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RÉSUMÉ 

La Ferroptose médiée par SOCS1 en tant que mécanisme de suppression tumorale 
dans le carcinome hépatocellulaire 

Malgré les dernières améliorations en matière de dépistage et de méthodes de traitement 
avancées, la gestion clinique du cancer du foie reste encore un défi. Par conséquent, le 
mauvais pronostic du carcinome hépatocellulaire (CHC) justifie le besoin d’un 
développement de nouveaux traitements. La ferroptose, une nouvelle forme de mort 
cellulaire régulée, pourrait avoir un potentiel thérapeutique pour le CHC. Cependant, les 
déterminants de la susceptibilité à la ferroptose ne sont pas encore bien compris. Des études 
récentes ont montré que le système xCT, un antiporteur impliqué dans l'importation de la 
cystine nécessaire à la biosynthèse du glutathion et à la défense antioxydante, est exploité 
par les cellules cancéreuses. En effet, la surexpression de xCT dans les cancers favoriserait 
la croissance tumorale en supprimant la ferroptose qui est induite par une peroxydation 
lipidique excessive. La protéine SOCS1, qui est un suppresseur de tumeur, souvent réduit au 
silence dans le CHC par des mécanismes épigénétiques, présente un intérêt particulier. 
SOCS1 a le potentiel de réguler la ferroptose, et la ferroptose médiée par SOCS1 pourrait 
être exploitée pour traiter le carcinome hépatocellulaire. La présente étude vise à mieux 
comprendre l'axe xCT - SOCS1 dans le CHC. Des lignées cellulaires de CHC surexprimant 
SOCS1 ont été utilisées pour évaluer la ferroptose dans des tests de mort cellulaire in vitro 
en présence d'inducteurs et d'inhibiteurs de la ferroptose. Le tétrachlorure de carbone (CCL4) 
a également été utilisé pour induire un stress oxydatif in vivo dans le foie de souris déficientes 
en SOCS1. L'immunocytochimie, le western blot et la RT-qPCR ont été utilisés pour mesurer 
les niveaux d'expression de xCT.  

Nos résultats indiquent la preuve que l'expression de xCT est réprimée par SOCS1 au niveau 
de l'ARNm et des protéines dans des lignées cellulaires représentatives de CHC en réponse 
au stress oxydatif. La surexpression de SOCS1 a rendu les lignées cellulaires de CHC 
sensibles à la mort cellulaire ferroptotique. L'expression du système xCT dans le foie après 
induction de la ferroptose par le CCL4 in vivo est augmentée chez les souris déficientes en 
SOCS1. Ces résultats indiquent que SOCS1 est un régulateur clé de la ferroptose par la 
modulation de l'expression du système xCT. Étant donné que SOCS1 est réprimé dans le 
CHC et que la déficience de SOCS1 chez les souris augmente la susceptibilité au CHC 
expérimental, nos résultats suggèrent que la restauration de l'expression de SOCS1 pourrait 
être une approche potentielle pour moduler thérapeutiquement la susceptibilité à la 
ferroptose des cas de CHC réfractaires aux autres traitements.  

Mots-clés : Ferroptose, SOCS1, carcinome hépatocellulaire (HCC), xCT (SLC7A11), stress 
oxydatif, espèces réactives de l'oxygène (ROS), CCL4. 
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ABSTRACT  

SOCS1-mediated ferroptosis as a tumor suppression mechanism in hepatocellular 
carcinoma 
Despite the latest improvements in screening and advanced treatment methods, clinical 
management of liver cancer still remains a challenge. Therefore, the poor prognosis of 
hepatocellular carcinoma (HCC) warrants the development of new treatments. Ferroptosis, 
a new form of regulated cell death may have therapeutic potential toward HCC. However, 
the determinants of ferroptosis susceptibility are not yet well understood. Many recent 
studies have shown that the system xc-, an antiporter involved in the import of cystine 
required for glutathione biosynthesis and antioxidant defense is exploited by cancer cells. 
Indeed, xCT overexpression in cancers can promote tumor growth by suppressing ferroptosis 
that is induced by excessive lipid peroxidation. Of particular interest is the SOCS1 protein, 
which is a tumor suppressor often silenced in HCC by epigenetic mechanisms. SOCS1 has 
the potential to regulate ferroptosis, and SOCS1-mediated ferroptosis could be exploited for 
treating hepatocellular carcinoma. The present study focuses on gaining a better 
understanding of the xCT - SOCS1 axis in HCC. HCC cell lines overexpressing SOCS1 were 
used to evaluate ferroptosis in cell death assays in vitro in the presence of ferroptosis inducers 
and inhibitors. Carbon tetrachloride (CCL4) was also used to induce oxidative stress in vivo 
in the livers of SOCS1-deficient mice. Immunocytochemistry, western blot and RT-qPCR 
were used to measure the levels of xCT expression.  

We provide evidence that the expression of xCT is repressed by SOCS1 at mRNA and 
protein levels in representative HCC cell lines in response to oxidative stress. SOCS1 
overexpression rendered HCC cell lines susceptible to ferroptotic cell death. The expression 
of system xc- in the liver following ferroptosis induction by CCL4 in vivo is increased in 
SOCS1-deficient mice. These findings indicate that SOCS1 is a key regulator of ferroptosis 
through modulation of system xc- expression. Given that SOCS1 is repressed in HCC and 
SOCS1 deficiency in mice increases susceptibility to experimental HCC, our findings 
suggest that restoring SOCS1 expression could be a potential approach to therapeutically 
modulate the ferroptosis susceptibility of HCC cases that are refractory to other treatments.  

Keywords: Ferroptosis, SOCS1, Hepatocellular carcinoma (HCC), xCT (SLC7A11), 
Oxidative stress, Reactive oxygen species (ROS), CCL4.  
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1 INTRODUCTION 

1.1 The functions of liver and its structure 

As the largest parenchymatous organ in the body, the liver makes up about 2-3 percent of 

the whole human weight. It consists of two lobes marked by morphological and functional 

anatomy (Figure 1). The liver is located in the right quadrant of abdominal space in the upper 

side and under the right hemidiaphragm. The rib cage protects the liver and provides 

ligamentous attachment help to maintain its position against peritoneal reflections. These 

attachments are not really ligaments as they are avascular and are the continuation of the 

Glisson capsule of liver and correspond to the visceral peritoneum (Abdel-Misih and 

Bloomston, 2010).  

 

 

  Functional anatomy       Morphological anatomy    

 
Figure 1: Morphological anatomy of the liver and functional anatomy of the liver 

     (Sibulesky, 2013). License Number 5301460973896. 
 

The liver carries out many vital functions necessary for homeostasis such as 

metabolism, storing glycogen, detoxifying drugs, generating different serum proteins, and 

producing bile. Deregulation of hepatic functions caused by hepatitis, fibrosis and cirrhosis 

compromise hepatic functions and total hepatic failure is invariably fatal. The liver possesses 

an extraordinary capacity to heal itself from damages. If a large portion of the liver is 

removed, this organ can reconstruct itself. That is why it is possible to transplant liver tissue 

from a live donor. The main structural and functional unit of the liver is the hepatic lobule, 

which is illustrated in figure 2 (Miyajima, Tanaka and Itoh, 2014; Gordillo, Evans and 

Gouon-Evans, 2015). 
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The major metabolic and synthetic duties of the liver are done by hepatocytes. They 

make up about 60% of the entire liver cells and 80% of the functional capacity of the liver. 

Hepatocytes are polarized epithelial cells that are arranged as cords within hepatic lobules. 

The basolateral surfaces face the fenestrated sinusoidal endothelial cells, which contribute to 

the transfer of portal circulation’s nutrient content across to hepatocytes. The strong adhesion 

between adjacent hepatocytes form a canaliculus. The bile generated by mature hepatocytes 

is secreted into the bile canaliculi located on the apical side of the surrounding hepatocytes, 

which coalesce into intrahepatic bile pathways that collect bile into the bile duct that is 

drained into extrahepatic bile pathways and eventually the common bile duct that releases 

bile into the duodenum. The bile duct pathway is lined by a special kind of epithelial cell 

named cholangiocyte (Miyajima, Tanaka and Itoh, 2014; Tanaka and Miyajima, 2016). 

  
Figure 2: Schematic presentation of the hepatic lobule.  
Blood finds its way into the liver originating at the portal vein and the hepatic artery to the 
central vein through the sinusoid encircled by fenestrated liver sinusoidal endothelial cells 
(LSECs). The bile generated by hepatocytes is gathered into the bile ducts through the bile 
canaliculi enclosed by the apical membrane of hepatocytes. Kupffer cells (KC), macrophages 
residing in the liver, are placed at the luminal part of the sinusoids. Hepatic stellate cells 
(HSCs) are located in near LSECs. The canal of Hering links hepatocytes and the bile ducts 
(Tanaka and Miyajima, 2016). 
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1.1.1 Liver cell and function  

There are different kinds of cells in the liver such as hepatocytes, biliary epithelial cells 

(cholangiocytes), hepatic stellate cells (HSCs), Kupffer cells and liver sinusoidal endothelial 

cells (Figure 2) originate from different embryonal cells. Each of these cell types carry out 

specific duties that collaboratively manage the liver performance in different scales. 

Hepatocytes are the main epithelial cell type within the liver. They comprise most of the liver 

prenchyma and perform all major functions of the liver (Blomhoff and Berg, 1990). 

Cholangiocytes are the second most prevalent epithelial cells type within the liver. They 

serve a conventional epithelial function by forming the lumen of the bile pathways. These 

are in charge of transporting the bile produced by hepatocytes (O’Hara et al., 2013). A 

dynamic cell group which is found in a quiescent or activated form are the hepatic stellate 

cells. In the quiescent state, stellate cells preserve vitamin A within the lipid droplets. If the 

liver is damaged, the stellate cells are activated. As a result, these cells increase in number 

and lose the reservoirs of vitamin A. Stellate cells also cause the deposition and restructuring 

of collagen in the injured liver. This procedure can result in the scarring of the liver and can 

lead to liver fibrosis and cirrhosis, important liver diseases (Trefts, Gannon and Wasserman, 

2017). Kupffer cells are the largest population of resident tissue macrophages in the liver. 

They respond to pathogenic stimuli emerging through portal circulation and can play pro- or 

anti-inflammatory role in eliminating pathogens and in healing liver damages (Naito, 

Hasegawa and Takahashi, 1997; Naito et al., 2004). Lastly, sinusoidal endothelial cells are 

specialized cells forming fenestrated sieve plates near the sinusoidal lumen that harbor holes 

with diameters ranging from 50 to 180 nm in humans and between 50–280 nm in mice/rats. 

This structure is needed for the transfer of proteins and other nutrients, and also for the 

absorption of metabolites and toxic chemicals for safe elimination (Figure 2) (DeLeve, 2013; 

Trefts, Gannon and Wasserman, 2017). 

 

1.2 Liver cancer  

1.2.1 Epidemiology & pathogenesis 

Primary liver cancer is a fatal disease. As reported by the World Cancer Research Fund, it 

ranks 6th as the most common cancer worldwide. Overall, more than 900 thousand of new 

reported cases of liver cancer and over 830 thousand mortalities were announced in 2020 
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('World Cancer Research Fund Internatioinal', 2018). Besides, the 5 year survival rate for 

patients with the disease was 18.4% (2009–2015) and 14.1% (2010–2014) in American and 

Chinese populations (Allemani et al., 2018; National Cancer Institute. Surveillance, 

Epidemiology, and End Results Program., 2019). The medical burden that liver cancer puts 

on humanity is one of the main factors involved in the mortality rate of heavy alcohol 

consumers.  

 

Primary liver cancer is related to hepatitis B and C virus infection, chronic 

alcoholism, non-alcoholic fatty liver disease (NAFLD) as well as additional factors such as 

the consumption of polluted tap water by aflatoxin B1, and microcystins.(Ascha et al., 2010; 

El-Serag, 2012; Zheng et al., 2017). The literature revealed geographic diversity in etiologic 

factors accounting for liver cancer. For instance, in the case of developed countries, the 

primary reason for liver cancer is HCV infection or alcoholic liver disease. Yet, in 

developing countries, the main risk factor is HBV infection (Akinyemiju et al., 2017; Liu et 

al., 2019). 

 

HCC is speculated to be caused by aetiological factors including genetic factors such 

as the inactivation of the tumor suppressor p53, mutation to β-catenin as well as the 

overexpression of the ErbB and MET receptors. In human HCC different genes related to 

cancer appear to be repressed by methylation an epigenetic silencing modification.  Genomic 

instability is also a well-known characteristic of human HCC. Different mechanisms are 

involved: telomere erosion, defects in chromosome separation and changes in the DNA-

damage-response pathways (Farazi and DePinho, 2006). 

 

1.2.2 Liver cancer diagnosis 

1.2.2.1 HCC very early stage 

HCC can be diagnosed using non-invasive testing such as the 4-step multi-detector CT 

(unenhanced, arterial, venous, and delayed) and dynamic contrast enhanced MRI. HCC 

diagnosis is confirmed through arterial hyper-enhancement using a contrast medium venous 

or delayed washout (Bruix and Sherman, 2011). MRI enjoys a better contrast resolution than 

CT. This can be attributed to the use of strong magnetic and radio waves for imaging. Despite 
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its benefits, its use is quite limited due to cost and time required for processing. Patients with 

atypical signs of HCC (identified by CT or MRI) are advised to take additional imaging tests 

or lesion biopsies. Patients with discordant CT/MRI results or hepatic injuries with no 

cirrhosis, also need to undergo a liver biopsy. The above-mentioned imaging diagnostic tests 

are advisable to individuals with cirrhosis or chronic HBV with no cirrhosis. The contrast 

enhanced ultrasound is not recommended for diagnosis because it does not have the required 

level of specificity for HCC (Bruix and Sherman, 2005). Furthermore, the rate of false 

negative is high in biopsies (reaching up to 30%) and is presumed to be caused by insufficient 

sampling (Song, 2008). Regardless of a negative biopsy, the lesion should be checked at 3 

to 6 months intervals for probable alterations for HCC (Bruix and Sherman, 2005).  

In addition to looking at the characteristics of cells, a series of stains might very well divide 

lesions into HCC or non-HCC prone groups. Proteins of interest may include: glypican 3, 

heat shock protein 70, glutamine synthetase or clathrin heavy chain. If these markers are 

positive, the chances of HCC are irrefutable. In fact, specific protein markers should be used 

in all cases of doubtful diagnosis (Di Tommaso et al., 2011). 

 

1.2.2.2 Staging and prognosis 

The intensity of disease in HCC patients can be assessed in different ways. C-P score or the 

Model for End-stage Liver Disease score can be used to measure the liver function. The 

anatomical extent of the cancer is measured by the TNM (tumour-node-metastasis) system. 

Yet, not any one of them is good enough for providing any directions toward a treatment for 

HCC. Several HCC staging systems exist that try to consider several of these factors. Among 

them, only the Barcelona Clinic Liver Cancer (BCLC) system assesses performance status, 

liver performance as well as tumour burden to suggest particular treatments. The external 

validity of BCLC staging system has been tested to ensure its predictive value. Figure 3 

represents the present iteration in the BCLC staging system (Forner, Llovet and Bruix, 2012). 
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Figure 3: Barcelona Clinic Liver Cancer steps and the target treatment. 
CP Child-Pugh class; LT Liver transplantation; PS Eastern Cooperative Oncology Group 
performance status; TACE Transarterial chemoembolization (Burak and Sherman, 2015). 
 

1.2.3 HCC treatment 

HCC patients are provided with different therapeutic choices that can be known as either 

curative or palliative. There are three potential therapeutic alternatives: radiofrequency 

ablation, liver transplantation and tumor resection. Given that HCC is highly diverse in type 

and complications, HCC patients are often under the supervision of a team of experts from 

several disciplines. The best treatment is decided on according to the level of presentation. 

A popular way of assessing the prognosis and choosing the best treatment for HCC is 

Barcelona clinic liver cancer staging system (1999) (Llovet, Brú and Bruix, 1999). 

Generally, surgery or liver transplantation is the primary therapeutic choice in the early stage 

of the disease. Asymptomatic patients in the middle stage of the disease are recommended 

to use chemoembolization. Patients at the fatal stage of the disease or those with an 

extrahepatic disease usually have a lower survival rate (< 3 months). For these patients, the 
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priority goes to controlling pain and symptoms in order to promote a better quality of life 

(Bruix and Sherman, 2011) (Figure 3). 

 

Targeted molecular treatments such as bevacizumab, brivanib, erlotinib and 

sorafenib are among the choices for traditional cytologic agents. So far, sorafenib is the only 

effective systemic treatment to tackle the higher stages of HCC. As an oral tyrosine kinase 

inhibitor with anti-angiogenic activity, Sorafenib is currently the standard care service for 

patients at the highest stage of the disease (Cheng et al., 2009; Estfan, Byrne and Kim, 2013). 

Its effect on patients with minimal tumor symptoms, or those that experience vascular 

invasion and extra hepatic spread proved to be beneficial as it significantly delays tumor 

progression by affecting the proliferation of cells as well as angiogenesis.  

 

In 2008, a sorafenib HCC Assessment Randomized Protocol reported a 31% decrease 

in the risk of mortality (with a median delay of 3 months) in the radiologic development of 

the disease in patients who were benefiting from sorafenib (Estfan, Byrne and Kim, 2013). 

Besides, it was shown in the Global Investigation of Therapeutic Decisions in HCC (with a 

wide-ranging population of unresectable HCC patients) that sorafenib was overall better 

tolerated in a clinical context (Lencioni et al., 2014). There is growing evidence of the effect 

of sorafenib (as a neo-adjuvant treatment before liver transplantation) on treating the early 

stages of the disease. Sorafenib together with TACE can inhibit angiogenesis and cause 

tumor necrosis in pre-transplant patients (Takada et al., 2006). The line of research on 

alternative molecular treatments other than sorafenib is still ongoing. These could be 

administered to patients who cannot tolerate sorafenib (Waghray, Murali and Menon, 2015). 

 

1.3 Suppressor of Cytokine Signaling (SOCS) family proteins 

Cytokines and chemokines secreted by innate and adaptive immune cells enable a consistent 

and well-organized immune response to protect from pathogens. Following an infection, 

cytokines initiate inflammatory responses allowing for clearance of the pathogen. The 

cytokines also act as a switch for their own regulation. Using a negative feedback loop, SOCS 

proteins can respond to cytokine cues allowing for the negative regulation of cytokine 

receptors during the resolution phase of an immune response (Alston and Dix, 2019). 
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1.3.1 SOCS family Structure 

SOCS proteins were first recognized in the mid-1990s as inhibitors induced by cytokine in 

signal transducers and activators of transcription (STAT) cell signaling pathways 

(Yoshimura et al., 1995; Endo et al., 1997; Naka et al., 1997; Starr et al., 1997). The SOCS 

family is made up of 8 members (SOCS1-7 and CIS) (Kubo, Hanada and Yoshimura, 2003; 

Palmer and Restifo, 2009). Common features of the SOCS family proteins include: a central 

Src homology (SH2) domain, a C-terminal SOCS box and an N-terminal area of variable 

length. The binding of SOCS to other proteins is primarily mediated by the SH2 domain 

which enables them to bind to phosphorylated tyrosine motifs on targeted proteins (Hilton, 

1999; Palmer and Restifo, 2009). The SOCS box in the C-terminus interacts with elongin 

B/C, cullin 2 and ring-box2 to assemble a ubiquitin E3 ligase complex that promotes the 

destruction of SH2-binding proteins via the proteasome (Kamura et al., 1998; Kinjyo et al., 

2002; Palmer and Restifo, 2009). Besides, the SOCS box also directly connects to other 

molecules including ATM and ATR to serve further regulatory purposes (Calabrese et al., 

2009). A nuclear localization sequence (NLS) residing between the SH2 domain and SOCS 

box can mediate the translocation of SOCS1 from the cytoplasm to the nucleus, which can 

be disrupted by mutation of critical amino acid (aa) residues in the NLS, leading to 

cytoplasmic retention of SOCS1 (Baetz et al., 2008; Koelsche et al., 2009; Lee et al., 2009). 

The N-terminal regions of SOCS proteins differ in length or sequence. Within the SOCS 

family, SOCS1 and SOCS3 have a 12-aa region within the N-terminus, adjacent to the SH2 

domain, called kinase inhibitory region (KIR), with a conserved tyrosine residue as a pseudo-

substrate for JAK2 (Janus kinase) which serves to block its kinase activity. The tyrosine 

residue which is conserved in KIR can contribute to the interaction of SOCS1/3 and target 

proteins. Its mutation lowers the ability of SOCS1/3 to inhibit the JAK2 kinase without 

influencing SOCS1/3 binding to JAK2 (Yasukawa et al., 1999; Sasaki et al., 2000) (Figure 

4). 
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Figure 4: SOCS family structure and functional domains. 
The eight members of SOSC family entail a core SH2 domain and c-terminal SOCS box. 
SOCS1 and SOCS3 both harbor the kinase inhibitory region (KIR). The nuclear localization 
sequence (NLS) of SOCS1 is indicated as well (J. Zhang et al., 2012). License Number 
5294870492457. 
 
1.3.2 SOCS Function and Expression  

A number of cell signaling pathways can induce SOCS (Kinjyo et al., 2002; Alexander and 

Hilton, 2004; Dimitriou et al., 2008). Interferons and various other cytokines for example 

can do so through JAK/STAT signaling (Alston and Dix, 2019) (Figure 5).  The SOCS 

protein SH2 domains give them a prioritized connection to their respective substrates while 

also allowing interaction with other proteins by acting as an adaptor (Dimitriou et al., 2008). 

What differs across cell types, even in various tissues or microenvironments include the 

expression of receptor, cytokine milieus, and signaling pathways. 

 

Various types of cells in different organs express proteins of the SOCS family (Starr 

et al., 1997). Hematopoietic cells (Metcalf et al., 1999) of the inherent and adapting immune 

systems are the main cell types expressing SOCS proteins (Yoshimura, Naka and Kubo, 

2007; Baker, Akhtar and Benveniste, 2009). Among these SOCS-expressing cells, we found 

monocytes (L. et al., 1999), macrophages (Stoiber et al., 1999), Dendritic Cells (DCs) 

(Hanada et al., 2003), microglia, neutrophils, Natural Killer cells (NK), CD4+, and CD8+ T 

https://www.frontiersin.org/articles/10.3389/fimmu.2019.00732/full#F2
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cells, as well as ocular Müller cells (Alston and Dix, 2019). SOCS proteins mainly act in the 

same cells that transcriptionally generate them. In a recent study, cell-to-cell vesicular 

transmission of SOCS proteins has been shown in alveolar macrophages, where in this case 

the transfer is to neighboring epithelial cells (Bourdonnay et al., 2015). 

 

 

 
 
Figure 5: SOCS induction by and inhibition of the JAK/STAT pathway. 
(1) Extracellular cytokines enable the dimerization of their cognate transmembrane receptors 
which brings intracellular receptor associated JAK proteins as well as tyrosine residues found 
on the receptors in close proximity for cross phosphorylation. (2) STAT proteins dock at 
phosphotyrosines on intracellular receptor subunits. (3) JAK proteins phosphorylate STAT 
proteins to activate them. (4) Activated STAT proteins separate from the receptors, dimerize, 
and translocate to the nucleus. (5) STAT proteins act as transcription factors for dozens of 
immune targets including SOCS genes. (6) SOCS proteins which function mainly in 
cytoplasm, may bind to the phosphor-tyrosine found on the intracellular region of the 
cytokine receptor hence blocking STATs from their native docking sites. (7) Using their KIR 
domains, SOCS1 and SOCS3 can prevent the kinase functioning of JAK proteins. They 
prevent further activation of STAT proteins. (8) The ubiquitination of SOCS target proteins 
is facilitated by SOCS boxes for proteasomal degradation. Abbreviations: suppressor of 
cytokine signaling (SOCS), Janus kinase (JAK), signal transducers and activators of 
transcription (STAT), kinase inhibitory region (KIR). See Akhtar and Benveniste (Alston 
and Dix, 2019). 
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1.3.3 Tumor suppressor role of SOCS1  

Several studies have shown that dysregulated SOCS protein levels and malfunction 

correlated with cancer growth and therapeutic outcomes. SOCS1 is primarily regarded 

as a tumor suppressor protein, and inadequate SOCS1 expression was reported in 

different kinds of tumors (Zardo et al., 2002). SOCS1 was first shown to be repressed by 

hypermethylation in HCC (Yoshikawa et al., 2001), and subsequent studies reported 

SOCS1 gene methylation in up to 65% of primary HCC (Yang et al., 2003). The loss of 

SOCS1 expression has also been reported in several other cancers such as hematopoietic 

malignancies (Reddy et al., 2005). For instance, SOCS1 expression is usually suppressed 

in multiple myeloma (MM) because of its promoter hypermethylation (Galm et al., 

2003). SOCS1 methylation was found in about 60% of patients with acute and chronic 

myeloid leukemia. SOCS1 methylation in leukemic cells was reported to be associated 

with t(15;17) chromosomal translocation (Chen et al., 2003). Hypermethylation and 

SOCS1 silencing are common in solid tumors. Recent studies on cervical (Sobti et al., 

2011) and oesophagus squamous cell carcinoma (Hussain et al., 2011) samples identified 

61% and 45% of these samples to show SOCS1 hypermethylation respectively. Another 

study showed that SOCS1 and SOCS3 hypermethylation was very common in Barrett's 

adenocarcinoma (Tischoff et al., 2007). 

 

In addition, the SOCS1 promoter CpG islands’ methylation correlates with liver 

cirrhosis and the development of HCC (Okochi et al., 2003; Yoshida et al., 2004). 

Hypermethylation-mediated silencing has also been found in glioblastoma multiforme, 

together with the enhancement of radio resistance (Zhou et al., 2007). SOCS1 gene 

hypermethylation has also been found in breast and ovarian cancer, in which SOCS1 

reintroduction was capable of suppressing cell growth (Sutherland et al., 2004). In gastric 

cancer, SOCS1 loss might play a role in the metastasis to lymph nodes and tumour 

development (Oshimo et al., 2004). 

 

SOCS1 anti-tumor function in the liver is supported by several experimental findings. 

HCV infection suppresses SOCS1 gene. Socs1 heterozygous mice (Socs1+/- ) are more prone 
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to diethylnitrosamine (DEN)-induced HCC (Kamio et al., 2004; Miyoshi et al., 2005). In 

fact, the loss of SOCS1 in mice correlates with higher T cell-mediated hepatitis and SOCS1 

was hypothesized to protect against IFN- and TNF- induced apoptosis of the liver (Torisu 

et al., 2008). Besides, there is evidence of the significant correlation of SOCS1 methylation 

with liver fibrosis in human. Liver fibrosis was found to be enhanced in SOCS1-deficient 

mice in reaction to dimethylnitrosamine (DMN) (Yoshida et al., 2004). Our lab showed that 

the lack of SOCS1 increases liver regeneration after partial hepatectomy, which correlates 

with an increased c-Met signaling pathway. SOCS1 deficient hepatocytes showed faster 

DNA synthesis and migration in reaction to HGF (Gui et al., 2011).  

 

1.3.4 SOCS1 Correlation & p21 oncogenic function 

SOCS1 coordinates with p53 to instigate oncogene-induced senescence (Calabrese et al., 

2009). SOCS1-deficient mice treated with hepatocarcinogen diethylnitrosamine (DEN) 

displayed numerous enlarged liver tumor nodules (Yeganeh et al., 2016). Elevated levels of 

P21, a p53 target gene, were found in the liver of SOCS1-deficient mice, causing higher 

resistance to apoptosis and proliferation in reaction to growth factor stimulation. Yet, such 

phenotypes disappeared after the knockdown of p21 (Yeganeh et al., 2016). Although p21 

broadly functions as a tumor suppressor, its cytosolic localization might enhance tumor 

growth (Abbas and Dutta, 2009; Romanov and Rudolph, 2016). In fact, p21 overexpression 

occurs in a number of human cancers and is associated with poor prognosis (Abbas and 

Dutta, 2009). Research has shown that elevated levels of p21 mRNA and protein expression 

in prostate cancer correlates with the development of androgen-independent cancer and 

resistance to apoptosis through chemotherapeutic agents (Fizazi et al., 2002; Martinez et al., 

2002). 

 

 

 

1.4 p21WAF1/Cip1 (CDKN1A) 

The human CDKNIA gene encoding p21 (called also the p21WAF1/Cip1) resides on 

chromosome 6 in the 6p21.2 position (Abbas and Dutta, 2009). p21 is a global CDK inhibitor 

(CKI) (Xiong et al., 1993). It gets into physical contact with cyclin-CDK2, -CDK1, and -
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CDK4/6 complexes, and inhibits their activity. Therefore, it acts as a key regulator of the 

cell cycle in G1 and S phases (Gartel and Radhakrishnan, 2005). 

 

1.4.1 CDK and Cyclin 

The cell cycle involves a set of events that result in cell division and duplication. There are 

several checkpoints within the cell cycle to regulate the progression through a number of 

well-defined stages, involving complex biochemical mechanisms. A family of cyclin-

dependent kinases (CDKs) controls the major events within each stage of the cell cycle. The 

role of CDKs in cell cycle regulation as evidenced by name, depends on their interaction 

with cyclin, an activating subunit (Figure 6).  

 

CDKs are activated when bound by cyclins. As for their enzymatic roles, CDKs are 

serine and threonine kinases which phosphorylate their substrates to alter their function. In 

eukaryotic cells, several CDK-cyclin complexes play particular roles in different stages of a 

cell cycle (Interphase, prophase, metaphase, anaphase and telophase). The cell cycle’s 

interphase can be further divided into 3 stages: The G1 (cell cycle initiation, growth phase), 

S (DNA replication phase) and G2 (secondary growth phase) stages. Several CDKs and their 

regulatory proteins are involved in these processes, namely: CDKs (CDK2, CDK4, CDK6 

and CDK1 (CDC2)) and cyclins (of type A, B, D and E) (Malumbres and Barbacid, 2009). 

Figure 6 shows a representation of the specificity of their interactions. As observed, 

mitogenic signals are associated with increased expression of cyclin-D. When bound to 

CDK4 and CDK6 during the G1 phase, cyclin-D kinase activation leads to the start of the 

cell cycle in which the cell prepares for DNA synthesis (Malumbres and Barbacid, 2009). 

Cyclin degradation is an essential procedure corresponding to CDKs inactivation that in turn 

influences cell cycle progression (Figure 6). Based on the cell cycle control classical model, 

the initiation of G1 phase is stimulated by cyclin D-CDK4 and D-CDK6 interaction. The end 

of the G1 phase is marked by higher levels of cyclin E-CDK2. Subsequent reduction in the 

levels of cyclin E-CDK2 via marks the initiation of the S phase. As it can be observed in 

figure 6, the completion of the S phase and entry into G2 phase are regulated by cyclin A-

CDK2, in which cyclin A-CDK1 is engaged. Next, cyclin B levels are subsequently 

increased and decreased during mitosis initiation and termination steps respectively. CDK1 
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inactivation caused by decreased cyclin B marks the end of the cell cycle. Overall, a cell`s 

life cycle is coordinated according to the presence of different CDK-cyclin complexes that 

can influence the development of cellular proliferation as a function of their presence and 

levels. Thus, these proteins can act as potential targets for clinical therapies of cancers 

through this selectivity within cell cycle (Abbas and Dutta, 2009). The activity of CDK are 

regulated by endogenous inhibitors namely p21Cip1, p27Kip1 and p57Kip2, of which p21 

can act multiple stages of the cell cycle targeting different CDK-cyclin complexes (Figure 

6).  

 

 

 
 
Figure 6: Cell cycle progression and regulation by CDKs and checkpoints. 
The cell cycle is regulated by p21 as a cyclin-dependent kinase (CDK) inhibitor. P21 
prevents cyclin-CDK2, -CDK1, and -CDK4/6 complexes activity, and regulates cell 
cycle progression at the G1 and S phase. Moreover, it is engaged in the G1- and G2-phase 
checkpoint controls (Kumar et al., 2014). 
 

1.4.2 Cell cycle-targeted therapeutics 

The complex pathways that are engaged in oncogenic signaling are not yet completely 

understood for targeted therapeutic measures. Influenced by the genetic heterogeneity of 

accumulated mutations, cancer cells can limit clinical therapeutic measures of particular 

proteins or pathways. Drugs based on inhibiting CDKs as well as those modulating the 

activities of a particular CDK are considered for cancer therapy. Therapeutic measures to 

manipulate CDK activity levels are divided into two categories of indirect and direct 

therapeutic measures. The former targets the regulators of CDK activity (Ex: cyclin proteins) 

https://en.wikipedia.org/wiki/Cyclin
https://en.wikipedia.org/wiki/Cyclin-dependent_kinase_2
https://en.wikipedia.org/wiki/Cyclin-dependent_kinase_1
https://en.wikipedia.org/wiki/Cyclin-dependent_kinase_4
https://en.wikipedia.org/wiki/Cyclin-dependent_kinase_6
https://en.wikipedia.org/wiki/Cell_cycle
https://en.wikipedia.org/wiki/Cell_cycle
https://en.wikipedia.org/wiki/Cell_cycle_checkpoint
https://en.wikipedia.org/wiki/Cell_cycle_checkpoint
https://en.wikipedia.org/wiki/S_phase


REZVAN BAGHERI  15 

MSc THESIS  UNIVERSITÉ DE SHERBROOKE 

and the latter deals with CDK kinase inhibition. The latter include CKI overexpression, 

modulation of synthetic peptides involved in CKI activity, cyclin inhibition, and CDK-

phosphorylated state modulation. 

 

In direct strategies of CDK activity inhibition, concurrent inhibitors act through a 

competitive inhibition of ATP binding to CDK. It then disrupts CDK activation and leads to 

cell cycle arrest. One of the main concerns interfering with the cell cycle pathway is that 

normal dividing cells and tumour cells are not discriminated by the inhibition, therefore 

certain systemic adverse effects are unavoidable (Vermeulen, Van Bockstaele and 

Berneman, 2003). 

 

1.4.3 p21, complicated networks and multifarious activities 

Higher eukaryotes have developed several checkpoint mechanisms to control and react to 

cellular perturbations in order to ensure faithful transmission of genetic material (Bartek and 

Lukas, 2007). Disruption of checkpoint mechanisms are harmful to genome integrity and can 

induce cancer. It can dramatically influence the effectiveness of anticancer therapy 

(Eastman, 2004; Nakanishi, Shimada and Niida, 2006). p53, a tumour suppressor protein, 

mediates the DNA damage checkpoint by transactivating different growth inhibitory and 

apoptotic genes. In addition, p53-dependent G1 growth arrest is mediated by the small 165 

amino acid protein p21 (Brugarolas et al., 1995; Deng et al., 1995). Earlier studies showed 

that tumours are suppressed by p21 through the promotion of cell cycle arrest in reaction to 

different stimuli. Besides, there is much biochemical and genetic evidence to show that p21 

functions as a main effector of several tumour suppressor pathways to facilitate anti-

proliferative activities regardless of the classical p53 tumour suppressor pathway (Figure 7). 
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Figure 7: p21 key role in responding to a plethora of stimuli. 
P21 responds to different stimulations and functions as an inhibitor of cell cycle progression 
by preventing CDK–cyclin complexes and PCNA. p21 impedes cell cycle arrest, 
differentiation, and senescence through inhibiting CDK2. It directly regulates gene 
transcription and apoptosis regardless of CDKs and PCNA (Abbas and Dutta, 2009). License 
Number 5294871135779. 
 

Although p21 plays a key role in preventing cellular proliferation and can promote 

cellular senescence, research findings show that p21 may promote cellular proliferation and 

oncogenicity (Roninson, 2002). As a result, in human cancers, p21 is usually dysregulated. 

However, its expression shows potential to act as a tumour suppressor or as an oncogene, 

depending on the cellular context and circumstances (Table 1). 

 

 

 

 

 

 

 

 

 

https://www.nature.com/articles/nrc2657#Glos1
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Table 1: p21 deregulating role in human cancer. 
Dual role of p21 can act as a tumor suppressor or tumor oncogene (Abbas and Dutta, 2009). 
 License Number 5294871135779 

 
 
 
1.5 NRF2 

The availability of transcription factor (TF) plays a key regulator of TF activity. At any 

particular time, the amount of a protein available in a cell depends on a balance between its 

synthesis and it`s degradation. Protein synthesis involves several processes, such as gene 

transcription, mRNA translation and post-translational modifications. Degradation may also 

happen through several pathways, namely the ubiquitin–proteasome, autophagy-lysosome 

and calpain pathways. Minor changes in protein degradation can have dramatic effects on a 

protein’s steady-state level. Protein degradation dysfunction leads to accumulation of 

transcription factors able to regulate a fast expression of the target genes playing a role in 

cell survival. Protein degradation pathways are seemingly a major regulatory node in stress 
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response, as multifarious transcription factors included in stress response are reckoned to be 

regulated at the degradation level. The transcription factor nuclear factor erythroid 2-related 

factor 2 (NRF2) works as a transcriptional activator of several cytoprotective genes in 

response to oxidative and electrophilic stresses (Itoh et al., 1997; Motohashi and Yamamoto, 

2004) (Figure 8). NRF2 target genes play a role in glutathione synthesis, reactive oxygen 

species (ROS) elimination, xenobiotic metabolism and drug transport (Okawa et al., 2006; 

Yates et al., 2009). 

 
1.5.1 The NRF2–KEAP1–ARE Signaling Pathway 

The regulation of NRF2 at steady state is dependent on KEAP1 (Kelch-like ECH-associated 

protein 1). In normal conditions, NRF2 is actively degraded through the ubiquitin–

proteasome pathway in a KEAP1-dependent fashion (Sekhar, Yan and Freeman, 2002; 

McMahon et al., 2003; Kobayashi et al., 2004). In the presence electrophiles or ROS, KEAP 

dissociates from NRF2, resulting in stabilization of NRF2 and its translocation into the 

nucleus where it heterodimerizes with small MAF proteins to activate the genes containing 

the antioxidant response element (ARE) or the electrophile response element (EpRE) in their 

promoter regions (Itoh and Yamamoto, 2004). NRF2 activates the transcription of its own 

gene coded by Nfe2l2. Inducible NRF2 stabilization is at the core of cellular response to 

oxidative and electrophilic stresses. Elucidating the molecular mechanisms that regulate 

NRF2 stability in reaction to electrophiles and ROS continues to be an area of intense 

investigation (Taguchi, Motohashi and Yamamoto, 2011) (Figure 8). 
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Figure 8: The Keap1–Nrf2 pathway. 
The transcription factor NRF2 plays a major role in the inducible expression of 
cytoprotective genes responding to oxidative and electrophilic stresses. KEAP1 is a 
cytoplasmic protein needed for regulating NRF2 activity. In unstressed conditions, NRF2 is 
continuously degraded by the ubiquitin–proteasome pathway in a KEAP1-dependent way. 
While oxidative or electrophilic stress inactivates KEAP1 through two potential mechanisms 
(hinge and latch mechanism and Cul3 dissociation), NRF2 gets stabilized and de novo 
synthesized NRF2 translocates to the nuclei. NRF2 heterodimerizes with small Maf proteins. 
Target genes for cytoprotection are then activated through an interaction with the antioxidant 
⁄ electrophile response element (ARE ⁄EpRE). NRF2 target genes function in 1) glutathione 
synthesis (Glutamate-cysteine ligase, catalytic subunit (Gclc), glutamate-cysteine ligase, 
modifier subunit (Gclm)), 2) deletion of ROS (Thioredoxin reductase 1 (Txnrd1), 
Peroxiredoxin 1 (Prdx1), 3) detoxification of xenobiotics (NAD(P)H dehydrogenase, 
quinone 1 (Nqo1), Glutathione S-transferase (Gst) gene family) and 4) drug transport 
(Multidrug resistance-associated protein (Mrp) gene family). E, electrophile (Taguchi, 
Motohashi and Yamamoto, 2011). License Number 5294861061172.  
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1.5.2 NRF2 and KEAP1 Mutations in Liver Cancer 

HCC genomic landscapes were discovered in the past decade, and most common genetic 

alterations occur in Tp53, Ctnnb1, and Tert gene promoters (Guichard et al., 2012; Fujimoto 

et al., 2016; Ally et al., 2017). This diversity has significant clinical implications. For 

instance, understanding the morpho-molecular features of HCC different subtypes creates 

more therapeutic alternatives and a richer background of drug production. Somatic mutations 

in Nfe2l2 and Keap1 are among the less prevalent molecular alterations of HCC. These 

prevail in 3–6% and 2–8% of HCCs, respectively (Zucman-Rossi et al., 2015; Ally et al., 

2017; Tan et al., 2020). Activating NFE2L2 mutations and inactivating KEAP1 mutations 

proved to be significantly involved in tumor progression. The Nrf2/Keap1 pathway has 

recently attracted researchers as a probable therapeutic target for HCC (Guichard et al., 2012; 

Sporn and Liby, 2012; Suzuki, Motohashi and Yamamoto, 2013). In physiological 

conditions, NRF2 serves cytoprotective functions: oxidative stress triggers Nrf2 

phosphorylation. Phospho-NRF2 (pNRF2) is released from KEAP1, finds its way into the 

nucleus, binds to antioxidant response elements, and finally induces the expression of 

cytoprotective genes (Zucman-Rossi et al., 2015; Yang et al., 2016; Kahroba et al., 2019). 

Nevertheless, though this cytoprotective mechanism at first impedes carcinogenesis, NRF2 

overexpression in cancer cells might help protect cancer cells from oxidative stress through 

cancer cell proliferation, survival and possible resistance to treatments (Suzuki, Motohashi 

and Yamamoto, 2013; Ngo et al., 2017; Li et al., 2018; Raghunath et al., 2018; Bastid et al., 

2020).  

 
1.5.3 The NRF2 Pathway and p21 

Different cellular processes are regulated by p21 (CIP1/WAF1). These include processes 

such as cell-cycle arrest, DNA replication and repair, cell differentiation, senescence, and 

apoptosis (Li et al., 1994; Dotto, 2000; Gartel and Tyner, 2002; O’Reilly, 2005). During 

conditions of oxidative stress, p21 is upregulated and competes directly with KEAP1 for 

NRF2 binding. Increased ROS levels enable a conformational change in KEAP1 which 

loosens the ‘latch’ in the DLG motif, allowing p21 to compete with KEAP1 to bind NRF2. 

The latch opening compromises KEAP1-dependent NRF2 ubiquitination leading to NRF2 

stabilization. The role of p21 in regulating the NRF2 pathway has been confirmed ‘in vivo’ 
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in mice lacking p21. These mice show reduced NRF2 pathway activation (downstream gene 

expression) and antioxidant responses in comparison to wild-type mice (Chen et al., 2009). 

The DLG motif also exists in many other p21- interacting proteins (Dotto, 2000; Gartel and 

Tyner, 2002; Child and Mann, 2006), this suggests that NRF2 competes with them for p21 

binding, further complicating NRF2 pathway interactions and regulation (Menegon, 

Columbano and Giordano, 2016). Although, p21 generally acts as a tumor suppressor, it can 

also contribute to oncogenesis in several cancers including HCC (Abbas and Dutta, 2009; 

Gartel, 2009; Warfel and El-Deiry, 2013). SOCS1 has proved to be one of the main 

regulators of p21 expression and play a major role in oncogenic functions through the 

inhibition of apoptosis pathways (Yeganeh et al., 2016). The loss of SOCS1 leads to an 

upregulation of NRF2 target genes in a p21-dependent fashion. It leads to reduced apoptosis 

& increased liver tumorigenesis (Figure 9). 

 
 

 
Figure 9: NRF2 is abundantly stabilized in many cancer cells. 
The accumulation of proteins damages the association of Keap1 and Nrf2. p21 interacts with 
the Neh2 domain of NRF2, hence damaging the two-site binding conformation of Keap1 to 
NRF2. Subsequently, NRF2 gathers in nuclei, heterodimerizes with the small Maf protein 
where it binds to the antioxidant response element (ARE)/electrophile response element 
(EpRE) and activates different cytoprotective genes. ROS, reactive oxygen species (Taguchi, 
Motohashi and Yamamoto, 2011). 
 

1.5.4 SLC7A11 (System xc-, which transports cystine) regulation by NRF2 

Cysteine is a non-essential amino acid needed for protein synthesis. It also serves other 

metabolic functions. About 214,000 cysteine coding sequences are encoded in the human 

genome (Go, Chandler and Jones, 2015). Thus, this amino acid is essential in proteins. The 



REZVAN BAGHERI  22 

MSc THESIS  UNIVERSITÉ DE SHERBROOKE 

reactivity and different functions of cysteine are reflected in a range of susceptibilities and 

dysfunctions of resulting proteins that account for the major roles that the cysteine proteome 

plays in development, signal transduction, biologic defense, aging, and diseases (Meyer and 

Hell, 2005; Go, Chandler and Jones, 2015; Kim et al., 2015).  

The oxidation of two cysteine molecules linked by a disulfide bond produces cystine. 

Cystine molecules are transported into the cell by the system xc- cystine/glutamate antiporter 

xCT (system xc-). SLC7A11, a constituent part of System xc-, which transports cystine, is 

transcriptionally regulated by NRF2. Broadly speaking, system xc-plays two roles, one as a 

cystine antiporter, and another as a ferroptosis regulator (Figure 10). Ferroptosis is an iron-

dependent programmed cell death which is marked by accumulated lipid peroxides. 

 

 
 

Figure 10: SLC7A11 and xCT, are regulated by NRF2. 
(Habib et al., 2015) 

 

1.6 Cell Death 

Death is a common end to all life, from organism to cell. Cell death is a biological event 

which occurs when a cell stops carrying out its functions. It is a natural process of elimination 

of damaged or unwanted cells being replaced by new ones, or may arise from several factors 

such as disease, injury, or the death of the organism which owns the cells (Zakeri and Ahuja, 

1997). In 1960s, scientists discovered that cell death is a regulated molecular mechanism 

https://pubchem.ncbi.nlm.nih.gov/compound/cysteine
https://en.wikipedia.org/wiki/Programmed_cell_death
https://en.wikipedia.org/wiki/Lipid_peroxidation
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with physiological benefits as well as pathological effects on multicellular organisms. These 

types of cell death are termed ‘Programmed cell death (PCD)’ programs and are essential for 

maintaining homeostasis and eliminating potentially harmful cells. Otherwise, in a 

dysregulation process, they contribute to a variety of pathological processes (Hirschhorn and 

Stockwell, 2019). 

Based on morphological features, cell death was initially divided into three major categories 

(Galluzzi et al., 2007):  

o Apoptosis (also known as type I cell death) 

o Autophagic cell death (type II) 

o Necrosis (type III). 

In recent years, several forms of regulated cell deaths have been identified based on their 

corresponding stimuli, molecular mechanisms and morphologies (Figure 11). 

 
 
Figure 11: Cell death classification. 
Cell death classification according to signal-dependency, morphological characteristics, and 
molecular mechanisms. (The pie area in the figure does not represent the frequency of 
occurrence of each cell death) - (Yan, Elbadawi and Efferth, 2020). 
 

Apoptosis and autophagy were determined as programmed and regulated types of 

cell death mechanisms which strongly controlled the intracellular signal transduction 

pathways. In contrast, necrosis was classified as a type of irreversible non-programed cell 

death (Non-PCD) in which accidental cell death is usually considered uncontrolled and 

commonly associated with pathological death triggered by an insult of physical, chemical, 

or mechanical nature (Kroemer et al., 2005). 
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Depending on the morphological features and molecular mechanism, programmed 

cell death can be further categorized into apoptotic and non-apoptotic cell death. Apoptosis 

occurs in a caspase-dependent manner and plasma membrane retains its integrity. However, 

non-apoptotic cell death is independent of caspases, and is mostly marked by a membrane 

rupture. There are several distinctive features of diverse cell death modes and their 

assessment procedures describing cell death in detail (Table 2), (Figure 12) (Yan, Elbadawi 

and Efferth, 2020; Ju, Song and Wang, 2021). Among all these types of cell death, 

ferroptosis  is a type of programmed cell death which has been extensively considered in 

recent years. 

 
 
Figure 12: Distinctive forms of programmed cell death and their morphological 
features. 
 Ferroptosis does not cause chromatin condensation, loss of plasma membrane integrity, or 
production of double membrane-layered autophagosomes. The most apparent morphology 
of ferroptotic cell is its smaller than normal mitochondria, containing a higher membrane 
density with no cristae. Moreover, the metabolic disturbance of iron and excess ROS 
production are the major features of ferroptosis. Apoptosis is marked by cell shrinkage, 
membrane blebbing, chromatin condensation, and generation of apoptotic bodies, and 
engulfment by adjacent macrophages. Necroptosis results from irrevocable cell damage and 
is marked by cell swelling and plasma membrane rupture. Cellular contents released out of 
the cell lead to an inflammatory response in the surrounding tissue. Autophagy involves the 
emergence of double-membrane vesicles known as autophagosomes. The fusion of 
autophagosomes and lysosomes creates autolysosomes, and their inclusions are, 
subsequently digested by hydrolases. ROS: reactive oxygen species; DAMPs: damage-
associated molecular patterns (Ju, Song and Wang, 2021). 
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Table 2: Cell death modalities, their features and common detection methods. 
(Yan, Elbadawi and Efferth, 2020) 
Cell death modalities, their features and common detection methods. 
Classification Cell death 

modality 
Key molecules Key morphology Detection methods 

Non-PCD Necrosis None Cell swelling; membrane 
rupture; loss of organelle 

Lactate dehydrogenase activity detection; 
visualizing membrane integrity loss by cell-
impermeable DNA binding dye 

PCD-apoptotic Apoptosis/ 
anoikis 

DRs and their 
ligands, Bax, Bak, 
AIF, caspase-8, 
caspase-3, 
caspase-9 

Cell shrinkage; membrane 
blebbing; loss of positional 
organization of organelles in 
the cytoplasm; DNA 
condensation and 

Chromosome condensation detection; TUNEL 
assay; Annexin V assay; caspase assay; PARP 
cleavage assay; applying apoptosis inhibitors 
fragmentation; nuclear membrane rupture 

PCD-vacuole 
presenting 

Autophagy UKL1, PI3KIII, 
ATGs, LC3 

Large intracellular vesicles; 
membrane blebbing; 
enlarged organelles; 
depletion of cytoplasmic 
organelles 

Turnover of long-lived proteins; LDH 
sequestration; western blot analysis with 
autophagy specific antibodies 

 Entosis RhoA, ROCKI/II, 
E-cadherin, α-
catenin, 
actomyosin, LC3, 
ATGs 

Cell-in-cell formation Morphology observation with fluorescence 
imaging and electron microscopy 

 Methuosis Ras, Rac1, Arf6, 
LAMP1, Rab7 

Accumulation of large fluid-
filled single membrane 
vacuoles; cell swelling; 
membrane rupture 

Morphology observation with electron 
microscopy 

 Paraptosis Unclear Accumulation of large fluid-
filled single membrane 
vacuoles; dilation of ER or 
mitochondria 

Morphology observation with electron 
microscopy 
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PCD-
mitochondria-
dependent 

Mitoptosis Bax, Bak, 
TIMM8a(DDP), 
Drp1 

Mitochondria 
disappearance; 
decomposition of the 
mitochondrial reticulum to 
small spherical organelles 

Morphology observation with fluorescence 
microscopy and electron microscopy; western 
blot analysis with mitoptosis-specific 
antibodies 

 Parthanatos PARP, AIF Membrane rupture; 
mitochondrial outer 
membrane permeabilization; 
chromatin condensation; 
DNA large-scale 
fragmentation 

Western blot analysis with parthanatos 
specific antibodies; Mitochondrial 
depolarization detection with fluorescent 
probe 

PCD-iron-
dependent 

Ferroptosis System XC−, 
GPX4, Lipid ROS 

Diminutive mitochondria 
with decreased cristae and 
collapsed and ruptured 
membrane 

Applying ferroptosis inhibitors; measuring 
lipid peroxides e.g. malondialhyde and 4-
hydroxynonenal quantification 

PCD-immune 
reactive 

Pyroptosis NLRs, ALRs, 
caspase-1, 
caspase-11 

Cell swelling; membrane 
rupture; DNA condensation 
and fragmentation 

Quantification of cytoplasmic LDH; 
visualizing membrane integrity loss by 
fluorescence microscopy; western blot 
analysis with pyroptosis-specific antibodies 

 NETosis NOX4, PAD4 Chromatin decondensation; 
membrane rupture 

Morphology observation with fluorescence 
microscopy; free-cell DNA and DNA-
neutrophil derived protein complex detection 
with fluorescent probe and immunoblot 

Other type Necroptosis DRs, TLRs, TCR, 
RIPKs, MLMK 

Cell swelling; membrane 
rupture; loss of organelle; 
mitochondria swelling 

Membrane integrity loss; mitochondrial 
depolarization; applying necroptosis specific 
inhibitors; western blot analysis with 
necroptosis-specific antibodies 
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1.7 Ferroptosis 

1.7.1 Ferroptosis overview 

In 2003, erastin was identified as a small molecule compound capable of killing cell lines 

carrying oncogenic RAS mutation (Dolma et al., 2003). Surprisingly, erastin induces a type 

of cell death with no characteristic of the apoptotic process including caspase activation, 

membrane blebbing, cell shrinkage, condensation of chromatin and fragmentation of DNA 

or cell fragments called apoptotic bodies (Owada et al., 2021). Subsequently, other research 

teams discovered that this type of cell death was accompanied by an increased accumulation 

of intracellular reactive oxygen species (ROS) which can be prevented by iron chelators. 

Another molecule known as RAS-selective-lethal compound 3 (RSL3) was discovered and 

trigged a similar death pathway (Yagoda et al., 2007; Yang and Stockwell, 2008). 

Eventually, in 2012 the term ferroptosis was coined by Brent Stockwell as a cell death 

mechanism induced by Erastin (Dixon et al., 2012). According to microscopic evidence, 

during the process of ferroptosis, mitochondrial shrinkage was observed with an increase in 

membrane density. These metabolic and morphologic features were not observed in 

apoptosis and autophagy (Brigelius-Flohe and Kipp, 2009). 

 

1.7.2 Morphology & Feature of Ferroptosis 

Morphological ferroptotic cells are mainly characterized by shrunken mitochondria with an 

increase in membrane density, a ruptured membrane as well as the fading away of 

mitochondria crista. Furthermore, there is no nuclear condensation or chromatin 

margination. These morphological distinguishing features discriminate ferroptosis from 

other forms of cell death including apoptosis, necroptosis, and autophagy (Xie et al., 2016). 

Ferroptosis is a unique form of cell death defined as an iron-dependent, non-apoptotic 

programmed cell death process. Ferroptosis is distinct from other forms of regulated cell 

death characterized by the accumulation of lipid peroxidation. Intracellular lipid ROS 

accumulation is a key factor which promotes the process of ferroptosis. In fact, when an 

antioxidant is absent, lipid ROS levels are increased within the cell leading to ferroptotic 

death (Li et al., 2020). 
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Ferrous iron (Fe2+) is needed for diverse cellular functions, such as supporting 

enzyme and protein activity. Given that iron is not readily available in the cell, extracellular 

transferrin-bound ferric iron (Fe3+) is internalized into the cytoplasm via the transferrin 

receptor, and is then converted into ferrous iron (Fe2+). Ferrous iron reacts with H2O2 via the 

Fenton reaction to oxidize polyunsaturated fatty acids (PUFA), resulting in lipid peroxides 

(L-OOH). To counteract this action, system xc- imports Cystine into the cytosol, where it 

generates glutathione (GSH), which regenerates glutathione peroxidase, which reduces 

oxidized lipids to inhibit ferroptosis (Stockwell et al., 2017) (Figure 13).  

 
 

 
 
Figure 13: Ferroptosis pathway. 
Iron (Fe3+), imported via the transferrin receptor, reacts with H2O2 via the Fenton reaction to 
oxidize polyunsaturated fatty acids (PUFA) generated by the action of Acyl-CoA synthetase-
4 (ACSL4), resulting in lipid peroxides (L-OOH). L-OOH are lethal if unchecked. The 
selenoprotein GPX4 converts L-OOH to non-toxic lipid alcohols (L-OH) but must be 
regenerated by the action of two glutathione (GSH) molecules (oxidized glutathione - 
GSSG). GSH is generated from NADPH, glutamine, and cysteine, the latter imported by 
System Xc−. Deprivation of cysteine, inhibition of GPX4 or System Xc−, can result in iron 
dependent cell death (ferroptosis) (Stockwell et al., 2017). License Number 5293980008695. 
 

1.7.2.1 System xc- 

system xc- is an amino acid antiporter that transports cysteine into the cell while exchanging 

glutamate out of the plasma membrane, in a 1:1 ratio. system xc- is  composed of two 

subunits: a heavy chain subunit SLC3A2 (also known as CD98 or 4F2) and the light chain 

subunit SLC7A11 (xCT) linked by a disulphide bond (SS) (Bridges, Natale and Patel, 2012) 
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(Figure 14). Cysteine is a chemically unstable molecule in the extracellular environment. It 

is therefore usually found in its stabilized oxidized form (cystine) that is imported into the 

cell from the microenvironment. Once inside the cell, cystine is then reduced to cysteine 

through antioxidant glutathione (GSH) (W. Zhang et al., 2012). 

  

 
 
Figure 14: Structure and function of system xc.  
System xc- is composed of two subunits: a heavy chain SLC3A2 and a light chain SLC7A11 
or xCT linked through a disulphide bond (SS). System xc- antiporter transports cysteine into 
the cell while exchanging glutamate out of the plasma membrane, at a 1:1 ratio (Koppula et 
al., 2018). 
 

1.7.2.2 Glutathione (GSH) 

Glutathione (GSH) is a tripeptide made up of cysteine, glycine and glutamic acid. GSH is an 

endogenous component of cellular metabolism. It is the body's master antioxidant and plays 

an important role in chemical detoxification. GSH protects the cell from electrophile and 

oxidative damage as well as maintains redox homeostasis (Lu, 2013). Glutathione synthesis 

occurs in a two-step process: First, gamma-glutamylcysteine (γ-Glu-Cys) is synthesized 

from L-glutamate and cysteine in the presence of glutamate–cysteine ligase enzyme (GCL, 

also called glutamate cysteine synthase). Second, glycine is added to the C-terminus of γ-

Glu-Cys to generate reduced glutathione (GSH) by the enzyme glutathione synthetase (GS). 

Glutathione (GSH) is oxidized to its oxidized form (GSSG) by glutathione peroxide (GPX) 

and protects cells from ROS-induced damage. The oxidized glutathione (GSSG) is recycled 

back to GSH by glutathione reductase (GR) at the expense of NADPH (Koppula et al., 2018). 
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Intracellular cysteine resulting from cystine reduction acts as a critical precursor glutathione.  

The inhibition of system xc- mediated cystine import causes the depletion of intracellular 

GSH and induces lipid peroxidation leading to ferroptosis (Wang et al., 2020) (Figure 15). 

 
 
Figure 15: Ferroptosis and GSH Synthesis. 
Extracellular cystine is imported into the cell through SLC7A11 and is then converted to 
cysteine at the expense of NADPH. Cysteine is exploited to synthesize GSH via a two-step 
process. Using the enzyme glutamate–cysteine ligase (GCL), L-glutamate and cysteine are 
converted to γ-Glutamylcysteine (γ-Glu-Cys). The next step is catalyzed by glutathione 
synthetase (GS). Glycine is added to γ-Glu-Cys to produce reduced glutathione (GSH). 
Glutathione peroxidase (GPX) detoxifies lipid hydroperoxides (LOOH) to lipid alcohols 
(LOH) at the expense of GSH which it oxidizes to GSSH. Oxidized glutathione (GSSG) is 
recycled back to GSH by glutathione reductase (GR) at the expense of NADPH. LOOH: 
lipid hydroperoxide. γ-GCS: γ-Glutamyl cysteine Synthetase, GS: Glutathione Synthetase, 
GPX4: Glutathione Peroxidase 4, GR: Glutathione Reductase, GSH: Reduced Glutathione, 
GSSG: Oxidized Glutathione, LOOH: Lipid Hydroperoxide, LOH: Lipid Alcohol (Koppula, 
Zhuang and Gan, 2021). 
 
1.7.2.3 GPX4 

Glutathione peroxidases (GPXs) are a family of oxidoreductases involved in the biological 

process. In fact, the GPX family are selenium-dependent antioxidant proteins that directly 

contribute to the reduction of phospholipid hydroperoxide even if they are integrated in 

membranes and lipoproteins. They reduce H2O2 in the fatty acid hydroperoxide, cholesterol 

hydroperoxide and thymine hydroperoxide (Mbemba Fundu et al., 2020).  

 



REZVAN BAGHERI  31 

MSc THESIS  UNIVERSITÉ DE SHERBROOKE 

There are eight isoforms of GPXs (GPX1-8) in humans depending on their primary 

structure and localization. Glutathione peroxidases-1 (GPX1), the first member of GPX 

family, is a selenium-dependent enzyme identified in 1957 that protects the red blood cells 

through reducing H2O2 in the presence of glutathione (Toppo et al., 2008; Lubos, Loscalzo 

and Handy, 2011). 

 
Phospholipid hydroperoxide glutathione peroxidase (PHGPx, GPx4) is a key upstream 

regulator of ferroptosis. It reduces lipid peroxides in cellular membrane to protect cells 

against oxidative damage (Seibt, Proneth and Conrad, 2019) (Figure 15). 

 

1.7.3 SOCS1 sensitizes cells to ferroptosis 

In 2017, SOCS1 was found to promote ferroptosis via SLC7A11 repression in a P53-

dependent manner (Saint-Germain et al., 2017). The mechanisms through which p53 

prevents tumor progression include apoptosis, senescence and ferroptosis (Jiang et al., 2015; 

Sinha, Qin and Li, 2015). A key role for p53 in modulating ferroptosis was inferred from its 

ability to inhibit SLC7A11 gene expression, which is lost in cancers, resulting in ferroptosis 

resistance of cancer cells (Jiang et al., 2015). Saint-Germain et al., showed that SOCS1 

overexpression in human fibroblast cell line sensitized them to the ferroptosis inducer tert-

butyl-hydroperoxide (TBH). This effect of SOCS1 correlates with its ability to reduce the 

expression of the cystine transporter SLC7A11 that was attributed to SOCS1-mediated 

activation of p53. The reduced expression of SLC7A11 was reversed by treating the human 

fibroblast cells with deferoxamine (an iron chelator that known to inhibit ferroptosis). As 

expected, the expression of SOCS1 reduced the levels of GSH explaining in part its ability 

to sensitize cells to ferroptosis (Saint-Germain et al., 2017). This report raised the possibility 

that loss of SOCS1 function in activating p53 could also result in resistance to ferroptosis 

and contribute to cancer growth. 
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1.8 PREMISES 

Liver cancer is the 6th most common cancer worldwide. The most common form of liver 

cancer is hepatocellular carcinoma (HCC) whose incidence rate has been considerably 

increasing across the globe. (‘World Cancer Research Fund International’, 2018; Philips et 

al., 2021). Despite various clinical successes, HCC remains a deadly disease with poor 

prognosis in patients. Therefore, understanding the molecular mechanisms of 

hepatocarcinogenesis is important to develop strategies to treat HCC and if possible, to 

reverse the process of HCC progression (Llovet et al., 2015). 

 

The repression of the SOCS1 gene in HCC through the methylation of its promoter 

region lead to the identification of the SOCS1 protein as a tumor suppressor (Okochi et al., 

2003; Yoshida et al., 2004). Low SOCS1 expression predicts poor survival of HCC patients. 

The tumor suppression mechanisms of SOCS1 in HCC are not yet completely understood. 

SOCS1 regulates hepatocyte growth factor signaling by the MET receptor kinase (Gui et al., 

2011). SOCS1 promotes senescence by promoting P53 activation by ATM/ATR kinase. 

Phosphorylation of p53 also promotes ferroptosis by inducing the expression of relevant 

target genes such as SLC7A11 (Saint-Germain et al., 2017). Ferroptosis is an iron-

dependent, non-apoptotic programmed cell death characterized by the accumulation of lipid 

peroxides (Li et al., 2020). The effect of ferroptotic cell death is related to the ability of 

SOCS1 to reduce the expression of cystine/glutamate antiporter (system xc-, xCT) which 

reduces ROS (Reactive Oxygen Species) levels through the production of glutathione (Saint-

Germain et al., 2017). 

 

NRF2 is a nuclear transcription factor encoded by the Nfe2l2 gene. NRF2 is a key 

mediator of tumor cell adaptation to oxidative stress. The activity of NRF2 is precisely 

regulated by KEAP1. KEAP1 not only isolates NRF2 from the cytoplasm but also performs 

an active role in targeting NRF2 for ubiquitination and proteasomal degradation (Zhang et 

al., 2004; Furukawa and Xiong, 2005). NRF2 is overexpressed in HCC and contributes to 

tumor progression. CDKN1A (p21) is a tumor suppressor and generally inhibits cell cycle 

progression in normal cells. However, p21 is also known to be oncogenic in many cancers. 

It has also been shown that SOCS1 is an important regulator of p21 expression and its 
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potential oncogenic functions by inhibiting apoptosis pathways (Fizazi et al., 2002; Martinez 

et al., 2002; Yeganeh et al., 2016). CDKN1A can interact with NRF2 and promote its 

activation (Menegon, Columbano and Giordano, 2016). NRF2 also promotes the induction 

of SLC7A11 (Habib et al., 2015). Hence, upregulation of NRF2 and p21 in response to 

oxidative stress can prevent lipid peroxidation and ferroptosis (Chen et al., 2009). Studies in 

our lab have shown that SOCS1 inhibits the expression of CDKN1A, and thus reduce NRF2 

activation, which in turn will reduce the expression of xCT leads and thereby promote 

ferroptosis.  

 

1.9 HYPOTHESIS 

SOCS1 promotes ferroptosis by reducing system xc- expression via inhibiting p21-mediated 

NRF2 activation (Figure 16). Thus, part of the tumor suppression mechanism of SOCS1 

could result from its ability to promote ferroptosis, which will be compromised by genetic 

and functional loss of SOCS1 expression in HCC. 

 

 

 
 
Figure 16: Proposed tumor suppressor mechanism of SOCS1 via promoting 
ferroptosis.  

Downward green arrows represent the downregulation of indicated proteins by SOCS1, 
whereas the upward red arrow represents SOCS1-mediated increase in Ferroptosis. By 
suppressing the expression of system xc- via downmodulating p21 and NRF2, SOCS1 can 
increase ferroptosis in tumor cells. 
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1.10 Objective of the study 

The overarching goal of my research project is to develop the assay systems to test the 

hypothesis that a part of the tumor suppressor role of SOCS1 results from its ability to 

promote ferroptosis. The specific aims of my research project are:  

1. To evaluate ferroptosis in vitro in HCC cell lines following SOCS1 

overexpression or knockdown. 

I. Via cell death assessment using ferroptosis inhibitors and inducers. 

II. Via the use of immunocytochemistry (ICC), western blot and RT-qPCR to 

quantitatively measure the levels of xCT in cellulo. 

2. To evaluate ferroptosis in the livers of SOCS1-deficient mice.  

I. Via the induction of oxidative stress with carbon tetrachloride (CCL4). 

II. Via the use of western blot and RT-qPCR to quantitatively measure levels of 

xCT in the liver.  
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2 MATERIALS and METHODS 

2.1 Cell culture 

Mouse Hepa 1-6 and Human Hep3B HCC cell lines were acquired from American Type 

Culture Collection (ATCC). The cells were grown in Dulbecco’s Modified Eagle’s Medium 

(DMEM; Gibco by Life Technologies, #11965) containing 5% or 10% fetal bovine serum 

(FBS) for mouse and human cell lines, respectively. The media was also supplemented with 

100U/ml of penicillin and 100 μg/ml of streptomycin. The cells were cultured in a humidified 

37°C incubator with 5% CO2. Table 3 lists the cell lines used in this project. 

Hepa1-6 and Hep3B cell lines stably expressing SOCS1 (Hepa-SOCS1, Hep3B-SOCS1) or 

the control vector (Hepa-V, Hep3B-V) have been previously reported from our laboratory 

(Gui et al., 2011, 2015). 

 

Table 3: List of the different cell types. 
 

Cell line 
ATCC 

No. 
ORIGIN 

Adherence 

type 

Transfected 

plasmid 

Hepa 1-6 
CRL-

1830 
Mouse Adherent No 

Hep3B 
HB-

8064 
Human Adherent No 

Hepa-V ------- 
(Derived from CRL-1830 in 

a previous work of research) 
Adherent Control vector 

Hepa-

SOCS1 
------- 

(Derived from CRL-1830 in 

a previous work of research) 
Adherent SOCS1 

Hep3B-V ------- 
(Derived from HB-8064, in a 

previous work of research) 
Adherent Control vector 

Hep3B-

SOCS1 
------- 

(Derived from HB-8064, in a 

previous work of research) 
Adherent SOCS1 
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2.2 Induction of oxidative stress and Ferroptosis 

For oxidative stress induction, Hepa1-6 and Hep3B cells were first plated in a 96-wells plate 

(2500-5000 cells/well) in a total volume of 100 μL of cell culture medium. The cells were 

treated with either 100 µM of tert-butyl hydroperoxide (t-BHP) or 10 μM of sorafenib for 

24h for the induction of ferroptosis. A list of chemicals used in this study and their source 

are listed in Table 4. To confirm cell death via ferroptosis, the cells were also treated in the 

presence/absence of ferroptosis inhibitors (Ferrostatin- 1 (10 μM) or Lipostatin-1 (0.1 μM)). 

Cell death was assessed by the cleavage of the tetrazolium salt WST-8 to formazan by 

cellular mitochondrial dehydrogenases using the WST-8 assay kit (CCK-8; Dojindo 

Molecular Technologies, #CK04) following the manufacturer's guidelines. Briefly, 10 μL 

WST-8 reagent was added to each well and incubated for 2 h for color development. 

Absorbance at 450 nm was measured using the SPECTROstar Nano (BMG Labtech, 

Germany) spectrophotometer. 

Table 4: List of reagents. 

Reagent Effect Supplier Cat. No 

Tert-butyl hydroperoxide  

(t-BHO) 
Ferroptosis inducer Sigma-Aldrich 458139 

Ferrostatin-1 Ferroptosis inhibitor Sigma-Aldrich SML0583 

Erastin Ferroptosis inducer Sigma-Aldrich E7781 

Carbon tetrachloride (CCL4) Ferroptosis inducer Sigma-Aldrich 270652 

Liproxstatin-1 Ferroptosis inhibitor Selleckchem S7699 

Sorafenib Ferroptosis inducer  Selleckchem S7397 

 

2.3 Immunocytochemistry (ICC) 

For immunofluorescence detection of cellular proteins, cells were grown on glass coverslips. 

Coverslips were sterilized through immersion in 70% alcohol for 5-10 minutes. The 

coverslips were rinsed twice with PBS to remove any residual ethanol. The coverslips were 

then inserted in 6 well-plates. Cells were seeded on the cover slips at a density of 2 × 104/mL 

and grown until 70% confluence before treatment with ferroptosis inducers with or without 

added ferroptosis inhibitors. The cells were briefly rinsed in 1x PBS on ice. The cells were 
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fixed at -20C in 100% methanol for 5 min prior to blocking for 30 min. The blocking solution 

contained: 1% BSA, 22.52 mg/mL glycine in PBST (PBS+ 0.1% Tween 20). The blocking 

solution was discarded, and the coverslips washed 3 times in 1x PBS. The cells were then 

incubated for 1 h with primary antibodies at room temperature or overnight at 4°C. The cells 

were washed and the corresponding fluorochrome conjugated secondary antibodies added 

for signal detection. Hoechst staining was used to mark the nuclei. The cover slips were then 

mounted using PermaFluor (Thermo Fisher Scientific). Images were captured using the 

Nanozoomer slide scanner and viewed using the NDP.view2 software (Hamamatsu 

Photonics K.K). 

2.4 Animal studies 

Socs1fl/flAlbCre (Socs1-KO) mice were generated by crossing Socs1fl/fl (generous provided by 

Dr. Yoshimura at Keio University) and Albumin-Cre mice (acquired from Jackson 

laboratory). Both mice have been backcrossed into C57BL/6J genetic background. The mice 

were kept in a specific pathogen-free (SPF) animal facility. All animal experiments were 

approved by the institutional ethics committee on animal care and use under the university 

of Sherbrooke’s protocol Number (# 226-17B).  

 

2.5 Oxidative stress induction in liver 

Oxidative stress was induced in the liver as previously described (Du et al., 2021). Briefly, 

carbon tetrachloride (CCL4) diluted in corn oil (1:3) was injected via intraperitoneal (i.p) 

route (0.75 μL CCL4 per gram body weight) in 8-10 weeks old mice. The mice were 

euthanized 24h after treatment. Liver tissues were isolated, snap frozen and stored at -80°C 

for gene and protein expression studies. 

 

2.6 Immunoblot analysis 

Liver tissues were homogenised for 2 minutes using the bead mill MM 400 (Retsch, Hann, 

Germany) in TNE buffer (50mM Tris-HCl, 150mM NaCl, 1mM EDTA; pH 8.0) 

supplemented with phosphatase and protease inhibitor cocktails (Roche, Indianapolis, 

IN).  To these lysates were added detergent containing TNE buffer (0.2% SDS, 1% Triton 
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X- 100 and 1% sodium deoxycholate). The lysates were maintained on a shaker at 4oC for 

30 minutes, subsequently centrifuged at 15000g for 20 mins prior to collection of the 

supernatant. Protein concentration was determined using the RC-DC Protein Assay Kit (Bio-

Rad, Mississauga, ON). Aliquots of 30-50 µg proteins were electrophoresed on 10-12% 

SDS-PAGE gels and then transferred to PVDF membranes. The membranes were probed 

using different primary antibodies through overnight incubation at 4oC. A list of the primary 

Ab used can be found in Table 5. HRP-conjugated secondary anti-mouse or anti-rabbit 

antibodies were used and the enhanced chemiluminescence reagents were from GE 

Healthcare Life Sciences (Pittsburg, PA). The VersaDOC 5000 imaging system (Bio-Rad) 

was used to capture western blot images and Image Lab™ (BIO-Rad Laboratories Inc, 6 

version) was applied to quantify the band density. 

 

Table 5: List of Ab used for immunoblotting.  

Name Supplier Cat. No. Clone No. 

xCT Abcam ab37185 Polyclonal antibody 

B-ACTIN Cell Signaling 4967 Polyclonal antibody 

GPX4 Santa Cruz sc-166437 D-3 

 

2.7 Gene expression analysis 

The QIAzol Lysis Reagent (Qiagen, #79306) was used to isolate total RNA from cell lines 

and liver tissues. Using 1 μg of RNA, the samples were reverse transcribed using the 

QuantiTect® reverse transcription kit (Qiagen). Quantitative RT-PCR amplification 

reactions were conducted in CFX Connect Real-Time PCR Detection System (Bio-Rad, 

Canada) using the SYBR Green SuperMix (Bio-Rad SsoAdvanced Universal SYBR Green 

Supermix, CA). Table 6 indicates the list of genes and corresponding primers utilized. Fold 

induction was calculated by normalizing the expression of the housekeeping gene m36B4 

and GAPDH. 
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2.8 Quantification and Statistical Analysis  

The GraphPad Prism (San Diego, CA) was used for data analysis. One-way or two-way 

ANOVA with Tukey’s multiple comparison test were used for making comparisons. To 

interpret the significance level of findings, the p values of * ≤0.05, ** <0.01, *** <0.001, 

**** <0.001 were considered significant.  

 

 

Table 6: List of RT-qPCR primers used in this study. 

Gene 
name Gene ID Sense Primer Anti-Sense primer Amplicon 

Size (bp) 

Murine Oligonucleotide Sequences 

m36B4 NM_007475.5 
TCTGGAGGGTGTCC

GCAAC 

CTTGACCTTTTCAGT

AAGTGG 
154 

SLC7A11 

(xCT) 
NM_011990.2 

TCTTCGATACAAAC

GCCCAG 

TGATAAGAAAACCG

ACCCCG 
143 

GCLC NM_010295.2 
ACCATCACTTCATT

CCCCAG 

TTCTTGTTAGAGTAC

CGAAGCG 
148 

Human Oligonucleotide Sequences 

GAPDH NM_002046.5 
GATGACATCAAGA

AGGTGGTGAA 

GTCTTACTCCTTGGA

GGCCATGT 
245 

SLC7A11 

(xCT) 
NM_014331 

TTTTGTACGAGTCT

GGGTGG 

CGCAAGTTCAGGGA

TTTCAC 
123 
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3 RESULTS 

3.1 SOCS1 induces ferroptosis in response to oxidative stress 

To assess ferroptosis regulation in a physiological setting, the role of SOCS1-mediated 

ferroptotic cell death was explored in the context of ROS-mediated stress responses. Hep3B 

human HCC cells expressing SOCS1 (Hep3B-SOCS1), or an empty vector (Hep3B-vector) 

were treated with tert-butyl hydroperoxide (t-BHP), which is a lipid peroxidation inducer, or 

sorafenib  a system xc- inhibitor (Alía et al., 2005; Li et al., 2021). The first step was to 

examine the cytotoxicity induced by t-BHP and sorafenib on Hep3B-vector cells. The results 

showed that both agents inhibited the viability of Hep3B-vector cells in a concentration-

dependent manner (Figure 17). To determine whether the loss of cell viability occurs by 

ferroptosis, known ferroptosis inhibitors such as liproxstatin-1 and ferrostatin-1 were also 

used (Sun et al., 2016). Hep3B cells were treated with t-BHP along with liproxtatin-1 or 

ferrostatin-1. We found that cell death in Hep3B-vector cells was completely rescued by 

liproxstatin-1 and ferrostatin-1 treatment, confirming the occurrence of cell death through 

ferroptosis (Figure 18). To explore the effect of SOCS1 on cell survival through ferroptosis 

regulation, murine Hepa1-6 (Hepa) hepatoma cells expressing SOCS1 (Hepa-SOCS1) or an 

empty vector (Hepa-vector), were treated with t-BHP. The results indicate that Hepa-SOC1 

cells have a lower survival rate as compared to Hepa-vector cells (Figure 19). These results 

suggest that SOCS1 promotes ferroptosis in response to oxidative stress. 
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Figure 17: Loss of cell viability in Hep3B-vector cells following treatment with 
ferroptosis inducers. 
Hep3B-vector cells treated with different concentrations of t-BHP (31.25-500 µM) or 
sorafenib (5–80 µM) for 24h. (n=3, * significant at P ≤ 0.05).  
 

 

 
 
Figure 18: Ferroptosis inhibitors liproxstatin-1 and ferrostatin-1 rescue Hep3B cells 
from t-BHP-induced cell death.  
Cell viability of Hep3B-vector cells treated with t-BHP (100 µM) with or without the 
indicated ferroptosis inhibitors (Liproxstatin-1 (0.1 µM), Ferrostatin-1 (10 µM). An analysis 
of triplicate data from two experiments are shown. Two-way ANOVA with Tukey’s post-
hoc test: *p < 0.05; ***p < 0.001; ****p < 0.0001.  
 

THBP Sorafenib 



REZVAN BAGHERI  42 

MSc THESIS  UNIVERSITÉ DE SHERBROOKE 

 
 
Figure 19: SOCS1 sensitizes HCC cell lines to ferroptosis. 
Cell viability of Hepa-vector (in blue) and Hepa-SOCS1 cells (in red) treated with the 
indicated concentrations of t-BHP for 5h. An analysis of triplicate data from two experiments 
are shown. Two-way ANOVA with Tukey’s post-hoc test: *p < 0.05; ***p < 0.001; ****p 
< 0.0001. 
 

3.2 SOCS1 negatively regulates xCT in response to oxidative stress in mouse HCC 

cell lines 

The cystine transporter xCT encoded by the gene Slc7a11 enables cysteine entry into the 

cell. Cystine can then be reduced to cysteine for GSH synthesis (Dixon et al., 2012). Cysteine 

is a non-essential amino acid that acts as a rate-limiting factor during GSH synthesis. GSH 

depletion via xCT inhibition showed to be an efficient pathway resulting in ferroptosis in 

cancer cells (Dixon et al., 2012). GSH synthesis and hydroxyl peroxide radical formation are 

promoted by t-BHP through KEAP1 inactivation and improved NRF2 nuclear translocation 

(Panieri et al., 2020; Zhang et al., 2021). Consequently, NRF2 activation enhances xCT 

expression correspondingly. In 2021 Khan and colleagues found that hepatocytes are 

sensitized by SOCS1 to oxidative stress through the inhibition of NRF2 activation (Khan et 

al., 2021). 
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In this work we used RT-qPCR, western blot and immunocfluorescence (IF) to 

determine xCT expression in HCC cells. To examine the role of SOCS1 on xCT expression, 

we treated HCC cell lines with t-BHP to induce oxidative stress. The results indicate that 

after 16h of treatment, the expression level of the Slc7a11 gene was lower in Hepa-SOC1 

cells than in Hepa-vector control cells (Figure 20a). Immunoblotting experiments for xCT 

expression in Hepa-SOCS1 cells in comparison to Hepa-vector cells showed that the basal 

expression of xCT was markedly reduced in Hepa-SOCS1 cells compared to control cells, 

indicating that SOCS1 not only modulated transcriptional upregulation of xCT, but also 

regulated xCT protein levels in steady state. This reduction in xCT protein levels prevented 

a meaningful comparison of the impact of oxidative stress induced by t-BHP. Similar 

findings were observed by immunofluorescence staining of xCT in Hepa-SOCS1 and Hepa-

vector cells following treatment with t-BHP at 2 different time points (1 and 3h, chosen based 

on western blot data). SOCS1 expression seems to reduce the expression of SLC7A11 in t-

BHP-treated cells, over and above the reduction in the basal expression of SLC7A11 (Figure 

20b). However, more rigorous quantification at multiple time points, in the presence and 

absence of protein synthesis inhibitors will be needed to determine whether SOCS1-mediated 

regulation of xCT may also occur at post-translational levels. Erastin is another chemical 

agent found to induce ferroptosis (Owada et al., 2021). When treated with erastin at different 

time points (0-24h), Hepa-SOCS1 cells showed diminished expression of xCT in comparison 

to Hepa-vector cells (Figure 20c). These findings suggest that SOCS1 might be a potential 

contribution to ferroptosis through regulation of xCT.  
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a) 

                                                      c) 

 

 
b) 

 
Figure 20: SOCS1 repress xCT (SLC7A11) in response to ROS in mouse HCC cell lines. 
 (a) Gene (left panel) and protein (right panel) expression of SLC7A11 in Hepa-vector (HV, 
in blue) and Hepa-SOCS1 (HS, in red) cells following treatment with t-BHP (150 µM). 
Quantitative RT-PCR analysis of triplicate data from two experiments are shown. Two-way 
ANOVA with Tukey’s post-hoc test: *p < 0.05; ***p < 0.001; ****p < 0.0001. (b) SLC7A11 
immunofluorescence staining of Hepa-vector and Hepa-SOCS1 cells treated with t-BHP at 
two different time points. (c) xCT protein levels in Hepa-vector (HV) and Hepa-SOCS1 (HS) 
treated with Erastin (10 µM). Data from one of the two comparable experiments are shown. 
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3.3 xCT expression is attenuated by SOCS1 in response to t-BHP in human HCC cells 

In order to determine the role of SOCS1 in the modulation of ROS responses in human HCC 

cell lines, SOCS1 was overexpressed in Hep3B cells. The expression level of xCT was 

analysed by western blot and IF. Western blot evaluation revealed that Hep3B-SOCS1 cells 

expressed lower levels of xCT even at the basal level compared to Hep3B cells expressing 

the control vector (Figure 21a), suggesting SOCS1-mediated modulation of xCT protein 

expression. Treatment with t-BHP reduced xCT levels 3-6 h after treatment, whereas this 

reduction was evident in Hep3B-SOCS1 cells, presumably due to lower baseline expression.  

Similar reduction in xCT levels was also observed in Hep3B-SOCS1 cells by  

immunofluorescence (IF) staining. Both Hep3B-SOCS1 and Hepa3B-Vector expressing 

cells were treated at two different time points (1 and 3 h, based on western blot data) with 

150 mM of t-BHP prior to immunofluorescence staining for xCT. The results showed that 

Hep3B-Vector cells showed comparable expression levels of xCT as compared to the 

untreated control. On the other hand, Hep3B-SOCS1 cells showed a significant decrease in 

xCT expression levels in comparison to Hep3B-Vector cells both at the basal level and under 

conditions of oxidative stress (Figure 21b). These findings indicate that SOCS1 expression 

reduces the expression of xCT in mouse and human HCC cells under basal and oxidative 

stress conditions and suggest that this SOCS1-mediated regulation could affect 

detoxification of lipid peroxides and their accumulation, hence leading to cell death via 

ferroptosis.  
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a) 

 
 

 

b) 

 
 
Figure 21: xCT expression level reduced in response to t-BHP in human HCC cells 
expressing SOCS1. 
(a) Western blot analysis of xCT expression in Hep3B-vector (Hep3B-V, in blue) and 
Hep3B-SOCS1(Hep3B-S, in red) treated with t-BHP (150 µM). Data from one of the two 
comparable experiments are shown.  (b) Immunofluorescent intensity of xCT expression 
(green) and nuclei (blue) after treatment with t-BHP at two different time points. 
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3.4 SOCS1 suppresses xCT and induces ferroptosis in vivo 

So far, the results obtained revealed attenuation of xCT expression via SOCS1 modulation 

in vitro. To validate these results in vivo, hepatocyte specific SOCS1 knockout mice 

(Socs1fl/flAlbCre) were generated and tested for their ROS susceptibility. This was done by 

injecting 8 weeks old mice intraperitoneally with CCL4. CCL4 is known to induce oxidative 

stress and acute hepatotoxicity in mice when given at high concentrations (1200 mg/kg 

CCL4) (Du et al., 2021). Following CCL4 treatment, Socs1fl/flAlbCre and Socs1fl/fl mice were 

sacrificed after 24h. Liver tissues were processed for RNA and protein analyses. The 

expression levels of SLC7A11 (a subunit of xCT) was assessed by RT-qPCR, and 

immunoblotting. Whereas CCL4 treatment caused a modest increase in the expression of 

Slc7a11 gene in the liver,  CCL4 treated Socs1fl/flAlbCre mice showed a 2.5 fold increase in 

Slc7a11 gene expression as compared to Socs1fl/fl mice (Figure 22a). Surprisingly, CCL4 

treatment caused a discernible decrease in the expression of xCT protein level compared to 

untreated controls (Figure 22b). The reason for this decrease is currently unclear. On the 

other hand, an inverse trend was observed for xCT protein expression in Socs1fl/flAlbCre mice 

compared to Socs1fl/fl mice. The SOCS1-deificent livers showed a lower expression of xCT 

protein at the basal level that was markedly increased following CCL4 treatment (Figure 

22b). 

 

GSH synthesis happens in a two-step process with the help of two enzymes γGCS 

(made up of two catalytic subunits GCLC and GCLM) and glutathione synthetase (GS) 

(Figure 15). These enzymes will utilize cysteine, glutamate, and glycine to synthesize 

glutathione. Given that GPX4 is a core GSH-utilizing enzyme which cancels out 

lipoxygenase activities and phospholipid oxidation process, it has been proposed that 

cysteine starvation might lead to a decrease in GCLC and therefore increase ROS (Conrad 

and Friedmann Angeli, 2015). Although the mechanism through which SOCS1 induces 

ferroptosis is not quite clear, certain studies suggest that SOCS1 may induce ferroptosis 

through modulation of p53 target genes and/or downregulation of SLC7A11 (Saint-Germain 

et al., 2017). Using our experimental Socs1fl/flAlbCre model, we assessed Gclc expression by 

RT-qPCR following CCL4 treatment. Similarly to the Slc7a1 gene, the Gclc gene was 
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markedly upregulated in Socs1fl/flAlbCre mice as compared to Socs1fl/fl mice following CCL4 

treatment, whereas its expression was not affected in control mice (Figure 22a). The protein 

expression of GCLC (GPX4) also showed similarities with xCT. Whereas GPX4 protein 

levels in control mice remained unchanged after CCL4 treatment, Socs1fl/flAlbCre mice showed 

reduced basal expression of GPX4 that was markedly increased by  CCL4 treatment (Figure 

22b). Collectively, SOCS1 overexpressing hepatocyte cellular systems (Hepa, Hep3B cell 

lines) show reduced expression of xCT at the basal level (Figures 20, 21) whereas SOCS1 

deficient livers show elevated xCT expression in vivo following the induction of oxidative 

stress (Figures 22). It must be pointed out that the cell lines are cancerous, whereas the in 

vivo data comes from normal livers. Nonetheless, our in vitro and in vivo data, though 

preliminary, indicate that SOCS1 has the potential to impact ferroptosis in hepatocytes in 

response to oxidative stress through induction of xCT as well other proteins (e.g., GPX4) 

involved in cellular antioxidant response. Clearly additional experiments involving different 

agents capable of inducing oxidative stress in vitro and in vivo data are needed to fully 

understand the kinetics and mechanisms of SOCS1-mediated modulation in cellular 

antioxidant responses.  
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a)                                                                                  

 
b) 

 

 

 

 
Figure 22: SOCS1-deficient mice reduced ferroptosis.  
Alterations in mRNA and protein expression of ferroptosis regulatory proteins in Socs1fl/fl 
and Socs1fl/flAlbCre (Socs1-KO) mice after CCL4 injection. (a) Slc7a11 and Gclc gene 
expression detected by RT-qPCR. (b) Western blot used to detect xCT and GPX4 protein 
expression. Quantitative RT-PCR data from two experiments are shown. Two-way ANOVA 
with Tukey’s post-hoc test: *p < 0.05; ***p < 0.001; ****p < 0.0001. 
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4 DISCUSSION 

Suppressors of cytokine signaling 1 (SOCS1) acts as a negative regulator of signal 

transduction induced by cytokines in tumor cells and immunocytes. These cells serve several 

functions in cell growth, differentiation, and apoptosis. Dysregulating the SOCS1 protein 

expression and function significantly promotes tumor growth, migration, and invasion. 

Therefore, research are conducted  to determine the therapeutic potential of SOCS1 in 

different cancers and particularly for liver cancer (Jiang et al., 2017). 

 

In spite of much progress in screening and advanced treatment methods, clinical management 

of liver cancer still remains quite challenging. More research is required to identify 

biomarkers and to decipher the molecular process of disease initiation and progression in 

HCC (Fujimoto and Naka, 2010; Llovet et al., 2015, 2018). Research has indicated that 

SOCS1 may play a general role to regulate cellular senescence and ferroptosis through the 

stabilization of p53 target genes expression (Calabrese et al., 2009; Saint-Germain et al., 

2017).  In this study, the results suggest that Socs1 could contributes to ferroptosis and causes 

tumor cell death and thus inhibiting oncogenesis in hepatocytes. SOCS1 expression in 

hepatocytes reduces xCT significantly and increases oncogenic ROS, thus enabling tumor 

repression. During the inflammatory responses and oxidative stress resulting from chronic 

liver injury, Slc7a11 is upregulated to encode the cystine/glutamate antiporter (xCT) whose 

major role is to protect hepatocytes against reactive oxygen species, enabling escape from 

ferroptosis (Wada et al., 2018). In agreement with this, hepatocyte-specific Socs1-deficient 

livers showed higher xCT expression that would serve to reduce oxidative stress in the CCL4 

acute liver injury model. On the other hand, Socs1fl/fl mice expressed dramatically lower xCT 

levels which sensitized hepatocytes to ROS following CCL4-induced acute hepatotoxicity. 

We have previously shown that CDKN1A gains oncogenic potential in SOCS1 deficient 

hepatocytes by increasing NRF2-mediated cellular adaptation to oxidative stress that leads 

to HCC progression (Khan et al., 2021). Overall, the present findings indicate that SOCS1 

could be a positive mediator promoting ferroptosis by lowering system xc- expression 

through the inhibition of NRF2 activation mediated by p21 in response to ROS in 

hepatocytes both in vivo and in vitro. Additional research is required to confirm if SOCS1 
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control over xCT expression is mediated via the p21-NRF2 axis. Nevertheless, we can 

suggest that SOCS1 is a protein capable of regulating tumor cell death through the 

suppression of system xc-. In fact, xCT is one of the major factors supporting antioxidant 

responses and thus may act as an important therapeutic target to enhance liver regeneration 

when liver injury occurs. 

 

An efficient diagnostic tumor biomarker is expected to be highly sensitive, specific and 

easily detectable in clinical settings. Research has shown that SOCS1 expression is not 

detectable in normal tissues but SOCS1 mRNA overexpression has been detected in a 

number of cancers (Roman-Gomez et al., 2004). SOCS1 levels in tumor cells has also been 

used for predicting the outcome for cancerous patients. Studies have shown that higher 

SOCS1 expression correlates with early stages of tumor progression and better clinical 

outcomes. Other reports on the contrary associate the SOCS1 staining positivity and intensity 

with tumor progression, as supported by the invasion, depth and stage of the tumor (Li et al., 

2004; Sasi et al., 2010).  

 

The loss of expression of SOCS1 may assist HCC progression through several mechanisms. 

Several reports identify the SOCS1 protein as being a key player in regulating liver 

regeneration (LR) after partial hepatectomy and also as one that participate in hepatocytes 

proliferation. The SOCS1 gene transcription has been shown to be induced after partial 

hepatectomy. Some studies showed that the mice lacking SOCS1 accelerate LR via 

neoplastic growth (Sakuda et al., 2002; Taub, 2004; Gui et al., 2011). The regeneration of 

liver entails coordinated action of different cytokines and growth factors that regulate 3 

temporal phases of hepatocyte proliferation. These phases include cytokine priming, DNA 

synthesis, and cell division prior to growth termination. TNFα and IL-6 are major priming 

factors that facilitate hepatocyte transition from G0 to G1 in response to growth factors 

(Cressman et al., 1996; Yamada et al., 1997; Gui et al., 2014). In rodent HCC models, 

increased levels of inflammatory cytokines, especially IL-6, play a key role in 

hepatocarcinogenesis (El-Serag, 2011). A body of research has revealed that SOCS1 also 

attenuates TNFα and IL-6 signaling, which are essential for hepatocyte priming in liver 

https://www.sciencedirect.com/topics/medicine-and-dentistry/partial-hepatectomy
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regeneration and hepatocarcinogenesis (Taub, 2004; El-Serag, 2011). In contrast, Yeganeh 

et colleagues found that the lack of SOCS1 promotes HCC without increasing the circulating 

IL-6 levels nor its signaling capacity in the liver. Interestingly, this study showed that 

circulating IL-6 levels are lower in SOCS1-deficient mice treated with DEN in comparison 

to the controls (Yeganeh et al., 2016). 

 

The mitogenic factor, HGF (hepatocyte growth factor) plays a key role in the proliferation 

of hepatocyte and also in the pathogenesis of HCC (Taub, 2004; Villanueva et al., 2007). 

Conditional ablation of HGF or that of its receptor c-Met in an adult liver hinders liver 

regeneration (Borowiak et al., 2004; Huh et al., 2004). SOCS1 regulates hepatocyte 

proliferation after partial hepatectomy via stimulation by HGF. Given that c-Met signaling 

is attenuated by SOCS1, the negative regulation of HGF signaling can be a major mechanism 

accounting for SOCS1 anti-tumor role in the liver (Gui et al., 2011). There is also evidence 

that SOCS1 is a categorical regulator of interferon-γ signaling known to exert pro-oncogenic 

role in DEN-induced HCC. In fact, Socs1-null mice die within 3 weeks of birth due to 

uncontrolled IFNγ signaling. This is an event which can be stopped by Ifng gene ablation 

(Marine et al., 1999). 

 

The hypermethylation of SOCS1 gene promoter is a major risk factor and predictive 

biomarker of HCC (Liu et al., 2015; Zhang et al., 2016). To dissect HCC heterogeneity, 

molecular medicine can be used to assess epigenetic modifications. These modifications 

include DNA methylation through changing the chromosomal structure, DNA conformation, 

DNA stability, and the DNA and protein functional pathway (Wang and Wu, 2018). DNA 

methylation profiling in HCC has been investigated in clinical samples as well as in cell 

lines, indicating significant changes and different clinical relationships (Mah et al., 2014; 

Fan et al., 2018; Sun et al., 2018). Different studies on methylated genes are related to their 

application in diagnosis, prognosis, and determination of treatment alternatives (Liu et al., 

2020). SOCS1 gene is frequently silenced by methylation CpG islands in HCC (Yoshikawa 

et al., 2001; Yang et al., 2003; Nomoto et al., 2007). The occurrence of SOCS1 aberrant 

DNA methylation is about 60% in HCC tumor specimens (Yoshikawa et al., 2001; Yang et 
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al., 2003). Additionally, the loss of SOCS1 gene expression in mice enhances the 

susceptibility to HCC induction (Yoshida et al., 2004; Yeganeh et al., 2016). Studies have 

shown that SOCS1 restoration at the time of methylation suppresses the HCC growth rate 

(Yoshikawa et al., 2001). 

 

Research has shown that SOCS1 is a major regulator of oncogenic MET RTK signaling. It 

also suppresses the oncogenic potential of p21 in hepatocytes (Gui et al., 2011, 2015; 

Yeganeh et al., 2016). SOCS1 interacts with p21 and promotes its ubiquitination and 

proteasomal degradation. Mice lacking SOCS1 deregulate CDKN1A, the gene coding for 

p21. According to these findings, p21 generally acts as a tumor suppressor. Interestingly, 

p21 can also enhance oncogenesis in various types of cancer, such as HCC (Gartel and Tyner, 

2002; Gartel, 2006, 2009; Abbas and Dutta, 2009; Warfel and El-Deiry, 2013). Yeganeh et 

colleagues found that SOCS1 is a major regulator of p21 expression and its possible 

oncogenic roles. The livers of DEN-treated Socs1-null mice showed increased cytoplasmic 

p21 and decreased apoptosis after DEN treatment (Yeganeh et al., 2016). 

 

Overall, the findings of Yeganeh et al., indicated that p21 is an ‘oncojanus’ which can either 

prevent or increase HCC as a function of the molecular context (Yeganeh et al., 2016). Given 

that p21 demonstrates the ability to contribute either oncogenic or suppressive functions, the 

gene CDKN1A can be portrayed as a double-edged sword. In Roman mythology, Janus was 

the god of doors and gateways and is typically exhibited as having two faces looking in 

opposite directions. The word ‘oncojanus’ refers to proteins that have contradictory 

characteristics either as an inhibitory tumor suppressor or as an activating oncogene 

depending on the context (Brem, 2009; Gasparre et al., 2011, 2013). p21 gains oncogenic 

potential when kept in the cytosol via AKT-dependent phosphorylation in which it interacts 

with apoptotic mediators (Abbas and Dutta, 2009). p21 may as well contribute to CDK4 

activity and facilitate the progression of G1 phase when present in the nucleus (LaBaer et 

al., 1997) (Figure 23). SOCS1epigenetic repression in HCC can promote p21 and mediate 

oncogenesis through at least two mechanisms. We know that increased AKT activation 
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downstream of deregulated growth factor signaling in SOCS1-deficient livers leads to the 

phosphorylation of p21 and its retention in the cytosol (Yeganeh et al., 2016) (Figure 23). 

 

 

 
 
Figure 23: Processes of SOCS1-dependent regulation of p21. 
SOCS1 regulates p21 expression, protein stability and subcellular distribution through the 
attenuation of growth factor signaling. SOCS1 hence manages to control the paradoxical 
oncogenic function of p21 such as apoptosis inhibition and cell proliferation promotion 
(Yeganeh et al., 2016). License Number 5293900493594. 
 

P21 has also been shown to interact with NRF2 to relieve the inhibitory interaction of 

KEAP1-NRF2 which leads to its activation (Chen et al., 2009; Menegon, Columbano and 

Giordano, 2016). NRF2 is also known as an oncojanus, which allows cancer cells to deal 

with higher oxidative stress during cancer progression(Menegon, Columbano and Giordano, 

2016). The selective autophagy substrate p62 is also able to activate NRF2, and disrupts the 

interaction of NRF2-KEAP1 (Komatsu et al., 2010). 

 

Mice lacking NRF2 have evidently established an oncogenic potential to activate NRF2 in 

DEN-induced HCC (Ngo et al., 2017). High NRF2 expression with its prognostic value 
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correlates poorly with survival rates in HCC patients (Zhang, Pointer and Kuo, 2015; Lee et 

al., 2020). Disease progression is promoted by NRF2 activation in different cancers that 

affect the lung, skin, and pancreatic (DeNicola et al., 2011; Satoh et al., 2013; Rolfs et al., 

2015; Chio et al., 2016). Several genetic mutations have been identified as important factors 

which support NRF2 human and rodent HCC via the disruption of the KEAP-NRF2 

interaction (Guichard et al., 2012; Zavattari et al., 2015). However, mutations are not the 

only factors destabilizing this interaction. NRF2 activation in HCC may also occur through 

other mechanisms including elevated p62 expression (Umemura et al., 2016). 

 

Recent studies show evidence for SOCS1 modulating NRF2 activation in HCC. Cdkn1a-/-

Socs1-/- mice revealed impaired induction of NRF2 target genes. This finding showed that 

the oncogenic potential of NRF2 is promoted by p21 in livers lacking SOCS1 (Khan et al., 

2021). p21, which is induced by SOCS1 deficiency, confers protection from oxidative stress 

and causes NRF2 activation in hepatocytes. p21 is also implicated in the carcinogenic 

activity of PDGF and EGF signaling through AKT activation (He et al., 2020). This is 

because the AKT activation induced by growth factors help enhance p21 phosphorylation 

and its cytosolic retention in association with its oncogenic role (Yeganeh et al., 2016). Thus, 

NRF2 can create a positive feedback loop in cancers that are overexpressing p21. SOCS1 

deficiency contributes even more to this amplification loop by deregulating the signaling of 

the growth factor and by upregulating p21 and NRF2 (Khan et al., 2021) (Figure 24). 

 

 
 
Figure 24: The relationship between SOCS1, p21 and NRF2 in HCC. 
SOCS1 loss upregulates NRF2 target genes in a p21-dependent manner that leads to the 
reduction of apoptosis & an increase in liver tumorigenesis. 
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NRF2 is the main regulator of the expression of molecules which serve antioxidant purposes 

in the cell (Cairns, Harris and Mak, 2011).  NRF2 regulates the expression of GCLC 

(Glutamate-Cysteine Ligase Catalytic Subunit) and GCLM (Glutamate-Cysteine Ligase 

Modifier Subunit), which are both involved in synthesizing glutathione (GSH), one of the 

most abundant antioxidant factors in the cell (Meister, 1983; Taguchi, Motohashi and 

Yamamoto, 2011). NRF2 also controls the abundance of cysteine in cells, via the expression 

of SLC7A11 (solute carrier family 7 member 11) that encodes the light chain of system xc- 

(the cystine/glutamate transporter) (Sasaki et al., 2002). xCT functions as an anti transporter 

that exchanges glutamate for cystine. 

 

Oxidative stress has been involved in tumor progression, as well as treatment resistance via 

several several signaling pathways, one of them being promoting the activity of system xc-. 

It’s activity protects different cell types from oxidative stress (Shih et al., 2006; Sakakura et 

al., 2007). Previous reports have explored SLC7A11 expression in different cancers and led 

to contradictory findings. As reported in human breast cancer cells, xCT expression is 

regulated by NRF2 which points to the correlation of NRF2 and xCT (Habib et al., 2015). 

High xCT expression can predict disease recurrence in colorectal cancer patients (Sugano et 

al., 2015). Multivariate analyses show that increased xCT expression  was associated with 

tumor invasion  and metastasis to lymph nodes (Sugano et al., 2015). In glioblastoma, xCT 

overexpression acts as a prognostic factor (Zhang et al., 2015). Besides, high level of xCT 

correlates with tumor recurrence and poor survival in patients diagnosed with an oral 

squamous cell carcinoma (Wu et al., 2017; Lee et al., 2018). Although high levels of xCT 

was found associated with advanced level of oral cancer, it is not a predictive biomarker of 

oral carcinoma (Toyoda et al., 2014). In the case of hepatocellular carcinoma and xCT 

overexpression, no association was found between mRNA expression of SLC7A11 and the 

clinical properties of HCC (Kinoshita et al., 2013). However, another study showed that high 

expression levels of the SLC7A11 protein was associated with advanced pathologic levels 

that added to the significance of SLC7A11 expression in liver carcinoma (Zhang et al., 

2018). Hence, xCT plays a major function in tumor progression and shows poor prognosis 

in several cancer types. 

 

https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/signal-transduction
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SLC7A11 is essential for ROS induced ferroptosis and is considered as one of the main 

factors involved in the modulation of ferroptotic responses in human cancers. Ferroptosis is 

a form of non-apoptotic cell death involving a catastrophic accumulation of lipid peroxides 

and ROS through iron catalysis. xCT’s constitutive activity suppresses ferroptosis in 

different cell types (Dixon et al., 2012; Stockwell et al., 2017). Because of the chemically 

unstable nature of cysteine within an extracellular environment, it is reduced intracellularly 

to cysteine for glutathione (GSH) synthesis (W. Zhang et al., 2012). There is ample evidence 

that primary chronic lymphocytic leukemia (CLL) cells have a restricted capability of 

transporting cystine to synthesize GSH because of their low xCT expression. Rather, the 

stromal cells in the tumor microenvironment can efficiently import cystine using the plasma 

membrane transporter system xc- and produce cysteine. This serves to compensate for this 

lack of expression of xCT in CLL, thus allowing to for the production of GSH and the 

survival of these cells. (W. Zhang et al., 2012). Thus, xCT plays a major role in the balance 

of intracellular cysteine and biosynthesis of GSH. Major anti-cancer effects have been also 

found through the blockage of the xCT-GSH axis in different tumors (Liu, Xia and Huang, 

2020). 

 

Clarifying the molecular and biochemical features of individual tumors that specify anti-

cancer effects by targeting xCT is of an utmost importance. A body of research showed xCT 

mechanisms in different cancers based on the assessment of the xCT-GSH axis in various 

cancer types. Specific tumor suppressor genes are engaged in xCT expression and regulation 

for ferroptosis mediation. p53 activation can decrease cystine uptake and improve ferroptosis 

through repressing xCT transcription, resulting in GSH decrease and, thus, hindering GPX4 

activity (Jiang et al., 2015). p53 may as well regulate ferroptosis via SAT1 

(spermidine/spermine N1-acetyltransferase) and SLC7A11 target genes. SAT1 knockout, 

significantly abrogates the ferroptosis mediated by p53, whereas the increased degrees of 

SAT1 expression sensitizes cells to ferroptosis during ROS stress. Another metabolic target 

gene involved in lipid peroxidation is SLC7A11 (Ou et al., 2016). Later reports showed that 

the induction of ferroptosis in human HT-1080 fibrosarcoma cells could be delayed by 

prolonged wild-type p53 stabilization and induction of the downstream target CDKN1A 

(p21) (Tarangelo et al., 2018). BAP1 (BRCA1-associated protein 1), a deubiquitinase 
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(DUB), was found to also regulate cancer cell ferroptosis through xCT repression. BAP1 

mutations in human cancers take away its ability to promote ferroptosis (Zhang et al., 2018). 

In addition, the SOCS1-p53 axis is engaged in the ferroptosis pathway. SOCS1 is capable of 

sensitizing cells to senescence and ferroptosis through regulating the expression of several 

target genes of p53. SOCS1 may regulate p53 target gene expression, for example by 

reducing SLC7A11expression and glutathione levels. It, therefore, sensitizes cells to 

ferroptosis (Saint-Germain et al., 2017). In agreement with several other studies, xCT also 

significantly affects the liver. Although the common belief is that SOCS1 mediates 

senescence and ferroptosis via tumor suppression mechanisms, how SOCS1 modulates 

system xc− remains to be elucidated. It would be important to determine if the SOCS1-p53-

p21 pathway plays a major role in the oxidative stress reaction to hepatocellular carcinoma 

and if it does, could it possibly give insight into developing drug targets to be utilized in 

combination therapy. 

 

The present study suggests that xCT may be a SOCS1 target gene involved in ferroptosis 

regulation. There is evidence that the SOCS1-p53 axis role is dispensable for the prevention 

of tumor development in xCT expression (Saint-Germain et al., 2017). Nevertheless, our 

results indicate that an additional pathway for tumor suppression exists through which 

SOCS1 prevents cystine uptake resulting in ROS accumulation and subsequently ferroptosis 

in HCC. In this study, mouse Hepa 1-6 and human Hep3B HCC cell lines were utilized to 

explore SOCS1 contribution and to measure its effect on system xc
−. These cell lines have 

been shown to require xCT to reduce ROS levels (Khan et al., 2021). SOCS1 overexpression 

in human and mouse cancers cell lines enhance its ability to promote ferroptosis. As for the 

mechanisms involved, SOCS1 overexpression in Hep3B-SOCS1(Hep3B human HCC cells 

expressing SOCS1) or Hepa-SOCS1 (hepatoma cells expressing SOCS1) resulted in the 

suppression of the expression of xCT and a reduction in GSH levels in response to ferroptosis 

inducers. t-BHP and Erastin were used as inducers of the oxidative stress (Alía et al., 2005; 

Wang et al., 2020). On the other hand, Hep3B-vector or Hepa-vector cell lines were not 

capable of repressing xCT expression and promoting ferroptosis. These findings together 

show a key role of SOCS1 in regulating xCT and ferroptosis (Figure 20; Figure 21). It is 
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important to note that SLC7A11 is overexpressed in multiple kinds of human cancers and its 

level are important for ROS induced ferroptosis (Jiang et al., 2015).  

 

Studies have showed that oxidative stress plays a major role in initiating damage to liver 

(Sanchez-Valle et al., 2012). HCC cell lines strongly express xCT, and though xCT is hardly 

detectable in a healthy adult liver, it is induced in conditions that reduce glutathione and/or 

add to oxidative stress (Kang et al., 2017; A. W. Wang et al., 2018; Wada et al., 2018) which 

supports the idea that xCT also plays a major anti-oxidant defensive role in a non-malignant 

liver. Consistent with in-vitro data, mice having acute toxic liver injury treated with CCL4 to 

induce ROS activity managed to resolve the injury via ferroptosis. To investigate the role of 

SOCS1 in the regulation of xCT, Socs1fl/flAlbCre mice were utilized. The livers of SOCS1 

deficient mice subjected to oxidative stress showed elevated levels of SLC7A11 mRNA and 

protein (Figure 22).  The reason for reduced levels of SLC7A11 protein in SOCS1 deficient 

livers at steady state despite comparable levels of mRNA remains unclear. One possible 

mechanism could be compensatory increase in other SOCS proteins, particularly SOCS3, 

which shares close structural similarity with SOCS1. Clearly, further experiments are needed 

to elucidate the molecular mechanisms. Nonetheless, the present data shows that the 

transcriptional repression of SCL7A11 mediated by SOCS1 could potentially contribute to 

ferroptosis induced by ROS through modulating the xCT–GSH–GPX4 axis, and that 

elevated SLC7A11 expression in HCC lacking SOCS1 could potentially contribute to tumor 

growth.  
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5 CONCLUSIONS 

Currently, great efforts are made to increase patient survival through clinical trials and 

systemic therapies for hepatocellular carcinoma. The most recent standards utilized in 

unresectable HCC are: radiofrequency ablation, TACE, selective internal radiotherapy with 

yttrium-90. Novel radiation therapy modes include stereotactic body radiation therapy, 

proton beam treatment, and targeted molecular therapy. Selecting the best treatment for any 

individual depends on each patient-specific characteristics such as tumor size and location, 

the presence of portal vein thrombosis, and liver performance (Eggert and Greten, 2017). 

Within the past decade, an exclusive systemic antitumor agent known as sorafenib has been 

used for targeted molecular therapy for patients diagnosed with unresectable hepatocellular 

carcinoma (HCC). In recent years, lenvatinib, regorafenib, cabozantinib and ramucirumab 

were found to be better alternatives for patients who cannot use the sorafenib (Faivre, 

Rimassa and Finn, 2020). Besides, research has shown that immune checkpoint inhibitors 

show encouraging efficacy (Kato et al., 2019; Mossenta et al., 2019). Besides alpha-

fetoprotein (a tumor marker used for HCC diagnosis) that is employed for selecting patients 

for treatments with ramucirumab, no other biomarker has yet been identified to predict 

patient responses to a particular treatment (Faivre, Rimassa and Finn, 2020). The genomic 

landscape of HCC through next-generation sequencing (NGS) has shown that HCC 

mutations are related to a numerous pathways that include, but not restricted to:  the Wnt/β-

catenin, TP53/cell cycle, PI3K/AKT/mTOR and Ras/Raf/MAPK pathways as well as those 

involved in telomere maintenance and oxidative stress reactions (Guichard et al., 2012; 

Marquardt et al., 2014; Schulze et al., 2015; Zucman-Rossi et al., 2015). Overall, molecular 

based treatments in cancer medicine often comes after a logical development plan. In other 

words, when a molecular alteration is identified a new treatment is chosen for evaluation and 

potential use. This is done in accordance with the recommended clinical indications of the 

treatment based on the presence of a biomarkers. Thus, molecular based treatments are 

capable of identifying patients for whom precision treatment could offer better chances of 

success.  

In comparison to the promising attempts in developing and clinically investigating such 

treatments, the findings so far gathered are unpropitious. Perhaps this process suffers from a 
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lack of connection in the processes (discovery, evaluation of treatment  and clinical tests) 

(Eggert and Greten, 2017; Faivre, Rimassa and Finn, 2020). 

Despite efforts, only a few patients benefit from molecular targeted therapies. As mentioned 

earlier, HCC displays genomically heterogeneous phenotypes with different oncogenic 

mutations that can activate various oncogenic pathways. This can justify why molecular 

based therapies only modestly enhance patient survival and can also be the reason why 

relatively few patients respond to the checkpoint of inhibition (Eggert and Greten, 2017). In 

addition, the nuances of individual genetic aberrations or signaling pathways could explain 

why there are scarce accomplishments of targeted therapeutics in HCC. 

Cancer is still considered a major threat to human health and life although several effective 

therapies already exist. This can be attributed to drug resistance and to patients’ low response 

rates every year. Thus, every year, different cancer therapies are created to enhance cancer 

cell death through different types of cell death mechanisms including apoptosis, necrosis, 

necroptosis, or pyroptosis (Nirmala and Lopus, 2020). In recent years, ferroptosis has gained 

attention as it has now become a new method for inducing cell death. The process utilizes an 

iron-based nonapoptotic cell death mechanism to kill cells (Dixon et al., 2012). Cell death is 

triggered by iron-catalyzed lipid peroxidation initiated by Fenton reactions and enzymatic 

mechanisms mediated by lipoxygenases (LOXs)(Tang et al., 2019). These reactions produce 

hydroxyl radicals which are responsible for the peroxidation of lipids found in the cell 

membrane (Gao et al., 2016; Stoyanovsky et al., 2019). 

Ferroptosis is also alluring to scientists because of the role it possibly plays as a target for 

new therapeutic anticancer strategies (Dixon and Stockwell, 2019; Bebber et al., 2020; Ye et 

al., 2020). Cell death via ferroptosis can also be used as a complementary mechanism for 

strategic anticancer therapy. Once the cell losses it’s integrity due to lipid peroxidation, 

perpetuation of the reaction may distribute itself among cells in a wave-like manner, which 

results in effective killing of adjacent cells (Linkermann et al., 2014; Kim et al., 2016; 

Riegman, Bradbury and Overholtzer, 2019). Ferroptosis also has the ability of circumventing 

drug resistance, chemoresistance (Hangauer et al., 2017; Viswanathan et al., 2017; 

Hassannia et al., 2018; L. Wang et al., 2018; Shin et al., 2018; Wu et al., 2019) and 

additionally enhance immunotherapy for cancer (Wang et al., 2019). 
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The ferroptosis-mediated antitumor effects are being extensively investigated in different 

cancers. This research emphasizes the role of system xc- as a ferroptosis inducer. We 

demonstrate that SOCS1 reduces system xc-, suggesting a potential to increase oxidative 

stress in hepatocytes (Figure 25). 

 

 
 
Figure 25: Graphical Abstract: The role of SOCS1 in ROS-induced hepatocytes 
ferroptosis. 
SOCS1 promotes ferroptosis by reducing system xc- expression via inhibition of the p21-
mediated NRF2 activation pathway. 
 

Taken together, using a range of complementary experiments we show that targeting xCT 

could be a beneficial therapeutic measure to modulate the accumulation of ROS during liver 

injury allowing for the advent of ferroptosis. xCT expression is greatly increased when 

SOCS1 is absent. xCT inhibition leads to ferroptosis in hepatocytes and suppressed liver 

injury. On the other hand, healthy hepatocytes suffering from acute liver injury, show much 

lower xCT levels and are somehow more resistant to the effects of xCT inhibition. 

Nevertheless, because hepatocytes might need to up-regulate xCT to survive chronic liver 
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injury, more investigation is required to find out whether targeting xCT can selectively cause 

ferroptosis in hepatocytes and securely prevent chronic liver injury or HCC. In fact, targeting 

SOCS1 without reducing its antitumor functions is a challenging task. To solve these 

problems, anticancer drugs that prevent NRF2-induced genes (ex: xCT) can be helpful. It 

could be used for the treatment of patients with HCC having a SOCS1-low profile with high 

antioxidant response gene signatures in near future.  

 

The present findings address acute toxic liver injury in the context of SOCS1-deficient mice 

by evaluating xCT expression. Other researchers have found that SOCS1 deficient HCC cell 

lines display pro-tumorigenic potential via genes such as CDKN1A and NRF2 (Khan et al., 

2021). Thus, we can attribute SOCS1’s anti-tumor activation and its ferroptosis related role, 

to its ability to prevent system xc-. We propose novel insights for future perspectives on 

whether NRF2 (Nfe2l2) and p21(Cdkn1a) are necessary for in-vivo/in-vitro expression of 

xCT. Whether NRF2 could be a key mediator of tumor suppression by SOCS1 remains to be 

genetically tested.  To determine the molecular pathway utilized by SOCS1-deficient mice 

to resist ferroptotic cell death, it would be interesting to generate SOCS1/Cdkn1a and 

SOCS1/Nfe2l2 double KO mice and to induce liver injury. Given the gathered preliminary 

data, we expect both KO models to succumb to ferroptosis given the lack of p21 (Socs1/ 

Cdkn1a DKO) and Nrf2 (Socs1/ Nfe2l2 DKO).  

 

SOCS1 and its downstream regulation of xCT can attract great attention in cancer research. 

In addition, targeting xCT can provide a new effective treatment for cancer. Anti-

inflammatory drugs including Sorafenib, Sulfasalazine, Glutamate, and Erastin can be used 

for targeting SLC7A11. These drugs have proved to be efficient therapeutic agents to 

overcome cancer (Lin et al., 2020). A number of compounds that directly target SLC7A11 

have unfavorable pharmacological effects. However, their complex mechanisms have not 

been extensively investigated. Special attention should be paid to drugs that target SLC7A11 

indirectly. The application range of these drugs might also engage other signaling pathways 

and cause adverse effects. Immunotargeting of SLC7A11 may produce effective outcomes 

in vivo. However, this approach has not yet been tested in experimental models of cancer. 
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Therefore, understanding the complexities of the SLC7A11 system using the SOCS1 knock 

out animal model and its mechanisms could lead to the identification and validation of new 

therapeutic measures to exploit ferroptosis in the treatment of HCC. 
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