., 1993) that brings limitations to the use of immortalized 

cell lines to study cell cycle regulation. Moreover, as pointed out, p21 can participate 

in both active and inactive CDK-cyclin complexes based on its stoichiometry (Zhang et 

al., 1994). Here, we review the recent developments in p21-mediated cell cycle 

regulation. 

1.8.3.1. Regulation of S progression by p21 

The most well known function of p21 is the induction of cell cycle arrest upon 

DNA damage via inhibiting CDK2-cyclin E complex during the late G1 phase. Indeed, 

Cdkn1a null mouse embryonic fibroblasts show defective G1 arrest after DNA damage 

(Brugarolas et al., 1995; Deng et al., 1995; Brugarolas et al., 1999). During the S phase, 
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p21 binds to and inhibits PCNA, hence, down-regulates cell cycle progression (Waga et 

al., 1994). Moreover, p21 can intervene in the interaction between PCNA and 

methyltransferase, and it has been suggested that p21 regulates the recruitment of 

methyltransferase to the newly synthesized DNA (Chuang et al., 1997). However, p21 

does not interfere with other function of PCNA during DNA repair (Li et al., 1996).  

Following DNA damage, the induction of p21 is mainly mediated by p53 

(Macleod et al., 1995). Accordingly, in keratinocytes and squamous carcinoma cells 

that express mutant, dysfunctional p53, p21-dependent G1 arrest is defective 

(Herzinger et al., 1995; Courtois et al., 1997). Meanwhile, p21 could also be induced in 

a p53 independent fashion following DNA damage. For instance, keratinocytes from 

Tp53 null mice are still able to transcribe Cdkn1a after UV irradiation (Liu et al., 1999; 

Wang et al., 1999). Furthermore, p21 can affect the duration of S phase by inhibiting 

the E2F-mediated cyclin A transcription (Delavaine and La Thangue, 1999). 

1.8.3.2. Regulation of G1 progression by p21 

The G1-S progression of the cell cycle is governed by serial activation of CDK2, 

CDK4 and CDK6 that are, in turn, inhibited by CKIs (see above). However, the members 

of CIP/KIP family cannot broadly interfere with all the cyclins and their dependent 

CDKs (Warfel and El-Deiry, 2013). Indeed, D type-cyclin associated CDK4/6 require p21 

and p27 for optimal activity (Cheng et al., 1999).  

In response to mitogens, cells quit quiescence and enter G1 phase; this event is 

accompanied by expression of cyclin D isoforms (D1, D2 and D3) that bind to CDK4 and 

CDK6 as the cells progress through the G1 phase (Sherr, 1993; Klein and Assoian, 

2008). Mitogens induce transcription of cyclin D via activation of Ras-Raf1-MEK-ERK 

pathway (Filmus et al., 1994; Albanese et al., 1995; Lavoie et al., 1996; Lavoie et al., 

1996; Winston et al., 1996; Aktas et al., 1997; Kerkhoff and Rapp, 1997; Weber et al., 

1997; Weber et al., 1997). Additionally, other inducers of cyclin D have been also 

identified such as Rac (Joyce et al., 1999), NF-kB (Klein et al., 2007), STATs (Matsumura 

et al., 1999; Leslie et al., 2006), FAK (Zhao et al., 2001) and nuclear EGFR (Tao et al., 

2005). However, the assembly of CDK4/6 and cyclin D is Ras dependent (Peeper and 

Bernards, 1997; Cheng et al., 1998). Meanwhile, the stability and sub-cellular 

localization of cyclin D depend on mitogen induced Ras activity as well. It has been 
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shown that phosphorylation of cyclin D1 by GSK3- on Thr268 initiates its cytoplasmic 

translocation and subsequent proteasome mediated degradation (Diehl et al., 1998). 

As cells exit G1 phase and enter S phase, cyclin D is not preserved in the nucleus due to 

the phosphorylation of Thr268 that promotes its translocation into the cytoplasm 

where it is degraded (Alt et al., 2000; Guo et al., 2005). On the other hand, GSK3- 

could be inhibited by Ras induced PI3K (Cross et al., 1995; Kaytor and Orr, 2002). 

Therefore, mitogen stimulation could promote both cyclin D1 stability and nuclear 

retention (Diehl et al., 1998). In other terms, the expression, stability, localization and 

assembly of cyclin D are governed by mitogens and the specific cell cycle phase (Sherr 

and Roberts, 1999). Interestingly, the formation and activity of CDK4/6-cyclin D 

complexes are not affected by the members of CIP/KIP family, but in contrast, p21 and 

p27 are required for the assembly of CDK-cyclin D, their kinase activity and nuclear 

retention (Sherr and Roberts, 1999). These active complexes will phosphorylate Rb and 

make it ready for further phosphorylation by CDK2-cyclin E complex during the final 

stage of G1 phase. The sequential activity of CDK4 and CDK2 leads cells to pass this 

“checkpoint” and progression of the cell cycle through S phase does not need further 

mitogenic stimulation (Sherr and Roberts, 1999). 

As we discussed above, phosphorylations of p21 might change the function of 

the protein. ERK2 can induce phosphorylation of p21 on Thr57 and Ser130 and 

promote its cytoplasmic localization. A cytoplasmic shift of p21 would impair its 

inhibition of CDK2-Cyclin E and promote the G1 progression (Hwang et al., 2009). 

Collectively, p21 can paradoxically promote progression of the G1 phase of the 

cell cycle. Increased expression of p21 inhibits the activity of CDK2-cyclin E (Xiong et 

al., 1993). For example, cell cycle arrest during cell differentiation is maintained by 

TGF- induced p21 (Missero et al., 1995; Zhu and Watt, 1996; Harvat et al., 1998; Todd 

and Reynolds, 1998; Martinez et al., 1999). On the other hand, at an equal molarity, 

p21 cannot inhibit cyclin D/CDK4 activity (LaBaer et al., 1997). Contrarily, p21 can 

promote the G1 phase progression by abetting the assembly of cyclin D/CDK4 (LaBaer 

et al., 1997; Cheng et al., 1999). The mouse embryonic fibroblasts from p21 or p27 null 

mice failed to assemble CDK4-cyclin D complex and showed a reduced expression of D-

type cyclins (Cheng et al., 1999). Furthermore, CDK4/6-cyclin D complexes can titrate 
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free p21 and reduce its inhibitory effects on CDK2-cyclin E (Sherr and Roberts, 1995; 

Cheng et al., 1999). Consistently, while p21 levels are quite low at quiescent cells (G0), 

its expression is induced along with D-type cyclin upon stimulation with mitogens 

(Klein and Assoian, 2008). 

1.8.3.3. Regulation of G2/M progression by p21 

Protein kinase C (PKC) family consists of 12 serine-threonine kinases with crucial 

roles in various cellular functions (Redig and Platanias, 2007). PKCs are subdivided into 

three groups: (i) the typical PKCs α, β1, β2, and γ that need Ca2+, diacylglycerol, and 

phosphatidylserine; (ii) PKCs δ, , η, θ, ν, and μ isoforms that do not require Ca2+; and 

(iii) PKCs ζ and ι/λ that do not need either of Ca2+ or diacylglycerol (Redig and 

Platanias, 2007). PKC isoforms have a tissue specific expression profile and function 

(Newton, 1997; Mellor and Parker, 1998). PKCs have been shown to exert an 

important role in regulation of p21. In glioma cells, PKCα promotes S and G2/M phase 

cell cycle progression in a p21-dependent manner, in which p21 actively makes ternary 

complexes with cyclin/CDKs and increases their kinase activity (Besson and Yong, 

2000). Even though it has been shown that PKC induces Cdkn1a transcription, it is still 

not clear if it could also subject p21 protein to post-translational modifications. On the 

other hand, phosphorylation of p21 on Thr57 has been shown to regulate G2/M 

transition. A transient short-lived phosphorylation of p21 on Thr-57 by CDK2 is 

required during the G2/M transition for the cyclin B1-CDK1 association and optimal 

kinase activity (Dash and El-Deiry, 2005). 

1.8.4. The status of p21 in human cancer 

Given the diverse functions of p21 in regulation of cell cycle and cell 

homeostasis, it has been frequently investigated as a molecular risk factor in various 

human malignancies (Abbas and Dutta, 2009). In addition to cancer, p21 has been 

shown to have an adverse impact on non-tumoral disorders such as diabetes (Griffin 

and Shankland, 2004). For instance, hyperglycemia-related mesangial cell hypertrophy 

in the kidneys were reversed by suppression of p21 (Fan and Weiss, 2004). Similarly, it 

has been shown that p21 is required for glomerural hypertrophy in experimental 

diabetic nephropathy (Al-Douahji et al., 1999). The hypertrophic effect of TGF- in 

kidneys was also shown to be mediated by p21 and p27 (Monkawa et al., 2002). In the 
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following sections, I will focus on the variable expression of p21 in human tumors, as it 

is the focus of my thesis work. 

 1.8.4.1. Low p21 expression in human cancers 

Due to the important negative regulatory role of p21 on cell cycle progression, its 

reduced or absent expression has been frequently reported as a possible pro-cancer 

event. Different surveys have shown that colorectal cancer (CRC) might have a worse 

outcome when p21 expression is reduced (Polyak et al., 1996; Zirbes et al., 2000; 

Mitomi et al., 2005). In a study on 93 samples of primary human colorectal biopsies, it 

was shown that p21 downregulation was associated with p53 accumulation, 

metastasis and poor prognosis (Bukholm and Nesland, 2000). It is believed that the 

accumulated p53 is not functional (Caffo et al., 1996). However, in some other reports 

with larger cohorts, downregulation of p21 was independent of p53 status, but yet 

correlated with poor prognosis (Ogino et al., 2006). The correlation of p21 and p53 has 

been studied in other solid tumors as well. In a cohort of breast carcinoma, patient 

with low expression of p21 and high levels of p53 showed the worst outcome (Caffo et 

al., 1996). Similarly, in gastric and ovarian carcinoma a disrupted p53-p21 pathway 

(p53 High, p21 low) was shown to be associated with an aggressive clinical 

presentation (Anttila et al., 1999; Ogawa et al., 2001). Additionally, the association of 

low p21 expression and unfortunate clinical oucome has been observed in lung 

squamous cell carcinoma (Komiya et al., 1997), cervical carcinoma (Lu et al., 1998), 

pancreatic carcinoma (Biankin et al., 2001) and head and neck cancers (Bahl et al., 

2000; Ralhan et al., 2000; Kapranos et al., 2001). Moreover, viral infections related to 

cancer could also affect p21 levels. For example, the E6 protein of human papiloma 

virus (HPV) can downregulate p21 (Xu et al., 1995), and increased expression of p21 

was shown to improve the prognosis of HPV-associated tonsilar carcinoma (Hafkamp 

et al., 2009). 

1.8.4.2. High p21 expression in human cancers 

Unlike other tumor suppressors, complete absence of p21 is rarely seen in 

human cancer (Abukhdeir and Park, 2008). Indeed, cytoplasmic accumulation of p21, 

p27 and p57 has been repeatedly reported in various tumors and has been correlated 
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to metastasis and poor clinical outcomes (Abukhdeir and Park, 2008; Guo et al., 2010; 

Guo et al., 2010). Therefore, the emerging data show that p21 is not a global tumor 

suppressor, but depending on the context, it could function as a potent oncogene 

(Goldenberg and Eferl, 2013). Moreover, a number of oncoproteins could bind to p21 

and impair its function as a cell cycle inhibitor. The human papillomavirus type 16 E7 

protein binds to p21 and prevents its inhibitory effect on CDK2-cyclin A/E activity (Funk 

et al., 1997; Jones et al., 1997). Another oncoprotein called SET can interact directly 

with p21 and reverse the inhibition of CDK2-cyclin E (Estanyol et al., 1999). 

The elevated level of p21 has been verified in various human cancers. For 

instance, high expression of p21 in different forms of brain tumor was proposed to be 

a grade-dependent early event (Jung et al., 1995). Furthermore, increased p21 was 

reported in 50% of patients with astrocytomas and had a positive correlation with the 

grading and shorter survival of patients (Korkolopoulou et al., 1998). Increased 

expression of p21 has also been reported in hematopoietic malignancies such as 

multiple myeloma and acute myeloid leukemia, and was shown to have a positive 

correlation with p53 expression, the severity of cancer and poor survival (Zhang et al., 

1995; Ohata et al., 2005). Similarly, high p21 expression has been reported for prostate 

cancer (Aaltomaa et al., 1999; Baretton et al., 1999), ovarian carcinoma (Ferrandina et 

al., 2000), cervical carcinoma (Cheung et al., 2001), esophageal carcinoma (Sarbia et 

al., 1998) and sarcomas of soft tissue (Pindzola et al., 1998). All of these reports 

indicate a positive correlation between p21 and clinical prognosis.  

Additionally, in many published cohorts, p21 shows a cytoplasmic cell 

localization. In breast cancer, retention of p21 in cytosol was associated with a bad 

prognosis and showed a positive correlation with ERBB2, p53 and phopho-Akt levels 

(Winters et al., 2001; Winters et al., 2003; Xia et al., 2004; Ping et al., 2006). In patients 

with chronic viral hepatitis C, elevated expression of p21 is associated with increased 

risk of HCC; furthermore, p21 showed a cytoplasmic localization in hepatocytes and 

directly correlated with poor differentiation of carcinomatous cells (Wagayama et al., 

2001; Wagayama et al., 2002; Shiraki and Wagayama, 2006). We will later discuss the 

association of increased p21 and major liver disorders. 
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1.9. Thesis outline 

The hepatocellular carcinoma (HCC) is a difficult-to-treat cancer for which we do 

not yet have improved available therapeutic modalities compared to other tumors 

(Chan and Yeo, 2014). Moreover, HCC is highly lethal and usually presents quite late 

during its clinical course. Therefore, an appropriate medical intervention could hardly 

be delivered in a timely manner (Weinmann et al., 2013). This desperate perspective is 

partly due to our poor understanding of the molecular and cellular basis of HCC.  

SOCS1, a CpG-rich-promoter gene, is a frequent target of DNA 

methyltransferases (Mohan and Chaillet, 2013). This leads to a high incidence of 

hypermethylation and subsequently reduced expression of SOCS1 in many cancers, 

including HCC (Yoshikawa et al., 2001). Indeed, loss of SOCS1 expression due to 

hypermethylation significantly correlates with HCC development (Miyoshi et al., 2004). 

Therefore, elucidating the role of SOCS1 as an anti tumor protein in the liver could lead 

to the development of novel therapies for HCC. 

Inflammatory cytokines, namely IL-6 and TNF-, play a central role in the 

pathogenesis of HCC (He and Karin, 2011). Moreover, it has been shown that SOCS1 is 

a negative regulator of TNF- and IL-6 signaling (Ryo et al., 2003). Therefore, our 

preliminary hypotheses addressed the anti-inflammatory role of SOCS1 in the liver. To 

this end, we utilized SOCS1-/-Ifng-/- and the SOCS1 hepatocyte-conditional deficient 

mice to perform in vivo and in vitro experiments. We showed that following partial 

hepatectomy, SOCS1 deficient mice showed faster liver regeneration compared to the 

littermate controls. However, this was not associated with increased IL-6 signaling. 

Moreover, we did not find any significant differences in TNF- induced signaling 

pathways in Socs1 null primary hepatocytes. 

We have also examined the tumor suppressor function of SOCS1 in the liver 

using the diethylnitrosoamine (DEN) model of liver cancer. Even though DEN 

treatment induced a more aggressive cancer phenotype in the liver of SOCS1 deficient 

mice, we did not detect an increased inflammatory response in these mice when 

compared to the controls. Therefore, we concluded that SOCS1 might have a non-

inflammatory anti-tumor function in the liver. In the third chapter, we will review the 
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experiments that demonstrated the anti-tumor function of SOCS1 in the liver without 

the presence of prominent inflammation. 

A previous report has documented that oncogenic STAT5-induced senescence 

was governed by SOCS1 (Calabrese et al., 2009). Specifically, SOCS1 could directly 

interact with p53 and lead to its phosphorylation on Ser15 and subsequent p53 

stabilization. Moreover, knockdown of SOCS1 rescued the cells from oncogenic STAT5 

mediated senescence. Therefore, we hypothesized that SOCS1 has a role in regulation 

of p53 and that, in the absence of SOCS1, p53-mediated cellular homeostasis might be 

deregulated. 

To test our ideas, we used primary hepatocytes from SOCS1 deficient and control 

mice, and a SOCS1 overexpression system in human HepG2 cells. To our surprise, 

SOCS1 expression did not affect stabilization or phosphorylation of p53 in either of 

these systems. We also observed that p53 stabilization was not affected in the liver of 

SOCS1 deficient mice following DEN treatment.  

Meanwhile, we have observed that among a list of p53 target genes that we 

examined, p21 transcription was significantly increased in SOCS1 deficient hepatocytes 

both in vitro and in vivo. Furthermore, we observed that in SOCS1 deficient 

hepatocytes, p21 protein displayed a longer half-life. These findings prompted us to 

examine whether SOCS1 regulated p21 stability via proteasomal degradation. 

Furthermore, we observed that p21 had a cytosolic localization in Socs1 null 

hepatocytes. In chapter four, we will present how SOCS1 is involved in the biology of 

p21 protein. 

Given the frequent reports indicating increased expression of p21 in HCC (Qin et 

al., 1998), we believe that SOCS1 deficiency is a molecular condition where p21 would 

attain oncogenic characteristics. In chapter five, we will argue that “oncogenic-p21” 

can promote cell cycle progression and prevent apoptosis in hepatocytes. 

In the last chapter, we will discuss our findings and will propose further work to 

better illuminate the role of SOCS1 in the regulation of p21. We will also discuss the 

possibility that SOCS3 has also a role in the regulation of p21 by SOCS1. 
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Materials & 
Methods 
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2.1. Mice 

All mice used in this study are in C57BL/6 background. Due to the protective 

effects of female sex hormones against DEN induced HCC (Naugler et al., 2007), we 

only used male mice for the induction of HCC by DEN. Socs1−/−Ifng−/− and Ifng−/− mice 

have been described previously (Gui et al., 2011). Socs1lox/lox mice, described previously 

(Torisu et al., 2008), were crossed with AlbCre mice (The Jackson Laboratory) to ablate 

the Socs1 gene specifically in hepatocytes. Mice were maintained in filter-topped 

cages in a specific pathogen-free facility and fed with standard chow and water. All 

experiments were carried out with the approval of the institutional ethics committee. 

To induce liver tumor nodules, two-week old mice were injected with 25 mg/kg body 

weight of diethylnitrosamine (DEN, Sigma) via intra-peritoneal (i.p.) route. The mice 

were sacrificed at 10 months of age and visible liver tumor nodules were counted, and 

sizes of all nodules over 5 mm were recorded. To study the short-term effects of DEN, 

6-8 week-old male mice were injected with 100 mg/kg body weight of DEN (i.p.). 

Treated mice were sacrificed at the indicated time points and the liver tissues were 

snap frozen. To induce acute hepatitis, concanavalin-A (Con-A, 15µg/g bodyweight) 

was injected via the tail vein.  

2.2. Partial hepatectomy  

Studying liver regeneration in rodents provides a powerful tool to elicit the 

participation of various factors in compensatory proliferation. Partial hepatectomy 

(PH) was carried out in 6-8 week-old male mice according to standard protocols. 

Briefly, mice were weighed and then anesthetized by inhaling 2% isoflurane (Abbot 

Laboratories, Montreal, Canada) in O2. A ligature was applied to the base of median 

and left liver lobes using 4-0 silk sutures and the lobes were excised. The total liver 

mass was considered as 4.2-4.8% of total body weight (Jones et al., 1992). The 

removed lobes were weighed to ensure the removal of 65-70% of total liver mass. At 

the given time points, the mice were sacrificed and the liver tissues and serum samples 

were collected. To evaluate DNA replication in the regenerating liver, hepatectomized 

mice were injected with BrdU (40 mg/g body weight, i.p.) 4 hours prior to euthanasia. 

Three non-serial sections of paraffin-embedded liver per animal were stained with 

anti-BrdU-FITC and counterstained with Hoescht nuclear stain. FITC -positive cells and 
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Hoescht positive cells were counted in ten random fields per slide to calculate the 

proportion of cells that have incorporated BrdU into replicating DNA. A short video 

representing the procedure is available on the following URL address: 

http://youtu.be/zdb6T8oOlsA 

2.3. ALT / AST measurement and ELISA 

At the indicated time points after DEN treatment, serum samples were collected 

and snap frozen until used. Serum levels of ALT and AST were measured using a kinetic 

assay (Pointe Scientific, Brussels, Belgium) according to the manufacturer’s 

instructions. Serum IL-6 was measured by sandwich ELISA using antibody pairs (BD 

Pharmingen Biosciences) according to the manufacturer’s instructions. 

2.4. Isolation of primary hepatocytes  

To isolate primary hepatocytes, 6-8 week-old mice were anesthetized with intra-

peritoneal injection of a mixture of Ketaset® (100 mg/kg, Wyeth, Guelph, Canada) and 

Xylazine (10 mg/kg, provided by the central animal facility). The thoracic segment of 

the inferior vena cava was clamped and the abdominal segment was cut. The liver was 

first perfused with 50 ml Ca2+/Mg2+-free Hank’s buffered salt solution (HBSS) 

containing 0.5 mM EGTA, kept warm in a 37˚C water bath, at the rate of 7 ml/min 

through the hepatic vein. The liver was then digested by perfusion of 50 ml of 

collagenase type IV (100U/ml, Worthington, Lakewood, NJ, USA) in HBSS 

supplemented with CaCl2 (1.8 mM). After mincing the liver, hepatocytes were isolated 

twice by centrifugation at 50xg at 4˚C to eliminate the non-parenchymal cells. 

Hepatocytes were next examined for viability by trypan blue exclusion and plated on 

collagen I (Sigma)-coated culture dishes in Ham’s F-12/DMEM with 10% FCS. Figure 2.1 

summarizes the procedure for isolating primary hepatocytes. 

http://youtu.be/zdb6T8oOlsA
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Figure 2.1. Isolation of primary hepatocytes. 
After induction of anesthesia, peritoneal cavity is dissected. The washing buffer is 
infused through the portal vein using a butterfly needle. The liver turns white after this 
step. Next, the digestion buffer is administered via the same route. The thoracic 
inferior vena cava is clamped to make a one-way circuit with abdominal vena cava 
serving as the outlet. In the left panel, the quadrate lobe is hidden under the intestinal 
loops and the stomach. 

2.5. Cell lines and plasmids  

All cells were maintained in Dulbecco's modified Eagle's medium (DMEM) 

supplemented with 10% fetal calf serum (FCS). Cos-7 and HepG2 cells were purchased 

from American Type Culture Collection (ATCC). Qiagen Polyfect® reagent was used for 

transient transfection. N-terminal haemagglutinin (HA) epitope tagged mouse SOCS1 

constructs in pMT3 vector and SOCS1 deficient mouse embryonic fibroblasts (MEF) 

constitutively expressing SOCS1 were previously described (Ilangumaran et al., 2002). 

N-terminal HA-tagged mouse p21 DNA was cloned between the BamHI and EcoRI sites 

of pCDNA3.0 vector. N-terminal Flag-tagged human p21 in pMT5 vector was obtained 

from Addgene (plasmid# 16240) (Zhou et al., 2001). N-terminal Myc epitope tagged 

mouse SOCS1 construct was described previously (Gui et al., 2011). pWPT lentiviral 

vector (kind gift of Dr. Trono, University of Geneva) expressing HA-SOCS1 and human 

CD8 as the selection marker were co-transfected with psPAX2 (encoding HIV-1 Gag, 
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Pol, Tat and Rev proteins) and pMD2G (encoding the VSV G envelope protein) – at the 

ratio of 10:8:3– in 293T cells cultured in 10% FCS supplemented DMEM. After 48 

hours, the supernatant was collected, filtered with 0.45 µm disk filters (Corning # 

431220), aliquoted and stored at -80 until used. HepG2 cells were transduced with the 

SOCS1 expressing lenviral construct and at 48 hours, cells were sorted using anti-CD8 

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

establish stable lines. Anti p21 shRNA constructs were purchased from Addgene 

(Plasmids #25869 and #26272). A non-mammalian shRNA plasmid (Sigma#SHC002) 

was used as control. 

2.6. Cell treatments 

Cisplatin (Sigma) was dissolved in sterile PBS and stored at -20˚C until used. To 

induce a genotoxic assault, primary hepatocytes and HepG2 cells were treated with 

cisplatin (10 µM) for 3 hours, washed with PBS three times and replenished with fresh 

medium (DMEM, 10% FCS). For growth factor stimulation, primary hepatocytes were 

serum starved overnight by culture in DMEM-0.25% FCS and then exposed to 10 ng/ml 

TGF-, EGF, IFN-, TNF- and IL-6 (all from Peprotech). Irradiations were carried out 

using a 60Co source in small volume irradiator (Gamma cell 220, Nordion, Canada). 

Cyclohexamide (Sigma) was dissolved in DMSO at 100µM concentration and stored at -

20˚C until used. 

2.7. Lysate preparation, immunoprecipitation and western blot 

In vitro cultured cells were lysed in RIPA buffer (NaCl 150 mM, Tris 50 mM, 

sodium deoxycholate 0.5%, Triton X-100 1%, SDS 0.1%, EDTA 1mM) supplemented 

with a cocktail of protease and phosphatase inhibitors (Roche). To obtain cytoplasmic 

and nuclear fractions, cells were lysed in a hypotonic buffer (10 mM KCl, 1.5 mM 

MgCl2, 10 mM HEPES) containing a cocktail of protease and phosphatase inhibitors 

(Roche). After incubation on ice for 10 minutes, 0.5% NP-40 was added and the lysates 

were centrifuged at 4˚C, 4000xg for 10 minutes. The supernatant was collected as the 

cytoplasmic fraction and the pellet was boiled in Laemmli sample buffer. Liver samples 

from partially hepatectomized or DEN-treated mice were homogenized in RIPA buffer 

containing protease and phosphatase inhibitors using mixer mill MM 400 (Retsch, 
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Hann, Germany). Protein concentration was quantified using the RC-DC Protein Assay 

Kit (Bio-rad). 10-50 µg proteins boiled in Laemmli protein loading buffer were resolved 

by 10% SDS-polyacrylamide gels and transferred to PVDF membranes (Millipore). For 

immunoprecipitation, cell/tissue lysates containing 500 µg protein were pre-cleared 

using 20 µl Pansorbin® cells (Millipore), then incubated with 1 µg anti-p21 antibody 

(M-19, Santa Cruz). After 4 hours at 4˚C, 25 µl of washed protein-G beads were added 

to the lysate and left overnight at 4˚C. After thorough washing, pellets were suspended 

in 2X Laemmli buffer and boiled for 5 minutes. Primary antibodies to Akt (#4685), p-

Akt (S473, # 4058), p-p53 (S18, #9284), p53 (#2524), p-Stat5 (Y694, # 9351), p-Stat3 

(Y705, #9131), p-Stat1 (Y701, #9171), NF-kB (#4764), p-EGFR(Y1068, # 2234) were 

purchased from Cell Signaling Technology. Primary antibodies to EGFR (sc-71033), p21 

(SX118, sc-53870 ), ERK1 (sc-93), ERK2 (sc-153), Stat1 (sc-592), Stat3 (sc-483), Stat5 (sc-

835), CDK2 (sc-163), CDK4 (sc-601), LaminA/C (sc-20681), PCNA (sc-56) were 

purchased from Santa Cruz Biotechnology. Tubulin, Secondary antibodies and 

enhanced chemiluminescence reagents were from GE Healthcare Life Sciences. 

Western blot images captured by the VersaDOC 5000 imaging system (Bio-Rad) were 

densitometrically quantified using QuantityOne® analysis Software (Bio-Rad). 

2.8. GST-Pull down 

Full length and mutant SOCS1 constructs were subcloned into pGEX4T3 (GE 

Healthcare Life Sciences) between EcoRI and XhoI sites. GST fusion constructs were 

transformed into BL21 strain of E.coli (Stratagene). A single colony was inoculated into 

100 ml LB supplemented with ampicillin and grew at 37°C overnight. 40 ml of the 

overnight culture was added into 800ml fresh LB with supplemented ampicillin and 

grew at 37°C until the absorbance at 600 nm reached 0.6, when 0.1 mM isopropyl-b-D-

thiogalactopyranoside (IPTG) was added to induce protein expression (Frangioni and 

Neel, 1993). To purify proteins, bacteria were resuspended in cold PBS supplemented 

with 5 mM EDTA, 1% TritonX-100, 1 mM PMSF and 1 mg/ml lysozyme and were 

incubated on ice for 30 minutes. The bacteria were sonicated at 600 psi twice and the 

debris were precipitated by centrifugation at 18000 rpm for 30 minutes at 4°C.  GST-

fusion proteins were purified from the cleared lysates by incubating with 1.5 sml pre-

equilibrated glutathione agarose beads (GE Healthcare Life Sciences) at 4°C with gentle 
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agitation overnight. The beads were subsequently washed three times with 10 ml cold 

lysis buffer without lysozyme. Purified GST fusion protein or GST protein were used for 

pull-down reactions. GST proteins were immobilized on glutathione agarose beads, 

pre-blocked overnight with 5% BSA/PBS and then equilibrated in binding buffer. COS-7 

cells were transfected with p21 expressing vectors and after 48 hours were lysed in 

RIPA buffer. Approximately 50 µg of GST fusion proteins bound to glutathione-

Sepharose beads (GE Healthcare Life Sciences) were incubated with 200 µg protein 

lysates from Cos-7 cells expressing exogenous p21 at 4°C overnight with gentle 

agitation. The beads were washed three times in RIPA buffer, resuspended and boiled 

in 2X Laemmli buffer and analyzed by western blot. 

2.9. Radiolabeled thymidine incorporation assay 

Primary hepatocytes were seeded in collagen-coated 96-well plates at the 

concentration of 2500 cells per well in 200 µl medium. Cells were stimulated with the 

indicated growth factor for 48 hours. A total of 1 μCi of methyl-[3H]thymidine (NEN 

Life Sciences) was added per well during the last 12 h of culture. The cells were 

harvested onto glass fiber filter mats, and the incorporated radioactivity was measured 

in a Top Count microplate scintillation counter (PerkinElmer). 

2.10. Immunofluorescence microscopy 

Primary hepatocytes were seeded on collagen-coated cover slips (Sigma) and 

treated with TGF- (10 ng/ml) for 12 hours after overnight starvation in 0.25% serum 

containing medium. Cells were washed three times in PBS and were fixed in 4% 

paraformaldehyde (in PBS, pH 7.4) for 10 min, permeabilized in 0.1% Triton X-100 in 

PBS for 10 min and blocked with 2% BSA in PBS for 20 minutes. All the steps were 

intervened with three washes in PBS at room temperature. Cells were incubated with 

primary anti-p21 antibody (SX118, Santa Cruz Biotechnology) overnight at 4˚ C, 

washed in PBS and then incubated with a anti-mouse IgG coupled to Alexa-488 Fluor 

and the nuclear stain DAPI. Indirect immunofluorescence was examined without 

counterstain using an Axioskop 2 phase-contrast/epifluorescence microscope (Carl 

Zeiss, Inc., Thornwood, NY, USA) equipped with band pass filters for fluorescence of 

DAPI (excitation D360/40; emission D460/50) and FITC (excitation D480/30; emission. 
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D535/40) (Chroma Technology Corp.). Photomicrographs of 1392 x 1040 pixels were 

captured using 40x oil immersion objective and Retiga SRV cooled color digital camera 

(Qimaging, Burnaby, BC, Canada). 

2.11. Immunohistochemistry 

Liver samples were harvested and fixed in 10% neutral-buffered formalin, 

processed, and embedded in paraffin. After deparaffinization and rehydration, 5-µM 

sections were prepared and antigenic epitopes were retrieved in Tris-EDTA buffer (pH 

9.0) in a steamer. Sections were blocked in PBS-FCS 2% for one hour at room 

temperature and then incubated with primary anti-p21 antibody (Santa Cruz, sc- 397) 

overnight at 4°C. The slides were then washed in PBS three times for 5 minutes each 

and incubated with a horseradish peroxidase (HRP)-conjugated anti-rabbit IgG at room 

temperature for one hour. The p21 positive cells were revealed using 3,3'- 

Diaminobenzidine (DAB) according to the instructions of the manufacturer (Sigma). 

2.12. Evaluation of liver fibrosis 

Liver fibrosis was evaluated by Sirius red staining as previously described (Kamio 

et al., 2004). Formalin-fixed, paraffin embedded (FFPE) liver sections were 

deparaffinized and rehydrated, then incubated for one hour in saturated picric acid 

(Sigma) and 0.1% Direct Red 80 (Sigma). Stained slides were washed, dehydrated and 

mounted. Collagen fibers were examined by light microscopy and quantified by 

ImagePro software (Media Cybernetics, Silver Springs, MD, USA). Adjacent sections 

were stained with hematoxylin and eosin. Liver sections were rehydrated in serial 

dilutions of ethanol, washed and stained by hematoxylin for 5 min, then washed and 

fixed in Acid-Alcohol solution (1% HCl, 70% ethanol) followed by rinsing in Ammonia 

Water (NH4OH 0.1% v.v). The slides were rinsed in water, and stained by Eosin Y for 1 

minute and then washed again in water before being dehydrated in serial dilutions of 

ethanol and cover-slipped using Permount (eBioscience). 

2.13. TUNEL staining of apoptotic cells 

To detect apoptotic cells, FFPE liver sections were stained using ApopTag® 

Peroxidase In Situ Apoptosis Detection Kit from Millipore (S7100) according to the 

instructions of the manufacturer. 
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2.14. Quantitative PCR 

Liver samples were fixed in RNAlater® (Qiagen, Mississauga, ON, Canada) and 

kept at -20˚C until use. RNA from cells or liver was isolated using RNeasy® (Qiagen, 

Mississauga, ON, Canada). RNA purity was evaluated by measuring the 260/280 nm 

and 260/230 nm absorption ratios, and RNA quality was confirmed by running 1 µg 

RNA on the denaturing formaldehyde agarose gel. For cDNA synthesis, the first strand 

was made from 1 µg total RNA using Quantitect® (Qiagen, Mississauga). The selected 

primers were examined for the efficiency and melting curve. Primers’ sequences are 

shown in table 2.1. Gene expression was evaluated using MyQi5® cycler (Biorad) using 

SYBR Green Supermix (Biorad). 

 

Gene Sense Anti-sense Amplicon (bp) 

Murine Oligonucleotide Sequences 

TBP ACCCCACAACTCTTCCATTC CAAGTTTACAGCCAAGATTCACG 186 

Socs1 TGGTTGTAGCAGCTTGTGTCTGG CCTGGTTTGTGCAAAGATACTGGG 92 

Socs3 GAGATTTCGCTTCGGGACTAG TTTGGAGCTGAAGGTCTTGAG 193 

Cdkn1a TTCTATCACTCCAAGCGCAG CAGGCAGCGTATATACAGGAG 188 

Mdm2 TGGCGTAAGTGAGCATTCTG CTGTATCGCTTTCTCCTGTCTG 188 

Sesn1 GGACGAGGAACTTGGAATCAG CAAAGGAGTCTGCAAATAACGC  131 

Sesn2 CAGCCTCACCTATAACACCATC CTCGCCGTAATCATAGTCATCG  124 

Gadd45a AGTCAGCGCACCATTACG TGAGGGTGAAATGGATCTGC 150 

Gpx1 GACTACACCGAGATGAACGATC  TCTCACCATTCACTTCGCAC  199 

Human Oligonucleotide Sequences 

CDKN1A TGTCACTGTCTTGTACCCTTG GGCGTTTGGAGTGGTAGAA 129 

GAPDH GATGACATCAAGAAGGTGGTGAA GTCTTACTCCTTGGAGGCCATGT 243 

Table 2.1. List of primers. 

2.15. Statistical Analysis 

The values are presented as mean and standard error (SEM). The p value was 

calculated by student t-test and ANOVA. 
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CHAPTER III 

Anti-tumor role of SOCS1 in the liver is not 
related to its anti-inflammatory functions.* 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
* Some of the data presented in this chapter have been previously published in: 
Gui Y#, Yeganeh M#, et al., SOCS1 controls liver regeneration by regulating HGF 
signaling in hepatocytes. J Hepatol. 2011 Dec; 55(6): 1300-8. (# Equal contribution). 
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3.1. Introduction 

Members of the SOCS family are classically known as negative regulators of 

various signaling pathways including pro-inflammatory cytokines (Ilangumaran and 

Rottapel, 2003; Inagaki-Ohara et al., 2013). In fact, SOCS1 is a main regulator of IFN-

and, as mentioned before, Socs1 null mice cannot survive the exaggerated IFN- -

mediated inflammation for more than three weeks (Starr et al., 1998). Moreover, 

SOCS1 was initially suggested to be a negative regulator of IL-6 signaling pathway in 

the monocytic leukemic M1 cell line by blocking STAT activation and the gp130 subunit 

of the IL-6 receptor (Starr et al., 1997; Nicholson and Hilton, 1998).  

The importance of IL-6 in HCC has been extensively studied. For instance, male 

mice lacking IL-6 are protected against DEN induced liver cancer (Naugler et al., 2007). 

Similarly, it has been shown that miR-26a might suppress liver tumor growth and 

metastases by targeting IL-6-induced Stat3 pathway (Yang et al., 2013). Furthermore, 

high levels of serum IL-6 has been shown to be an independent risk factor for HCC in 

human (Ohishi et al., 2014).  

On the other hand, SOCS1 has been shown to target the RelA/p65 subunit of NF-

kB for ubiquitylation and proteasomal degradation (Ryo et al., 2003; Strebovsky et al., 

2011). Moreover, SOCS1 induces ubiquitin dependent degradation of Mal adaptor 

protein downstream of TLR4 (Mansell et al., 2006). Both TNF- and LPS have been 

shown to induce secretion of IL-6 from non-parenchymal cells in the liver (Sudo et al., 

2008; Iimuro and Fujimoto, 2010). Accordingly, mice lacking MyD88 adaptor protein or 

TNFR1 were shown to have impaired DNA synthesis and liver regeneration following 

partial hepatectomy (Kirillova et al., 1999; Seki et al., 2005; Zeng et al., 2012). 

Given the role of inflammation in HCC development, and the role of SOCS1 in 

inhibiting signaling pathways of IL-6 and TNF-, we first investigated whether the anti-

tumor function of SOCS1 was to limit the role of these cytokines and to attenuate 

inflammatory responses in the liver. To this end, we subjected Socs1 null and control 

mice to partial hepatectomy and DEN-induced model of HCC, and examined alterations 

of IL-6 levels and its downstream signaling. Additionally, we isolated primary 

hepatocytes from these mice and investigated IL-6 and TNF- signaling in vitro. 



 67 

3.2. Results 

3.2.1.SOCS1 deficient mice show accelerated liver regeneration and DNA synthesis 

after partial hepatectomy. 

We selected age-matched 6-8 week old male mice and performed partial 

hepatectomy (PH) as described in chapter two. First, we determined whether PH 

induced Socs1 gene expression in the liver. Wild type C57BL/6J mice showed increased 

hepatic mRNA levels of Socs1 between 2 to 6 hours post-PH before it returned back to 

baseline expression (Fig. 3.2.1.A). 

 

 
 
Figure 3.2.1.A: Expression of SOCS1 transcripts during liver regeneration in mouse. 
Aged-matched male mice were subjected to partial hepatectomy (PH) and were 
sacrificed at the given time points, and total mRNA was isolated from the liver. Using 
quantitative PCR, the expression of Socs1 transcripts was measured and normalized to 
TATA-box binding protein (TBP) as the housekeeping gene. Data represent two 
independent experiments, done in triplicates. J Hepatol. 2011 Dec; 55(6): 1300-8. 
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Next, we examined whether absence of SOCS1 could accelerate liver 

regeneration (LR). Following PH, we evaluated the rate of LR by calculating the liver to 

whole body weight ratios. For this purpose, we first measured the liver/body weight 

ratios in the aged-matched wild type, Ifng-/- and Socs1-/-Ifng-/- male mice. In agreement 

with previous reports (Yokoyama et al., 1953), we found that in 6-8 week old male 

mice, regardless of the genotype, the liver represented almost 4.2-4.8 % of the whole 

body weight. 

We followed the liver/body ratio up to 8 days post-PH and we observed that in 

Socs1-/-Ifng-/- mice liver could regain its initial mass after four days, almost two times 

faster than control mice (Fig 3.2.1.B). Interestingly, we also observed that Ifng-/- mice 

showed an early and transient accelerated LR at day 2 post-PH compared to the wild 

type controls. However, a complete LR took seven to eight days for Ifng-/- mice, 

comparable to wild type animals (Fig 3.2.1.B). 

 

 

Figure 3.2.1.B: SOCS1 deficient mice show accelerated liver regeneration. 
Three to four aged-matched male mice per time point were subjected to partial 
hepatectomy and the rate of liver regeneration was evaluated up to 8 days. (* p value 
< 0.05; *** p value < 0.001). J Hepatol. 2011 Dec; 55(6): 1300-8. 
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Restoration of liver mass after PH is an outcome of compensatory proliferation as well 

as hypertrophy of the remnant hepatocytes and both mechanisms contribute equally 

to LR (Miyaoka et al., 2012). To verify whether the accelerated LR observed in Socs1 

null mice occurred from increased cell proliferation rather than from cellular 

hypertrophy, we examined DNA replication by BrdU incorporation in hepatocytes at 40 

hours post-PH. Our findings confirmed that loss of SOCS1 enhanced hepatocyte 

proliferation (Fig 3.2.1.C). In agreement with the previous data, Ifng-/- mice showed 

increased DNA synthesis compared to the wild type controls (Fig 3.2.1.C). 

 

 
 

Figure 3.2.1.C: SOCS1 deficient livers show increased DNA synthesis following partial 
hepatectomy. 
Three aged-matched male mice were subjected to partial hepatectomy. Mice were 
injected with BrdU at 36 hours and sacrificed at 40 hours post-PH. The liver samples 
were fixed and stained with a FITC-conjugated anti-BrdU antibody. The right panel 
represents mean and standard error of BrdU positive hepatocytes from five random 
fields per slide. J Hepatol. 2011 Dec; 55(6): 1300-8. 
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3.2.2. Loss of SOCS1 in mouse is not associated with increased IL-6 availability or IL-6 

signaling in hepatocytes. 

To examine if an enhanced IL-6 secretion might underlie the increased DNA 

synthesis in the livers of SOCS1 deficient mice, we measured serum levels of IL-6 after 

PH. In the wild type mice, six hours after PH, serum IL-6 surged to its peak. However, 

the levels of IL-6 were consistently decreased in Ifng-/- littermates. Interestingly, Socs1-

/-Ifng-/- did not show a rise in serum IL-6 compared to wild type controls (Fig 3.2.2.A). 

Ifng-/- mice also showed a similarly reduced IL-6 production (Fig 3.2.2.A), indicating 

that IFN- is responsible for elevated IL-6 production following PH. 

 

 
 
 
Figure 3.2.2.A: Serum IL-6 levels after partial hepatectomy 
Three aged-matched male mice were subjected to partial hepatectomy and sacrificed 
at given time points. (*** p value < 0.001) J Hepatol. 2011 Dec; 55(6): 1300-8. 

 

To evaluate if IL-6 signaling is increased in the liver of SOCS1 deficient mice in the 

liver after PH, we examined STAT3 phosphorylation at the time points corresponding 

to the peak of SOCS1 and IL-6 induction. Interestingly, we observed that although 

phosphorylation of STAT3 was initially increased in the SOCS1 deficient livers, it was 

less prolonged compared to the Ifng-/- littermates (Fig 3.2.2.B). 
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Figure 3.2.2.B: Phosphorylation of STAT3 in the liver following partial hepatectomy. 

Aged-matched mice were subjected to partial hepatectomy. At the given time points, 
mice were sacrificed and phosphorylation of STAT3 was evaluated by western blot in 
liver lysates. All the blots were developed on the same membrane. The ratios of the 
intensity of pSTAT3 on STAT3 bands are indicated per each time point. Data represent 
two independent experiments. 

 

SOCS3 shares high degree of homology with SOCS1 and suppresses the IL-6-

induced STAT3 activation (Croker et al., 2003; Trengove and Ward, 2013). Therefore, 

we examined whether differential expression of SOCS3 could explain decreased STAT3 

phosphorylation in SOCS1 livers post-PH. To this end, we compared the mRNA levels of 

Socs3 in the liver of Socs1 null and control mice. We found that SOCS3 mRNA levels 

were much higher in the liver of Socs1 null mice (Fig 3.2.2C). 

 
Figure 3.2.2.C: SOCS3 expression is increased in the liver of SOCS1 deficient mice. 
Three aged-matched mice were subjected to partial hepatectomy (PH) per 
genotype/time point. Total mRNA was isolated from the liver and Socs3 transcripts 
were measured and normalized to TATA-box binding protein (TBP) as the 
housekeeping gene. (**p value < 0.01) 



 72 

Additionally, we examined the IL-6 signaling in cultured primary hepatocytes 

from Socs1-/-Ifng-/- and Ifng-/- mice. We starved cells in serum-free medium before 

treatment with mouse recombinant cytokines. Expectedly, stimulation with IFN-

induced prolonged STAT1 phosphorylation (Y701) in Socs1 deficient primary 

hepatocytes as opposed to Ifng-/- cells. However, SOCS1 deficient primary hepatocytes 

did not show appreciable difference in IL-6-induced phosphorylation of signaling 

molecules such as STAT3, AKT and ERK compared to control cells (Fig 3.2.2.D). 

 

 

 
 
Figure 3.2.2.D: SOCS1 does not regulate IL-6 signaling in mouse primary hepatocytes. 
Cultured primary hepatocytes were starved in serum-free medium and treated with 

murine recombinant IFN- (10 ng/ml, upper panel) and IL-6 (10 ng/ml, lower panel). 
Phosphorylation of signaling molecules was examined by western blot. Number below 
the blot indicate the relative densities of phosphorylated bands normalized to loading 
control. J Hepatol. 2011 Dec; 55(6): 1300-8. 
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3.2.3. SOCS1 deficiency enhances DEN-induced liver cancer. 

It has been previously shown that IFN- receptor knockout mice were relatively 

resistant to DEN induced liver cancer (Matsuda et al., 2005). SOCS1 haplo-insufficient 

mice (Socs1-/+) have also been reported to develop more liver tumors in response to 

DEN (Yoshida et al., 2004). Nonetheless, we investigated DEN-induced HCC in SOCS1 

deficient mice, also lacking IFN- while Ifng deficient and C57BL/6 mice served as 

controls. In agreement with previous reports, we observed that Ifng-/- developed fewer 

liver tumors compared to the wild type littermates, although the average tumor size 

(the biggest diameter) was comparable in both groups of mice. Socs1-/-Ifng-/- mice 

developed not only more numerous liver tumors than control groups, but also 

developed larger nodules (Figure 3.2.3.A). 

 

Figure 3.2.3.A: Loss of SOCS1 increases susceptibility to DEN-induced liver tumors.  
Two week-old male mice were treated with 25 mg/Kg DEN (i.p.) and were followed up 
to 10 months of age when the mice were sacrificed. (*p value < 0.05, **p value < 0.01, 
***p value < 0.001) 
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Socs1+/- mice were reported to be prone to liver fibrosis (Yoshida et al., 2004). 

The role of IFN- in liver fibrosis could be contradictory in different experimental 

settings (Gao and Radaeva, 2013; Luo et al., 2013). Loss of IFN- protects against 

steatohepatitis-associated fibrosis in mice fed with high fat diet (Luo et al., 2013); 

however, IFN- is required for an optimal anti-fibrosis function of NK cells (Jeong et al., 

2008). We examined the extent of collagen deposition in the liver of SOCS1 deficient 

and control mice after development of DEN-induced hepatic tumors. We found that 

loss of SOCS1 increased liver tumor- associated fibrosis compared to wild type and IFN-

 deficient littermates. Moreover, the extent of fibrotic changes in the liver of IFN- 

knockout mice was identical to the wild type controls (Figure 3.2.3.B). 

  

 

 

 

 
 
Figure 3.2.3.B: Loss of SOCS1 increases fibrotic changes of the liver. 
Two week-old male mice were treated with 25 mg/Kg DEN (i.p.) and were followed up 
to 10 months of age when the mice were sacrificed. FFPE sections were stained with 
Sirius red (left panel) and liver fibrosis was quantified as described (right panel). 
(***p value < 0.001) 
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3.2.4. Loss of SOCS1 does not increase serum IL-6 in response to DEN. 

IL-6 is a central cytokine in the pathogenesis of liver cancer (Naugler et al., 2007). 

However, in spite of accelerated LR, we did not observe any variable IL-6 production or 

signaling in SOCS1 deficient liver following partial hepatectomy. To verify if IL-6 might 

have a role in DEN-induced liver carcinogenesis in Socs1-/-Ifng-/- mice, we measured the 

IL-6 levels in the serum of adult mice at 24 and 48 hours after intra-peritoneal 

administration of DEN (100 mg/Kg). We found that IL-6 levels in the serum of IFN- 

deficient mice were reduced compared to the wild type mice. Moreover, absence of 

SOCS1 did not alter the serum levels of IL-6 (Figure 3.2.4.A), suggesting that IFNg may 

be required for IL-6 induction in this experimental setting. 

 

 

 

Figure. 3.2.4.A: Serum IL-6 level is not elevated Socs1-/-Ifng-/- and Ifng-/- mice after 
DEN treatment . 
6-8 week-old male mice were treated with 100 mg/Kg DEN (i.p.) and were euthanized 
at 24 and 48 hours after injection and blood samples were collected. IL-6 
concentrations were measured in serum by ELISA. Data represent the mean and 
standard error of the values from six mice per genotype. (*p value < 0.05) 
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Even though we did not detect elevated IL-6 levels in the serum of Socs1 null 

mice, we could not exclude the possibility that IL-6 (or other inflammatory cytokines) 

may be involved in their increased susceptibility to liver cancer. Therefore, we 

examined STAT1 and STAT3 phosphorylation, which is induced in hepatocytes 

downstream on IL-6 signaling, in the liver of Socs1-/-Ifng-/- mice and control littermates 

after DEN treatment. Our results indicated that neither STAT1 nor STAT3 

phosphorylation was affected by the loss of SOCS1 (Fig 3.2.4.B). 

 

 

 
 
 
Figure 3.2.4.B: Loss of SOCS1 does not affect DEN induced STAT1 and STAT3 
phosphorylation. 
6-8 week-old male mice were treated with 100 mg/Kg DEN (i.p.) and were euthanized 
at the indicated time point. The liver samples were collected and phosphorylation of 
STAT1 and STAT3 was determined in liver protein extracts by western blot. Data 
represent two independent experiments. Numbers below the blot indicate the relative 
densities of phosphorylated bands normalized to loading control. 
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IL-6 is a key mediator of compensatory hepatocyte proliferation after liver 

damage (Sakurai et al., 2008). Furthermore, as mentioned earlier, IL-6 knockout mice 

are protected against DEN-induced liver cancer (Naugler et al., 2007). We found that in 

IFN- deficient mice, the development of liver tumors in response to DEN was less 

extensive and that serum IL-6 concentrations were lower compared to the wild type 

controls. This finding is compatible with the IL-6-dependent compensatory 

proliferation theory. However, in SOCS1 deficient mice, even though IL-6 levels were 

not elevated in serum, the average number and size of liver nodules were aggressively 

increased. This data does not support a role for IL-6 in the increased incidence of liver 

cancer in SOCS1 deficient mice. Therefore, we tested whether the compensatory 

proliferation post DEN in Socs1-/-Ifng-/- was distinct from that occurring in control mice. 

For this purpose, we treated male mice with DEN and at 48 hours we examined the 

extent of hepatocyte proliferation by staining liver sections for PCNA. Our results 

indicated that, in spite of modest levels of serum IL-6, SOCS1 deficient mice showed 

increased proliferation after DEN treatment, , as opposed to controls (Fig 3.2.4.C). 

 

 

Figure 3.2.4.C: SOCS1 deficient mice show increased compensatory proliferation in 
the liver after DEN treatment. 
6-8 week-old male mice were treated with 100 mg/Kg DEN (i.p.) and were euthanized 
at 48 hours. The liver samples were collected, fixed and paraffin embedded. PCNA 
positive hepatocytes were detected by immunohistochemistry and quantified. The 
right panel represents the average positive hepatocytes number counted in five fields 
per slide. (*p value < 0.05, **p value < 0.01)  
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3.2.5. Loss of SOCS1 does not affect RelA/p65 phosphorylation and TNF- signaling 

pathway in primary hepatocytes. 

TNF- is another important inflammatory mediator that is implicated in HCC 

(Wei et al., 2011). The canonical NF-

downstream of TNFR1 (Oeckinghaus et al., 2011). SOCS1 has been proposed to 

destabilize RelA/p65 subunit of NF- (Ryo et al., 2003). Therefore, we postulated that 

in the absence of SOCS1, TNF- signaling pathway might be increased. However, we 

did not observe any significant difference in phosphorylation of various signaling 

molecules downstream of TNF- signaling in the SOCS1 deficient primary hepatocytes; 

nor did we find an altered phosphorylation or stabilization of RelA/p65 (Fig 3.2.5). 

 

 

 

Figure 3.2.5: SOCS1 does not regulate TNF- signaling pathway in mouse primary 
hepatocytes. 
Cultured primary hepatocytes were starved in serum free medium and treated with 

murine recombinant TNF- (10 ng/ml). Phosphorylation of signaling molecules at the 
given time points was examined by western blot. Data represent two independent 
experiments. 
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3.3. Conclusion 

Chronic inflammation is a major risk factor for HCC (Ramakrishna et al., 2013) 

and the role of IL-6 has been extensively investigated in this context (Park et al., 2010). 

We found that SOCS1 deficiency in mouse was associated with accelerated LR as well 

as increased hepatocyte proliferation and hepatic nodule formation in response to 

DEN treatment. However, we did not find any evidence for increased or aberrant IL-6 

activity in SOCS1 deficient mice. The serum level of IL-6 was not increased and STAT3 

phosphorylation was not altered either. Moreover, we did not find any significant 

difference in IL-6- or TNF-- induced signaling pathways in SOCS1 deficient primary 

hepatocytes.  

In our animal model, IFN- was concomitantly absent in SOCS1 deficient mice 

and hence we used IFN- deficient mice as the controls. We observed that after DEN 

treatment, the mice lacking IFN- showed lower levels of serum IL-6 and decreased 

compensatory proliferation in the liver as opposed to wild type littermates. Notably, 

loss of IFN- was also associated with reduced tumor formation in the liver. This 

observation is consistent with the inflammatory basis of liver cancer which seems to 

require IFN-. 

On the other hand, SOCS1 deficient mice could overcome the protection 

conferred by the lack of IFN-. Moreover, it is likely that moderate concentrations of 

IL-6 could still efficiently promote hepatocyte priming after liver damage. We propose 

that SOCS1 regulates some potent oncogenic pathways in hepatocytes that can 

compensate for the reduced levels of IL-6. One possibility is that SOCS1 could suppress 

the mitogenic signaling pathways, including RTKs. In addition, loss of SOCS1 might 

accelerate cell cycle progression independently of the strength of mitogens. 

Collectively, our data suggest that the anti-tumor function of SOCS1 in the liver is not 

necessarily occurring via restricting inflammatory responses. 
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CHAPTER IV 

SOCS1 regulates p21 expression, 
stability and sub-cellular localization. 
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4.1. Introduction 

In addition to regulating cytokines and growth factors, SOCS1 may apply its 

tumor suppressor function through auxiliary mechanisms. For instance, SOCS1 might 

modulate the functions of p53, which is either mutated or functionally inactivated in 

most human cancers including HCC (Cheng et al., 2009; Lane and Levine, 2010). 

Specifically, it has been shown that SOCS1 promotes p53-dependent gene 

transcription during oncogene-induced senescence (Calabrese et al., 2009). The 

oncogene-induced senescence program is a key tumor suppressor mechanism of p53 

that also occurs in HCC (Ozturk et al., 2009). Therefore, we primarily postulated that 

SOCS1 deficiency might alter p53-dependent homeostasis. Furthermore, we 

anticipated that loss of SOCS1 might impair the p53-p21 axis and deregulate the cell 

cycle control in the liver. Such a scenario could potentially contribute to accelerated 

liver regeneration and increased susceptibility of Socs1 null mice to DEN-induced HCC. 

To investigate the above hypothesis, we examined whether loss of SOCS1 or forced 

expression of SOCS1 in hepatocytes could change the dynamics of p53 

phosphorylation and stabilization. We chose to look at phosphorylation of Ser15 

because SOCS1 is required for Ser15 phosphorylation of p53 in oncogene-induced 

senescent cells (Calabrese et al., 2009). Moreover, we examined the activation of p53 

in the liver of SOCS1 deficient mice following treatment with DEN. Additionally, we 

studied the induction of p21 both in cultured hepatocytes and in the liver. 

Interestingly, unlike cellular models of oncogene-induced senescence, we found 

that SOCS1 had a minimal impact on the activation of p53 after a genotoxic event in 

hepatocytes. However, expression of p21 was differentially increased in the absence of 

SOCS1. In addition to transcriptional changes, the increased level of p21 in SOCS1 

deficient hepatocytes occurred partly due to post-translational modifications. 

Furthermore, we found that SOCS1 affects the sub-cellular localization of p21 in the 

liver and hepatocytes. A possible oncogenic role for p21 has been proposed in many 

tumors including HCC (Abbas and Dutta, 2009; Warfel and El-Deiry, 2013). Therefore, 

upregulation of p21 might explain, at least in part, the anti-tumor function of SOCS1. In 

this chapter, I will present the data indicating that in the absence of SOCS1, p21 

expression, stability and localization are considerably affected. 
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4.2. Results 

4.2.1. Cisplatin treatment induces Socs1 mRNA in hepatocytes. 

We used cisplatin as a genotoxic agent to induce p53 activation in our in vitro 

experiments. Cisplatin is a widely used chemotherapeutic agent. Although the 

mechanism of action of cisplatin is not clearly known, we know that cisplatin can bind 

to the DNA and form chromosome adducts and induce cell death pathways (Fuertes et 

al., 2003). Because SOCS1 expression is minimal at the steady state level, we first 

evaluated if cisplatin treatment could induce SOCS1 expression. We isolated primary 

hepatocytes from wild type mice and treated the cells with cisplatin (10 µM) for 18 

hours. We found that expression of SOCS1 mRNA was increased up to 10-fold after 

cisplatin treatment (Figure 4.2.1). 

 

 

 

Figure  4.2.1. Cisplatin induces Socs1 mRNA in mouse primary hepatocytes. 
Primary hepatocytes were exposed to cisplation (10 µM) for 18 hours in 5% serum-
containing medium. The mRNA levels of SOCS1 were evaluated by quantitative PCR. 
Data represent the mean fold induction and SEM of three independent experiments. 
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4.2.2. SOCS1 regulates genotoxic stress-induced p21 in hepatocytes. 

To investigate the role of SOCS1 in the regulation of p53 activity, we isolated 

primary hepatocytes from Socs1-/-Ifng-/- mice and Ifng-/- controls, treated cells with 

cisplatin for three hours and chased the phosphorylation and stabilization of p53. Our 

finding showed increased p53 phosphorylation on Ser18 (equivalent to Ser15 in human 

p53) and elevated p53 levels after cisplatin treatment in both control and SOCS1 

deficient cells. However, we found that cisplatin treatment increased p21 protein 

levels at higher levels in SOCS1 deficient hepatocytes, in contrast to control cells. 

Moreover, we found similar results in SOCS1 conditional knockout (Socs1lox/loxAlbCre) 

primary hepatocytes (Figure 4.2.2.A). 

 

 
 

 
 
Figure 4.2.2.A Cisplatin induces higher protein levels of p21 in Socs1 null primary 
hepatocytes. 
Primary hepatocytes from Socs1-/-Ifng-/- or Socs1lox/loxAlbCrewere treated with cisplatin 
(10 µM) for 3 hours and then washed with PBS three times before fresh medium was 
replenished. Induction of p21 was followed for up to 18 hours after the wash. Data 
represent three independent experiments. NS, non-stimulated. 
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To further examine the expression of p21 under another genotoxic condition, we 

irradiated Socs1-/-Ifng-/- and Ifng-/- primary hepatocytes. Similar to the results obtained 

with cisplatin treatment, SOCS1 deficient primary hepatocytes expressed increased 

levels of p21 with minimal variations in p53 phosphorylation on Ser18 in response to 

irradiation, as opposed to control cells (Figure 4.2.2.B). 

 

 
Figure 4.2.2.B: Ionizing radiation induces higher levels of p21 in Socs1 null primary 
hepatocytes. 
Primary hepatocytes from Socs1-/-Ifng-/- and Ifng-/- were irradiated at 10 Gy and were 
kept in culture until the given time points. Data represent three independent 
experiments.  
 
 
 

To further investigate the impact of SOCS1 on p53-dependent gene induction in 

hepatocytes, we compared the induction of candidate genes following cisplatin 

treatment in SOCS1 deficient and control primary hepatocytes by quantitative PCR. 

While the induction of several p53 target genes (Tp53, Mdm2, Gpx1 and Sesn1) 

remained unchanged in SOCS1 deficient cells, expression of Cdkn1a (coding for p21) 

was significantly elevated in Socs1 null hepatocytes while Sesn2 expression was 

reduced (Figure 4.2.2.C). 
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Figure 4.2.2.C: Cisplatin-induced Cdkn1a expression is increased in the absence of 
Socs1. 
Primary hepatocytes from Socs1-/-Ifng-/- and Ifng-/- were treated with cisplatin (10 µM, 
18 hours) and mRNA levels of the indicated genes were evaluated by qPCR. Expression 
of p53 candidate genes was normalized to TATA-box binding protein as the 
housekeeping gene. Data represent three independent experiments. (**p value < 0.01) 
 
 
 

To examine the negative regulation of SOCS1 on p21 expression in human cells, 

we used HepG2 cells, which express wild type p53 (Cagatay and Ozturk, 2002). Using a 

retroviral construct, we established HepG2 cells stably over-expressing ectopic SOCS1 

or the empty vector as control and treated the cells with cisplatin. Notably, control 

HepG2 cells showed induction of endogenous SOCS1 in response to cisplatin. In 

agreement with our results with primary cells, SOCS1 over expression did not affect 

the induced phosphorylation of p53 on Ser15 (equivalent to Ser18 in mouse) by 

cisplatin treatment. However, p21 expression was decreased in cisplatin-treated 

HepG2 cells with forced expression of SOCS1. (Figure 4.2.2.D). 
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Figure 4.2.2.D: Ectopic SOCS1 suppresses p21 expression in cisplatin-treated HepG2 
cells.  
HepG2 cells stably expressing ectopic SOCS1 and control cells were treated with 
cisplatin (10 µM) for three hours, then washed with PBS three times and replenished 
with fresh medium. p53 phosphorylation and p21 expression were evaluated at 
different time points. The data represent three independent experiments. NS, non-
stimulated. 
 

 

 

Moreover, while basal p21 mRNA levels were not significantly increased in SOCS1 

overexpressing HepG2 cells, SOCS1 overexpression led to decreased cisplatin-induced 

p21 mRNA levels in HepG2 cells (Figure 4.2.2.E). 
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Figure 4.2.2.E: SOCS1 suppresses CDKN1A induction in cisplatin-treated HepG2 cells.  
HepG2 cells stably expressing ectopic SOCS1 and control cells were treated with 
cisplatin (10 µM) for 18 hours. Total RNA was isolated and p21 expression was 
measured and normalized to GAPDH by qPCR. Data represent four independent 
experiments. (***p value < 0.001) 
 

4.2.3. SOCS1 regulates genotoxicity-induced p21 in the liver. 

In hepatocytes, DEN is metabolized into an alkylating agent that causes DNA 

damage and mutations (Johnson et al., 1996). Therefore, we examined whether the 

anti-tumor role of SOCS1 in the liver might involve regulation of the p53-p21 axis in 

vivo. We treated SOCS1 deficient mice with high dose of DEN to induce an in vivo 

hepatic genotoxic assault and evaluated p21 expression in the liver by western blot. In 

agreement with the results in HepG2 cells and primary hepatocytes, SOCS1 deficiency 

did not lead to significant differences in induced phosphorylation of p53 (Ser18). 

However, the expression of p21 was increased (Figure 4.2.3.A). Increased circulating 

immunoglobulin levels in Socs1 null mice (Hanada et al., 2003) hampered unequivocal 

detection of total p53 protein with a mouse monoclonal antibody, while this problem 

did not occur in conditional liver specific SOCS1 knockout mice (Figure 4.2.3.A). 
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Figure 4.2.3.A: Loss of SOCS1 increases p21 levels in the liver after DEN treatment. 
Age-matched male Socs1-/-Ifng-/-, hepatocyte conditional SOCS1 knockout (Socs1lox/lox-
AlbCre) and control mice were treated with DEN (100 mg/Kg, i.p.). Treated mice were 
sacrificed at the given time points and the expression of p21 and phosphorylated p53 
was examined in liver lysates. Data represent two independent experiments. 
 
 

Next, we examined the induction of p53 candidate genes, including p21, in the 

liver of SOCS1 deficient mice. Interestingly, we found that, in the liver of Socs1 null 

mice, among all p53 target genes that we tested basal levels of Cdkn1a transcripts 

were reduced at the steady state (Figure 4.2.3.B). To verify whether loss of SOCS1 

affects p21 gene expression after a genotoxic event in vivo, we treated mice with high 

dose of DEN and measured gene transcripts at 24 hours post-injection. Both 

hepatocyte-specific SOCS1 knockout and Socs1-/-Ifng-/-mice showed increased Cdkn1a 

expression at 24 hours compared to control littermates. However, none of the other 

p53 target genes examined was affected in SOCS1 deficient liver samples (Figure 

4.2.3.C). 
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Figure 4.2.3.B: Basal level of p21 transcripts is decreased in SOCS1 deficient mice. 
Aged-matched male mice of the indicated genotype were selected and total mRNA 
was isolated from liver tissue. Gene expression was examined by optimized sets of 
primers and was normalized to TATA-box binding protein mRNA expression using 
qPCR. The data represent the mean and SEM from seven mice per genotype.  
(**p value < 0.01) 
 

 
 
Figure 4.2.3.C: Loss of SOCS1 enhances genotoxicity-induced p21 expression in the 
liver. 
Aged-matched male mice were selected from the indicated genotype and treated with 
DEN (100 mg/Kg, i.p.). At 24 hours post-injection, mice were sacrificed and total mRNA 
was isolated from liver tissue. Gene expression was examined by optimized sets of 
primers and was normalized to TATA-box binding protein housekeeping gene 
expression using quantitative PCR. The graph represents the mean and SEM from 
seven (Socs1-/-Ifng-/- and Ifng-/-) and five (hepatocyte-specific SOCS1 knockout and wild 
type) mice per genotype. (*p value < 0.05, **p value < 0.01) 
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4.2.4. SOCS1 regulates p21 stability. 

In addition to increased expression of Cdkn1a, we observed that Socs1 null 

primary hepatocytes expressed elevated levels of p21 protein at the steady state 

(Figure 4.2.2.A and B) while p21 transcript levels were not different in resting primary 

hepatocytes (Figure 4.2.2.C). This finding suggests that SOCS1 might affect p21 

expression at post-transcriptional levels. In order to mimic the resting state of 

hepatocytes in the liver, we cultured primary hepatocytes from Socs1 null mice in 

serum-deprived medium at 90% confluency to induce G0 arrest, when p21 reaches 

basal level of expression (Starostina and Kipreos, 2012). Interestingly, Socs1 null 

hepatocytes expressed increased levels of p21 upon starvation, suggesting an 

important role for SOCS1 in regulating p21 protein levels in primary hepatocytes. 

Moreover, introduction of exogenous SOCS1 into hepatocytes reversed the starvation- 

or ionizing radiation-induced increases in p21 expression (Figure 4.2.4.A). 

 

 
 
Figure 4.2.4.A: Synchronized SOCS1 deficient primary hepatocytes show increased 
p21 levels.  
Left panel: Primary hepatocytes were isolated from Socs1-/-Ifng-/- and Ifng-/- mice, 
cultured at over 90% confluency and kept in 0.25% serum containing DMEM up to the 
given time points. Expression of p21 was examined by western blot. 
 
Right panel: Primary hepatocytes were isolated from Socs1-/-Ifng-/- mice and were 
starved or gamma-irradiated (10 Gy). At 24 hours cells were transfected with a myc-
tagged SOCS1 expressing construct and were kept in 0.25% serum containing DMEM 
for an additional 24 hours. 
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To further confirm SOCS1 regulation of p21 protein levels, we co-transfected p21 

and SOCS1 expressing constructs in COS-7 cells and evaluated the stability of 

exogenous p21. We found that SOCS1 caused a dose-dependent reduction in p21 

protein levels (Figure 4.2.4.B). Next, we assessed the stability of p21 in Socs1 null 

hepatocytes. For this purpose, we irradiated SOCS1 deficient and control primary 

hepatocytes to increase basal p21 protein levels and 24 hours later treated cells with 

cyclohexamide to inhibit nascent protein synthesis. p21 has a short half-life of about 

30 minutes (Abbas and Dutta, 2009; Starostina and Kipreos, 2012). We found that 

SOCS1 deficiency prolonged p21 half-life more than two-fold (237 min versus 537.5 

min)(Figure 4.2.4.C). 

 
 

Figure 4.2.4.B: SOCS1 suppresses p21 levels in a dose dependent manner. 
Flag-tagged p21 and myc-tagged SOCS1 construct were co-transfected in COS-7 cells at 
the indicated concentrations. Total DNA concentration was adjusted by adding empty 
vector. Expression of exogenous p21 was examined using an anti-flag monoclonal 
antibody. Data represent two independent experiments. 
 

 

 
Figure 4.2.4.C: Loss of SOCS1 increases the half-life of p21. 
Primary hepatocytes were isolated from Socs1-/-Ifng-/- and Ifng-/- mice and were 
gamma-irradiated (10 Gy). 24 hours later, cells were treated with cyclohexamide (CHX, 
100 µM) and p21 stability was evaluated at the given time points. The density of p21 
bands were adjusted to actin and normalized to time 0. Data represent three 
independent experiments. NS, non-stimulated (*p value < 0.05). 
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SOCS1 is the substrate recognition subunit of CRL5SOCS1 E3 ubiquitin ligase 

(Okumura et al., 2012). Therefore, we hypothesized that SOCS1 may bind to p21 and 

subject it to proteasomal degradation. To address whether SOCS1 interacts with p21, 

we co-transfected p21 and SOCS1 expressing constructs into COS-7 cells. We 

immunoprecipitated p21 and we observed that SOCS1 was co-immunoprecipitated 

with p21, suggesting a direct interaction between SOCS1 and p21 (Figure 4.2.4.D). To 

examine the nature of SOCS1-p21 interaction, we generated GST-conjugated SOCS1 

constructs including wild type sequence and deletions of the N-terminal tail, the C-

terminal tail (SOCS-box) and the SH2 domain. We also generated a mutant GST-SOCS1 

where the arginine in the p-tyrosine pocket of SH2 domain was substituted with a 

lysine (R105K). Mutant SOCS1-GST constructs revealed that deletion of N-terminal or 

C-terminal segments decreased SOCS1 binding to p21, while the loss of the whole SH2 

domain abrogated the interaction (Figure 4.2.4.E). On the other hand, the point 

mutation within the SH2 domain of SOCS1 did not affect its interaction with p21. 

 

 
 

 
 
 
 
Figure 4.2.4.D: SOCS1 co-immunoprecipitates with p21. 
COS-7 cells were transiently co-transfected with p21 (Flag-tagged) and SOCS1 (HA-
tagged). At 24 hours cells were lysed and p21 was immunoprecipitated using 
polyclonal antibody. Note that SOCS1 over expression down-regulated p21 level. Data 
represent three independent experiments. 
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Figure 4.2.4.E: SOCS1 requires SH2 domain for efficient interaction with p21. 
SOCS1 GST-conjugated mutant or full-length (FL) recombinant proteins were incubated 
with lysates of COS-7 cells transfected with either pMT5 expressing human p21 or the 
empty vector. While loss of N-terminus or C-terminal tails could decrease interaction 
with p21, deletion of SH2 domain abolished the interaction. The R105K did not affect 
the interaction. The lower panel represents the mutant GST-SOCS1 constructs. NT: N-
terminal, CT: C-terminal. Data represent three independent experiments. 
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To determine whether SOCS1 promoted ubiquitination of p21, we transfected 

COS-7 cells with p21, HA-tagged ubiquitin and wild type SOCS1 or the ∆CT-SOCS1 

lacking the SOCS-box domain required for assembling the CRL5SOCS1 E3 Ub-ligase 

(Okumura et al., 2012). In this assay, wild type SOCS1 but not ∆CT-SOCS1 decreased 

p21 expression. Addition of proteasome inhibitor MG-132 during the last 4 hours of 

the assay to prevent degradation of ubiquitinated protein substrates markedly 

stabilized polyubiquitinated p21 in cells expressing wild type SOCS1 (Figure 4.2.4.F). 

 

Figure 4.2.4.F: SOCS1 induces p21 ubiquitylation and proteasome degradation. 
Full-length SOCS1 or C-terminally truncated SOCS1 (∆CT) constructs were transiently 
overexpressed in COS-7 cells with p21 and HA-tagged ubiquitin for 24 hours. Cells were 
left untreated or treated with the proteasome inhibitor MG-132 (20 µM) over the last 
4 hours. p21 was immunoprecipitated from whole cell lysates and was examined for 
poly ubiquitylation. Data represent three independent experiments. 
 

Degradation by proteasomes relies on recognition of protein substrates modified 

by Ub chain elongation via the internal Lys residue K48 of the Ub moiety, whereas K63-

mediated poly-ubiquitination promotes endocytosis of cell surface receptors (Woelk et 

al., 2007). To further characterize SOCS1-dependent ubiquitylation of p21, we used 

HA-Ub constructs with only K48, K63 or none (KO) of the 7 internal Lys residues. Ub-K0 

allows only mono-Ub but not linear or branched Ub chains. In the presence of SOCS1, 

only Ub-K48, but not Ub-K0 or Ub- K63, promoted p21 ubiquitylation as efficiently as 

wild-type Ub (Figure 4.2.4.G). These results demonstrate that SOCS1 promotes poly-

ubiquitination of p21 via K48 Ub chain elongation and targets it for proteasomal 

degradation. 
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Figure 4.2.4.G: Lys48 specific ubiquitin increases p21 polyubiquitylation. 
COS-7 cells were co-transfected with ubiquitin constructs expressing wild type Ub (all 
the 7 internal Lys residues intact), K48-Ub (only Lys 48 residue is intact), K63-Ub (only 
Lys63 is intact) and Ub-KO (harbors none of the 7 internal Lys residues). After 24 hours, 
p21 was immunoprecipitated and its ubiquitylation was examined by western blot. 
Data represent three independent experiments. 
 
4.2.5. SOCS1 regulates p21 sub-cellular localization. 

The sub-cellular localization of p21 is an important determinant of p21 behavior 

and functions (Abbas and Dutta, 2009). To examine the sub-cellular localization of p21 

in hepatocytes, we evaluated hepatic p21 expression in Socs1 null mice treated with 

DEN by immunohistochemistry. We observed that p21 was highly expressed in SOCS1 

deficient liver and was detected both in nuclear and cytoplasmic compartments 

(Figure 4.2.5.A). To substantiate this observation, we examined the sub-cellular 

distribution of p21 in SOCS1 deficient cultured hepatocytes. Phosphorylation of the 

Thr145 residue of p21 by AKT has been shown to induce cytoplasmic retention of p21 

(Zhang et al., 2007; Koster et al., 2010). EGFR is a central RTK in the liver that is 

constitutively active to maintain physiological liver functions (Skarpen et al., 2005). It 
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has been previously shown that SOCS1 could attenuate EGFR signaling (Seki et al., 

2008). To examine whether cytoplasmic p21 in SOCS1 deficient hepatocytes depends 

on increased EGFR signaling, we treated primary hepatocytes with TGF-, a known 

ligand of EGFR, and evaluated p21 expression by immunofluorescent staining. We 

observed that p21 levels were elevated in the nucleus of starved SOCS1 deficient 

hepatocytes. TGF- treatment induced nuclear expression of p21 in control 

hepatocytes. However, SOCS1 deficient hepatocytes showed increased cytosolic 

expression of p21 following TGF- treatment (Figure 4.2.5.B). To determine if AKT 

activation was responsible for cytosolic p21 in SOCS1 deficient hepatocyte, we treated 

Socs1-/-Ifng-/- and Ifng-/- primary hepatocytes with TGF- in the presence of LY294002, a 

specific inhibitor of phosphotidylinositol 3-kinase (PI3K) upstream of AKT and 

examined expression of p21 in nuclear and cytosolic cellular fractions. We found that 

both nuclear and cytosolic levles of p21 were elevated in SOCS1 deficient hepatocytes 

after starvation. In addition, TGF- treatment induced more cytoplasmic localization of 

p21 that could be prevented by LY294002 (Figure 4.2.5.C). Notably, LY294002 did not 

affect the nuclear expression of p21 in SOCS1 deficient hepatocytes. These results 

suggest that SOCS1 might modulate the sub-cellular distribution of p21 by attenuating 

AKT activation downstream of EGFR.  

 

 
Figure 4.2.5.A: Loss of SOCS1 is associated with increased nuclear and cytoplasmic 
expression of p21 in hepatocytes after DEN treatment. 
Aged-matched male mice were treated with DEN (100 mg/Kg, i.p.) and sacrificed 48 
hours later. FFPE liver sections were stained for p21 by immunohistochemistry. Data 
represent four independent experiments. 
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Figure 4.2.5.B: Loss of SOCS1 enhances cytosolic p21 in mouse hepatocytes. 
Primary hepatocytes isolated from Socs1-/-Ifng-/- and Ifng-/- mice, were starved for 24 

hours and then treated with TGF- (10 ng/ml) for 12 hours. 
 
 
 
 

 
 
Figure 4.2.5.C: SOCS1 suppressed p21 cytosolic shift via AKT regulation. 
Primary hepatocytes isolated from Socs1-/-Ifng-/- and Ifng-/- mice were starved for 24 
hours and then treated with EGF (10 ng/ml) for 12 hours with or without LY294002 co-
treatment. The cytoplasmic and nuclear fractions were examined for p21 expression. 
Tubulin and LaminA/C were used as markers of cytoplasmic and nuclear fractions, 
respectively. The data represent three independent experiments. 
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4.3. Conclusion 

SOCS1 is an essential mediator in p53-induced senescence (Calabrese et al., 

2009). We initially evaluated the activation of p53 in the SOCS1 deficient hepatocytes. 

In contrast to our expectations, we did not observe variable p53 phosphorylation or 

stabilization in the absence of SOCS1. Moreover, we examined a number of p53-

induced genes and we found that among all, only Cdkn1a showed increased mRNA 

expression. In addition, we found that p21 protein stability was also regulated by 

SOCS1. We showed that SOCS1 promoted ubiquitylation and subsequent proteasomal 

degradation of p21. The SH2 domain of SOCS1 was required for an efficient SOCS1-p21 

interaction. Furthermore, we found that in the absence of SOCS1, p21 acquired a 

cytoplasmic localization that could be prevented by inhibition of PI3K/AKT pathway. 

The regulation of Cdkn1a expression by SOCS1 is an open question for further 

research. We do not exclude the possibility that even though p53 phosphorylation was 

not changed, loss of SOCS1 might affect p53 transcription activity on chromatin. 

Moreover, SOCS1 is known to suppress JAK-STAT signaling and thus could be 

suppressing STAT-mediated transcriptional activation of the p21 gene. Also, a possible 

regulation of Cdkn1a mRNA stability by SOCS1 should be examined. 

The levels of p21 throughout cell cycle phases are tightly regulated by four 

different E3 ligases. Here, we show SOCS1 as a novel regulator of p21 ubiquitylation 

and stability. However, we do not know yet the cell cycle phase where SOCS1 has the 

biggest impact on the p21 half-life. A set of experiments in primary hepatocytes 

synchronized at different phases of cell cycle could be helpful in addressing this 

question. 

The oncogenic activity of p21 is often associated with phosphorylation of Thr145 

and Ser146 (Thr140, Ser141 in mouse p21), mainly by activated AKT downstream of 

growth factor signaling pathways (Dotto, 2000; Zhou et al., 2001; Abdulkarim et al., 

2002; Barre et al., 2003; Abbas and Dutta, 2009; Jung et al., 2010). We have previously 

shown that HGF-induced AKT phosphorylation is enhanced in Socs1 KO hepatocytes 

(Bruix and Sherman, 2011). These findings support the notion that SOCS1 is essential 

to control AKT-dependent cytoplasmic localization of p21 downstream of growth 

factor signaling pathways in hepatocytes. 
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CHAPTER V 

SOCS1 regulates the oncogenic 
activities of p21. 
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5.1. Introduction 

Several evidences indicate that p21 - as well as other members of the CIP/KIP 

family - has a broader spectrum of functions than being merely a CDK inhibitor 

(Denicourt and Dowdy, 2004; Besson et al., 2008). Elevated levels of p21 in different 

cancers and its correlation to clinical and molecular severity of the cancer support the 

idea that p21 could have oncogenic functions depending on the context (Abbas and 

Dutta, 2009). The variable expression of p21 might contribute to the cell fate, and 

depending on its sub-cellular localization, p21 might play opposing roles (Zhou et al., 

2001). 

The cell cycle progression depends on the sequential assembly of CDKs and 

cyclins leading to phosphorylation of Rb (Harbour and Dean, 2000). While most of 

investigations emphasize on the inhibitory role of p21 in cell cycle during cellular stress 

and in overexpression systems (Harper et al., 1993; Chin et al., 1996; Guillot et al., 

1997), the literature on the importance of physiologic fluctuations of p21 is limited. A 

few studies have shown that p21 can also participate in the progression of cell cycle by 

promoting cyclin D-CDK4/6 and CDK1-cyclin B1 activation and stabilization (Sherr and 

Roberts, 1999; Dash and El-Deiry, 2005).  

On the other hand, cytoplasmic p21 is known as a potent anti-apoptotic factor 

(Asada et al., 1999; Sohn et al., 2006; Cazzalini et al., 2010; Koster et al., 2010). The 

role of p21 in regulation of apoptosis occurs independently of p53 and relies mainly on 

the interruption of pro-apoptosis pathways (Gartel and Tyner, 2002) . 

In this chapter, we present data indicating in the absence of SOCS1, p21 could 

gain oncogenic ability by promoting cell cycle progression and preventing apoptosis. 
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5.2. Results 

5.2.1. Loss of SOCS1 accelerates S phase entry in hepatocytes. 

We found that loss of SOCS1 was associated with increased mRNA expression 

(Figure 4.2.3.C) and protein stability of p21 (Figure 4.2.4.C). Furthermore, we have 

shown that SOCS1 deficient mice showed accelerated liver regeneration (LR) and DNA 

synthesis following partial hepatectomy (PH) (Figure 3.2.1.B and C). Therefore, we 

examined the expression of p21 in the liver during LR. Regenerating livers of Ifng-/- 

mice showed a biphasic pattern of p21 expression with minimal levels at early time 

points (2-6 hours) and a maximal increase at 48-72 hours after PH (Figure 5.2.1.A). In 

the absence of SOCS1, however, biphasic p21 expression was enhanced and was 

accompanied by an earlier rise of PCNA at 12-24h as opposed to 48-72h in control 

livers (Figure 5.2.1.A). Moreover, we observed that cyclin D1 and cyclin D2 protein 

levels were up-regulated to a higher extent and disappeared earlier in the Socs1-/-Ifng-/- 

mice. The D-type cyclins are induced by mitogens during G1 phase of cell cycle 

(Rickheim et al., 2002) and are degraded after cytoplasmic translocation during the S 

phase (Alt et al., 2000). Therefore, the G1 to S progression may be accelerated in the 

hepatocytes of SOCS1 deficient mice that underwent PH. EGFR induced signalling 

pathway has a major role in hepatocytes and its basal activation is necessary in healthy 

liver (Natarajan et al., 2007). However, shortly after PH, EGFR will be ubiquitinated, 

internalized and degradaded (Skarpen et al., 2005). EGFR signalling can induce AKT 

activation which in turn phosphorylate p21 on Thr145 (Zhang et al., 2007). 

Phosphorylated p21 can promote CDK4/6 and cyclin D coupling and has not any 

inhibitory effect on CDK2 (Gartel, 2006). To evaluate EGFR activation in SOCS1 

deficient liver , we examined EGFR expression in liver samples after PH. We found that 

EGFR dowregulation was retarded in the absence of SOCS1 which was associated with 

increased early activation of AKT (Figure 5.2.1.A).  
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Figure 5.2.1.A: Expression of p21 is increased in the liver of SOCS1 deficient mice. 

The Socs1-/-Ifng-/- and Ifng-/- mice were subjected to partial hepatectomy and were 
sacrificed at the indicated time points. Liver lysates were analyzed by western blot. 
The data represent two independent experiments. 
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We next examined Cdkn1a mRNA expression following PH. We found that in the 

absence of SOCS1, p21 levels were increased both at earlier times points (2-6 hours) 

and later time points (24 hours) after PH. Interestingly, mRNA levels of p21 returned to 

the basal levels after 48 hours. Therefore, it appears that between 48-72 hours after 

PH, elevated p21 protein expression in SOCS1 deficient mice might result from 

increased stability of the protein (Figure 5.2.1.B). 

 

 

Figure 5.2.1.B : Loss of SOCS1 increases Cdkn1a mRNA expression. 
The Socs1-/-Ifng-/- and Ifng-/- mice were subjected to partial hepatectomy and were 
sacrificed at the indicated time points. Total mRNA was isolated from the liver samples 
and p21 expression was examined by quantitative PCR, normalized to TATA-box 
binding protein gene expression. The graph represents the mean and SEM of three 
independent experiments. (**p value < 0.01, ***p value < 0.001) 
 

To further examine the cell cycle progression in Socs1 null hepatocytes, we 

isolated primary hepatocytes from SOCS1 deficient mice and controls and stimulated 

them with TGF- after serum starvation for 12 hours. SOCS1 deficient primary 

hepatocytes showed increased p-AKT and p-ERK expression (Figure 5.2.1.C). Moreover, 

expression of D-type cyclins was upregulated and disappeared earlier in SOCS1 

deficient primary hepatocytes. Meanwhile, whereas SOCS1 deficient hepatocytes 

expressed increased levels of p21, expression of p53 was identical to that of control 

cells (Figure 5.2.1.C). 
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Figure 5.2.1.C: SOCS1 deficient hepatocytes show accelerated S phase entry. 
Primary hepatocytes were isolated from Socs1-/-Ifng-/- and Ifng-/- mice and starved in 

0.25% serum-containing DMEM for 12 hours. Cells were treated with TGF- (10ng/ml) 
for the indicated time points and protein extracts were analyzed by western blot. 
 

To evaluate the role of p21 in the progression of cell cycle in SOCS1 deficient 

mice, we examined DNA synthesis in the primary hepatocytes in response to various 

mitogens by assessing radioactive thymidine incorporation. Meanwhile, we transiently 

transfected the cells with anti-p21 shRNA constructs (Figure 5.2.1.D). We observed 

that in the absence of SOCS1, DNA synthesis was accelerated. Moreover, 

downregulation of p21 was associated with decreased thymidine incorporation (Figure 

5.2.1.D). 
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Figure 5.2.1.D. Increased p21 levels in SOCS1 deficient hepatocytes accelerate S 
phase entry. 
Upper panel: COS-7 cells were transfected with a mouse p21 expressing constructs 
(lanes 2,3,4) and two different anti-p21 shRNA vectors (lanes 3,4). After 48 hours, p21 
expression was evaluated by western blot. 
 
Lower panel: Primary hepatocytes isolated from Socs1-/-Ifng-/- and Ifng-/- were 
transiently transfected with two different anti-p21 shRNA. After 24 hour, cells were 

kept in serum free medium supplemented with HGF, TGF- or EGF (10 ng/ml each) for 
48 hours. H3*-thymidine was added to the medium during the last 12 hours before 
cells were harvested and the incorporated radioactivity measured. Stimulation index 
(cpm for growth factor-stimulated cultures/cpm for unstimulated cultures; 
mean+s.e.m.) was calculated from four independent experiments. (*p value < 0.05) 
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5.2.2. Loss of SOCS1 prevents apoptosis in hepatocytes. 

It has been previously suggested that SOCS1 protects Jurkat and MEF cells 

against apoptosis induced by TNF- and cyclohexamide (CHX) co-treatment, through 

negative regulation of Jak1-p38 axis (Morita et al., 2000; Oh et al., 2009). Similarly, we 

observed that freshly isolated primary hepatocytes from Socs1 null mice express 

increased levels of cleaved caspase 3 after TNF- and CHX co-treatment, and 

consistent with previous reports, p38 and JNK phosphorylation were increased in 

Socs1 deficient cells (Figure 5.2.2.A). However, synchronized Socs1 null cells with 

elevated p21 expression showed reduced levels of cleaved caspase 3 compared to 

control cells (Figure 5.2.2.B). 

 

 

 
Figure 5.2.2.A: SOCS1 deficient primary hepatocytes show increased apoptosis. 
Primary hepatocytes were isolated from Socs1-/-Ifng-/- and Ifng-/- and were seeded in 
collagen-coated dishes in 10% FCS DMEM. After 18 hours, cells were co-treated with 

TNF- (10 ng/ml) and cyclohexamide (CHX, 100 µM) for the indicated time points and 
protein extracts were analyzed by western blot. 
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Figure 5.2.2.B: Synchronized SOCS1 deficient hepatocytes resist apoptosis. 
Primary hepatocytes were isolated from Socs1-/-Ifng-/- and Ifng-/- and were seeded at 
90% confluency in collagen coated dishes in 10% FCS DMEM. Cells were starved in 

0.25% serum containing medium for 24 hours, then co-treated with TNF- (10 ng/ml) 
and cyclohexamide (CHX, 100 µM) for the indicated time points and protein extracts 
were analyzed by western blot. 
 
 
We postulated that the increased levels of p21 in Socs1 null hepatocytes might prevent 

apoptosis. To address this question, we transiently suppressed p21 levels in Socs1 null 

primary hepatocytes using shRNA constructs before TNF-/CHX co-treatment. Our 

results confirmed that p21 downregulation was associated with increased apoptosis in 

Socs1 null cells (Figure 5.2.2.C). Furthermore, we found that cisplatin treatment 

induced higher levels of cleaved caspase 3 in control cells compared to SOCS1 deficient 

primary hepatocytes that expressed elevated levels of p21. Introduction of a construct 

expressing shRNA against p21 increased the levels of cleaved caspase 3 both in Ifng-/- 

and Socs1-/-Ifng-/- primary hepatocytes (Figure 5.2.2.D). These findings indicate that 

increased p21 in SOCS1 deficient hepatocytes might provide resistance against 

apoptosis. 
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Figure 5.2.2.C: p21 confers resistance to apoptosis to SOCS1 deficient hepatocytes. 
Upper panel: Primary hepatocytes were isolated from Socs1-/-Ifng-/- and Ifng-/- and were 
seeded at 90% confluency. Cells were transiently transfected with p21-shRNA plasmid 
and starved in 0.25% serum containing medium for 24 hours, then co-treated with 

TNF- (10 ng/ml) and cyclohexamide (CHX, 100 µM) for the indicated time points and 
protein extracts were analyzed by western blot. 
 
Lower Panel: Primary hepatocytes were isolated from Socs1-/-Ifng-/- and Ifng-/- and were 
seeded at 90% confluency. Cells were transiently transfected with a p21-shRNA 
plasmid and starved in 0.25% serum containing medium for 24 hours, then treated 
with variable concentrations of cisplatin for the indicated periods and protein extracts 
were analyzed by western blot. 

To verify if loss of SOCS1 protects against hepatocyte death in vivo, we treated 

Socs1-/-Ifng-/-, liver-specific Socs1 knockout (Socs1lox/loxAlbCre) and control littermates 

with high-dose of DEN and examined liver damage. We found that SOCS1 deficient 

mice showed lower levels of serum ALT, fewer numbers of TUNEL positive hepatocytes 

and reduced caspase 3 cleavage in the liver. Moreover, the expression of BCL2 

prosurvival protein was increased in the liver of SOCS1 deficient mice (Figure 5.2.2.E).  
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Figure 5.2.2.D : SOCS1 protects against liver damage in mice. 
Socs1-/-Ifng-/-, Socs1lox/loxAlbCre and control mice were treated with DEN (100 mg/Kg, 
i.p.) and were sacrificed at the indicated time points. ALT levels were measured in 
serum (upper panel), TUNEL positive hepatocytes were detected in the liver (middle 
panel) and cleaved caspase 3 and BCL2 expression (lower panel) was examined in liver 
lysates as markers of liver damage. ALT: alanine transferase. (*p value < 0.05) 



 110 

These findings do not correspond, however, to the previously reported increased 

hepatic damage in hepatocytes of SOCS1 knockout mice in response to Concanavalin-A 

(Con-A) (Torisu et al., 2008). Nevertheless, we showed that Con-A induced hepatitis 

was mainly dependent on IFN- and that loss of SOCS1 did not affect Con-A-induced 

liver damage in Ifng null mice (Figure 5.2.2.F). 

 

 

 

Figure 5.2.2.E : Concanavalin-A induced liver damage is IFN- dependent. 
Socs1-/-Ifng-/-, Ifng-/- and wild type mice were treated with concanavalin-A (Con-A, 15 
µg/g body weight, i.v.) and at 12 hours the mice were sacrificed. ALT and AST levels 
were measured as markers of liver damage (upper panel). Phosphorylation of STAT1 
and JNK was evaluated by western blot (lower panel). 
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5.3. Conclusion 

Although p21 is generally known as a tumor suppressor, several human cancers, 

including HCC, paradoxically show an upregulation of p21, which correlates positively 

with tumor malignancy, poor prognosis and chemoresistance (Wagayama et al., 2002; 

Eastman, 2004; Abbas and Dutta, 2009; Babon et al., 2009; Koster et al., 2010). Indeed, 

genetic studies have shown a pro-oncogenic role of p21 (Wang et al., 1997; De la 

Cueva et al., 2006). 

EGFR and c-Met are two members of the RTK family that play important roles in 

hepatocyte proliferation and hepatocarcinogenesis (Schiffer et al., 2005; Natarajan et 

al., 2007; Comoglio et al., 2008; Bamburg and Bernstein, 2010). Our laboratory has 

previously shown that c-Met signaling is regulated by SOCS1 (Gui et al., 2011). Given 

the increased expression of p21 in SOCS1 deficient hepatocytes, we were interested in 

assessing the correlation between EGFR activation and p21 expression in SOCS1 

deficient hepatocytes. A basal level of EGFR phosphorylation occurs at the steady state 

in the liver and this is decreased after partial hepatectomy, followed by ubiquitylation, 

internalization and degradation of the activated EGFR (Skarpen et al., 2005). In 

cultured rat hepatocytes, EGFR signaling upregulates p21 through p53 activation and 

this pathway exerts a pro-mitogenic role via upregulation of CDK2 and CDK4 (Wierod 

et al., 2008). We observed a higher baseline expression of EGFR in Socs1 null livers that 

was associated with elevated phosphorylation of the downstream AKT signaling. 

Besides, TGF- induced an accentuated signaling pathway in SOCS1 deficient primary 

hepatocytes.  

Notably, regenerating livers of Socs1 null mice showed elevated expression of 

p21, which occurred in a biphasic manner, with a significant upregulation of Cdkn1a at 

2-6 hours. Strikingly, p21 protein accumulated in SOCS1 deficient liver at 24-72h post-

PH when the transcript levels of Cdkn1a had returned to basal levels. However, this 

later p21 upregulation coincides with the DNA replication phase of liver regeneration 

as indicated by the upregulation of PCNA. These results suggest that increased 

expression of p21 in the regenerating livers of SOCS1 deficient mice occurs via post-

transcriptional mechanisms and appears to be modulated in a cell cycle-dependent 

manner. Moreover, increased p21 during the active proliferating phase after partial 
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hepatectomy indicates a mitogenic role for p21. To examine this possibility, we 

transiently dowregulated the expression of p21 in cultured Socs1 null primary 

hepatocytes with shRNA constructs and verified DNA synthesis by thymidine 

incorporation assay. We observed that SOCS1 deficient cells showed an increased 

mitogenic activity in response to EGFR ligands that could be reversed by suppression of 

p21 expression. 

Finally, we observed that cyclin D1 and cyclin D2 proteins were expressed earlier 

and disappeared faster after PH or EGFR activation in SOCS1 deficient liver. This finding 

suggests an accelerated G1 progression in SOCS1 deficient hepatocytes. It also raises 

the possibility that p21 in Socs1 null hepatocytes could contribute to the assembly and 

catalytic activity of CDK4-cyclin D complexes. 

We also found that loss of SOCS1 in hepatocytes confers resistance to apoptosis. 

Previously, it was shown that hepatocyte conditional Socs1 null mice developed 

massive liver damage after intravenous Con-A treatment. However, we found that 

Con-A induced hepatitis was completely dependent on IFN-. Other laboratories have 

reported similar findings (Mizuhara et al., 1996; Tagawa et al., 1997; Jaruga et al., 

2004; Kato et al., 2013). As a result, Socs1-/-Ifng-/- mice were protected against Con-A-

mediated liver damage. In contrast, we found that SOCS1 deficiency was associated 

with protection against liver damage after DEN treatment. This resistance could be 

attributed, at least partly, to cytoplasmic p21. Indeed, down regulation of p21 in 

SOCS1 primary hepatocytes increased caspase 3 cleavage in response to TNF-/CHX 

and cisplatin. 
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CHAPTER VI  

Discussion 
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6.1. Introduction 

Among all members of the SOCS family, SOCS1 and SOCS3 have been shown to 

protect against liver cancer (Yoshikawa et al., 2001; Yoshida et al., 2004; Niwa et al., 

2005; Baltayiannis et al., 2008; Riehle et al., 2008; Torisu et al., 2008; Oh et al., 2009). 

In addition to these experimental evidences, in human HCC biopsies, SOCS3 and SOCS1 

genes are transcriptionally repressed in 30-50% and 65%, respectively, due to the 

hypermethylation of their promoters (Yoshikawa et al., 2001; Niwa et al., 2005). SOCS1 

can regulate various signaling pathways in hepatocytes. However, we do not have a 

clear idea about how this signal regulation might be governing the anti-tumor 

mechanisms in the liver. The current consensus on the pathophysiology of HCC 

supports an inflammatory basis for the development of the pre-cancerous condition in 

the liver, namely cirrhosis (Farazi and DePinho, 2006). Chronic inflammation is the 

outcome of recurrent liver damage and the ensuing persistent compensatory 

proliferation of hepatocytes that precedes their neoplastic transformation and 

evolution into carcinomatous cells (Farazi and DePinho, 2006). As discussed in chapter 

one, it has been shown that in rodents, inflammatory cytokines such as TNF- and IL-6 

play a central role in hepatocyte priming, which is required to induce growth factor 

responsiveness (Naugler et al., 2007; He and Karin, 2011). 

Given the known role of SOCS1 in regulating several inflammatory cytokines, we 

initially hypothesized that loss of SOCS1 would be associated with increased risk of 

liver cancer due to a hyper-inflammatory status in the liver. SOCS1 was originally 

discovered as a negative regulator of IL-6 signaling in the monocytic leukemia cell line 

M1 (Starr et al., 1997; Nicholson and Hilton, 1998). We expected to observe a 

deregulated IL-6 signaling in SOCS1 deficient hepatocytes. Moreover, we had 

postulated that SOCS1 deficient mice might show increased liver damage in response 

to carcinogen treatment. This idea was supported by several reports indicating that 

SOCS1 could protect against cell death (Oh et al., 2009). However, even though we 

observed accelerated liver regeneration in SOCS1 deficient mice (Gui et al., 2011), our 

findings did not support our initial hypothesis that SOCS1 might regulate IL-6 

production and signaling. Nevertheless, we showed that Socs1 null mice were prone to 

DEN induced liver tumors. As SOCS1 was shown to be required for p53-mediated 
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senescence (Calabrese et al., 2009), we investigated the p53-regulated genes and we 

found that the expression of p21 was significantly affected in the absence of SOCS1. 

We also showed that SOCS1 regulated p21 stability and its sub-cellular localization in 

order to prevent its paradoxical oncogenic capacities. 

6.2. SOCS1 regulates liver regeneration 

Following standard partial hepatectomy (PH), Socs1 gene transcription was 

induced in the liver of C57BL/6 mice. Therefore, it is reasonable to deduce that SOCS1 

might play a role in the regulation of liver regeneration (LR). We found that the rate of 

LR in SOCS1 deficient mice was accelerated by two-fold. In addition, we showed that 

this was associated with increased DNA synthesis, as examined by incorporation of 

BrdU in hepatocytes in vivo. However, IL-6 levels in the serum of Ifng-/- mice were 

reduced and concomitant loss of SOCS1 did not increases IL-6 concentrations post-PH . 

In Ifng-/- mice, lower levels of IL-6 did not suppress the rate of LR and, instead a 

transient increase in LR and DNA synthesis occurred early after partial PH. The anti-

proliferative function of IFN- has been previously reported and was attributed to the 

induction of p21 via STAT1/IRF-1 axis (Tura et al., 2001; Singh et al., 2011). The 

importance of IL-6 in LR has been verified in different settings of impaired IL-6 

signaling pathways. Mice lacking the gp130 subunit of IL-6 receptor or STAT3 failed to 

regenerate liver after PH (Cressman et al., 1995; Wuestefeld et al., 2003; Moh et al., 

2007). However, our data suggest that the role of IL-6 has been, probably, 

overemphasized. While complete loss of IL-6 signaling is associated with a poor LR 

response, a minimal, but yet effective IL-6-induced signaling is most likely sufficient to 

maintain initial hepatocyte priming. Furthermore, we did not observe any significant 

difference in IL-6 signaling pathways in cultured primary hepatocytes. 

SOCS1 has been proposed to negatively regulate the RelA/p65 subunit of NF-kB 

via proteasomal degradation (Ryo et al., 2003). However, endogenous RelA/p65 

phosphorylation and stability in SOCS1 deficient primary hepatocytes did not differ 

from control cells. A recent report suggests that RelA/p65 is dispensable for LR in 

rodents (Ringelhan et al., 2012). 

To explain the accelerated LR by SOCS1, our laboratory investigated the duration 

and magnitude of receptor tyrosine kinases (RTK) activation after PH. In fact, c-Met 



 116 

induced signaling was enhanced in SOCS1 deficient hepatocytes (Gui et al., 2011). 

Besides, the data presented in this thesis show that SOCS1 also targets p21 and EGFR 

signaling in the regulation of LR. 

6.3. SOCS1 protects against liver cancer 

We used Socs1-/-Ifng-/-, Ifng-/- and wild type mice to evaluate the susceptibility of 

SOCS1 deficient mice to chemically induced liver cancer. Our data clearly show that 

loss of SOCS1 increases the risk of HCC in mice. Meanwhile, we found that IFN- 

deficient mice were resistant to DEN-induced liver cancer. Indeed, it has been shown 

that mice lacking the IFN- receptor (Ifngr-/-) are protected against DEN-induced liver 

nodules. Notably, while the number of nodules was decreased, the average size of 

nodules was identical in the wild type and Ifngr-/- mice (Matsuda et al., 2005). The Ifngr 

deficient mice showed reduced oxidative DNA damage and macrophage infiltration in 

the liver, implicating the pro-inflammatory role of IFN- in HCC (Matsuda et al., 2005). 

Our results on Ifng-/- mice concur with the critical pro-carcinogenic role of IFN- in the 

DEN induced model of liver cancer. Similarly, we did not find any difference in the 

average size of liver nodules between wild type and IFN- deficient mice. This finding 

suggests that IFN- might participate in the formation of the initial cancer foci in the 

liver, however, it does not imply any effect on progression and development of 

tumors.  

We also observed that compensatory proliferation was increased in SOCS1 

deficient livers after DEN injection. On the other hand, supporting our observations in 

mice that underwent PH, IFN- deficient mice treated with DEN showed reduced 

serum IL-6 levels compared to wild type controls and concomitant loss of Socs1 did not 

affect the levels of IL-6. Moreover, neither STAT1 nor STAT3 phosphorylation was 

enhanced in the liver of SOCS1 deficient mice treated with DEN. These data indicate 

that the DEN-induced HCC in SOCS1 deficient mice occurs via certain non-

inflammatory mechanisms. 

6.4. SOCS1 protects against liver fibrosis  

Liver fibrosis is the deposition of extracellular matrix that is produced by the 

stellate cells and is a hallmark of chronic liver diseases such as cirrhosis (Friedman, 
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2008). Socs1 haplo-insufficient mice were shown to develop more liver fibrosis after 

treatment with dimethylnitrosamine (DMN) (Yoshida et al., 2004). We also found that 

in the absence of SOCS1, liver fibrosis was enhanced in DEN induced tumors. 

6.5. SOCS1 regulates p21 mRNA levels, protein stability and sub-cellular localization 

A recent joint report from our laboratory and Dr. Gérardo Ferbeyre’s laboratory 

at the University of Montréal revealed that oncogenic STAT5 (ca-STAT5) could induce 

senescence in human fibroblasts by promoting phosphorylation (Ser15) of p53 

(Calabrese et al., 2009). It was shown that Socs1 was highly transcribed in the ca-

STAT5-induced senescent cells and knockdown of SOCS1 by siRNA rescued the cells 

from undergoing oncogene-induced senescence. Furthermore, ectopic SOCS1 could 

directly bind to p53, ATM and ATR kinases involved in DNA damage repair, leading to 

constitutive activation of ATM (Calabrese et al., 2009).  

Considering these findings, we postulated that SOCS1 was a potential regulator 

of p53 and that p53-dependent cell homeostasis could be perturbed in the absence of 

SOCS1. This notion was supported by the report of Hanada et al. on IFN--dependent 

spontaneous colorectal carcinoma in SOCS1-deficient mice, where mutant p53 

accumulated in the nuclei of tumor cells (Hanada et al., 2006). 

6.5.1. SOCS1 regulates p21 mRNA levels 

Cisplatin is a chemotherapeutic agent that is capable to induce SOCS1 in 

hepatocytes. However, contrary to our expectation, in HepG2 cells overexpressing 

SOCS1, we did not find any difference in phosphorylation (Ser15) or stabilization of p53 

following treatment with cisplatin. Meanwhile, even though we observed a subtle 

increase in p21 mRNA levels in HepG2-SOCS1 cells at the steady state level (p=0.2), 

p21 induction by cisplatin was decreased in HepG2-SOCS1 cells at the level of mRNA 

and protein. 

Similarly, cisplatin-induced p53 activation in mouse primary hepatocytes lacking 

SOCS1 did not differ from wild type cells. However, complementing the findings on 

SOCS1 overexpressing HepG2 cells, Socs1 null primary hepatocytes expressed higher 

levels of p21 transcripts and protein. We further confirmed this finding in the liver of 

SOCS1-deficient mice treated with DEN. The mice lacking SOCS1 did not show any 
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significant difference in p53 phosphorylation and among a range of different p53-

induced genes, we observed that p21 mRNA expression was increased. 

Our findings reveal that SOCS1 controls the transcript levels of Cdkn1a following 

a genotoxic assault. Nevertheless, we did not observe any significant change in p53 

stabilization or phosphorylation on Ser15 (Ser18 in mouse). Given the ability of SOCS1 

to bind p53 (Calabrese et al., 2009), even though it does not affect p53 stability or 

phosphorylation, SOCS1 may regulate the transcription activity of p53 in hepatocytes. 

This notion is supported by the result showing that Cdkn1a transcript levels are 

reduced in the liver of Socs1 null mice. It is not unlikely that such fine-tuning of p53-

dependent gene transcription may be necessary to increase the breadth of p53-

dependent transcriptional regulation. A comprehensive evaluation of transcription 

factors that bind on p21 promoter will verify this possibility. As a complementary 

approach, the activity of p21 promoter could be studied by employing a reporter gene 

assay in a cellular system where both SOCS1 and wild type p53 are expressed (like in 

HepG2 cells). Knocking down either SOCS1 or p53 under various conditions like 

genotoxic assault or mitogen stimulation could reveal the role of SOCS1 in p53 

mediated induction of p21.  

SOCS3 has also been shown to regulate p21 expression. Specifically, SOCS3 

deficient embryonic fibroblasts failed to induce p21 following irradiation, despite 

intact phosphorylation of p53 (Sitko et al., 2008). A more recent study showing that 

SOCS3 also interacts with p53 implied that this interaction in IL-22-induced senescence 

in hepatic stellate cells (Kong et al., 2012). We found that SOCS1 deficiency increased 

SOCS3 expression in the liver following PH. This result suggests that increased 

expression of SOCS3 may contribute to elevated p21 transcript levels in SOCS1 

deficient hepatocytes. Indeed, we have observed that SOCS1 deficient livers contain 

higher levels of Socs3 transcripts after DEN treatment (Figure 6.5.1). Examining the 

expression of p21 in mice lacking both SOCS1 and SOCS3 could unveil this possibility. 

STAT signal transducers also play an important role in induction of p21 

transcription. SOCS1 is a negative regulator of STAT signaling pathways. Therefore, the 

increased expression of p21 in SOCS1 deficient hepatocyte could be an outcome of 

STAT over-activation. This could be verified by measuring the activity of STAT1/3/5 on 
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p21 promoter using a Chromatin Immunoprecipitation (ChIP) assay. Besides STATs, the 

specificity protein transcription factors 1 and 3 (Sp1/3) have six cis elements on the 

p21 promoter and their regulation could influence the extent of p21 transcription. 

Although there is no report on the regulation of Sp1/3 activity by SOCS proteins, this 

possibility cannot be ignored. 

 

 

Figure 6.5.1: Socs3 mRNA expression is increased in the liver of SOCS1 deficient mice. 
6-8 week-old age-matched male mice per genotype were injected with DEN (100 
mg/Kg, i.p.). At 24 hours post-injection, mice were sacrificed and total mRNA was 
isolated from liver. SOCS1 and SOCS3 transcripts were measured and normalized to 
TATA-box binding protein gene. The graph represents the mean and SEM of five mice 
per genotype. 
 

 

6.5.2. SOCS1 promotes proteasomal degradation of p21 

We noticed that in SOCS1-deficient cultured hepatocytes, p21 protein levels 

were elevated in spite of modest Cdkn1a expression at the steady state. We also found 

that the half-life of nascent p21 protein was increased in SOCS1-deficient hepatocytes 

and that reintroduction of SOCS1 into SOCS1-deficient cells suppressed p21 stability. 

We further showed that SOCS1 was able to directly bind to p21 via its SH2 domain and 

facilitated its ubiquitylation and subsequent proteasomal degradation. 
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SOCS proteins participate in an E3 ubiquitin ligase complex that contains Cul5, 

Rbx2 and Elongins B and C (see chapter one). Although all members of the SOCS family 

harbor a Cul5 motif within the SOCS-box domain at their C-terminus, an altered amino 

acid sequence in the Cul5-box motif of SOCS1 and SOCS3 reduces their affinity to Cul5 

(Kamura et al., 2004; Okumura et al., 2012). On the other hand, SOCS1 can also bind to 

Cul2 and promote ubiquitylation of substrates such as TEL-JAK2 and RelA/p65 

(Kamizono et al., 2001; Maine et al., 2007). In the latter case, the linker protein 

COMMD1 is implicated in assembling the E3 ligase and RelA. It is noteworthy that the 

Cul2 containing CRL2LRR1 E3 ligase targets cytosolic p21 (Kamura et al., 2004; Starostina 

et al., 2010). Moreover, a recent crystallographic and mutational analysis has shown 

that Cul5 binds to the Cullin-binding-motif on SOCS-box via a sequence that is highly 

conserved in Cul2. This finding suggests that Cul2 and Cul5 could function in a 

redundant manner in CRL-SOCS1 E3 ligase (Kim et al., 2013). Therefore, further studies 

are required to elucidate the composition of the E3 ligase in which SOCS1 serves as a 

substrate recognition subunit for engaging p21.  

In contrast to cultured SOCS1-deficient primary hepatocytes, which had quit the 

G0 restriction point of cell cycle, the majority of hepatocytes in the resting liver are 

quiescent in the G0 phase. We noticed that p21 protein levels are not elevated at the 

steady state in SOCS1-deficient liver. This observation suggests that SOCS1 participates 

in p21 degradation at a specific phase of the cell cycle. To date, four other E3 ligases 

have been identified to mediate Ub-dependent p21 degradation (Abbas and Dutta, 

2009; Starostina and Kipreos, 2012). These include SCFSKP2 during G1/S transition and 

during S phase, and CRL4CDT2 during S phase when p21 is bound to PCNA and 

APC/CCDC20 during G2/M transition. The newly discovered CRL2LRR1 E3 Ub-ligase acts 

within the cytosol. Moreover, MDM2 and MDMX promote ubiquitin-independent 

proteasomal degradation of p21 during the G1 phase. While MDM2/X, SCFSKP2, 

CRL4CDT2 and APC/CCDC20 are implicated in cell cycle regulation, CRL2LRR1 controls 

cyctosolic p21 and does not affect the cell cycle progression (Starostina et al., 2010; 

Starostina and Kipreos, 2012). Whether SOCS1-dependent regulation of p21 occurs in 

a specific stage of the cell cycle remains to be elucidated. 
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6.5.3. SOCS1 prevents cytosolic localization of p21. 

Our data show that SOCS1 also regulates sub-cellular localization of p21. Lack of 

SOCS1 altered the localization of p21 by increasing its cytoplasmic distribution in the 

liver. Using a specific inhibitor (LY294002), we found that SOCS1 prevented cytosolic 

accumulation of p21 via suppression of PI3K activity. Previous studies have shown that 

AKT-dependent phosphorylation of p21 promotes its cytoplasmic localization via 

phophorylation of p21 on Thr145 (Xia et al., 2004). We found that both EGFR 

expression and Akt phosphorylation are increased in Socs1 null liver. Additionally, we 

detected increased EGFR signaling in SOCS1 deficient primary hepatocytes. Therefore, 

we propose that SOCS1 regulates p21 localization through restriction of AKT signaling 

downstream of growth factors such as EGFR. 

6.6. Paradoxical nature of p21 in HCC formation 

Although p21 is widely considered as a tumor suppressor protein via inhibiting 

cyclin/CDK complexes and the proliferating cell nuclear antigen (PCNA) in the nucleus, 

leading to cell cycle arrest and inhibition of DNA synthesis (Abbas and Dutta, 2009), 

there exists many clues in the literature that, under certain circumstances, p21 may 

gain a pro-oncogenic potential and promote cancer development  (Abbas and Dutta, 

2009; Goldenberg and Eferl, 2013; Warfel and El-Deiry, 2013). 

In a comprehensive study on the anti-tumoral role of p21, Cdkn1a null mice were 

followed up for spontaneous development of cancer over a period of two years 

(Martin-Caballero et al., 2001). At an average age of 16 months, p21 deficient mice 

developed spontaneous tumors from various organs. Affected organ systems included 

hematopoietic cells (65%), endothelial cells (20%) and epithelial cells (10%). However, 

in parallel, two intriguing findings emerged from the same study. First, loss of p21 in 

mice was not associated with increased radiation-induced carcinogenesis. Besides, 

none of p21 deficient mice developed spontaneous liver cancer within the period of 2 

years (Martin-Caballero et al., 2001). In contrast, p53 null mice are well known to 

develop spontaneous liver tumors (Katz et al., 2012). Putting these two studies 

together, one may conclude that the anti-tumoral function of p53 in liver might occur 

independently of p21. It is likely that p21 has a tissue specific function and its 



 122 

physiology might differ in the liver from other organs. Furthermore, although p21 is a 

cell cycle inhibitor with potent inhibitory effects on G1 phase progression, other CDK 

inhibitors seem to compensate the loss of p21 in radiation-induced cell damage. 

Overall, as a considerable part of our knowledge on p21 physiology emanates from 

overexpressing in vitro cellular systems, caution must be exercised in interpreting the 

behavior of p21 in various in vivo conditions. 

Elevated p21 expression in the liver has been shown to be associated with a poor 

prognosis of HCC, like in many other cancers (Wagayama et al., 2002; Schoniger-

Hekele et al., 2005; Shiraki and Wagayama, 2006; Abbas and Dutta, 2009; Koster et al., 

2010). Our results indicate that SOCS1 regulation of the expression of p21 might be an 

important mechanism by which SOCS1 exerts its anti-tumor functions in the liver. 

6.6.1. p21 expression in human samples of HCC 

In spite of growing number of HCC cases in the western populations, Asian 

countries still report a higher number of HCC incidence compared to the rest of the 

world (Weinmann et al., 2013). Many asian scientists and physicians have examined 

the status of p53 and p21 expression in their cohorts of liver biopsies including HCC 

cases. Importantly, most of these reports have shown a positive correlation between 

p21 and a proliferation index and/or the clinical stage of the carcinoma (Kao et al., 

2007). In a series of 97 HCC cases, p53 and p21 levels were significantly increased in 

the tumoral segments compared to the non-tumor parts of the same biopsy. 

Furthermore, p21 expression positively correlated with PCNA, independently of the 

p53 status (Qin et al., 1998). In another cohort of 126 HCC patients, 37% and 33% of 

HCC biopsies showed increased expression of mutant p53 and p21 respectively. The 

expression of mutant p53 directly correlated with tumor staging and poor histological 

differentiation, and showed an inverse correlation with p21 (Naka et al., 1998). 

Another survey of human HCC biopsies showed that p21 and PCNA levels were directly 

correlated and that p21 positivity was associated with apoptosis (Lee et al., 2004). A 

positive correlation between p21 and PCNA was similarly detected in another study of 

122 samples of human HCC biopsies (Kao et al., 2007). Some studies indicated a 

favorable independent prognostic value for p21 in HCC (Kao et al., 2007; Zhang et al., 

2009). However, this notion has not been universally accepted as similar surveys on 
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human HCC samples reported that patients with high p21 levels had a poor prognosis 

and a shorter survival (Marhenke et al., 2013). Hence, despite the need to resolve 

some of these controversies, most of the published cohorts indicate that increased 

p21 expression is a harbinger of poor prognosis.  

In order to verify if increased p21 expression in HCC might be related to SOCS1 

deficiency, we examined p21 expression by immunohistiochemistry in biopsies of 

patients with HCC. Even though our current number of collected samples does not 

allow performing statistical tests, the preliminary findings show increased p21 

expression in a considerable number of HCC cases. Furthermore, it is likely that p21 

expression shows a positive correlation with Ki67 (proliferation marker) and tumor 

grading (Figure 6.6.1). This experiment is ongoing in our lab and will be supplemented 

with SOCS1 promoter hypermethylation studies by methylation-specific PCR to explore 

the correlation between p21 expression and SOCS1 downregulation in human HCC. Molecular mechanisms of the anti-tumor functions of SOCS1 in hepatocytes     ILANGUMARAN, Subburaj.

Figures                                                                                                                           page 16

Fig. 27. Histopathology analysis of human HCC biopsy samples. 

Representative staining patterns are shown for 2 cases. Arrows indicate cytosolic accumulation of p21.

Notably, the extent of p21 staining most often concided with the level of Ki67 positivity . 

Case #       p21 Histologic grade Ki67

   

 1 Focal +ve Foc 2/3; global 1/3 30%

   

 2 Focal +ve Grade 2  15%

   

 3 Negative Grade 2  5%

   

 4 Focal +ve Grade 1  5%

   

 5 Focal +ve Grade 3  20%

   

 6 Focal +ve Grade 3  20%

   

 7 Focal +ve Grade 1  5%

Case #1 (grade III) Case #2 (grade II)

p21

Ki67

Malignant stage III HCC

Normal liver tissue

Fig. 28.  The BC03118 HCC tissue microarray (TMA) from US Biomax Inc. 

This HCC TMA contains 100 cases/200 cores of HCC at dif ferent histological grades. 

We will use the IHC staining conditions optimized with our tissue block collection on these TMAs. 

This would immensely decrease the time and cost required to reach the required number of HCC 

and control liver samples to arrive at statistically meaningful conclusions. 

The recent availability of SOCS1 Ab sitable for FFPE tissues will eliminate the need for methylation 

analysis of the SOCS1 gene as a surrogate for SOCS1 protein expression.

 

Figure 6.6.1: p21 expression is increased in HCC. 
Human HCC biopsies were stained for p21 and Ki67. Preliminary results indicate a 
positive correlation between p21 and Ki67 expression and tumor grading. 
 
6.6.2. Investigations on the role of p21 in cancer in murine models 

The availability of Cdkn1a null mice in 1995 led to a better understanding of the 

physiological behavior of p21 (Deng et al., 1995). These p21 deficient mice did not 

show any developmental phenotype as in the case of p53 knockout mice (Jacks et al., 

1994). However, unlike p53 deficient mice, loss of p21 was not associated with 

spontaneous tumors for up to 7 months of age. Notably, it was shown that p53-

mediated apoptosis was not affected by the loss of p21 (Deng et al., 1995). 

Meanwhile, embryonic fibroblasts from p21 deficient mice showed impaired G1 arrest 
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in response to DNA damage (Deng et al., 1995). A later study followed the p21 

knockout mice up to 2 years of age, and reported spontaneous tumor formations as 

sarcomas and B cell lymphomas between 13-18 months of age. Notably, the incidence 

of epithelial tumors was quite minimal and neither of the mice developed liver tumors 

during the period of study (Martin-Caballero et al., 2001). Moreover, p21 deficient 

mice were resistant to -irradiation induced lymphomas and showed a better survival 

compared to wild type controls (Martin-Caballero et al., 2001). This study provided 

some direct evidences for p21-independent anti-tumor functions of p53 and, 

depending on the context, for the participation of p21 in tumor progression. 

Following these two reports, other efforts were carried out to better elucidate 

the anti-tumor or pro-tumor function of p21 by developing various genetically 

engineered mice. The Rb+/- mice spontaneously develop pituitary and thyroid 

adenocarcinomas. Concomitant loss of p21 in these mice did not change the spectrum 

of spontaneous tumors, but accelerated tumor formation and reduced survival 

(Brugarolas et al., 1998). A mutant p53, p53R172P (Trp53515C/515C), loses the pro-

apoptosis function, but retains its cell cycle inhibitory function; as a result, compared 

to Trp53-/- mice, Trp53515C/515C mice show delayed formation of lymphomas and 

sarcomas, however, simultaneous loss of p21 accelerated tumorigenesis and increased 

genomic instability in tumor cells (Barboza et al., 2006). Mice with a deletion of 

INK4/ARF and simultaneous loss of p21, showed increased fibrosarcomas and 

rhabdomyosarcomas (Martin-Caballero et al., 2004). Moreover, p18INKc/p21 double 

knockout mice developed pituitary adenomas, bronchioalveolar tumors and gastric 

neuroendocrine hyperplasia. Furthermore, the CDK2 and CDK4 kinase activities were 

increased in these tumors (Franklin et al., 2000). 

While the above studies supported a tumor suppressor role of p21, other studies 

showed that loss of p21 could protect against some tumors in mice, endorsing the 

oncogenic activity of p21 in specific contexts. Concurrent loss of p21 in Trp53-/- mice 

increased lifespan and prevented spontaneous thymic lymphoma formation by 

increasing apoptosis in tumor cells (De la Cueva et al., 2006). The role of p21 in 

prevention of apoptosis in lymphoma cells has also been shown in Atm null mice. ATM 

is a major player in DNA damage response and ATM knockout cells are radiosensitized 
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(Ambrose and Gatti, 2013). ATM deficiency in mice leads to spontaneous thymic 

lymphomas (Wang et al., 1997). However, p21 contributed to resistance to ionizing 

irradiation in these mice and in the absence of p21, development of lymphoma is 

delayed (Wang et al., 1997). 

From the viewpoint of this thesis work, an increased susceptibility to 

hepatocellular carcinoma has not been yet documented in p21-/- mice. However, some 

investigations have addressed the role of p21 in conjunction with other gene defects. 

A study on the role of JNK1 in the pathogenesis of HCC proposed that loss of JNK1 

protected against HCC via upregulation of p21 (Hui et al., 2008). Even though this 

research using JNK1-/-p21+/- and JNK1-/-p21-/- double knockout mice contained some 

interesting findings, it lacked the wild type and p21-/- controls. Hence, it would be 

difficult to make a comprehensive conclusion on the role of p21 in HCC. Mice lacking 

tyrosinemia type I (Fah-/-) show increased hepatotoxicity due to accumulation of 

fumarylacetoacetate. These mice would die within 12 hours after birth due to liver 

failure, unless treated with 2-(2-nitro-4-trifluoromethylbenzoyl)-1,3-cyclohexanedione 

(NTBC) (Holme and Lindstedt, 2000). The Fah-/- mice were found to express high p21 

levels, with reduced apoptosis in the liver. Moreover, when treated with 5% of normal 

NTBC dose, the Fah-/- mice developed liver tumors in one year. Notably, even though in 

Fah-/-Cdkn1a-/- hepatocytes apoptosis was increased, it took only 8 weeks for p21 

deficient Fah-/- mice to develop HCC (Willenbring et al., 2008). 

The above studies indicating a pro-oncogenic role of p21 in the liver are also 

supported by other reports. A recent report suggested that the role of p21 in 

compensatory proliferation and hepatocyte carcinogenesis depended on the extent of 

liver injury (Buitrago-Molina et al., 2013). Upon a modest liver injury, Cdkn1a null mice 

showed impaired liver regeneration and reduced chemically-induced liver tumors, 

however, loss of p21 accelerated compensatory proliferation and HCC formation after 

a massive liver injury (Buitrago-Molina et al., 2013). Mice deficient for multidrug 

resistance protein-2 (Mdr2−/−) are defective in phosphatidylcholine transport and 

suffer a chronic cholestatic liver injury due to non-micellar bile acid toxicity, leading to 

HCC. Importantly, it has been recently shown that concomitant absence of p21 can 

protect these mice against development of HCC (Marhenke et al., 2013). 
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6.6.3. Correlation of p21 expression and liver cancer risk factors 

Hepatocellular carcinoma is distinct from other cancers in the diversity of risk 

factors that are specifically predisposing liver pathologies. The elevated level of p21 

has been shown in HCC samples from human and experimental animal models (see 

above). As discussed below, the evidence showing a correlation between p21 and 

specific risk factors of HCC make up a considerable body of the HCC research 

literature. 

6.6.3.1. The role of p21 in alcohol-associated liver diseases 

Examination of liver sections from a cohort of patients underlined a correlation 

between p21 expression and an unfavorable outcome of alcohol-related liver diseases 

and cirrhosis. In 42 patients with alcohol-associated liver disease, p21 expression 

correlated with liver fibrosis stage and a poor prognosis (Aravinthan et al., 2013). 

Similarly, in 77 cases with alcohol-associated cirrhosis p21 expression showed a 

stronger correlation with adverse outcome of the disease, as shown by the standard 

model-for-end-stage-liver-disease (MELD) scoring method (Aravinthan et al., 2013). 

Moreover, p21 expression co-localized with activated hepatic stellate cells (Aravinthan 

et al., 2013). 

6.6.3.2.The role of p21 in viral hepatitis-associated HCC 

Even though an inflammatory response to viral infections has been globally 

accepted as one of the key pathogenic events in hepatocarcinogeneis, several 

researchers have addressed the effects of the viral proteins on the homeostasis of 

hepatocytes. Both HBV and HCV infection have been shown to be associated with 

aberrant SOCS1 gene methylation (Rongrui et al., 2013; Zhang et al., 2013). 

Methylation of SOCS1 gene was documented in 57% of 284 Korean cases of HCC. 

SOCS1 gene methylation showed a positive correlation with HCV status (positive anti-

HCV antibody), but showed a negative association with HBs-Ag seropositivity among 

those patients (Ko et al., 2008). As a point of interest of this thesis, many have looked 

at the deregulation of p21 in hepatocytes by viral proteins. An early report 

documented that 72.4% of HCC biopsies from a Chinese cohort were positive for p21 

and that ratio was much higher than in samples diagnosed with cirrhosis, chronic 
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hepatitis and hepatoblastoma (Ren, 1991). However, when p21 expression was 

examined in cirrhotic regenerative nodules close to the HCC regions, it was much 

higher (87.2%); and when HBSAg positivity was also included as a new variable, the 

rate of increased p21 expression significantly increased up to 93.9%. Notably, p21 

expression was higher in well-differentiated HCC compared to poorly differentiated 

and undifferentiated cases. Based on these findings, this study concluded that the 

level of p21 expression in cirrhotic liver correlated with persistent HBV infection and 

implicated p21 in the development of the cirrhotic nodules heralding HCC during the 

early stages of the cancer (Ren, 1991). Supporting these evidences, knock-in mice for 

HBsAg and HBx genes integrated into the p21 locus developed spontaneous HCC 

between 15 to 24 months of age. Nevertheless, the expression of p21 was not 

examined in these mice (Wang et al., 2004). These observations have been, however, 

contradicted by other studies. The HBV strains with mutant core promoter region are 

associated with an increased risk for HCC. The core promoter region overlaps with 

HBx. Co-expression of the mutant variants of HBx in primary human hepatocytes and 

HepG2 cells was shown to upregulate SKP2 that in turn accelerated p21 degradation 

(Huang et al., 2011). HBx might also affect the transcription of p21. Two variant 

residues on HBx, Ser-101 and Met-130 were studied. The Ser-101 variant could 

stabilize p53 preventing the function of MDM2. Conversely, the Met-130 HBx inhibited 

Sp1 transcriptional activity on the p21 promoter. Therefore, p21 expression might be 

altered as a result of different HBx variants expression (Kwun and Jang, 2004). 

Meanwhile, using the p53-mutated human hepatoma cell line Hep3B, it has been 

argued that HBx can increase p21 mRNA and protein levels independently of p53, 

through a responsive element to HBx on p21 promoter mapped to a region between -

1185 and -1482 (Park et al., 2000). Recently, in an attempt to better clarify the effects 

of HBx on the p21 biology, HBx transgenic mice (Xg) and HBx-transfected hepatoma 

cell lines were employed. Both in vivo and in vitro experiments showed that HBx 

expression was associated with p21 upregulation. In another survey, in a cohort of 

Vietnamese patients with HBV hepatitis B, the expression of mutant HBx protein was 

analyzed with regard to the JAK/STAT/SOCS pathway. Mutant HBx was associated with 

enhanced STAT3 activation and silencing of SOCS1 and SOCS3 (Bock et al., 2008). 

These data raise the possibility that loss of SOCS1 might provide some protection 
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against HBV. Indeed, transgenic mice for HBV core antigene (HBc-Ag) increased 

Th1/Th2 ratio and increased anti-viral immunity associated with decreased SOCS1 and 

SOCS3 expression (Tang et al., 2014). Besides modulating p21 expression, HBx protein 

has been shown to exert an oncogenic effect by stabilizing cyclin D1 though promoting 

PI3K/Akt pathway (Mukherji et al., 2009; Wang et al., 2011). Interestingly, this effect 

correlated with increased cyclin D1 expression and reduced phosphorylation of 

retinoblastoma protein. Furthermore, knockdown of p21 repressed HBx induced cell 

proliferation (Yano et al., 2013). Moreover, it was shown that HBx shifted p21 into the 

cytoplasm by activating PKCα. Importantly, administration of IFN-β, a clinically 

approved anti-HCC treatment and a potent inducer of SOCS1 prevented cytoplasmic 

retention of p21 and abolished the tumogenic effect of HBx (Yano et al., 2013). 

While the oncogenic outcome of HBV infection has been attributed to p21, the 

current literature also reflects some evidence for the role of p21 in HCV-associated 

hepatitis and HCC. In a Japanese cohort of 18 HBV- and 32 HCV-associated chronic liver 

disease patients, the expression of p21 and its correlation to inflammation and fibrosis 

was studied (Wagayama et al., 2001). The levels of p21 showed a positive correlation 

with inflammation, necrosis and fibrosis as well as the grading and the staging of the 

disease. Additionally, p21 expression was higher in patients with viral hepatitis-

associated cirrhosis and was significantly enhanced in HCV-associated liver disease 

compared to HBV (Wagayama et al., 2001). The non-structural protein 3 (NS3P) of HCV 

is known to be involved in hepatocyte neoplasia. In an Egyptian cohort of 32 HCC 

biopsies, the expression of NS3P was significantly correlated with cirrhosis, chronic 

active hepatitis and tumor grade and p21 levels (Bahnassi et al., 2005). However, 

Kobayashi et al. reported contradictory results. Using northern blot technique, this 

group showed that p21 mRNA levels were decreased in tumoral liver samples. 

However, p21 mRNA levels were much higher in HCV positive samples than in HBV 

positive biopsies. The authors concluded that p21 levels might be rising early in the 

course of HCV infection as a protective factor to prevent cellular proliferation 

(Kobayashi et al., 2001). This result contrasts with an earlier cohort of HCV-associated 

HCC samples where p21 was upregulated in a number of biopsies (Kane et al., 1997). 

Double-transgenic mice carrying tetracycline transactivator (tTA) and HCV core 
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showed increased p21 expression following PH, however, they also showed decreased 

liver regeneration (Chang et al., 2009). 

6.6.3.3.The role of p21 in toxin-associated liver diseases 

Some studies have addressed a possible role for p21 in toxin-associated liver 

cancer. In an effort to understand the role for p21 in aflatoxin B1 (AFB1) induced-HCC, 

tree shrews were infected with HBV and were fed with an AFB1 contaminated diet. 

The incidence of HCC was almost twice more in the shrews with both HBV infection 

and AFB1 intoxication (66.7%) compared to those with AFB1 intoxication alone (30%). 

Furthermore, the latency before HCC presentation was shorter in shrews treated with 

both HBV and AFB1. Interestingly, while p53 upregulation could be detected only after 

75 weeks post treatment, hepatic p21 expression was increased at earlier times before 

development of HCC. More importantly, p21 levels and HCC incidence showed a 

positive correlation and in shrews exposed to both HBV and AFB1, the positivity for 

p21 expression was quite higher than in those with single treatment. This research 

proposed p21 expression as an early biomarker and p53 upregulation as a late onset 

event in the development of HCC (Su et al., 1999; Su et al., 2004). 

6.6.3.4. The role of p21 in liver fibrosis 

Fibrosis is a common presentation of chronic liver diseases including alcohol-

related liver disease (ALD) (Aravinthan et al., 2013). A recent study on ALD patients has 

shown a positive correlation between liver fibrosis and hepatocyte p21 expression. 

Particularly, it was shown that hepatic stellate cells were more activated in areas 

where p21 expression was higher. p21 levels were associated with higher MELD score 

and correlated directly with prothrombin time, a marker for liver dysfunction. 

Furthermore, patients with elevated levels of hepatocyte p21 showed a poorer clinical 

outcome. The hepatocyte expression of p21 was shown to be a prognostic indicator 

for ALD with up to 95% sensitivity and 77% specificity (Aravinthan et al., 2013). 

6.7. The oncogenic roles of p21 

While p53 mutations commonly occur during carcinogenesis, mutations or loss 

of p21 expression is rarely seen in cancer (Shiohara et al., 1994). In contrast, many 

have detected increased levels of p21 in various cancers (Tron et al., 1996; Erber et al., 
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1997; van Oijen et al., 1998; van Oijen et al., 1998; Yook and Kim, 1998). It has been 

suggested that elevated p21 expression in cancer is independent of p53 activation and 

is mainly due to post-translational modifications of p21 (Yook and Kim, 1998; 

Weinberg and Denning, 2002). Moreover, the expression of p21 in tumor cells usually 

coincide with markers of proliferation such as PCNA or Ki67 in the same cells (van 

Oijen et al., 1998; Kasprzak et al., 2009). This finding – seemingly contrary to the tumor 

suppressor role of p21 – is thought to be due to the potential role of p21 in assembly 

of quaternary complexes with CDK4/6, cyclin D1 and PCNA (Zhang et al., 1993). 

Moreover, simultaneous increase in the expression of p21 and cyclin D was suggested 

to dilute free p21 and attenuate its inhibitory action on CDK2-cyclin E complex (Sherr 

and Roberts, 1995; Cheng et al., 1999). Cytosolic p21 can favor cell survival by 

preventing apoptosis. This effect of p21 is mediated by its interaction and interference 

with various death inducing signaling molecules (Gartel and Tyner, 2002). Moreover, 

p21 can interact with pathways of actin remodeling and increase cell motility (Lee and 

Helfman, 2004). Here we discuss the oncogenic roles of p21 in more detail. 

6.7.1. Paradoxical effects of p21 on cell cycle progression and DNA synthesis 

Our findings suggest that in the absence of SOCS1, progression of the G1 phase 

of the cell cycle is accelerated. Following partial hepatectomy, the expression of D-type 

cyclins was increased and disappeared earlier in the liver of Socs1 null mice. Similarly, 

SOCS1 deficient primary hepatocytes treated with EGFR ligands showed accelerated 

G1 phase progression. We also found that p21 levels were upreguated in Socs1-/-Ifng-/- 

hepatocytes along with faster cell proliferation both in vivo and in vitro. 

Even though the classical function of p21 is to inhibit CDKs, some unexpected 

and paradoxical effects of p21 in a context-dependent manner have prompted 

detailed investigations on the cell cycle regulatory functions of p21 (Zhang et al., 1994; 

Hiyama et al., 1997; LaBaer et al., 1997). Zhang et. al. showed that in p53 deficient 

fibroblasts, where p21 expression is reduced, the quaternary complex 

p21/Cyclin/CDK/PCNA will turn into a binary Cyclin/CDK complex (Zhang et al., 1994). 

A study on transformed vascular smooth muscle cells showed that p21 has permissive 

effects on PDGF-BB-induced proliferation (Weiss et al., 2000). Silencing p21 was 

associated with a dose-dependent decrease in cyclinD1/CDK4 complex, leading to 
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decreased DNA synthesis. However, downregulation of p21 did not affect the Cyclin E 

and CDK2 complexes (Weiss et al., 2000). Both p21 and p27 are able to bind to CDK4-

cyclin D and increase the catalytic activity (Cheng et al., 1999). We showed that 

downregulation of p21 in Socs1 null primary hepatocytes suppressed cell proliferation. 

This finding is in agreement with a previous report showing that ectopic expression of 

p21 could promote S phase entry in primary rat hepatocytes (Wierod et al., 2008). 

Furthermore, we found that p21 expression is also elevated at 72 hours post-PH when 

hepatocytes reach the G2/M transition. In fact, it has been shown that phosphorylated 

p21 (Thr57) can promote G2/M transition by increasing catalytic activity of CDK1-cyclin 

B1 complex (Dash and El-Deiry, 2005). Further research is needed to elucidate the 

precise mechanisms through which SOCS1 regulates cell cycle progression via 

modulating p21 expression.  

We also found that EFGR expression is increased in SOCS1 deficient hepatocytes. 

Liver regeneration is impaired in EGFR hepatocyte-conditional knockout mice 

(Natarajan et al., 2007). Furthermore, it has been shown that silencing EGF signaling is 

associated with decreased p21 levels in the liver following partial hepatectomy 

(Paranjpe et al. 2010). We have previously shown that SOCS1 is also an important 

regulator of c-Met, another member of the receptor tyrosine kinase family (RTK). It is 

likely that SOCS1 exerts a wide-range of regulatory functions that may even be 

redundant, on RTKs including EGFR. The increased EGFR expression in the absence of 

SOCS1 is another open question that emerges out of our work. This is particularly 

intriguing in the light of another study using adenovirus-mediated delivery of SOCS1 or 

SOCS3, which concluded that SOCS1 regulates Met, whereas SOCS3 regulates both 

MET and EGFR (Seki et al., 2008). We showed that in Socs1 null mice, the enhanced 

base line levels of EGFR decreased following partial hepatectomy as SOCS3 expression 

increases. Therefore, it is also possible that both SOCS1 and SOCS3 exert a complex 

regulation of EGFR signaling and probably other RTKs that could also be influenced by 

the nature of the stimuli. 

6.7.2. Regulation of p21 anti-apoptotic effects by SOCS1 

In the very first study revealing SOCS1 hypermethylation in HCC, Yoshikawa et al. 

showed that Socs1 deficient hepatocytes were resistant to apoptosis, which could be 
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reversed by re-introducing exogenous SOCS1 (Yoshikawa et al., 2001). Our findings 

show that SOCS1 deficient mice display less hepatic damage after DEN treatment, as 

examined by serum levels of ALT, TUNEL positive hepatocytes and cleavage of caspase 

3 in the liver. Moreover, we found that Socs1 null primary hepatocytes showed 

reduced apoptosis after treatment with cisplatin or TNF-/CHX. These findings 

contradict some earlier reports indicating an anti-apoptosis role for SOCS1. It was 

shown that in Jurkat and MEF cells, SOCS1 protected against apoptosis by down-

regulating thioredoxin via suppression of JAK1-p38 axis in response to TNF- and 

cyclohexamide treatment or oxidative stress (Morita et al., 2000; Kimura et al., 2004; 

Oh et al., 2009). Moreover, it has been shown that Socs1 hepatocyte-specific knockout 

mice showed increased liver damage following treatment with concanavalin-A (Con-A), 

supposedly due to apoptosis mediated by both IFN- and TNF- (Torisu et al., 2008). 

However, we could not induce liver damage in either Ifng-/- or Socs1-/-Ifng-/- mice by 

intravenous injection of Con-A. Our data is compatible with previous reports showing 

that con-A induced hepatitis is dependent on IFN- (Mizuhara et al., 1996; Tagawa et 

al., 1997; Jaruga et al., 2004; Kato et al., 2013). As mentioned earlier, SOCS1 deficient 

mice are not viable unless they are concomitantly deprived of IFN- (Alexander et al., 

1999). The main early fatal pathology is the hyper-activation of T-cells, as Tcra-/- or 

Rag2-/- immunodeficient mice can also tolerate loss of SOCS1 (Marine et al., 1999). 

Con-A is an activator of T-cells that are a main source of IFN- (Marcucci et al., 1984). 

Therefore, probably the in vivo experimental data reported by Torisu et. al. showing 

more liver damage in con-A treated SOCS1 deficient mice, were mainly a consequence 

of unrestricted IFN- activity. 

Several studies have shown that cytoplasmic p21 is a potent inhibitor of 

apoptosis (Koster et al., 2010). When phosphorylated by PKA, p21 relocates to the 

cytosol, binds to pro-caspase 3 and inhibits its activation (Suzuki et al., 1998; Suzuki et 

al., 1999; Suzuki et al., 2000). Notably, Cdkn1a null murine intestinal cells and 

thymocytes showed increased apoptosis in response to irradiation (Wang et al., 1997; 

Martin-Caballero et al., 2001). In an animal model of cardiomyocyte ischemia, iNOS-

induced p21 was responsible for the protection against apoptosis via down-regulation 

of CDK2 kinase activity (Maejima et al., 2003). Similarly, it has been shown that Akt-
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mediated phosphorylation of p21 leads to its cytoplasmic localization in testicular 

embryonal carcinoma cells where it inhibits CDK2 activity downstream Fas death 

receptor (Koster et al., 2010). Another recent study proposed that SOCS1 could induce 

apoptosis by dowregulating NF-kB and, hence, its anti-apoptotic target genes like Bfl-1 

and cFLIP (Oh et al., 2012). Even though, we did not find any significant changes in the 

TNF-α-mediated NF-kB signaling pathway in SOCS1-deficient primary hepatocytes, we 

observed that Bcl-2 pro-survival protein was upregulated in Socs1 null livers after DEN 

treatment. This increased Bcl2 could also contribute to apoptosis resistance in SOCS1-

deficient hepatocytes that could result from cytoplasmic p21. An unequivocal proof for 

this conclusion would require generation of SOCS1 deficient mice that also lack p21. 

6.7.2.1.The effects of p21 on chemotherapeutic treatments 

Our findings indicate that the deregulation of p21 and Bcl2 family proteins in 

SOCS1 deficient hepatocytes could render them more resistant to apoptosis. These 

findings might also explain why some HCC patients are more resistant to 

chemotherapy and, therefore, SOCS1 gene methylation studies could be considered in 

liver cancer treatments. Cisplatin and doxorubicin are widely used in HCC treatment, 

but the response rates are relatively low. Indeed, drug resistance is a major issue in the 

treatment of HCC (Chlebowski et al., 1984; Chlebowski et al., 1984; Yeo et al., 2005; 

Taieb et al., 2006). We showed that cisplatin-induced apoptosis in SOCS1 deficient cells 

was partially attenuated due to increased p21. Elevated p21 is associated with reduced 

cytotoxicity of anti-tumor agents in hepatocytes. Sorafenib (BAY 43-9006) is an orally 

administered multi-kinase inhibitor that is approved by the FDA for treatment of renal 

cell carcinoma (RCC) and hepatocellular carcinoma (HCC) (Wilhelm et al., 2006; Nguyen 

et al., 2010). While controlled randomized trials have shown a four-month increase in 

the survival rate (Llovet et al., 2008; Cheng et al., 2009), the rate of tumor response is 

short due to resistance to Sorafenib (Palmer, 2008). Moreover, the last update of 

completed phase III clinical trials for some novel multi-targeted tyrosine kinase 

inhibitors does not provide any promising advantage (Chan and Yeo, 2014). Notch3 has 

been shown to be aberrantly over-expressed in human samples of HCC (Gramantieri et 

al., 2007). In fact, down regulation of Notch3 in HepG2 and Huh7 human HCC cells 

enhanced Sorafenib induced cell death through down-regulation of p21 and 
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upregulation of p-GSK3- (Serine 9) (Giovannini et al., 2013). As mentioned earlier, 

GSK3- promotes p21 phosphorylation on Thr57, leading to it cytoplasmic localization 

and subsequent degradation (Rossig et al., 2002). However, the responsible E3 ligase 

has not been identified yet and SOCS1 could potentially participate in this process. 

Moreover, a novel Sorafenib-related compound, UC2288, that has no kinase inhibitory 

effects, was also shown to reduce p21 transcription independently of p53 (Wettersten 

et al., 2013). Furthermore, Sorafenib and Vorinostat (a histone deacetylase inhibitor) 

co-treatment of leukemic cells increased cell death via downregulation of p21 and Mcl-

1 (Dasmahapatra et al., 2007). 

6.7.3. p21 effects on cell migration and metastasis 

We have previously reported the increased motility of Socs1 null primary 

hepatocytes by wound healing assay (Gui et al., 2011). A possible explanation for this 

finding could be increased cytosolic p21 in SOCS1 deficient hepatocytes. The RhoA–

ROCK–LIMK–cofilin pathway governs cytoskeleton remodeling and cell motility 

(Thirone et al., 2009). The Rho-associated kinase (ROCK), activated by GTPase RhoA 

downsteam mitogenic stimulations, activates LIM kinase (LIMK). LIMK, in turn, 

phosphorylates the actin-depolymerizing protein ADF/cofilin, which is active only non-

phosphorylated (Narumiya et al., 2009). The inhibition of the pathway is associated 

with increased activation of cofilin (non-phosphorylated) and depolymerization of 

filamentous stress actin fibers (F-actin), thereby allowing redistribution of the 

monomeric actin and increase in cell motility and associated morphological changes 

(Bamburg and Bernstein, 2010; Bernstein and Bamburg, 2010). All members of CIP/KIP 

family can regulate this pathway in a specific manner (Starostina and Kipreos, 2012). 

Cytosolic p27 and p21 bind to and inhibit RhoA and ROCK respectively. In rodents, p57 

binds to LIMK and sequesters it in the nucleus leading to cytoplasmic loss of LIMK 

(Yokoo et al., 2003; Besson et al., 2008). In contrast, in humans, cytosolic p57 binds to 

LIMK, does not affect LIMK localization but increases LIMK activity (Vlachos and 

Joseph, 2009). Therefore, decreased expression of p57 in human cells is associated 

with increased cell invasion (Chow et al., 2011). This contrasting role of rodent and 

human p57 is related to the lack of proline-rich and acidic domains in the central 
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region of human p57 (Yokoo et al., 2003). Figure 6.7.3.A schematizes the role of 

members of CIP/KIP family in cell motility. 

 

Figure 6.7.3.A: Regulation of RhoA–ROCK–LIMK–cofilin pathway by CIP/KIP family. 
 

Several studies have documented that cytosolic accumulation of p21 and p27 has 

an impact on cytoskeleton remodeling and cell migration (Lee and Helfman, 2004). It 

has been shown that in NIH3T3 cells, oncogenic H-Ras V12G induces loss of actin stress 

fibers (F-actin) by up-regulation of p21 in the cytoplasm (Lee and Helfman, 2004). In 

fact, inhibition of MEK or PI3K pathways could prevent cytoplasmic localization of p21 

and the subsequent remodeling of actin fibers in H-Ras transformed cells. Moreover, 

re-introduction of p21 in the cytoplasm, and not the nucleus, could restore the effects 

of H-Ras on cytoskeleton (Lee and Helfman, 2004). 
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6.8. Final remarks and outlook 

Expression of SOCS1 is frequently impaired in HCC and other cancers. The 

current research was carried out to elucidate the anti-tumor role of SOCS1 in the liver. 

SOCS1 is a potent negative regulator of IFN- signaling pathway and Socs1 null mice 

cannot survive more than 2 to 3 weeks of age. We showed that Socs1-/-Ifng-/- mice 

developed more liver tumors after treatment with DEN and showed an accelerated 

liver regeneration. However, these mice did not show an increased inflammatory 

response. Inflammation plays an important role in the generation of HCC foci. 

Therefore, even though our mouse model lacks inflammation, presumably due to the 

absence of IFN-, we do not exclude the possibility that a part of the anti-tumor role of 

SOCS1 might be conferred by regulation of IFN- activity. This notion is further 

supported by our finding that IFN- has a pro-oncogenic function in DEN model of 

cancer and IFN--deficient mice showed reduced number of liver nodules. The extent 

of SOCS1 mediated repression of IFN- in this scenario should be examined in 

hepatocyte-specific SOCS1 knockout mice. Our preliminary results show that 

hepatocyte-specific Socs1 null mice are more susceptible to DEN induced liver cancer 

than wild type littermates.  

To our surprise, SOCS1-deficient hepatocytes showed increased expression of 

p21 after genotoxic events and mitogen stimulation. Moreover, p21 showed an AKT-

dependent cytosolic localization in SOCS1 deficient hepatocytes. We also found that 

SOCS1 promoted ubiquitin-dependent proteasomal degradation of p21. However, we 

still need to identify the other subunits of the E3 ligase in which SOCS1 participates. 

We anticipate that, similar to other SOCS proteins, SOCS1 relies on Cullin 5 and Elongin 

B and C for this purpose. 

As a classical cell cycle inhibitor induced by p53, p21 is lost in many cancer types. 

However, several studies have shown that in some epithelial malignancies, p21 

expression is elevated. Cytosolic p21 interferes in apoptotic pathways and renders 

tumor cells more resistant to death-inducing agents. Cytosolic localization of p21 

depends on phosphorylation, and Thr 145, Thr57, Ser130 and Ser153 are the residues 

that can govern the sub-cellular localization of p21. Given the vast regulatory functions 
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of SOCS1, it is quite possible that some upstream kinases are hyper-activated in SOCS1 

deficient hepatocytes. One approach to elucidate p21 protein modification could be 

employing a mass spectrometry analysis of p21 purified from the liver of SOCS1 

deficient mice. Furthermore, comparing the behavior of mutated p21 proteins on 

various phospho-sites in wild type and SOCS1 deficient hepatocytes could also be 

informative. 

We found that SOCS1 deficient hepatocytes were resistant to apoptosis. Even 

though by using shRNA technology we showed that this effect was, at least in part, due 

to elevated p21 expression, a better model for addressing this finding would be 

generating SOCS1-p21 double knockout hepatocytes. Such a model would also 

eventually help to confirm our in vivo findings that reduced liver damage in SOCS1 

deficient mice could be dependent on p21.  

SOCS1 deficient hepatocytes showed an accelerated G1 to S transition as 

suggested by D-type cyclin expression after partial hepatectomy or EGFR stimulation. 

This finding seems contradictory to the elevated p21 expression in the same cells. 

However, downregulation of p21 suppressed DNA synthesis in SOCS1 deficient 

hepatocytes. p21 can bind to CDK2-cyclin A/E and retard the cell cycle. However, p21 

can also participate in quaternary complexes with D-type cyclins and CDK4/6 and 

promote their kinase activity. Furthermore, p21 can improve the catalytic activity of 

CDK1-cyclin B1 during the G2/M transition. Our data suggest that in the absence of 

SOCS1, p21 promotes cell cycle progression. Performing partial hepatectomy in SOCS1-

p21 double knockout mice and evaluation of primary hepatocytes isolated from these 

mice could provide a definitive confirmation for our observations.  

Our laboratory has previously reported that SOCS1 regulates the activity of c-

Met. We showed that EGFR activation was enhanced in SOCS1 deficient hepatocytes. 

Other members of SOCS family can also suppress EGFR. The nature of EGFR (and 

possibly other RTKs) regulation by SOCS1 requires further research.  

Figure 6.8 schematizes how the oncogenic activity of p21 could be repressed by 

SOCS1. 

 



 138 

 

 

Figure 6.8: SOCS1 regulates the oncogenic activities of p21. 
SOCS1 suppresses p21 gene expression via genotoxic events or mitogenic stimulations. 
The nature of p21 mRNA repression by SOCS1 is an open question for further research. 
Meanwhile, SOCS1 directly binds to p21, promotes its ubiquitylation (Ub) and induces 
it proteasomal degradation. Phosphorylated p21 can shift into the cytosol and prevent 
apoptosis. SOCS1 could regulate upstream kinases such as EGFR and other tyrosine 
kinase receptors (RTK). Moreover, cytosolic p21 could increase cell motility by 
suppressing the RhoA–ROCK–LIMK–cofilin pathway and actin fiber remodeling. Even 
though p21 is known to suppress G1 progression by inhibition of CDK2, under certain 
circumstances, it would bind to CDK4-cyclin D and promote the early G1 phase. 
Furthermore, p21 can increase the kinase activity of CDK1-cyclin B1 during the G2/M 
transition. 
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