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Abstract 
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Hepatocellular carcinoma (HCC) is one of the common cancers worldwide. Most HCC 

patients present at an advanced stage when resection or liver transplantation is not feasible. 

Even after surgery, the long-term prognosis of HCC remains unsatisfactory due to high 

recurrence rates. Chemotherapy remains the principle alternative for treating unresectable HCC. 

However, the efficacy is limited due to chemoresistance. Increasing evidence showed the 

critical role of cancer stem cells (CSCs) on tumor relapse and therapeutic resistance. Since 

normal stem cells and CSCs share high similarity in genetic profile, we would like to identify 

the molecules/pathways crucial in liver CSCs by determining what molecules involved in 

normal liver stem cells during liver regeneration. For this purpose, partial hepatectomy mouse 

model was employed to analyze the change in genetic profile in regenerating liver. Comparison 

of expression profiles between early regenerating liver and intact liver revealed the 

upregulation of DNA Damage Response pathways in self-renewing liver, in which Ubiquitin 

Conjugating Enzyme E2T (UBE2T) was the most significantly upregulated. This, together with 

the publicly available dataset (GSE5975) shows upregulation of UBE2T in EpCAM-enriched 

liver CSC populations, suggest the potential role of UBE2T on regulation of cancer stemness. 

By qPCR analysis, UBE2T was overexpressed in 91% of the clinical HCC specimens and 

associated with aggressive phenotype and poorer patients’ survival. Significant overexpression 

of UBE2T in protein level was also confirmed by Western Blot and IHC analyses. By lentiviral 

based knock-down and ectopic overexpression approaches, we demonstrated the role of 

UBE2T in regulation of liver CSC properties including self-renewability and expression of 

CSC markers. Alternation of UBE2T expression level also affected HCC invasiveness and drug 

resistance. Apart from in vitro functional assays, UBE2T also found to regulate in vivo 
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tumorigenicity and CSC frequency. In orthotopic HCC model, UBE2T was found to play 

pivotal role in lung metastasis in vivo.  

 

In order to identify downstream target of UBE2T for regulation of cancer stemness, tandem 

affinity purification coupled with mass spectrometry (TAP/MS) was employed. Upon analysis, 

Mule, a E3 ubiquitin ligase, was identified to be the novel protein binding partner of UBE2T. 

Being the E2 ubiquitination enzyme, UBE2T was found to physically bind and regulate the 

protein expression of Mule via ubiquitination. Recently, Mule is suggested to further directly 

degrade protein of β-catenin. Therefore, we further examined the effect of UBE2T on β-catenin 

expression. Consistently, we found that overexpression of UBE2T increased β-catenin 

expression via degradation of Mule. Opposite effects were observed when UBE2T expression 

was suppressed. Furthermore, the effect of UBE2T on β-catenin activity was further confirmed 

by Immunofluorescence (IF). These effects were offset when E2 activity of UBE2T was 

impaired by replacing wild-type form of UBE2T with the E2-dead mutant (C86A).  

 

In conclusion, we have uncovered the novel role of UBE2T signaling cascade in regulation 

liver CSCs. UBE2T regulates liver CSC functions through Mule-mediated β-catenin 

degradation. Our study not only provides a mechanistic insight for tumor recurrence and drug 

resistance, but also open a new therapeutic avenue for treatment of HCC. 

 

(494 words) 
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1.1. Hepatocellular Carcinoma (HCC) 

1.1.1. Epidemiology and Etiology of HCC 

Liver cancer was the second leading cause of cancer death worldwide in 2012, and 

hepatocellular carcinoma (HCC) accounts for 90% of liver malignancy [1], [2]. Late diagnosis, 

frequent relapse and drug resistance are considered the reasons for poor prognosis in HCC patients. 

Many risk factors are implicated in HCC development. A better understanding of the risks is 

critical to enable preventive measures. 

 

Sex disparity is present in HCC. Liver cancer is the second leading cause of cancer death in men 

worldwide and is 2-4 times more likely to occur in men than in women [1], [3]. The prevalence of 

HCC in men may be attributed to sex-specific exposure to cirrhosis risk factors. Accumulating 

evidence suggests that sex disparity stems from discrepancies in genomic profiles between males 

and females [4], [5]. 

 

HCC displays geographic variation in incidence around the world. It is more common in less 

developed countries, especially in Southeast Asia and Africa [1]. The high incidence of HCC in 

less developed regions is attributed to the prevalence of endemic hepatitis B virus (HBV) and 

hepatitis C virus (HCV) infection. It has been widely reported that chronic HBV and HCV 

infection increases susceptibility to liver cirrhosis, which significantly increases the risk of HCC 

progression [6], [7]. The majority (90%) of HCC cases develop in the cirrhotic liver [7]. In addition, 

the endemic prevalence of aflatoxins further increases the risk of HCV-induced HCC development 

[8]. Despite the high incidence of HCC in Southeast Asia, the rate of liver cancer incidence is 

decreasing in China owing to improved hygiene and HBV vaccination [1], [9]. In contrast, the rate 
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of liver cancer incidence shows an increasing trend in Western countries such as the United States 

and United Kingdom, where the HCC incidence rate has been historically low [1], [10]. This 

increase may be attributed to exposure to other risk factors including excess alcohol intake and 

obesity. 

 

Alcohol-related liver disease (ARLD), caused by excessive alcohol consumption, increases the 

susceptibility to chronic liver cirrhosis. Nonalcoholic fatty liver disease (NAFLD) enhances the 

risk of developing HCC without cirrhosis. The elevated HCC incidence in Western countries has 

been attributed to the growing number of patients with fatty liver disease [7], [11]. 

 

1.1.2. Current Treatment Regimens for HCC 

Given that most HCC is preceded by liver cirrhosis, the adoption of treatment modalities for 

HCC not only depends on the tumor stage but also the underlying cirrhosis. The Barcelona Clinic 

Liver Cancer (BCLC) staging system, recommended by the American Association for the Study 

of Liver Diseases, classifies patients based on tumor stage, liver function, performance status and 

cancer-related symptoms and recommends patients for a specific treatment strategy [12], [13]. The 

currently available HCC treatments can be classified into 5 categories: (1) surgical therapy; (2) 

local ablation therapy; (3) chemotherapy; (4) molecular targeted therapy; and (5) immunotherapy. 

 

1.1.2.1. Surgical therapy 

Surgical therapy is widely adopted as a curative strategy for early HCC. However, the 

feasibility of surgical resection can be significantly influenced by the tumor size, the presence of 

multifocal tumors and a diseased liver state. Hepatic resection and liver transplantation are the 
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mainstay of surgical therapy for HCC. 

 

1.1.2.1.1. Hepatic Resection 

Hepatic resection is the surgical removal of a tumor mass from the liver. Advancements in 

technologies, especially in medical imaging, and a better understanding of hepatic anatomy have 

increased the safety and efficacy of resection. Hepatic resection results in better survival benefit 

than locoregional therapies, but long-term survival remains unsatisfactory because of high tumor 

recurrence rate [13]. The 5-year probability of HCC recurrence after surgical resection can reach 

70% [14]. Given that liver cirrhosis may increase the risk of postoperative liver failure and death, 

patients with early HCC and minimal cirrhosis are candidates for resection [12]. Surgical resection 

is effective in patients who do not have hepatic cirrhosis or extrahepatic metastases and whose 

tumors are unifocal without vascular invasion. However, only 5% of HCC cases develop in 

noncirrhotic livers, and such cases are often not diagnosed until advanced stage [15], [16]. 

Preoperative chemotherapy can increase the number of eligible candidates for surgical excision by 

reducing tumors to a suitable size. Nevertheless, it enhances the risk of postoperative liver failure 

[17]. 

 

1.1.2.1.2. Liver Transplantation 

Liver transplantation replaces the diseased liver with a healthy liver and is considered the last 

resort for curing some end-stage liver diseases such as primary biliary cirrhosis, fulminant hepatic 

failure and HCC [18]. Patient selection for liver transplantation follows the Milan criteria: a 

solitary tumor <5 cm or up to 3 nodules ≤3 cm without vascular invasion[19]. Mazzaferro et al. 

[19] demonstrated the curative potential of liver transplantation by a 4-year over survival rate of 



5 
 

75% and a low tumor-recurrence rate of <15%. Because of the low incidence of tumor recurrence, 

liver allograft transplantation is a better curative approach for HCC patients, especially those with 

liver cirrhosis, than hepatic resection. Livers for transplantation can be procured from living donors 

or deceased donors after cardiac death or brain death [20]. Nevertheless, liver transplantation faces 

severe organ shortage challenge, which limits the availability of liver allografts. In addition, 

immunosuppressive medications may lead to suboptimal outcomes, including allograft failure, 

cardiovascular events, infection, malignancy and renal failure [20]. 

 

1.1.2.2. Local Ablation Treatment 

Local ablation treatment is an important nonsurgical treatment modality for HCC patients who 

are ineligible for surgical resection. It is minimally invasive and easily repeatable. Two commonly 

used ablation treatments for early-stage HCC are percutaneous ethanol injection and 

radiofrequency ablation. 

 

1.1.2.2.1. Percutaneous Ethanol Injection (PEI) 

Percutaneous ethanol injection (PEI) utilizes ethanol toxicity to induce tumor necrosis by 

cellular dehydration and protein denaturation. 95% absolute ethanol is injected directly into lesions 

under ultrasound guidance to destroy tissues. Multiple studies have shown that PEI can induce 

complete tumor necrosis in 70-100% of tumors <5 cm [21]. PEI is relatively simple and 

inexpensive and has very rare treatment-related mortality, contributing to its frequent use in 

treating HCC [22]. However, the spread of absolute ethanol may be unpredictable due to the 

restriction by intratumoral septa, limiting the efficacy of the approach [12], [21]. Another 

limitation of PEI is the high local recurrence rate, which reaches 33% in tumors <3 cm and up to 
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43% in large tumor lesions ≥3 cm [23]. 

 

1.1.2.2.2. Radiofrequency Ablation (RFA) 

Radiofrequency ablation (RFA) utilizes electromagnetic energy to induce tumor necrosis 

through the insertion of electrodes. RFA destroys a larger volume of tissue in one ablation 

compared to PEI. It has been reported that RFA is significantly superior to PEI with respect to local 

recurrence and can improve the 5-year overall survival rate by more than 20% [23], [24]. The 

higher efficacy, lower recurrence rate and better overall survival offered by RFA has led to a shift 

from PEI to RFA as the standard ablative therapy for unresectable early stage HCC. Nevertheless, 

the anatomical location of the tumor has a substantial influence on the effectiveness of RFA. 

Performing RFA near other organs, such as the gastrointestinal tract and bile duct, may cause injury. 

In addition, the presence of large intrahepatic blood vessels contiguous to the lesion may contribute 

to incomplete necrosis due to the “heat-sink” effect, increasing the risk of local recurrence. 

 

1.1.2.3. Chemotherapy 

1.1.2.3.1. Transarterial Chemoembolization (TACE) 

Transarterial chemoembolization (TACE) is the standard treatment for patients with 

intermediate-stage HCC when ablation therapy is unsuitable. In the TACE procedure, 

microspheres that adsorb chemotherapeutic agents are administered into supplying arteries to 

gradually release the drug. A high intratumoral drug concentration and occlusion of blood vessels 

can be achieved to induce infarction and necrosis. Traditional TACE utilizes lipiodol as a drug 

carrying agent, while currently developed drug-eluting beads enable slow release of the 

chemotherapeutic agents over time, minimizing serious side effects [12]. Various 
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chemotherapeutic agents can be adsorbed on drug-eluting beads, such as doxorubicin, cisplatin 

and mitomycin c. Drug-eluting beads loaded with doxorubicin (DEBDOX) are widely used in 

Europe and the U.S.A. [25]. In the study by Lei et al. [26], approximately 55% of patients showed 

complete or partial response to TACE. Despite the better survival benefit offered by TACE, 

including delayed tumor progression and improved overall survival, the 3-year survival after 

TACE is approximately 30% only [27]. TACE functions by the insertion of a microcatheter into 

the tumor feeding artery for embolization. However, the liver parenchyma surrounding the HCC 

lesion is supplied by both arterial and portal venous circulation. Arterial embolization alone may 

be insufficient to stop nutrient supply to the tumor. In addition, TACE results in hypoxia that 

promotes angiogenesis and subsequent tumor growth, contributing to the high local tumor 

recurrence rate after TACE [23], [25]. 

 

1.1.2.4. Molecular Targeted Therapy 

1.1.2.4.1. Sorafenib 

As mentioned above, HCC cases often present at an advanced stage at which surgical resection 

and local ablation therapy are unfeasible. Sorafenib is recommended worldwide as the first-line 

treatment for the system therapy of advanced stage HCC. Sorafenib is a multikinase inhibitor that 

blocks tumor proliferation by inhibiting Raf-1, B-Raf and kinases in the Ras/Raf/MEK/ERK 

signaling pathway and receptor tyrosine kinases, including c-Kit, FLT-3, VEGFR-2, VEGFR-3 and 

PDGFR-β [28]. 

 

To date, sorafenib is the only FDA-approved small molecular inhibitor for the systemic therapy 

of advanced HCC. It has been proposed that patients with TACE resistance or advanced-stage HCC 
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have residual liver functions. Patients with impaired liver functions are not eligible for sorafenib 

treatment due to susceptibility to severe adverse effects [29]. Sorafenib offers an overall survival 

benefit of approximately 3 months over placebo, but the response rate in HCC patients is only 2% 

[30], [31]. Another drawback of sorafenib is the development of drug resistance. Although the 

exact mechanism is unclear, it is suggested that the overexpression and activation of EGFR may 

contribute to sorafenib resistance [30]. Despite the modest survival benefit, sorafenib represents 

the greatest advancement in treating advanced HCC by far. Its combination with traditional 

treatments has been widely studied. Combinational therapy of sorafenib with TACE prolongs the 

2-year survival of intermediate- and late-stage HCC patients by approximately 30% [32]. 

 

1.1.2.5. Immunotherapy 

Liver is a lymphoid organ and receives an enormous amount of blood supply from hepatic 

arteries and the portal vein [33]. Exposure to antigens and microbial products derived from 

intestinal bacteria contributes to the distinctive immune environment in the liver, where innate 

lymphocytes are abundant and nonparenchymal hepatic cells function as antigen-presenting cells 

[34]. As mentioned above, the majority of HCC cases are attributed to HBV or HCV infection-

induced liver cirrhosis. Chronic inflammation in the HBV- or HCV-infected liver can promote 

tumor progression by inducing the production of anti-inflammatory growth factors (EGF and IGF), 

angiogenic growth factors (VEGF and PDGF) and immunosuppressive cytokines (IL-10 and TGF-

β) for the wound-healing process [35]. In addition, the exposure of immunosuppressive immune 

checkpoint proteins on liver cancer cells to cytotoxic T cells inhibits T-cell activation and promotes 

T-cell dysfunction due to exhaustion. The clinically relevant immune checkpoints CTLA-4 and 

PD-1/PD-L1 have been reported in HCC [36]. A highly immunosuppressive intratumoral 
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environment in advanced HCC has been reported by clinical and preclinical studies [37]. 

 

Chimeric antigen receptor-engineered T (CAR-T) cell therapy utilizes a genetic engineering 

approach to insert  antigen-targeted receptors into  T cells to generate CAR-T cells for adoptive 

cell transfer immunotherapy [38]. CAR-T cells specifically target tumor-associated antigens to 

suppress tumor growth. Transferrin receptor and GPC3 are identified in HCC and may serve as 

promising tumor-associated antigens for liver cancer [38]. A clinical study of the anti-PD-1 

antibody nivolumab showed a response rate of 20% and a 6-month overall survival rate of 72% in 

HCC patients [39], [40]. The anti-CTLA-4 antibody tremelimumab showed a response rate of 18% 

in HCC patients with chronic HCV infection with the capacity of reducing viral load in blood [33], 

[41]. A phase I/II study of tremelimumab immunotherapy combined with TACE or RFA is ongoing 

(NCT01853618). 
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1.2. Cancer Stem Cells (CSCs) 

1.2.1. Overview of Cancer Models 

It has been long established that tumor heterogeneity exists in many cancer types and contributes 

to the clinical challenge in cancer treatment. Tumor heterogeneity is divided into intertumor and 

intratumor heterogeneity. The former refers to the heterogeneity between patients with tumors of 

the same histological type, while the latter refers to the heterogeneity within the tumor cell 

population in a single patient [42]. Genotypic complexities within tumors limit the efficacy of 

chemotherapeutic treatments and molecular targeted therapy. Two models have been proposed to 

explain the acquisition of intratumor heterogeneity: (1) the clonal evolution model and (2) the 

cancer stem cell model. 

 

1.2.1.1. Clonal Evolution Model 

The clonal evolution model is a stochastic model in which every cancer cell has a similar 

potential to initiate tumors (Figure 1.1A). Through a series of genetic mutations, any cancer cell 

may acquire the abilities of self-renewal, drug resistance and invasiveness, contributing to tumor 

progression and metastasis. Genetic mutations may originate from intrinsic genomic instability or 

be induced by an altered tissue microenvironment [43]. It is thought that a complex tissue 

microenvironment, which offers a proliferative barrier to tumor progression, provides a selection 

force for adaptative genomic alterations in cancer cells to drive tumorigenesis [44]. 

 

1.2.1.2. Cancer Stem Cell Model 

In the cancer stem cell model, the heterogeneity of cancer is supported by the tumor hierarchy 

(Figure 1.1B). Therefore, the cancer stem cell model is also termed the hierarchical model. In this 
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model, cancer cells mirror the hierarchical organization of normal stem cells. A distinct subset of 

cancer cells called cancer stem cells (CSCs), which possess stem cell-like properties and the 

abilities of self-renewal and differentiation, is responsible for tumor initiation and gives rise to a 

heterogeneous cell population. The origin of CSCs remains a controversial topic among scientists. 

Several hypotheses have been proposed: (1) CSCs are derived from normal tissue progenitor cells 

with accumulated mutations; (2) CSCs are the transformed form of differentiated somatic cells; 

and (3) CSCs originate from dedifferentiated tumor cells [45].  

 

Although the clonal evolution model and the cancer stem cell model explain tumor 

heterogeneity from different perspectives, the 2 models are not mutually exclusive but integrated 

to support the extensive heterogeneity in tumors (Figure 1.1C). CSC populations may acquire 

genetic changes over time and give rise to differentiated nontumorigenic progenitor cells. These 

progenitors lose their self-renewal ability but may accumulate mutations to acquire stem cell-like 

features. Alternatively, tumor cells display plasticity in response to stimuli from the tumor 

microenvironment. A hypoxic microenvironment has been reported to reprogram cancer non-stem 

cells to stem-like cells [46]. 
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Figure 1.1. Three different models to explain tumor heterogeneity. A. In the clonal evolution, 

model, every cancer cell has a similar potential to acquire tumorigenic features via the 

accumulation of mutations. B. Cancer heterogeneity is supported by the tumor hierarchy in the 

cancer stem cell model, in which CSCs are responsible for tumor progression. C. The clonal 

evolution model and cancer stem cell model are integrated to support extensive tumor 

heterogeneity. 
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1.2.2. Properties of CSCs 

1.2.2.1. Tumorigenicity 

CSCs, also termed tumor-initiating cells, are pluripotent and highly tumorigenic. Many 

stemness-related genes are oncogenic and overexpressed in cancers. The stem cell transcription 

factor Sox2 is overexpressed in osteosarcoma and responsible for tumor initiation [47]. 

Knockdown of Nanog impairs the stemness and tumor formation ability of HCC cells [48]. 

Signaling pathways that maintain stem cell self-renewal are critical in regulating tumorigenicity 

as well. The regulation of proliferation, development, self-renewal and survival by the Wnt/β-

catenin signaling pathway is well known [49], [50]. Cationic Wnt signaling is activated in 

EpCAM+ CSCs and can drive tumorigenesis in cancers [50], [51]. Notch signaling is another 

important signaling pathway that maintains stem cell properties. The vital role of Notch signaling 

in supporting tumor growth has been well established [52]. Upregulation of genes involved in 

Notch signaling has been reported in CD133+ liver CSCs. 

 

1.2.2.2. Self-renewal 

CSCs display the capacity of self-renewal similar to normal stem cells. Asymmetric division 

ensures that one daughter cell maintains the stem cell features while the other daughter cell 

becomes committed to differentiation. CSCs with the ability of self-renewal give rise to 

populations of differentiated tumor cells through asymmetric division. The model that tumor cells 

originate from population(s) of CSCs can be supported by lineage tracing experiments. Lineage 

tracing in colorectal cancer shows that Krt20+ cancer cells differentiate from Lgr5+ CSCs [53]. 

Alternatively, Notch1+ CSCs generate a population of Notch1+ differentiated cancer cells in 

intestinal tumors [54]. These data fit well with the concept of CSC hierarchy. 
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1.2.2.3. Metastasis 

CSCs are thought to be metastatic precursors. Epithelial-mesenchymal transition (EMT) is an 

important biological process that supports tumor progression, invasion and metastasis. EMT is a 

reversible transition process in which epithelial cells lose polarity and acquire mesenchymal 

features, enhancing the motility of cells. Mesenchymal-epithelial transition (MET), in contrast, 

induces mesenchymal cells to become epithelial-like for establishment of cell-cell contact. EMT 

plays a critical role in embryonic development, tissue repair and cancer progression [55]. The 

correlation of EMT with CSCs has been recently reported [56], [57]. The induction of EMT in 

nontumorigenic epithelial cells gives rise to CD44+CD24- mesenchymal cells with self-renewal 

ability. An increase in cancer stemness by EMT has also been demonstrated in a study by Migita 

et al. [58] in which the induction of EMT enhanced expression of the well-studied stemness 

markers SOX2 and NANOG. Meanwhile, increasing the expression of SOX can promote EMT in 

esophageal squamous cell carcinoma [59]. Breast CD44+CD24- CSCs are associated with a 

mesenchymal-like state and are more invasive than bulk breast cancer cells [60]. Since hypoxia 

and inflammation in the tumor microenvironment can induce EMT in cancer, the induced EMT 

may facilitate the acquisition of CSC features, which in turn promote the EMT process for 

microinvasion and metastasis [61]. 

 

1.2.2.4. Angiogenesis 

Angiogenesis is one of the prominent hallmarks of cancer and promotes new blood vessel 

formation to supply nutrients for tumor growth [62]. The tumor microenvironment again plays an 

important role in supporting CSCs. VEGF, an angiogenic factor, promotes tumor stemness by 
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stimulating CD133 expression and reinforcing the self-renewal ability of CSCs in HCC [63]. An 

in vivo model shows that self-renewal of nestin+ brain CSCs is supported by endothelial cells in 

the tumor capillaries through direct contact [64]. The Notch signaling pathway, one of the 

important signaling pathways for maintaining cancer stemness, is involved in the regulation of 

vascular development, indicating that angiogenic signaling may be involved in CSC regulation 

[65]. It is hypothesized that CSCs may secrete angiogenic factors to stimulate tumor angiogenesis 

in return [66]. Although this hypothesis has not yet been proven, the fact that VEGF secretion by 

mesenchymal stem cells can promote the differentiation of epithelial progenitor cells may support 

the hypothesis to a certain extent [67]. 

 

1.2.2.5. Resistance to Radio-/Chemotherapy 

CSCs are implicated in tumor recurrence, metastasis and resistance to radio- and chemotherapy 

[68], [69]. Radiotherapy kills cancer cells by inducing ROS production and radiation-induced 

DNA damage. Lower ROS levels have been reported in CSCs than in non-CSC cells and are 

associated with an enhanced free radical scavenger system that gives rise to the overexpression of 

GSH, a classical antioxidant [70]. Additionally, the hypoxic tumor microenvironment contributes 

to efficient ROS depletion in CSCs. Hypoxia in many solid tumors leads to oxygen deficiency and 

thus inhibits the generation of oxygen-dependent ROS, giving rise to radioresistance [71]. 

 

At the same time, CSCs are tolerant to DNA damage induced by radiation and chemotherapeutic 

agents, especially those targeting rapidly dividing cells. CSCs preferentially stay in a quiescent 

state, in which the CSCs can avoid returning to the cell cycle [72]. The slow-cycling status allows 

CSCs to become tolerant to dividing cell-targeting chemotherapeutic agents. Moreover, CSCs have 
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an efficient DNA damage repair system to overcome the DNA damage induced by radiotherapy 

and chemotherapy. The enhanced DNA repair system in CSCs will be discussed in detail in Section 

1.2.4.  

 

1.2.3. Identification of CSCs 

CSC surface marker expression is widely studied to identify CSC populations (Table 1.1). 

CD133 is a common surface marker for the detection of CSCs in many solid tumors. It has been 

reported that isolated CD133+ cancer cells are responsible for tumor initiation, metastasis and drug 

resistance and possess the abilities of self-renewal and differentiation[73]–[75]. CD133 may 

potentially play a role in maintaining stem cell-like properties, but the precise mechanism is still 

unclear[76]. CD44 is another frequently studied CSC surface marker. The subset of cancer cells 

with enriched CD44 expression is associated with stem cell-like features [75]. 

 

However, CSCs display plasticity in the expression of stem cell markers. CSC markers may also 

be expressed on non-CSCs. CD44, one of the most frequently studied CSC surface markers, is 

enriched in CSC populations in many solid tumors and co-expressed in most normal epithelial and 

lymphatic tissues [77]. Lgr5, a well-reported CSC marker, is also a marker of intestinal stem cells 

[78]. In addition, CSC heterogeneity contributes to diversity in the expression of surface markers 

in CSC subgroups. Mourao et al. [54] discovered the existence of a distinct Notch1+ CSC 

population with a reduced level of Lgr5 in intestinal tumors. This indicates that studying CSC 

surface markers alone is not sufficiently reliable for the identification of CSC populations. 

 

Apart from CSC surface markers, functional assays are used to identify and study CSC 
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populations. Since CSCs can escape from anoikis, spheroid formation assay is used to select CSCs 

with the ability to survive in anchorage-independent serum-free medium. In vivo limiting dilution 

assay (LDA) allows the estimation of tumor-initiating cell frequency in a given cell population 

that can regenerate xenograft tumors. The serial transplantation assay selects CSCs that can 

perpetuate xenograft tumors for multiple generations based on the self-renewal and tumorigenic 

features. LDA combined with serial tumor transplantation assay forms an effective in vivo 

approach to assess the self-renewal property of CSCs. 

 

1.2.4. Enhanced DNA Damage Repair Systems in CSCs 

As mentioned above, CSCs contribute to resistance to radio- and chemotherapy and are tolerant 

to DNA damage, especially that induced by radio-/chemotherapy. Radio-/chemoresistance stems 

from enhanced DNA damage repair systems in CSCs. DNA replication error is likely to occur 

during the course of proliferation and self-renewal. To escape DNA damage-induced apoptosis, 

there are various type-specific DNA repair pathways, including nucleotide excision repair (NER), 

base excision repair (BER), mismatch repair (MMR), direct repair, and double-strand break (DSB) 

recombinational repair to overcome DNA lesions. DNA repair systems are active in normal stem 

cells and CSCs, in which many DNA repair-related effectors, such as Chk1 and Chk2, are 

upregulated [79]. CD133+ glioblastoma CSCs preferentially activate DNA damage checkpoint 

proteins including ATM, Chk1 and Chk2 in response to radiation-induced DNA damage to promote 

radioresistance [80]. Upregulation of the DNA repair protein RAD51 has also been documented 

in glioblastoma CSCs [81]. Medulloblastoma CSCs can survive radiation by activating the 

PI3K/Akt pathway to give rise to cell cycle arrest [82]. The involvement of Wnt signaling, one of 

the important signaling pathways that maintains cancer stemness, during DNA damage repair has 



18 
 

been recently suggested because of its regulation of p53, an important mediator of the DNA repair 

response [83]. 

 

1.2.5. Regulation of CSCs by the Ubiquitin-Proteasome System 

Protein quality control (PQC) is a critical system in cells, which maintains proper functioning 

of proteins and contributes to cellular homeostasis. Protein misfolding can lead to the development 

of neurodegenerative diseases and cancer [84], [85]. The ubiquitin proteasome system (UPS) is an 

important PQC system for protein degradation, and its misregulation has been found in many 

cancer types [86], [87]. The UPS involves 2 processes: ubiquitination and proteasomal degradation. 

E1-activating enzyme, E2-conjugating enzyme and E3 ligase regulate the ubiquitination of 

proteins. There are only two E1 enzymes, UBA1 and UBA6, responsible for ubiquitin activation 

in mammalian cells, whereas approximately 40 E2 enzymes and over 500 E3 ligases have been 

discovered for conjugating activated ubiquitin to specific substrates [87]. The highly substrate-

specific E3 ligase plays a critical role in determining the specificity of the ubiquitination process. 

Misregulated expression of E2 and E3 enzymes has been reported to support oncogenic signaling 

in different cancer types [86]. UBE2N is highly expressed in malignant melanoma and displays a 

suppressive effect on p53, which can be rescued by the UBE2N inhibitor [88], [89]. 

Overexpression of UBE2C is found in many malignancies, including glioblastoma, breast cancer, 

colorectal cancer and prostate cancer and is associated with poor prognosis in patients [90]. 

Aberrant expression of many E3 ligases is found in cancer and is associated with CSC maintenance. 

Skp2 regulates self-renewal of nasopharyngeal carcinoma CSCs, and its overexpression 

contributes to the poor prognosis of patients [91]. WWP1 regulates the differentiation of 

mesenchymal stem cells by promoting the degradation of the transcription factor JunB [92]. 
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Knockdown of STUB1/CHIP impairs the CSC features of breast cancer cells [93]. Fbxw7 

promotes the degradation of c-Myc and Notch in hematopoietic and neural stem cells to regulate 

stem cell properties via the suppression of Wnt and Notch signaling [94]. It is well established that 

BRCA1 mutations increase the risk of developing breast cancer [95]. BRCA1, an important tumor 

suppressor and DNA repair protein, is involved in self-renewal and differentiation regulation [96]. 
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Table 1.1. Specific CSC surface markers in various cancer types. 
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1.3. Fanconi Anemia DNA Repair Pathway 

1.3.1. Overview of Fanconi Anemia DNA Repair Pathway 

As mentioned in Section 1.2.4, CSCs have an efficient DNA repair system. The Fanconi anemia 

(FA) pathway is a DNA repair signaling pathway activated in response to DNA interstrand 

crosslinks (ICLs). The rare genetic disease Fanconi anemia results from mutations in the FA protein 

and leads to bone marrow failure due to defective DNA repair. Apart from DNA repair, the 

association of cancer progression with the FA pathway has been reported. 

 

Physiological biological processes, radiation from radiotherapy and some chemotherapeutic 

agents, such as cisplatin and mitomycin c, can generate cytotoxic ICLs. Difficulty in repairing 

ICLs due to detrimental effects on both DNA strands indicates the importance of the FA pathway, 

which is the major DNA repair pathway responsible for fixing ICLs, in maintaining genomic 

stability 

(

 

Figure 1.2). ICLs induce stalling of the replication fork and DNA single-strand breaks (SSBs) 
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that are recognized by the DNA damage sensor RPA to activate DNA damage responses [104], 

[105]. FANCM, one of the 19 components of the FA pathway, is phosphorylated in an ATR-

dependent manner and binds to ICLs together with FAAP24, MHF1 and MHF2 to act as a landing 

platform for the FA core complex. The FA core complex is a large multisubunit E3 ligase 

comprising 14 proteins (FANCA, FANCB, FANCC, FANCE, FANCF, FANCG, FANCL, FANCM, 

FANCT, FAAP100, MHF1, MHF2, FAAP20 and FAAP24). The recruitment of the FA core 

complex to the ICL site activates two important components, FANCI and FANCD2, by 

phosphorylation and subsequent monoubiquitination. UBE2T and FANCL in the FA core complex 

are the E2 and E3 enzymes for monoubiquitination. The activation of FANCI and FANCD2 

recruits many downstream repair factors including FANCD1. FANCD1, better known as BRCA2, 

is an important mediator for homologous recombination (HR) repair. The SSB generated during 

the course of unhooking the ICL lesions is repaired by nucleotide excision repair (NER)- 

dependent HR system [104]. FANCD1, together with BRCA1 and RAD51, is well documented 

for its involvement in HR repair [106]. 
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Figure 1.2. Overview of the Fanconi anemia (FA) pathway in DNA interstrand crosslink (ICL) 

damage repair. Upon the detection of ICL lesions by RPA, FANCM binds to the ICL as a landing 

platform for the FA core complex. FANCL, a subunit of the FA core complex with E3 ligase activity, 

and UBE2T activate the FANCI/FANCD2 complex by monoubiquitination. FANCI/FANCD2 

monoubiquitination is a critical step in the FA pathway that recruits downstream DNA repair 

effectors, including BRCA complexes (BRCA1, FANCD1/BRCA2, FANCN/PALB2, 

FANCJ/BRIP1) and RAD51 paralogs (RAD51, RAD51B, FANCO/RAD51C, XRCC2, XRCC3), 

for fixing the ICL by HR DNA repair. 
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1.3.2. The Role of Fanconi Anemia DNA Repair Pathway in Cancer 

FA is a rare genetic disorder that is characterized by bone marrow failure and a high propensity 

for the development of malignancies. Bone marrow failure in FA patients is attributed to 

hyperactivation of p53/p21 in response to the accumulation of DNA damage impairs hematopoietic 

stem and progenitor cells [107]. The high risk of carcinogenesis can be explained by genomic 

instability caused by a defective FA pathway, which fails in repair DNA lesions. Mutations in FA 

proteins diminish the cellular ability to maintain genome homeostasis, driving tumorigenesis. A 

high incidence rate of leukemia, liver cancer and head and neck cancer with observed-expected 

ratios of 785, 386 and 706, respectively, has been reported in FA patients [108]. Alter [109] has 

attributed the susceptibility to leukemia to FANCD1/BRCA2 mutations, which are found in 50% 

of leukemia cases among FA patients. Mutations in and epigenetic repression of FA core complex 

genes FANCM and FANCF in head and neck squamous cell carcinoma (HNSCC) contribute to 

ICL-induced chromosomal breakage, which is frequently observed in 53% of HNSCC cases [110]. 

Additionally, depletion of FANCD2 can promote HNSCC invasion through the activation of DNA-

Pkcs and Rac1, which are responsible for non-homologous end-joining DNA repair and cell 

invasion, respectively [111]. A negative correlation of FANCD2 expression with tumor invasion 

and patient survival has also been demonstrated in breast cancer, but the underlying mechanism is 

not yet clear [112], [113]. FANCI, the other critical component in the FANCI-FANCD2 complex, 

also plays a role in regulating tumor growth by inhibiting the phosphorylation of Akt as a tumor 

suppressor [114]. FANCD1/BRCA2 is an important downstream effector of the FA pathway in 

DNA repair. Enhanced susceptibility to breast and ovarian cancers caused by FANCD1/BRCA2 

mutations has been well documented because of the important role of BRCA proteins in regulating 

DNA repair, especially through the HR repair system [95], [96], [106], [115], [116]. 
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However, although the FA pathway is generally recognized as a tumor-suppressive signaling 

pathway, some FA proteins are oncogenic. FANCL and UBE2T are E3 and E2 enzymes for the 

activation of FANCI-FANCL via monoubiquitination. FANCL promotes β-catenin activity by 

K11-linked ubiquitination to increase the proliferation of hematopoietic stem cells [117]. 

Overexpression of UBE2T has been found in many cancer types and is related to poor prognosis 

of patients. The details will be discussed in detail in the next section. 

 

1.3.3. The Role of E2 Ubiquitin-conjugating Enzyme E2T in Cancer 

Ubiquitin-conjugating enzyme E2T (UBE2T), also known as HSPC150, is a ubiquitin-

conjugating E2 enzyme. The human E2 enzyme family consists of approximately 35 members, 

which all share a core ubiquitin conjugation (UBC) domain. UBE2T was first reported as an E2 

enzyme in the FA pathway by Machida et al. in 2006 [118]. Although mutations in UBE2T can 

lead to FA, the risk of cancer development posed by UBE2T mutations remains unknown [119]–

[121]. Nevertheless, upregulation of UBE2T has been reported in many cancer types, including 

lung cancer [122], [123], breast cancer [123], [124], HCC [125], bladder cancer [126], gastric 

cancer [127], [128], prostate cancer [129], myeloma [130], osteosarcoma [131] and 

nasopharyngeal cancer [132]. The contribution of UBE2T overexpression to poor prognosis and 

patient survival has also been well documented. UBE2T promotes cell proliferation and tumor 

invasion via the negative regulation of cell cycle arrest and apoptosis through Akt-related signaling 

pathways [126], [131], [132]. Due to the important role of the FA pathway in DNA repair, the 

relationship between UBE2T and p53, a well-studied tumor suppressor for the mediation of DNA 

repair, was studied. Proteasomal degradation of p53 by UBE2T has been observed in HCC, 
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showing the role of UBE2T in supporting tumor progression and development of drug resistance 

[125]. Despite many studies reporting the overexpression of UBE2T in cancer and its contribution 

to poor prognosis, the knowledge of the mechanism of UBE2T underlying the promotion of 

tumorigenesis is limited. 
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1.4. Hypothesis/Aim of Study 

HCC is a prevalent fatal disease worldwide and accounts for a vast number of patient deaths. 

Currently, surgical resection is generally proposed as a treatment strategy for early-stage HCC. 

However, tumor relapse frequently occurs after surgery. TACE and chemotherapy are common 

therapeutic modalities for moderate- to advanced-stage HCC. Doxorubicin and sorafenib are 

commonly used chemotherapeutic agents in TACE and systemic chemotherapy to cause genomic 

instability and multikinase inhibition, respectively. Despite the diverse mechanism of action of 

anticancer drugs, the development of chemoresistance is frequently observed in HCC patients. 

HCC cells are tolerant to different types of chemotherapeutic agents. Tumor recurrence, drug 

resistance, metastasis and poor survival have been attributed to CSCs in HCC patients. 

 

The cancer stem cell model has been considered an important model to explain tumor 

heterogeneity and cancer origin. CSCs are a subpopulation of cancer cells resembling normal stem 

cells and possess the ability to self-renew and differentiate. CSCs contribute to cancer progression 

via the promotion of tumorigenicity, metastasis and angiogenesis. Efficient DNA damage repair 

systems in CSCs allow malignant cells to escape apoptosis caused by radiation-induced or 

chemotherapy-induced DNA damage. Despite extensive studies on CSCs, eradicating CSCs 

remains a challenge. Discovering new therapeutic targets against CSCs is urgently needed to 

prolong patient survival. 

 

Based on integrative comparative genomic analyses showing molecular similarities between 

liver CSCs and normal liver stem cells, we tried to identify critical molecules/pathways involved 

in the maintenance of liver CSCs by determining the molecules/pathways involved in normal stem 
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cells during the process of liver regeneration. For this purpose, we employed a mouse model of 

severe partial hepatectomy to activate normal liver stem cells. Using a cDNA microarray, we 

compared the expression profiles between the early regenerating liver and the intact liver, which 

differ in their capacity for self-renewal. This analysis showed that Ubiquitin Conjugating Enzyme 

E2 T (UBE2T) was drastically upregulated in the self-renewing liver, among other genes being 

activated in DNA damage response (DDR) pathways. Further analysis showed that UBE2T had a 

remarkably high expression in the self-renewing liver cells, indicating the role of UBE2T in liver 

CSCs. 

 

The FA pathway is an important DNA repair signaling pathway for the specific repair of ICLs. 

It is generally recognized as a tumor suppressor pathway since mutations in different FA proteins, 

such as FANCD1 (also better known as BRCA2), have been reported to increase susceptibility to 

cancer development. However, UBE2T, which is the critical E2 enzyme for the 

monoubiquitination of FANCI-FANCD2 in the FA pathway, is upregulated in many malignancies. 

Although the underlying mechanism is not fully understood, UBE2T has been found to be 

positively correlated with proliferation, EMT and tumor invasion through Akt-related signaling 

pathways. Based on the well-studied relationship between CSCs and EMT, UBE2T may be 

involved in the regulation of cancer stemness [56], [133]. Nevertheless, there are no studies on the 

role of UBE2T in CSCs at present. 

 

In view of the significant upregulation of UBE2T in the self-renewing liver in the partial 

hepatectomy mouse model, it is hypothesized that UBE2T may act as a molecular regulator for 

cancer stemness and drug resistance in HCC and bear clinical significance. Targeting UBE2T may 
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be a promising therapeutic target to improve the prognosis of HCC patients. 

 

The objectives of this study include the following: 

1. To evaluate the clinical relevance of UBE2T expression in human HCC 

2. To functionally characterize the role of UBE2T in the regulation of liver CSCs 

3. To elucidate the molecular mechanism by which UBE2T functionally contributes to tumor 

initiation, self-renewal, and drug resistance 
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2.1. Materials 

Table 2.1. Cell lines 

Cell line Characteristics Source/Vendor 

Bel7402 HCC 

Shanghai Institute of Biological 

Sciences, Chinese Academy of 

Sciences 

Hep3B HCC 

Shanghai Institute of Biological 

Sciences, Chinese Academy of 

Sciences 

HepG2 HCC ATCC (Manassas, VA) 

Huh7 HCC 
Japanese Cancer Research Bank 

(JCRB0403) 

MIHA Immortalized liver cells 
Gift from Dr. J.R. Chowdhury, Albert 

Einstein College of Medicine 

MHCC-97L HCC 
Liver Cancer Institute, Fudan 

University 

PLC/PRF/5 HCC 
Japanese Cancer Research Bank 

(JCRB0406) 

SMMC-7721 HCC 

Shanghai Institute of Biological 

Sciences, Chinese Academy of 

Sciences 

293FT 
Human embryonic kidney 

cells 

Invitrogen™, Thermo Fisher Scientific 

(Waltham, MA) 
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Table 2.2. Primers for qPCR 

Gene Forward primer (5’-3’) Reverse primer (3’-5’) 

UBE2T TTAGGTGGAGCCAACACACC GAGGGATGGTCTCCAAGCAC 

Mule AGCGCCTCATTTCCATCTTCA TGCAGGGGTACCTTGGAAGT 

Actin GTGGGGCGCCCCAGGCACCA CTCCTTAATGTCACGCACGATTTC 

GAPDH CCTCCTGGCGTCGTGATTAGTG CAGAGGGCTACAATGTGATGG 

 

Table 2.3. shRNA sequences 

Genes shRNA sequence (5’-3’) 

Non-target 

control (NTC) 

CCGGTTGTGCTCTTCATCTTGTTGCCGGCAACAAGATGAAGAGCAC

CAATTTTTG 

shUBE2T_89 
CCGGGTCCTGGTTCATCTTAGTTAACTCGAGTTAACTAAGATGAAC

CAGGACTTTTT 

shUBE2T_60 
CCGGTGAGGAAGAGATGCTTGATAACTCGAGTTATCAAGCATCTCT

TCCTCATTTTTTG 

shMule_04 
CCGGCCACACTTTCACAGATACTATCTCGAGATAGTATCTGTGAAA

GTGTGGTTTTTG 

shMule_06 
CCGGCGACGAGAACTAGCACAGAATCTCGAGATTCTGTGCTAGTT

CTCGTCGTTTTTG 
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Table 2.4. Antibodies 

Antibody Purpose Conditions Vendor 

UBE2T 

Western Blot 1:1000 

Proteintech 

(Rosemont, IL) 
Immunofluorescence 1:100 

Immunoprecipitation 5 µg/mg 

Mule 

Western Blot 1: 1000 
Abcam 

(Cambridge, UK) 
Immunofluorescence 1:100 

Immunoprecipitation 10 µg/mg 
Bethyl Laboratories 

(Montgomery, TX) 

β-catenin 

Western Blot 1: 1000 
Cell Signaling Technology 

(Danvers, MA) 

Immunofluorescence 1:100 BD Biosciences 

HA Western Blot 1:1000 Proteintech 

β-Actin Western Blot 1:1000 
MilliporeSigma 

(St. Louis, MO) 

α-Tubulin Western Blot 1:1000 MilliporeSigma 

DDK (Flag) Western Blot 1:1000 OriGene (Rockville, MD) 

HRP-linked rabbit 

IgG 
Western Blot 1:5000 

GE Healthcare  

(Chicago, IL) 

HRP-linked mouse 

IgG 
Western Blot 1:5000 GE Healthcare 

Normal rabbit IgG Immunoprecipitation 3-10 µg/mg 
Invitrogen, 

Thermo Fisher Scientific 



34 
 

PE mouse anti-

human CD47 
Flow cytometry 5 μL/test 

BD Biosciences 

(San Jose, CA) 

PE mouse anti-

human CD90 
Flow cytometry 5 μL/test BD Biosciences 

PE mouse IgG1, κ 

isotype control 
Flow cytometry 5 μL/test BD Biosciences 

 

Table 2.5. Plasmids 

Plasmid Vendor 

pCMV6-Entry OriGene 

Myc-DDK-tagged UBE2t OriGene 

pSuper8XTOPflash 
A gift from Dr. Moon R, University of Washington, 

USA 

pSuper8XFOPflash A gift from Dr. Moon R 

pRL-CMV construct Promega (Madison, WI) 

 

Table 2.6. Other chemicals 

Chemicals Vendor 

Dimethyl sulfoxide (DMSO) MilliporeSigma 

Doxorubicin EBEWE Pharma (Unterach, Austria) 

Puromycin MilliporeSigma 

Lipofectamine™ 2000 transfection reagent Invitrogen, Thermo Fisher Scientific 

Annexin V-FITC reagent BioVision (Milpitas, CA) 
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10X Annexin V binding buffer BD Biosciences 

Methyl cellulose MilliporeSigma 

Matrigel™ Matrix Corning (Corning, NY) 

Polybrene MilliporeSigma 

G418 GoldBio (St Louis, MO) 

MG132 Merck Millipore 

Insulin MilliporeSigma 

B27™ Gibco™, Thermo Fisher Scientific 

EGF MilliporeSigma 

bFGF MilliporeSigma 

PolyHEMA MilliporeSigma 

TRIzol® Reagent Invitrogen, Thermo Fisher Scientific 

PhosSTOP™ Roche (Basel, Switzerland) 

cOmplete™ EDTA-free protease inhibitor 

cocktail 
Roche 

Bovine serum albumin (BSA) MilliporeSigma 

Crystal violet MilliporeSigma 

BrightGreen 2X qPCR MasterMix-ROX Abm (Vancouver, Canada) 

Streptavidin Sepharose High Performance GE Healthcare 
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Protein A agarose Cell Signaling Technology 

Amersham™ ECL™ Western Blotting 

Detection Reagents 
GE Healthcare 
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2.2. Methods 

2.2.1. In Vitro Studies 

2.2.1.1. Collection of Clinical Specimens 

Paired patient’s HCC and adjacent non-cancerous liver tissue specimens were collected at the 

time of surgical resection with informed consent of patients at Queen Mary Hospital, Hong Kong, 

from 1992 to 2013 with informed consent of patients. After collection from surgical resection, all 

samples were immediately snap-frozen in liquid nitrogen before storage at −80°C, with 

Institutional Review Board (IRB) approval of the University of Hong Kong/Hospital Authority 

Hong Kong West Cluster.  

 

2.2.1.2. Gene Expression Profiling Analysis of UBE2T in HCC Clinical Samples 

Gene expression profiling was performed by analyzing the expression of UBE2T transcripts 

available in publicly available (GEO accession number GSE5975 and GSE25097), and Liver 

Hepatocellular Carcinoma (LIHC) of the TCGA Research Network and analyzed using UCSC 

Xena Browser. 

 

2.2.1.3. Cell Culture 

The cell lines used in this study were listed in Table 2.1. The cells were maintained in 

Dulbecco’s Modified Eagle Medium (DMEM) with high glucose and L-glutamine (Gibco™, 

Thermo Fisher Scientific) with supplementation of 10% heat-inactivated fetal bovine serum (FBS) 

(Gibco™, Thermo Fisher Scientific), 50 U/mL Penicillin G, and 50 mg/mL streptomycin (Gibco™, 

Thermo Fisher Scientific) unless stated otherwise. All cell lines were kept in a humidified chamber 

at 37°C with 5% CO2 and the culture medium was refreshed every 2 days. Cells were passaged 
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once met 80% confluency or when necessary. Trypsinization was conducted Trypsin-EDTA 

(Gibco™, Thermo Fisher Scientific) at 37°C to detach the cells from culture plates. The trypsin 

was inactivated with equal volume of serum-containing medium and the cell suspension was 

centrifuged at 1,200 rpm for 3 min. The cell pellet was resuspended in fresh culture medium and 

split at a ratio between 1/5 to 1/10 depending on cell lines and needs. 

 

2.2.1.4. Cell Counting 

Cells were counted with hematocytometer. Cell suspension was mixed with 0.4% trypan blue 

solution (Gibco™, Thermo Fisher Scientific) at 1:1 ratio and 10 μL of the mixture was loaded to 

the hematocytometer. The number of transparent viable cells was counted under light microscope. 

The cell concentration of the original cell suspension was calculated according to the following 

equation: 

Number of cells / mL = Total number of viable cells in a set of 16 corner squares ×2 ×104 

 

2.2.1.5. RNA Extraction 

Total RNA in HCC cells was extracted using TRIzol® Reagent (Invitrogen, Thermo Fisher 

Scientific). HCC cells were lysed by 1mL of TRIzol® to solubilize biological materials and 

denature proteins. 200 µL chloroform was added to isolate the RNA by phase separation. The 

mixture was centrifuged at 13,000 rpm for 15 min at 4oC for separation of phases. RNA in the 

aqueous phase was saved with extra care to prevent contamination with DNA and proteins from 

the other phases. RNA was precipitated by incubation with 500 µL isopropanol for 10 min at room 

temperature. The RNA precipitate was collected by centrifuge at 13,000 rpm for 15 min at 4oC and 

was washed by 75% ethanol. The purified RNA precipitate was left to air dry before complete 
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resuspension in RNase-free UltraPure™ Distilled Water (Invitrogen, Thermo Fisher Scientific). 

The RNA obtained was stored at -80oC prior to usage.  

 

2.2.1.6. cDNA Synthesis 

RNA concentration was measured by NanoDrop™ One Spectrometer (Thermo Fisher 

Scientific). 1 μg of RNA was subjected to reverse transcription for cDNA synthesis using 

PrimeScript™ RT Reagent Kit (Takara, Shiga, Japan). 1 μg of RNA diluted in 6.5 μL of 

UltraPure™ Distilled Water was mixed with 2 μL of 5X PrimeScript Buffer containing dNTP 

mixture and Mg2+, 0.5 μL of 50 μM Oligo dT Primer and 0.5 μL of 100 μM Random 6 mers. 0.5 μL 

of PrimeScript RT Enzyme Mix I was finally added to the reaction mixture before incubation in 

Thermal Cycler. The reaction mixture in total volume of 10 μL was incubated at 37oC for 15 min, 

followed by 85oC for 5 seconds for generation of cDNA by reverse transcription. The cDNA 

synthesized was diluted with UltraPure™ Distilled Water to make a 5-fold dilution and was stored 

at -20oC prior to usage. 

 

2.2.1.7. Quantitative PCR (qPCR) Analysis 

Gene expression was studied by quantitative PCR (qPCR) analysis using primers listed in Table 

2.2. 5μL of BrightGreen 2X qPCR MasterMix (abm) was mixed with 2 µL of 10 µM forward 

primer and 2 µL of 10µM reverse primer and topped up to 10µL with UltraPure™ Distilled Water. 

2 µL of 5-fold diluted cDNA was added to the reaction mixture before incubation in accordance 

with amplification protocol at 94°C for 15 seconds, 63°C for 30 seconds, and 72°C for 60 seconds. 

The qPCR was monitored in real time by QuantStudio 7 Flex Real-time PCR system (Applied 

Biosystems, Thermo Fisher Scientific). 
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2.2.1.8. Protein Extraction 

Total proteins in HCC cells was extracted by cell lysis with 1X RIPA (20 mM Tris-HCl (pH 7.5), 

150 mM NaCl, 1 mM Na2EDTA, 1 mM EGTA, 1% NP-40, 1% sodium deoxycholate, 2.5 mM 

sodium pyrophosphate, 1mM β-glycerophosphate, 1mM Na2VO4, 1 µg/mL leupeptin) (Cell 

Signaling Technology) or NETN (0.5% NP-40, 20 mM Tris-HCl, pH 8, 100 mM NaCl, 1 mM 

EDTA) lysis buffer for 10 min on ice. cOmplete™ EDTA-free protease inhibitor cocktail (Roche) 

and PhosSTOP™ phosphatase inhibitor (Roche) was freshly added to the lysis buffer before 

protein extraction. Cell lysate was centrifuged at 13,000 rpm for 10 min at 4oC to remove cell 

debris. Supernatant was collected as protein lysate. The concentration of total proteins was 

determined by Bradford assay. 2 µL of protein lysate was added to 1 mL of 1X Bradford reagent 

(Bio-Rad Laboratories) and the absorbance at 595 nm was measured. Protein concentration was 

calculated according to standard curve plotted by measuring absorbance of BSA solution at 

concentrations ranged from 0 to 100 µg/mL. After determination of protein concentration, the 

protein lysate was subjected to protein denaturation by mixing with 6X SDS loading buffer (0.35M 

Tris-HCl pH 6.8, 30% glycerol, 21.4% β-mercaptoethanol, 10% SDS and 0.05% bromophenol 

blue) to final concentration of 1X. The protein lysate was then boiled at 100oC for 5 min to denature 

the protein. The denatured proteins were stored at -20oC prior to Western Blot analysis. 

 

2.2.1.9. Western Blot Analysis 

The denatured proteins were resolved by 5% or 10% SDS-PAGE at constant voltage of 80 V for 

20 min for stacking layer and 120 V for 80 min for separating layer. The proteins were transferred 

from polyacrylamide gel to PVDF membrane (Merck Millipore) at constant voltage of 100V for 
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90 min. The PVDF membrane blocked with 5% skimmed milk or 5% BSA (MilliporeSigma) in 

TBS-T (20 mM Tris-HCl, 137 mM NaCl, 0.1% Tween 20) for 30 min and incubated with primary 

antibody at 4oC overnight. After washing, the membrane was incubated with HRP-linked rabbit 

IgG Ab (GE Healthcare) or HRP-linked mouse IgG Ab (GE Healthcare) for 1 hour. The 

chemiluminescence signal was detected using X-ray film (Fujifilm, Tokyo, Japan) after applying 

Amersham™ ECL™ Western Blotting Detection Reagents (GE Healthcare). The antibodies used 

for Western Blot analysis and their working dilution conditions were listed in Table 2.4. 

 

2.2.1.10. Lentiviral-based Knockdown of Genes 

shRNA knock-down clones were established through lentiviral-based approach in Table 2.3. 

293FT cells were seeded in 60mm culture dish and transfected with packaging mix and lentiviral 

vectors containing the shRNA sequences when 90% cell confluency was reached. The transfection 

medium was replaced by fresh culture medium supplemented with 20% FBS after 24 hours. The 

lentivirus-containing medium was collected 48 hours after the transfection and was centrifuged at 

3,000 rpm for 5 min at 4oC prior to infection. HCC cells were infected by directly adding the 

lentivirus-containing medium to the culture medium of HCC cells together with polybrene 

(MilliporeSigma) at final concentration of 8 µg/mL. The infected HCC cells were selected by 1 to 

2 µg/mL of puromycin (MilliporeSigma) depending on cell lines. The knockdown efficiency was 

confirmed by Western Blot analysis and qPCR analysis. 

 

2.2.1.11. Overexpression of Genes 

SFB-UBE2T plasmid construct was generated by Gateway system and its control vector pMH-

SFB was gifted from Dr. Michael Huen, The University of Hong Kong. Myc-DDK-UBE2T 
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plasmid construct and its control vector pCMV6-Entry were purchased from OriGene. 293T cells 

or HCC cells were seeded in 6-well plate one to two days prior to transient transfection. When 

80% cell confluency was reached, 2 µg of the plasmid construct or its control vector was transiently 

transfected into the cells by mixing with 5 µL of Lipofectamine 2000 before addition. Stable cells 

were selected by treatment of puromycin or G418 according to the drug resistance gene on the 

transfected plasmid. Stable single cell clone was established by dilution of cells in 96-well plate 

to allow only one cell to grow in the well before drug selection. The stable single cell clone selected 

was then expanded for subsequent analysis. 

 

2.2.1.12. Site-directed Mutagenesis 

To produce UBE2T enzyme-dead mutant, the 86th cysteine residue was substituted with alanine. 

Myc-DDK-UBE2T plasmid construct was subjected to site-directed mutagenesis by GenScript 

(Nanjing, China) for generation of Myc-DDK-UBE2T C86A plasmid construct. 

 

2.2.1.13. Spheroid Formation Assay 

HCC cells were counted and seeded onto 24-well plate pre-coated with 1% polyHEMA 

(MilliporeSigma) at 200-300 cells per well. Each well contained 300 µL of 0.25% methyl cellulose 

(MilliporeSigma) in DMEM/F12 medium (Gibco™, Thermo Fisher Scientific) supplemented with 

4 µg/mL insulin (MilliporeSigma) and B27™ (Gibco™, Thermo Fisher Scientific). Supplement of 

20 ng/mL EGF (MilliporeSigma) and 20 ng/mL bFGF (MilliporeSigma) was applied to Huh7 and 

MHCC-97L HCC cells at the same time. 100 µL of the supplemented medium was added per well 

every other day for approximately 10 days. The spheroids formed were counted and photographed 

under a light microscope.  
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2.2.1.14. Migration and Invasion Assays 

Migration and invasion abilities of HCC cells were investigated using transwell inserts with 6.5 

mm polycarbonate membranes of 8 µm pore size (Merck Millipore). The transwell inserts were 

pre-coated with Matrigel (Corning) for invasion assay. HCC cells were seeded in the upper 

chamber of the transwell in serum-free culture medium while the lower chamber contained 

medium with 10% FBS. The cells were incubated for 24 hours and then fixed by 2% PFA in PBS. 

The migrated cells were stained by crystal violet and randomly photographed under a light 

microscope for counting the numbers of the migrated cells. The experiments were repeated 

independently three times. 

 

2.2.1.15. Analysis of CSC Surface Markers  

1 x 105 HCC cells were stained by PE mouse anti-human CD47 antibody (BD Biosciences), PE 

mouse anti-human CD90 antibody (BD Biosciences) or PE mouse IgG1, κ isotype control (BD 

Biosciences) in 100 µL of PBS containing 2% FBS with incubation at 4C for 30-60 min. The 

samples were washed by PBS prior to analysis with BD Accuri™ C6 flow cytometer (BD 

Biosciences). 

 

2.2.1.16. Annexin V Assay/Propidium iodide (PI) Apoptosis Assay 

Apoptosis of HCC cells after drug treatment was investigated by staining the cells with 1 µL/test 

of Annexin V-FITC reagent (BioVision) and 10 µL/test of PI in 100 µL of Annexin V binding 

buffer (BD Biosciences) for 15 min in room temperature without exposure to light. 300-400 µL of 

Annexin V binding buffer was added to the stained cells after the 15 min incubation. The cells 
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were analyzed by BD Accuri™ C6 flow cytometer. 

 

2.2.1.17. Immunohistochemistry (IHC) Analysis 

Immunohistochemical (IHC) staining for UBE2T were performed on formalin-fixed, paraffin-

embedded sections of 4 µm using labeled horseradish peroxidase (HRP) method. The sections of 

HCC clinical specimen mounted on glass slide were de-waxed by xylene and rehydrated stepwise 

from absolute ethanol to 70% ethanol and finally distilled water. Heat antigen retrieval was 

performed with 1 mM Tris-EDTA buffer. Endogenous peroxidase activities were quenched by 3% 

H2O2. The sections were then immersed in serum free-protein blocking solution (Dako) for 30 min 

and incubated with UBE2T antibody in dilution ratio of 1:500 at 4°C overnight. The sections were 

thoroughly washed and incubated with Envision™ HRP-conjugated secondary antibody (Dako). 

Positive signals were visualized using 3,3′-diaminobenzidine (Dako) and the nuclei were 

counterstained with hematoxylin. The sections were then examined under a light microscope. 

 

2.2.1.18. Immunofluorescent (IF) Analysis 

HCC cells were seeded on coverslips and were fixed in 4% PFA/PBS for 15 min in room 

temperature. After washing by PBS, the cells were permeabilized with 0.1% Triton-X100 in PCS 

for 15 min and blocked with 5% BSA for 1 hour in room temperature. The cells were stained with 

primary antibody at 4°C overnight, followed by incubation with FITC and TexaRed (Invitrogen, 

Thermo Fisher Scientific) as the fluorochrome-conjugated secondary antibodies at room 

temperature for 1 hour together with DAPI (MilliporeSigma) for nucleus staining. The samples 

were also stained with the fluorochrome-conjugated secondary antibodies only to serve as controls. 

All images were captured using Leica TCS SPE Confocal Microscope (Leica, Wentzler, Germany). 
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The antibodies used for IF analysis and their working dilutions were listed in Table 2.4. 

 

2.2.1.19. Tandem Affinity Purification Coupled with Mass Spectrometry (TAP/MS) 

UBE2T ORF (NM_014176.3) was cloned into pMH-SFB vector (a gift from Dr. Michael Huen 

from University of Hong Kong) using Gateway system. The pMH-SFB-UBE2T generated was 

transfected into 293T cells using Lipofectamine® 2000. Puromycin was used to select stable 293T 

cells expressing UBE2T with N-terminal SFB fusion tag (S protein tag, Flag tag, Streptavidin 

binding peptide). The expression of SFB-UBE2T was verified by Western Blot and IF analysis. 

NETN buffer (0.5% NP-40, 20 mM Tris-HCl, pH 8, 100 mM NaCl, 1 mM EDTA) was used to 

lyse the stable 293T cells for the harvest of SFB-UBE2T proteins. The SFB-UBE2T was pulled 

down by Streptavidin Sepharose High Performance bead slurry (GE Healthcare) and was eluted 

from the bead by incubation with NETN containing 2 mg/mL biotin. The SFB-UBE2T and its 

binding partners were further purified by incubating the biotin-eluate with S-protein agarose and 

were eluted by heating at 95oC for 5min. The eluate was sent to Taplin Mass Spectrometry Facility 

at Harvard Medical School for LC/MS/MS mass spectrometry analysis. 

 

2.2.1.20. Co-immunoprecipitation (Co-IP) Assay 

HCC cells were transfected with pCMV6-Entry, Myc-DDK-tagged UBE2T or its C86A mutant 

construct using Lipofectamine® 2000. The cells were lysed by NETN buffer with the addition of 

protease and phosphatase inhibitors. The protein concentration in lysate was measured by Bradford 

protein assay. Lysate was precleared by incubation with Protein A agarose (Cell Signaling 

Technology) at 4oC for 30min. The precleared lysate was immunoprecipitated with UBE2T 

antibody (15 µg/mg) or Mule antibody (10 µg/mg) together with normal rabbit IgG in equal 
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concentration with incubation of 15 µL Protein A agarose at 4oC overnight. The agarose beads 

were washed by NETN buffer and were boiled for 5 min with the addition of 2X SDS loading 

buffer to eluate the proteins. The pull-down purified proteins were then subjected to Western Blot 

analysis. 

 

2.2.1.21. Ubiquitination Assay 

HCC cells were transfected with HA-Ubiquitin together with pCMV6-Entry, Myc-DDK-tagged 

UBE2T or its C86A mutant construct using Lipofectamine® 2000. After 24 hours, the transfected 

cells were treated with 20 µM MG132 for 7 hours. The cells were directly lysed by NETN buffer 

with protease inhibitor cocktail and phosphatase inhibitors. The protein concentration was 

measured by Bradford protein assay. 1 mg of cell lysate was incubated with Mule antibody (Abcam) 

at concentration of 3 µg/mg and Protein A agarose (Cell Signaling Technology) at 4oC overnight. 

The agarose beads were washed by NETN buffer and were boiled for 5 min with the addition of 

2X SDS loading buffer to eluate the proteins. The pull-down purified proteins were then subjected 

to Western Blot analysis. HA antibody (Proteintech) was used for detection of ubiquitinated Mule. 

 

2.2.2. In Vivo Studies 

2.2.2.1. In Vivo Tumorigenicity Assay 

In vivo evaluation of tumorigenicity of HCC cells was performed by subcutaneous inoculation 

of tumor xenograft in NOD-SCID mice. The HCC cells were suspended in 100 µL of serum-free 

culture medium mixed with Matrigel (BD Biosciences) in 1:1 ratio and subcutaneously injected 

into the flanks of NOD-SCID mice. The mice were under observation for tumor growth and 

sacrificed at the end of experiment. Tumors were harvested for documentation. T-IC frequency 
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was calculated using Extreme Limiting Dilution Analysis (ELDA) software [134] with 95% CI. 

 

2.2.2.2. In Vivo Orthotropic Implantation 

Luciferase-labeled MHCC-97L cells were suspended in 20 µL of Matrigel and injected into the 

left lobes of livers of BALB/c nude mice. Six weeks after implantation, mice were administered 

with 100 mg/kg D-luciferin via intraperitoneal injection prior to bioluminescent imaging using 

IVIS Lumina Series III Pre-clinical In Vivo Animal Imaging Systems (Perkin-Elmer, Waltham, 

MA) under anesthesia. The mice were then sacrificed, and the lungs and livers were harvested for 

ex vivo imaging. 

 

2.2.3. Statistical Analysis 

Statistical significance of the quantitative results obtained from qPCR, spheroid formation 

assays, flow cytometry analysis, migration and invasion assays and β-catenin TCF binding assay 

was determined by Student’s t-test using Microsoft Office Excel software (Microsoft Corporation, 

Redmond, WA). The displayed results showed the means and the standard deviations, and those 

with p-values less than 0.05 were considered statistically significant (* p<0.05, ** p<0.01, *** 

p<0.001). Kaplan-Meier survival analysis was used to analyze disease-free survival and the 

statistical significance was calculated by log-rank test; these analyses were carried out using SPSS 

20 software (IBM, Armonk, NY). 
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3.1. Introduction 

HCC is one of the deadly diseases and the second leading cause of cancer death worldwide in 

2012. The current common treatment modalities for HCC include surgical resection for the early-

stage malignancy; TACE with chemotherapeutic agents for the moderate-stage; and sorafenib 

chemotherapy for the advanced-stage. However, each treatment modality has its own limitations 

and drawbacks. For example, 5-year probability of tumor recurrence after surgical resection is 

70% [14]. TACE and sorafenib treatments may select highly tumorigenic drug-resistant cancer 

cells, leading to development of chemoresistance and tumor recurrence. Sorafenib is the first-line 

therapeutic agent for advanced-stage HCC to date but it prolongs the survival of HCC patients by 

approximately 3 months only with a low response rate of 2% [30], [31]. It is suggested that the 

drug resistance, metastasis and poor survival of HCC patients are attributed to the liver CSCs. 

 

CSCs are currently recognized as the origin of cancers and play a critical role in promoting 

tumor progression. CSCs are a subset of malignant cells with the ability of self-renewal and 

differentiation. Many studies have reported the active involvement of CSCs in tumorigenicity, 

metastasis, angiogenesis, and development of radio-/chemoresistance, contributing to the escape 

of tumor cells from cell death caused by conventional therapies. Therefore, identifying potent 

therapeutic target against CSCs is in urgent need. 

 

Since tumor progression requires extensive cell proliferation for tumor growth, DNA 

replication errors are prone to occur during cell division. CSCs have efficient DNA damage 

response (DDR) system to repair the DNA lesions, contributing to the development of radio-

/chemoresistance. Therefore, it may be a good starting point to look for potential therapeutic 
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target by investigating the DDR system in liver CSCs. 

 

CSCs resembles normal adult stem cells to have the ability of self-renewal and differentiation. 

It is suggested that CSCs may originate from normal stem cells which acquire tumorigenicity by 

accumulation of mutations [135]. CSCs and normal stem cells share many similarities. Some 

CSC markers such as CD44 are also the markers of normal stem cells [77]. Hedgehog signaling 

is active in CSCs and normal stems cells [136]. Hence, investigating the DDR systems in the 

normal stem cells may give a clue to the potential therapeutic target against liver CSCs. 

 

In this chapter, we looked for the potential therapeutic target by investigating the DDR-related 

genes actively involved in hepatic stem cell. The expression status and clinical relevance of the 

potential therapeutic target were then examined in several clinical cohorts to demonstrate the 

clinical significance of the potential target. 
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3.2. Experimental Scheme 

In this chapter, the potential therapeutic target against liver CSCs was identified by studying the 

gene expression profile in liver regeneration model. The expression and clinical relevance of the 

potential target were then studied in different clinical cohorts. The experimental outline is 

summarized in the following diagram. The methods used in this chapter are mentioned in Chapter 

2: Materials and Methods in further detail. 

 
Figure 3.1. Experimental scheme of identifying potential potent therapeutic target against 

liver CSCs.  
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3.3. Results 

3.3.1. UBE2T was significantly upregulated during liver regeneration 

Severe partial hepatectomy was performed in nude mice in which 70% of the livers were excised 

under anesthetic condition (Figure 3.2A). The mouse liver entered liver regeneration after the 

excision of liver. 2 mice were sacrificed at different time points (Day 0, Day 3 and Day 7 after the 

surgery) each for harvest of the livers. The liver at Day 3 is generally considered the early 

regenerating liver because of the high cell proliferation rate while the liver at Day 7 was considered 

the late regenerating liver because of the slower cell proliferation [137]. Total mRNA was extracted 

from the harvested livers and cDNA was synthesized by reverse transcription for the subsequent 

cDNA microarray analysis. Expressions of various DNA damage response (DDR)-related genes 

were investigated by comparing the expression profile of the early regenerating livers to that of 

the intact liver (Day 0). The analysis discovered that UBE2T was one of the most upregulated 

DDR-related genes with significant upregulation by 11 folds (Table 3.1). Surprisingly, it is found 

that the expression of UBE2T dropped drastically on Day 7, the time of late liver regeneration 

(Figure 3.2B). The high expression of UBE2T in the regenerating liver indicates its potential 

important role in regulating hepatic stem cells. 
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Figure 3.2. Significant upregulation of UBE2T was found in early regenerating liver but 

drastically dropped in late regenerating liver. (A) Partial hepatectomy mouse model was 

employed for study of gene expression profile in regenerating liver. 70% of mouse liver was 

excised at Day 0. The regenerating liver was harvest for subsequent microarry profiling at Day 3 

and Day 7 as early regenerating liver and late regenerating liver respectively. (B) UBE2T, one of 

the DDR-related genes examined, significantly increased the mRNA expression in the early 

regenerating liver but the expression dropped drastically in the late regenerating liver (Day 7). 

(**p<0.01, t test) 
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Gene 
Fold change 

(Regenerating liver (Day3) / Intact (Day0)) 

UBE2T 11.54 

BRCA1 11.54 

PTTG1 7.59 

FOXM1 4.714 

CDCA5 4.3 

FEN1 2.9 

MDM2 2.82 

HLTF 2.26 

CDH1L 2.115 

NUCKS1 2.11 

Table 3.1. Upregulation of DDR-related genes was observed in early regenerating liver. 

Microarray data of early regenerating liver (Day 3) was compared to that of intact liver (Day 0). 

Various DDR-related genes were found to be upregulated in the regenerating liver. 

 

3.3.2. Elevated expression of UBE2T was associated with cancer stemness and HCC 

development 

The potential role of UBE2T in cancer stemness was further explored in another clinical cohort 

(GEO accession number: GSE5975), in which 238 HBV+ HCC cases are involved. The HCC 

samples were categorized according to the expression of EpCAM, a liver CSC marker. Higher 

mRNA level of UBE2T was observed in the EpCAM+ group of HCC tumors, indicating the 

association of UBE2T expression with cancer stemness in HCC (Figure 3.3). 

 

The relationship of UBE2T and CSCs was investigated by microarray analysis of another 

publicly available dataset (GEO accession number: GSE25097). The mRNA level of UBE2T has 
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been increased in stepwise manner during HCC development (Figure 3.4). The median of UBE2T 

expression increased by approximately 2.5 folds in cirrhotic liver compared to the healthy liver. A 

6-fold sharp rise in UBE2T mRNA level was found when cirrhotic liver developed into HCC tumor. 

Significance Analysis of Microarrays (SAM) highlighted significant upregulation of UBE2T in 

HCC samples. Among 577 genes with over 2-fold overexpression, UBE2T was the 15th most 

upregulated (Table 3.2). Expressions of 17 DDR-related genes were further examined to study the 

correlation of DDR with CSCs in HCC. UBE2T was found to be the second most upregulated 

DDR-related gene in the dataset (Table 3.3).  

 

 
Figure 3.3. Higher UBE2T mRNA level is correlated with expression of liver CSC marker 

EpCAM. Microarray data of a publicly available clinical dataset GSE5975 was analyzed. 238 

cases of Chinese HBV+ HCC patients were categorized according to the EpCAM expression. 1.36-

fold higher UBE2T mRNA level was found to be related to the EpCAM+ group (**p<0.01, t test). 
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Figure 3.4. UBE2T mRNA expression increased in stepwise manner during HCC 

development. Microarray analysis of GSE25097 revealed the stepwise increase in UBE2T 

expression during development of HCC from liver cirrhosis. (***p<0.001, t test) 
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Rank d(i) Fold-change Gene 

1 25.65 2.23 RACGAP1 

2 25.27 98.55 PSMB4 

3 24.30 2.52 KLHL12 

4 23.15 7.7 ITGA6 

5 22.64 3.72 SNRPC 

6 22.36 6.71 FAM189B 

7 21.69 5.39 PIGC 

8 21.33 2.46 SNX27 

9 21.20 133666 GPC3 

10 21.20 14.21 LARP1 

11 21.06 7.33 CASC3 

12 21.05 9.85 PTTG1 

13 20.67 4.87 REPIN1 

14 20.46 6.52 PYGO2 

15 20.38 4.94 UBE2T 

16 20.31 4.42 TOP2A 

17 20.22 2.05 PPOX 

18 20.21 5.38 RRM2 

19 20.19 2.97 CASC5 

20 19.96 7.64 NUSAP1 

Table 3.2. UBE2T is the 15th most upregulated genes in HCC tumor samples in GSE25097. 

SAM analysis revealed that UBE2T is the 15th most upregulated gene in the clinical dataset 
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GSE25097. 

 

Rank d(i) Fold-change Gene 

1 21.05 9.85 PTTG1 

2 20.38 4.94 UBE2T 

3 19.79 6.26 AURKA 

4 18.03 2.26 CDCA5 

5 17.27 3.14 FEN1 

6 17.10 2.56 FOXM1 

7 16.68 3.83 NPLOC4 

8 16.48 3.99 HLTF 

9 16.36 2.1 RNASEH2A 

10 15.70 3.02 NCOA6 

11 15.13 3.18 NSMCE2 

12 14.20 4.73 CHD1L 

13 12.28 3.45 GRB2 

14 10.61 3.36 TCEA1 

15 9.29 11.95 NDRG1 

16 8.66 2.89 NUCKS1 

17 -13.64 0.082 GADD45A 

Table 3.3. UBE2T is the second most upregulated DDR-related gene in HCC tumor samples 

in GSE25097. Expressions of DDR-related genes were investigated by SAM analysis. UBE2T 

was found to be the second most upregulated DDR-related gene in GSE25097. 
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3.3.3. UBE2T overexpression promoted poor prognosis of HCC patients 

The above preliminary data indicates the overexpression of UBE2T in HCC and its relationship 

to liver CSCs. Clinical relevance of UBE2T was then examined in our in-house clinical cohort. 

The expression status of UBE2T in 82 pairs of HCC tumors and the adjacent non-tumor liver 

tissues was investigated by qPCR analysis. 91% of the cases showed over 2-fold upregulation of 

UBE2T mRNA level (Figure 3.5). More than half of the cases (55%) showed over 8-fold UBE2T 

overexpression. Elevated expression of UBE2T in HCC in protein level was confirmed by 8 pairs 

of protein lysates obtained from HCC tumors and the adjacent non-tumor liver tissues. Significant 

upregulation of UBE2T in tumor was detected in 7 pairs of samples (Figure 3.6). IHC staining 

also highlighted distinct upregulation of UBE2T in HCC tumor compared to adjacent non-tumor 

tissue (Figure 3.7). 

 

After confirming the overexpression of UBE2T in HCC, the clinical relevance was examined 

by looking into the clinico-pathological data of 66 HCC cases from our in-house cohort. The HCC 

cases were divided into 2 groups according to the UBE2T mRNA level. It is found that high 

expression of UBE2T (T:N≥8) is positively correlated to tumor size (p=0.023) (Table 3.4). UBE2T 

upregulation is also related to absence of tumor encapsulation and advanced tumor stages with p-

values of 0.053 and 0.074 respectively. Although statistical significance has not been reached, 

Kaplan-Meier analysis shows that high expression of UBE2T contributed to poorer 3-year disease-

free survival of HCC patients (Figure 3.8).  

 

The clinical relevance of UBE2T was further studied in The Cancer Genome Atlas (TCGA), 

which is a large publicly available clinical cohort involving 442 cases of human HCC. UBE2T 
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mRNA upregulation (z-score >2) was found in 17% of the HCC cases and higher UBE2T mRNA 

level was associated with advanced tumor stages (Figure 3.9A) and poorer survival of HCC 

patients (Figure 3.9B). 

 

 
Figure 3.5. Overexpression of UBE2T was found in over 90% of HCC cases. UBE2T mRNA 

level was examined in 82 cases of our in-house clinical cohort. 91% of the HCC cases showed 

over 2-fold UBE2T upregulation and 55% showed over 8-fold upregulation. 

 

 
Figure 3.6. Overexpression of UBE2T was found in 87% of HCC tumors. 8 pairs of protein 

samples obtained from HCC tumors and the adjacent non-tumor liver tissues. UBE2T 

overexpression was found in 87% (7/8) of the HCC cases by Western Blot analysis. 
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Figure 3.7. UBE2T has a higher expression in tumor compared to the adjacent non-tumor 

liver tissue. IHC staining of HCC clinical specimen showed higher expression of UBE2T in HCC 

tumor compared to the non-tumor tissue. 
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Clinico-pathological features 
UBE2T, mRNA p value 

(Fisher-exact test) T:NT < 8 T:NT ≥ 8  

Gender    

Male 20 (74.0%) 29 (74.4%) 
1.000 

Female 7 (25.9%) 10 (25.6%) 

Venous invasion    

Absent 14 (60.9%) 14 (37.8%) 
0.112 

Present 9 (39.1%) 23 (62.2%) 

Tumor encapsulation    

Absent 11 (47.8%) 26 (74.3%) 
0.053 

Present 12 (52.2%) 9 (25.7%) 

Tumor microsatellite formation    

Absent 12 (52.2%) 13 (35.1%) 
0.282 

Present 11 (47.8%) 24 (64.9%) 

Cellular differentiation by Edmondson 

grading 
   

I – II 13 (56.5%) 12 (32.4%) 
0.105 

III – IV 10 (43.5%) 25 (67.6%) 

Tumor size    

≤5 cm 11 (47.8%) 7 (18.9%) 
0.023* 

>5 cm 12 (52.2%) 30 (81.0%) 

Cirrhotic liver    

Normal and chronic hepatitis 9 (39.1%) 24 (64.9%) 
0.065 

cirrhosis 14 (60.9%) 13 (35.1%) 

Tumor stage    

I/II 15 (55.6%) 12 (30.8%) 
0.074 

III/IV 12 (44.4%) 27 (69.2%) 

Table 3.4. UBE2T upregulation is associated with aggressive HCC features. Clinical relevance 

of UBE2T was studied by analyzing clinico-pathological data of 66 cases of HCC patients. High 

expression of UBE2T (T:NT≥8) was correlated to larger tumor size (*p=0.023) and was related to 
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absence of tumor encapsulation (p=0.053) and advanced tumor stage (p=0.074). (*p<0.05, Fisher-

exact test) 

 

 

Figure 3.8. High UBE2T expression contributed to poor 3-year disease-free survival of HCC 

patients. Kaplan-Meier analysis of 66 HCC cases showed that high expression of UBE2T (T:NT≥8) 

contributed to poorer 3-year disease-free survival of HCC patients (p=0.2304, Logrank test). 
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Figure 3.9. UBE2T mRNA upregulation was related to poor prognosis of HCC patients in 

TCGA cohort. (A) Elevated UBE2T mRNA level was found in 17% of the HCC cases (n=442) in 

TCGA cohort. (***p<0.001, t test) (B) UBE2T mRNA level is positively correlated with advanced 

tumor stages of HCC patients. (C) UBE2T mRNA upregulation was associated with poor overall 

survival (left) and disease-free survival (right). (**p<0.01, Logrank test) 
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3.4. Discussion 

CSCs resemble normal stem cell having the ability of self-renewal and differentiation. The genes 

that play an important role in regulating normal stem cells may be involved in the maintenance of 

CSCs as well. Therefore, partial hepatectomy was performed to identify the potential therapeutic 

target for liver CSC regulation. Partial hepatectomy is a widely used mouse model for study of 

liver regeneration, which is a unique capacity of mammalian liver. After acute injury or resection, 

the remaining uninjured liver lobes can grow to compensate the original mass. Liver regeneration 

requires extensive cell proliferation and differentiation for compensation of the lost tissue. Hepatic 

oval cells, which are a heterogenous population of progenitor cells with the ability to proliferate 

and differentiate, are actively involved in the regenerative process and are recognized as a 

subgroup of stem cells [138], [139]. Besides, excision of liver leads to mobilization of stem cells 

to the liver lobe remained to promote liver regeneration [140]–[142]. Hence, partial hepatectomy 

is a good start point to investigate the genes that are critical in hepatic stem cells. In the mouse 

liver regeneration model, 70% of the rodent liver was resected and the whole liver regeneration 

can be completed in 7 days in rodents [138]. Day 3 is commonly regarded as early liver 

regeneration because of significant upregulation of cell proliferation rate at around Day 3 after 

surgery of partial hepatectomy [137]. Cell proliferation slows down at around Day 7 so Day 7 is 

commonly regarded as late liver regeneration [137]. The livers were harvested in different time 

points to compare the expression profiles in intact, early and late regenerating livers at Day 0, Day 

3 and Day7 respectively. As discussed previously, CSCs have efficient DDR system to overcome 

the DNA replication errors that are probably occur during extensive proliferation. The microarray 

analysis highlighted the significant upregulation of UBE2T in the early regenerating liver. The 

expression of UBE2T was enhanced to the same extent as BRCA1, which is well-studied for its 
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substantial functions in DNA repair, cell cycle regulation, cell division and maintenance of CSCs 

[96], [115], [143], [144]. The remarkable increase in UBE2T expression suggests its potential 

importance in the regenerative process. Additionally, the mRNA expression of UBE2T drastically 

dropped by approximately 4 folds from the early regenerating liver to the late regenerating liver. 

Similar expression pattern has been found in CSC marker CD133, which displayed great increase 

in mRNA level in the early regenerating liver but exhibited a significant drop in expression in the 

late regenerating liver [145]. Therefore, the microarray data from the liver regeneration model 

suggests that UBE2T may have an important undiscovered role in the regulation of liver CSCs.  

 

Meanwhile, microarray analysis revealed the correlation of UBE2T and liver CSC marker 

EpCAM, which supports the hypothesis that UBE2T is associated with liver CSCs. Stepwise 

increase in UBE2T expression during HCC development has been discovered as well. On the one 

hand, the significant high expression of UBE2T in HCC tumor highlights the substantial role of 

UBE2T in tumor progression. On the other hand, the elevated expression of UBE2T in cirrhotic 

liver compared to healthy liver suggests that UBE2T may be critical in the stem cell-mediated cell 

proliferation. Majority of HCC develops in cirrhotic liver, which is the result of repeated wound 

healing for damages caused by chronic liver diseases such as hepatitis virus infection, fatty liver 

disease and alcoholic liver disease. Different to acute liver injury which gives rise to liver 

regeneration, chronic liver diseases lead to fibrosis, which may eventually develop into cirrhosis 

[146]. Repeated wound healing requires extensive cell proliferation and differentiation for 

compensation of the injured cells. It has been reported that expressions of liver stem cell markers 

such as EpCAM and CD133 were enhanced in cirrhosis [147]. Numbers of stem cell-like hepatic 

oval cells were found to be elevated in response to progressive fibrosis [148]. Therefore, the 
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upregulation of UBE2T in cirrhotic liver may indirectly indicates the potential role of UBE2T in 

regulating hepatic stem cells.  

 

In this chapter, the expression status of UBE2T in HCC was explored in different clinical cohorts. 

Remarkable overexpression of UBE2T has been found in all the 4 cohorts we have examined. 

Apart from the general upregulation of UBE2T in HCC, our study found that higher expression of 

UBE2T is positively correlated with tumor size. Although statistical significance has not been 

reached, UBE2T mRNA upregulation was related to absence of tumor encapsulation and advanced 

tumor stages. Without encapsulation, tumors are more invasive, leading to higher incidence rate of 

direct liver invasion and poorer survival of HCC patients [21]. Hence, elevated expression of 

UBE2T contributes to tumor growth and invasiveness in HCC. Kaplan-Meier analysis showed that 

the HCC patients with UBE2T upregulation had poorer disease-free survival as well. Significant 

upregulation of UBE2T in protein level and mRNA level has been reported in many cancers 

including lung, breast, prostate and HCC cancers and is related to poor survival of the patients 

[122], [124], [125], [129]. Nevertheless, the clinical importance of UBE2T has been discussed in 

detail in limited studies only. Prostate tumor tissue obtained from patients with distant metastasis 

exhibited higher expression of UBE2T [129]. UBE2T upregulation was associated with advanced 

stages in T classification in nasopharyngeal carcinoma and gastric cancer, indicating the promotion 

of UBE2T on tumor growth [128], [132]. UBE2T was found to support metastasis in 

nasopharyngeal carcinoma and HCC as well [125], [132]. In our study, UBE2T overexpression is 

found to be correlated with advanced tumor stage and tumor invasion in HCC. Our finding is 

consistent with the previous studies. 
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In summary, we discovered UBE2T as the potential therapeutic target against liver CSCs. It is 

remarkably overexpressed in HCC and may play an important role in regulating stem cell functions. 

Elevated expression of UBE2T is found to promote tumor progression and invasiveness. 

Meanwhile, our study reported the potential correlation of UBE2T and liver CSCs. To date, there 

has been no studies investigating the role of UBE2T in the maintenance of CSCs. It is hypothesized 

that UBE2T may regulate liver CSCs to promote tumorigenesis and lead to poor prognosis of 

patients. Further investigations on the role of UBE2T in CSCs were performed in the next chapter. 
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   Chapter 4  

Functional Characterization of UBE2T in 

Regulation of Liver CSCs 

  



70 
 

4.1. Introduction 

In Chapter 3, we found overexpression of UBE2T in various cohorts of HCC patients. UBE2T 

overexpression contributes to poor clinical outcomes including larger tumor size, advanced tumor 

stage, risk of metastasis and poorer survival of HCC patients. Despite the common overexpression 

of UBE2T in a wide range of cancers, only limited studies have investigated the functional role of 

UBE2T in tumorigenesis. 

 

The elevated expression of UBE2T was first reported in lung cancer, in which over 60% of the 

lung cancer specimens showed upregulation of UBE2T, in 2008 [122]. One year later, the first 

study investigating the role of UBE2T in tumorigenesis in breast cancer was published. Ueki et al 

[124] identified the upregulation of UBE2T in breast cancer by microarray analysis and discovered 

the proteasomal degradation of BRCA1 by UBE2T. More studies reporting the clinical 

significance of UBE2T in cancers have been released afterwards. Enhancement in cell proliferation 

and cell migration and invasion upon UBE2T overexpression has been reported in various cancer 

types such as prostate cancer [129], stomach cancer [127], [128] and nasopharyngeal carcinoma 

[132]. In concordance, suppression of cell proliferation by UBE2T knockdown has been revealed 

in cancers of liver [125], bladder [126] and osteosarcoma [131]. These studies provide compelling 

evidence for the critical role of UBE2T in tumorigenesis through promotion of cell proliferation 

and invasion. UBE2T is suggested to enhance cell proliferation via regulation of cell cycle. 

Downregulation of UBE2T resulted in cell cycle arrest [126]–[128]. Meanwhile, UBE2T enhances 

EMT process by activation of Akt-dependent signaling pathways to promote tumor invasiveness 

[127], [128], [131], [132].  
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UBE2T was first identified in CD34+ hematopoietic stem cells, suggestive of its regulatory role 

in stemness properties of these cells [149]. Although this finding suggests a potential role of 

UBE2T in regulating stemness, the molecular mechanism by which UBE2T regulates stemness 

properties is poorly understood. Whether UBE2T regulates CSCs also remains unexplored. In 

Chapter 3, we found that UBE2T was found to be most significantly upregulated in self-renewal 

liver in the severe partial hepatectomy model. This, together with the publicly available dataset 

showing that UBE2T was significantly upregulated in the enriched liver CSC populations, has 

prompted us to investigate the role of UBE2T in regulation of liver CSCs. In this chapter, 

functional characterization of UBE2T in HCC was performed especially in the respect of cancer 

stemness to reveal the previously undefined biological role of UBE2T in regulation of the liver 

CSCs. 
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4.2. Experimental Scheme 

  In this chapter, the functional role of UBE2T on regulation of cancer stemness in HCC was 

investigated. UBE2T knockdown and overexpression clones were generated and various 

functional assays were performed to examine both the in vitro and in vivo CSC properties of the 

HCC cells. The experimental outline is summarized in the following diagram. The methods used 

in this chapter are mentioned in Chapter 2: Materials and Methods in further detail. 

 
(Continued on the next page) 
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Figure 4.1. Experimental scheme of investigation of functional role of UBE2T on regulating 

cancer stemness in HCC. 
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4.3. Results 

4.3.1. Establishment of UBE2T knockdown and overexpression clones 

In order to characterize the functional role of UBE2T in regulating cancer stemness in HCC, 

UBE2T knockdown and overexpression clones were established in HCC cell lines. The HCC cell 

line suitable for UBE2T knockdown or overexpression was determined based on the endogenous 

protein expression level of UBE2T, which was assessed across a panel of HCC cell lines by 

Western Blot analysis with β-actin as the loading control. UBE2T expression was found to be the 

highest in PLC/PRF/5 and MHCC-97L and the lowest in Huh7 and MIHA, a human immortalized 

normal liver cell line (Figure 4.2A). Therefore, UBE2T expression was repressed in PLC/PRF/5 

and MHCC-97L while it was overexpressed in Huh7. Lentiviral-based knockdown approach was 

employed to establish UBE2T knockdown clones (shUBE2T(89) and shUBE2T(60)) with 

significantly reduced endogenous UBE2T protein levels in PLC/PRF/5 and MHCC-97L (Figure 

4.2B). UBE2T was overexpressed in Huh7 by ectopic transfection of MYC-DDK-UBE2T plasmid. 

Stable clone with UBE2T overexpression was selected by G418 treatment for 2 weeks. Western 

Blot analysis showed that Myc-DDK-tagged UBE2T was approximately 10 kDa larger than the 

endogenous UBE2T (23 kDa) (Figure 4.2C). It is noted that a small portion of the endogenous 

UBE2T is conjugated with ubiquitin to form a larger protein at size of 32 kDa [118], [124]. 

Similarly, Myc-DDK-tagged UBE2T is monoubiquitinated to form a larger protein at size of about 

40 kDa.  
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Figure 4.2. Establishment of UBE2T knockdown and overexpression clones. (A) The 

endogenous UBE2T protein levels was assessed in a panel of HCC cell lines, in which UBE2T has 

the highest expression in PLC/PRF/5 and MHCC-97L and the lowest expression in Huh7 and 

MIHA. (B) UBE2T expression was repressed by lentiviral-based approach in PLC/PRF/5 and 

MHCC-97L. (C) Myc-DDK-tagged UBE2T was overexpressed in Huh7. 
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4.3.2. UBE2T regulated tumor spheroid formation ability of HCC cells. 

The role of UBE2T in regulating CSC properties in HCC was first examined in respect of the in 

vitro self-renewal ability. The in vitro self-renewal ability of the UBE2T knockdown cells and 

UBE2T overexpressing cells were determined by tumor spheroid formation assay. Knockdown of 

UBE2T significantly suppressed the tumor spheroid formation ability of HCC cells with 

remarkable reduction in size and number of the spheroids formed (Figure 4.3A&B). The number 

of spheroids formed was significantly reduced by half in PLC/PRF/5 shUBE2T(89) and 

shUBE2T(60) cells when compared to non-target control (NTC) cells. In MHCC-97L, 

shUBE2T(89) and shUBE2T(60) led to decrease in the number of spheroids formed by more than 

5 folds. In both PLC/PRF/5 and MHCC-97L, smaller spheroids were formed in the UBE2T 

knockdown cells with size reduction to about one half. In concordance, overexpression of UBE2T 

promoted the spheroid formation ability of Huh7 cells (Figure 4.3C). UBE2T overexpressing cells 

displayed 1.23-fold increase in the number of spheroids formed with remarkable enlargement in 

size. 
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Figure 4.3. UBE2T promoted self-renewal ability of HCC cells. Tumor spheroid formation 

assay was performed to assess the self-renewal abilities of the UBE2T knockdown clones derived 

from PLC/PRF/5 and MHCC-97L cells and the UBE2T overexpressing Huh7 cells. Knockdown 

of UBE2T led to significant reduction in spheroid size and number in (A) PLC/PRF/5 and (B) 

MHCC-97L. (C) UBE2T overexpression enhanced the spheroid formation ability of Huh7 in term 

of size and number. (Scale bar: 100 μm) (*p<0.05, ***p<0.001, t test). 

 

4.3.3. UBE2T enhanced expression of CSC markers 

The link of UBE2T and cancer stemness was further investigated by examining the effect of 

UBE2T expression on the expression of liver CSC markers. The expression of CD47 and CD90 in 

UBE2T knockdown cells and UBE2T overexpressing cells were examined by flow cytometry 

analysis (Figure 4.4). UBE2T knockdown exhibited significant inhibition in CD47 expression in 

both PLC/PRF/5 and MHCC-97L. shUBE2T(89) and shUBE2T(60) led to reduce in CD47 

expression level by half in both the PLC/PRF/5 and MHCC-97L cells. In respect to CD90, 

shUBE2T(89) displayed 1.4-fold decrease in the expression while shUBE2T(60) displayed 1.7-
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fold decrease in PLC/PRF/5. In MHCC-97L, shUBE2T(89) and shUBE2T(60) suppressed the 

CD90 expression to approximately 0.5-fold. Consistently, overexpression of UBE2T promoted 

expression of CD47 and CD90 expression in Huh7 cells. UBE2T overexpressing Huh7 exhibited 

about 1.2-fold increase in expression of CD47 and CD90. 
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Figure 4.4. UBE2T enhanced CSC marker expression in HCC cells. Flow cytometry analysis 

showed downregulation of CD47 and CD90 in UBE2T knockdown cells in PLC/PRF/5 and 

MHCC-97L and upregulation of CD47 and CD90 in UBE2T overexpressing Huh7 cells. (*p<0.05, 

**p<0.01, t test).  
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4.3.4. UBE2T regulated sensitivity of HCC cells to doxorubicin 

CSCs confer development of drug resistance. If UBE2T promotes CSC properties, increase in 

sensitivity to chemotherapeutic agents would be observed upon UBE2T knockdown. In addition, 

UBE2T is critical in FA DNA repair pathway. Ablation of UBE2T would sensitize the HCC cells 

particularly to DNA damage-inducing agents. Upon UBE2T knockdown and overexpression, HCC 

cells were treated with doxorubicin for 24 hours to assess the drug sensitivity. Annexin V assay 

showed that knockdown of UBE2T elevated the sensitivity of HCC cells to doxorubicin (Figure 

4.5). Compared to the NTC cells, shUBE2T (89) and shUBE2T(60) enhanced the percentage of 

apoptotic cells by approximately 1.2 folds at 2 μg /mL doxorubicin in PLC/PRF/5. In MHCC-97L, 

shUBE2T(89) showed 1.8-fold higher doxorubicin sensitivity while shUBE2T(60) showed 1.4-

fold higher. In line with the elevated sensitivity to doxorubicin upon UBE2T knockdown, increased 

resistance to doxorubicin was observed in UBE2T overexpressing Huh7 cells. The overexpression 

of UBE2T reduced the percentage of apoptotic cells to 0.57-fold at 1 μg/mL doxorubicin 

respectively. 
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Figure 4.5. UBE2T regulated sensitivity of HCC cells to doxorubicin. Annexin V assay showed 

the percentage of apoptotic cells when the UBE2T knockdown PLC/PRF/5 and MHCC-97L cells 

and UBE2T overexpressing Huh7 cells were subjected to doxorubicin treatment for 24 hours. 

(*p<0.05, **p<0.01, ***p<0.001, t test). 
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4.3.5. UBE2T promoted migration and invasion of HCC cells 

CSCs are considered as metastatic precursor because they promote EMT process [56], [57]. 

Since UBE2T was found to regulate liver CSCs, we hypothesize that UBE2T pose an effect on the 

migration and invasion abilities of the cancer cells upon manipulation of its expression level. The 

effect of UBE2T on the invasiveness of HCC cells was evaluated by cell migration and invasion 

assays. Cell migration and invasion were significantly suppressed upon knockdown of UBE2T in 

PLC/PRF/5 and MHCC-97L. shUBE2T(89) and shUBE2T(60) resulted in 0.47- and 0.29-fold 

differences in cell migration respectively when compared to the control cells in PLC/PRF/5 

(Figure 4.6A). Cell invasion of PLC/PRF/5 was reduced to 0.75- and 0.33-fold in shUBE2T(89) 

and shUBE2T(60) knockdown clones respectively. For MHCC-97L, the cell migration was 

reduced by half in both shUBE2T(89) and shUBE2T(60) while the cell invasion was reduced to 

0.44- and 0.37-fold respectively in shUBE2T(89) and shUBE2T(60) (Figure 4.6B). On the 

contrary, UBE2T overexpression promoted migration and invasion of Huh7 cells, leading to 

approximately 1.5-fold increase in the number of migrated and invaded cells (Figure 4.6C).  
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Figure 4.6. UBE2T enhanced migration and invasion of HCC cells. Migration and invasion of 

HCC cells were assessed upon UBE2T knockdown in (A) PLC/PRF/5 and (B) MHCC-97L and 

(C) UBE2T overexpression in Huh7. (*p<0.05, **p<0.01, t test). 
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4.3.6. UBE2T promoted in vivo tumorigenicity of HCC cells 

The role of UBE2T in regulating liver CSC properties has been examined in various in vitro 

assays. Next, in vivo tumorigenicity assay was performed to study the effect of UBE2T alterations 

on the tumorigenicity of HCC cells. UBE2T knockdown and UBE2T overexpressing cells were 

subcutaneously injected to the flanks of NOD/SCID mice at different cell numbers to perform 

limiting dilution assay to determine the CSC frequency. In both PLC/PRF/5 and MHCC-97L, 

UBE2T knockdown resulted in decline in size and number of the tumors formed (Figure 4.7A&B). 

By calculating the tumor incidence rate, CSC frequency was estimated by Extreme Limiting 

Dilution Analysis (Table 4.1). shUBE2T(89) and shUBE2T(60) led to 5.13- and 7.81-fold decrease 

in stem cell frequency respectively in PLC/PRF/5. The effect of UBE2T was more dramatic in 

MHCC-97L, in which shUBE2T(89) and shUBE2T(60) significantly reduced the stem cell 

frequency by 13.71 and 14.45 folds respectively. Consistently, the tumorigenicity of Huh7 cells 

was elevated upon UBE2T overexpression (Figure 4.7C). The overexpression of UBE2T led to 

5.6-fold increase in the stem cell frequency. It is noted that UBE2T overexpression remarkably 

enhanced the tumor size by approximately 3 folds when 10,000 UBE2T overexpressing Huh7 cells 

were inoculated into the NOD/SCID mice. 
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Figure 4.7. UBE2T promoted in vivo tumorigenicity of HCC cells. The effect of UBE2T on in 

vivo tumorigenicity of HCC cells was examined by subcutaneous inoculation of UBE2T 

knockdown (A) PLC/PRF/5 and (B) MHCC-97L and (C) UBE2T overexpressing Huh7 cells to 

the flanks of NOD/SCID mice. The sizes and numbers of the tumors formed were recorded. Tumor 

incidence rate was calculated for subsequent estimation of stem cell frequency by Extreme 

Limiting Dilution Analysis [134]. (Scale bar: 1 cm) 

 

PLC/PRF/5 

Tumor incidence rate Estimated 

CSC 

frequency 

95% CI P-value 
1000 

cells 

10000 

cells 

50000 

cells 

NTC 1/8 3/8 6/8 1/27903 
1/56286-

1/13834 
 

shUBE2T(89) 0/8 1/8 2/8 1/143347 
1/450782-

1/45584 
0.0073** 

shUBE2T(60) 0/8 0/8 2/8 1/218045 
1/863707-

1/55047 
0.0021** 

MHCC-97L 

Tumor incidence rate Estimated 

CSC 

frequency 

95% CI P-value 
500 

cells 

1000 

cells 

10000 

cells 

NTC 8/8 7/8 8/8 1/279 1/556-1/140  

shUBE2T(89) 4/8 5/8 5/8 1/3825 1/7969-1/1836 <0.0001*** 

shUBE2T(60) 3/8 3/8 6/8 1/4032 1/8380-1/1940 <0.0001*** 

Huh7 

Tumor incidence rate Estimated 

CSC 

frequency 

95% CI P-value 
1000 

cells 

5000 

cells 

10000 

cells 

EV 0/4 1/4 1/4 1/28065 
1/113104-

1/6964 
 

OE 1/4 3/4 3/4 1/5010 
1/11509-

1/2181 
0.0195* 

Table 4.1. UBE2T regulated CSC frequency and in vivo tumorigenicity. UBE2T knockdown 

PLC/PRF/5 and MHCC-97L cells and UBE2T overexpressing Huh7 cells were subcutaneously 
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injected to NON/SCID mice. Tumor incidence rate was calculated for estimation of stem cell 

frequency by Extreme Limiting Dilution Analysis [134]. (*p<0.05, **p<0.01, ***p<0.001) 

 

4.3.7. Ablation of UBE2T inhibited metastasis of HCC cells 

Lastly, apart from tumorigenicity, the effect of UBE2T on metastasis was also examined. In vivo 

orthotopic HCC xenograft model was employed to inoculate luciferase-tagged shUBE2T(60) and 

NTC cells derived from MHCC-97L into the left liver lobe of nude mice. Suppression of UBE2T 

significantly diminished the tumor formation ability of MHCC-97L cells (Figure 4.8A). 

Tremendous reduction in liver weight was observed in shUBE2T(60) cells (Figure 4.8B). To 

assess the effect of UBE2T knockdown on metastasis, the luciferase signal in lungs was measured. 

In line with the diminished tumorigenicity, significant reduction in luciferase signal was detected 

in shUBE2T(60), indicating that metastasis was significantly inhibited by the knockdown of 

UBE2T (Figure 4.8C). 
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Figure 4.8. Knockdown of UBE2T inhibited metastasis of HCC cells. (A) Tumor formation 

was significantly reduced upon UBE2T knockdown in orthotopic xenograft model. (Scale bar: 1 

cm) (B) UBE2T knockdown resulted in smaller liver weight compared to the control group, 

indicating the reduce in tumor formation. (C) Luciferase signal in lungs was measured to assess 

the metastasis. Significant decrease in luciferase signal in lungs showed the inhibition of UBE2T 

knockdown on metastasis. (**p<0.01, t test). 
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4.4. Discussion 

The mechanism behind the contribution of CSCs to poor prognosis has been discussed in detail 

in Chapter 1.2. Briefly, CSCs, which are also termed tumor-initiating cells, are considered as the 

origin of cancers and the biggest contributor to drive tumorigenesis because of its pluripotency 

and high tumorigenicity. CSCs have been linked to EMT to support acquisition of mesenchymal 

features to give rise to metastasis. Besides, CSCs have efficient DNA repair system, leading to 

resistance to radio- and chemotherapy. Overexpression of UBE2T has been discovered in many 

cancers and is associated with poor clinical outcomes in the patients. However, only limited studies 

investigate the mechanism of UBE2T in tumorigenesis. The role of UBE2T in regulating CSCs 

has not been discussed in any reports yet. In this chapter, the functional role of UBE2T in 

regulating liver CSCs has been analyzed through a series of functional assays specific for CSCs. 

 

The effect of UBE2T on self-renewability of HCC cells was first examined by tumor spheroid 

formation assay. As discussed in Section 1.2.3, spheroid formation assay is one of the widely used 

assays to identify and isolate CSCs. In spheroid formation assay, only the cells harboring self-

renewal property can grow in the serum-free anchorage-independent culture medium. CSCs are 

enriched in the floating spheroids formed, which display enhanced CSC marker expression [150], 

[151]. Our study showed direct evidence that the expression level of UBE2T is associated with the 

abundance of CSCs in HCC, affecting the spheroid formation ability of the cancer cells. 

 

Next, we assessed the expression of CSC markers in HCC cells after manipulation of UBE2T 

expression level. The expressions of CD47 and CD90 were investigated in our study. CD47 has 

been reported as CSC marker in various cancers such as lung cancer and HCC, and is associated 
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with poor prognosis of the cancer patients [152]–[155]. In our previous study, we reported the 

overexpression of CD47 in HCC and demonstrated it correlation with CSC properties [154]. 

Clinical trials of immunotherapy utilizing CD47-targeting antibody are ongoing (NCT02216409, 

NCT02367196). CD90 has also emerged as CSC marker in various cancers[156]–[159]. Multiple 

studies have reported the promotion of CD90 on migration and invasion of cancer cells [156], 

[157], [160]. Knockdown of UBE2T significantly reduced the expression of CD47 and CD90 of 

HCC cells while the overexpression of UBE2T enhanced the expression of the two markers. This 

indicates the direct effect of UBE2T on the liver CSC populations and gives a clue for the 

promotion of UBE2T on tumor invasiveness because of the link of CD90 and tumor migration. 

 

Due to the critical role of UBE2T in FA DNA repair pathway and the correlation of drug 

resistance to CSCs, the drug sensitivity of HCC cells was assessed upon UBE2T knockdown and 

overexpression. Doxorubicin gives rise to apoptosis by inducing DNA damages through DNA 

intercalation and generation of free radicals [161]. Doxorubicin is commonly used in conventional 

chemotherapy and is frequently coupled with TACE for treatment of mediate-stage HCC. Cancers 

with FA deficiency are more sensitive to doxorubicin treatment because of the impaired DNA 

damage response [162]. However, so far there is no reports examining the direct correlation of 

UBE2T and drug resistance. Our study demonstrates the involvement of UBE2T in enhancement 

of chemoresistance. 

 

As mentioned above, CSCs are associated with EMT to promote tumor migration and invasion. 

In nasopharyngeal carcinoma, UBE2T promotes metastasis by activation of AKT/GSK3β/β-

catenin pathway [132]. Reduced UBE2T expression in prostate cancer and gastric cancer exhibits 
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decreased mesenchymal and elevated epithelial features and impairs cancer cell migration and 

invasion [127], [129]. Downregulation of UBE2T inhibits the cell migration of osteosarcoma vis 

PI3K/Akt signaling pathway [131]. Taken together, these studies provide convincing evidence for 

the critical role of UBE2T in metastasis. 

 

Apart from in vitro functional assays, in vivo tumorigenicity assay was performed to investigate 

the effect of UBE2T on tumorigenicity as well as stem cell frequency. The stem cell frequency was 

estimated by Extreme Limiting Dilution Analysis [134]. Limiting dilution assay is widely used for 

determination of CSC frequency [151], [163]. The contribution of UBE2T in tumorigenicity has 

been reported in various cancers. In prostate cancer, the upregulation of UBE2T results in increase 

in size and number of the tumors formed [129]. Downregulation of UBE2T suppresses the tumor 

formation in gastric cancer [127]. Our study is in line with the previous findings. Knockdown of 

UBE2T impaired tumorigenicity while overexpression of UBE2T promoted tumor formation. 

Furthermore, to the best of our knowledge, this is the first report demonstrating the effect of 

UBE2T on CSC frequency by estimation of stem cell frequency via Extreme Limiting Dilution 

Analysis. 

 

Orthotopic xenograft model was also performed to study the role of UBE2T on tumorigenicity 

and metastasis in vivo. Orthotopic xenograft model presents two substantial advantages over the 

conventional subcutaneous xenograft implantation. The first advantage is that orthotopic xenograft 

model allows tumor growth in relevant organ site to mimic the actual tumor microenvironment in 

human [164]. The second advantage is that the study of metastasis is available in orthotopic 

xenograft model [165]. In our study, we demonstrated that knockdown of UBE2T remarkably 
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impairs the tumor formation in livers and significantly diminished the metastasis to lungs. UBE2T 

has been reported to promote metastasis via tail vein injection in nasopharyngeal carcinoma [132]. 

However, the tail vein injection model may not reflect the actual metastatic situation because of 

the absence of primary tumor, which limits the study on tumor progression from primary tumor to 

metastasis [166]. Our study provides compelling evidence for the role of UBE2T on metastasis in 

HCC. 

 

In summary, in this chapter, the effect of UBE2T on various CSC properties were demonstrated. 

UBE2T showed direct regulation on the CSC populations by promoting self-renewability and CSC 

marker expression. Extreme limited dilution analysis reveals the upregulation of CSC frequency 

and tumorigenicity caused by UBE2T overexpression as well. It is widely accepted that CSCs 

enhance metastasis and development of chemoresistance. Our studies showed that UBE2T 

promoted tumor invasiveness and chemoresistance to doxorubicin, demonstrating its role on 

regulation of the CSC features. 
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   Chapter 5  

Molecular Mechanism of How UBE2T 

Regulates Liver CSCs 
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5.1. Introduction 

In Chapter 4, we have investigated the functional role of UBE2T in regulating cancer stemness 

in HCC. By altering UBE2T expression in HCC cells, CSC properties, including self-renewability, 

expression of CSC marker, chemoresistance, tumorigenicity, tumor invasiveness and metastasis, 

of HCC cells have been significantly affected. However, the underlying mechanism for the 

UBE2T-mediated regulation on liver cancer stemness remains mysterious.  

 

 The enhancing effect of UBE2T on cell proliferation has been widely reported in many cancers 

[125]–[127], [129], [131], [132]. Nevertheless, to the best of my knowledge, only a few studies 

have revealed the underlying mechanism for the role of UBE2T on tumorigenesis. In 2016, 

overexpression of UBE2T was found in nasopharyngeal carcinoma and was responsible for the 

upregulation of cell invasion and proliferation [132]. In view of the significant enhancement in 

cell proliferation caused by the UBE2T upregulation, UBE2T overexpression was linked to the 

Akt/GSK3β/β-catenin signaling, which acts as key regulator in cell proliferation, survival and 

metastasis. [132]. In the same year, the mechanism for the regulation of UBE2T in cell proliferation 

was investigated in osteosarcoma [131]. Consistently, knockdown of UBE2T inactivated the 

PI3K/Akt signaling by reducing the phosphorylation of PI3K and Akt [131]. PI3K/Akt signaling 

is one of the important signaling cascades that maintain pluripotency and CSCs [82], [167]. The 

association of UBE2T to the PI3K/Akt signaling shed some light on the undefined mechanism for 

the promotion of cancer stemness by UBE2T. Nevertheless, the molecular mechanism of how 

UBE2T regulates tumor behavior remains largely unknown. 

 

UBE2T mediates monoubiquitination of FANCL and FANCI in FA DNA damage repair pathway. 
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At the same time, UBE2T was found to regulate protein expression of BRCA1 and p53 via 

ubiquitination [124], [125]. Based on the finding of these studies, UBE2T exerts its physiological 

and functional roles through protein-protein interaction. In order to understand the molecular 

mechanism of how UBE2T regulates CSC properties and tumor behavior, it is crucial to identify 

its direct interacting partner.  

 

In short, although UBE2T was previously found to be associated with PI3K/Akt signaling and 

is responsible for the degradation of tumor suppressor p53, the underlying mechanism is not fully 

understood, especially in the respect of regulation of CSCs. In this chapter, we aimed to dissect 

the mechanism for the regulation of UBE2T on CSC properties by identifying a direct protein 

interacting partner of UBE2T. In addition, the downstream signaling pathway involved in UBE2T 

mediated CSC function was also elucidated. 
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5.2. Experimental Scheme 

In this chapter, the potential protein partner of UBE2T was identified by tandem affinity 

purification coupled with mass spectrometry (TAP/MS). The interaction was validated by Co-IP 

and the effect of UBE2T on the protein partner was examined. The experimental outline is 

summarized in the following diagram. The methods used in this chapter are mentioned in Chapter 

2: Materials and Methods in further detail. 

 

Figure 5.1. Experimental scheme of identification of novel protein partner of UBE2T.  
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5.3. Results 

5.3.1. Establishment of SFB-UBE2T clone for TAP/MS analysis 

TAP/MS analysis was employed to identify novel binding target of UBE2T for regulation of 

cancer stemness in HCC (Figure 5.2). In order to facilitate the purification, UBE2T ORF was 

fused with SFB tag to generate SFB-UBE2T construct. Briefly, the vector for expression of SFB-

UBE2T was generated using Gateway system. The SFB-UBE2T construct was transfected into 

293T cells and the stable single clone expressing the highest protein level of SFB-UBE2T was 

selected for the subsequent expansion. Western Blot analysis shows that all the stable single clones 

had similar expression level of the endogenous UBE2T while stable single clone #4 displayed the 

highest protein level of SFB-UBE2T whose protein size is approximately 40 kDa (Figure 5.3). 

After expansion, the 293T cells of clone #4 was harvested. Tandem affiniity purification was 

performed and the eluate containing the SFB-UBE2T and its protein partners was subjected to 

mass spectromety analysis at Taplin Mass Spectrometry Facility in Harvard Medical School. 

 

 
Figure 5.2. Flow chart of TAP/MS for identification of potential protein partners of UBE2T. 

In order to identify the potential protein partners of UBE2T, SFB-UBE2T construct was generated 
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by Gateway system. After selection of stable single clone expressing the highest level of SFB-

UBE2T in 293T cells, the SFB-UBE2T was harvested and purified by tandem affinity purification. 

The purified proteins were subjected to mass spectrometry analysis at Taplin Mass Spectrometry 

Facility in Harvard Medical School for identification. 

 

 
Figure 5.3. Selection of stable single clone expressing the highest protein level of SFB-UBE2T. 

Western Blot analysis was performed to select the stable single clone expressing the highest protein 

level of SFB-UBE2T for the subsequent expansion and purification. The expression was compared 

by detecting the FLAG (left) and the UBE2T (right). Stable single clone #4 showed the highest 

protein level of SFB-UBE2T was selected and subjected to TAP/MS. 

 

5.3.2. Identification of Mule as the novel E3 binding partner of UBE2T 

The mass spectrometry analysis revealed a list of potential binding target of UBE2T. Some of 

the potential partner candidates of UBE2T were shortlisted in Table 5.1 according to their 

functions. Since E2 ubiquitin conjugating enzyme can bind to a range of E3 ligases for 

ubiquitination of substrate, it is believed that UBE2T may bind to E3 ligases for its function on 

regulating cancer stemness. Therefore, we focused on E3 ligases in the list of mass spectrometry 

results. Interestingly, Mcl-1 ubiquitin ligase E3 (Mule) is the only E3 ligase shown up in the list. 
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Mule is an enormous protein size of about 480 kDa, with 3 unique peptide sequences that have 

been recognized in the mass spectrometry analysis (Figure 5.4). 

 

The direct interaction between UBE2T and Mule was validated by Co-IP. SFB-UBE2T was 

transfected into 293T cells and Huh7 cells and the SFB-UBE2T was pulled down by streptavidin. 

Mule was pulled down together with the SFB-UBE2T in both the 293T and Huh7 cells (Figure 

5.5A&B). The above data demonstrated the binding between the exogenous SFB-UBE2T and the 

endogenous Mule. The UBE2T/Mule interaction was further investigated by Co-IP of the 

endogenous proteins in HCC cell line. The endogenous UBE2T and Mule were 

immunoprecipitated with anti-UBE2T and anti-Mule antibody respectively in MHCC-97L. Mule 

was pulled down in the immunoprecipitation of UBE2T while UBE2T was pulled down in the 

immunoprecipitation of Mule (Figure 5.5C). The reciprocal co-immunoprecipitation provides 

compelling evidence for the UBE2T/Mule interaction. 
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Unique Total Gene MW (kDa) Function 

16 17 PARP1 113.01 Regulator of DNA 

repair and apoptosis 

9 9 FASN 273.25 Fatty acid synthesis 

9 14 OTUB1 31.26 Deubiquitinating 

enzyme 

8 10 MAPK1 41.36 MAPK family 

member 

8 8 USP7 128.22 Deubiquitinating 

enzyme 

7 7 USP15 112.35 Deubiquitinating 

enzyme 

7 7 USP11 109.75 Deubiquitinating 

enzyme 

5 6 MAPK14 41.27 MAPK family 

member 

3 4 MAPK3 43.11 MAPK family 

member 

3 3 HUWE1 481.59 E3 ligase 

2 2 CDK4 33.71 Cell cycle checkpoint 

protein 

2 2 UBE2L3 17.85 E2 enzyme 

Table 5.1. List of interacting partner candidates of UBE2T. TAP/MS analysis produced a list 

of interacting partner candidates of UBE2T. After literature review on functions of the 
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candidates, potential interacting partners of UBE2T were summarized in table. (Unique = 

number of unique peptides detected; Total = total number of peptides detected; MW = molecular 

weight) 
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Figure 5.4. Mule was identified as the sole E3 ligase upon mass spectrometry analysis. After 

mass spectrometry analysis, E3 ligases were screened in the list of potential protein partners of 

UBE2T because of the high affinity of E2 enzyme for the E3 ligase and their biological role in 

ubiquitination. Mule was identified as the sole E3 ligase which may potentially bind to UBE2T in 

the mass spectrometry results. 3 unique peptide sequences of Mule (circled in red) were identified 

upon mass spectrometry analysis. 
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Figure 5.5. Direct interaction of UBE2T and Mule was demonstrated by Co-IP. The 

interaction between SFB-UBE2T and Mule was demonstrated by Co-IP in (A) 293T and (B) Huh7. 

Mule was detected after the pull-down of SFB-UBE2T. (C) Reciprocal Co-IP demonstrated the 

direction interaction between endogenous UBE2T and Mule in MHCC-97L cells. 

 

5.3.3. UBE2T suppressed Mule expression in HCC cell lines 

After demonstrating the direct interaction between UBE2T and Mule, their relationship was 



104 
 

investigated. Since E2 and E3 enzymes bind together to transfer activated ubiquitin from the E2 

ubiquitin conjugating enzyme to substrate for ubiquitination, it is expected that the expression of 

Mule would be altered when UBE2T expression is modified in HCC cells. Consistent to the role 

of UBE2T as E2 enzyme , we found that the protein level of E3 enzyme Mule was elevated in the 

UBE2T knockdown PLC/PRF/5 and MHCC97L cells (Figure 5.6A&B). On the contrary, 

overexpression of UBE2T in Huh7 led to the downregulation of Mule expression (Figure 5.6C). 

The reciprocal expression patterns of UBE2T and Mule reveals the suppressive effect of UBE2T 

on Mule expression.  

 

It is thought that UBE2T may suppress the expression of Mule via proteasomal degradation. 

Therefore, the UBE2T overexpressing Huh7 cells were subjected to MG132 treatment to inhibit 

the proteasomal degradation in the cells. Western Blot analysis showed that the MG132 treatment 

has reversed the reduction in Mule expression in the UBE2T overexpressing cells (Figure 5.7). At 

the same time, IF assay was performed to examine the expression and localization of UBE2T and 

Mule (Figure 5.8). It was found that Myc-DDK-UBE2T was mainly located in nucleus and 

cytoplasm while Mule was mainly located in the cytoplasm. The overexpression of UBE2T 

significantly reduced the expression of Mule in Huh7 cells. The MG132 treatment remarkably 

restored the Mule expression, confirming that UBE2T promoted proteasomal degradation of Mule. 

 

To further demonstrate the direct role of UBE2T on the Mule degradation, UBE2T C86A mutant 

clone was generated. The cysteine residue C86 located at the active site of UBE2T was substituted 

with alanine so the E2 activity of Myc-DDK tagged UBE2T was abolished (Figure 5.9). The 

UBE2T OE gave Myc-DDK-tagged wild-type UBE2T and its monoubiquitin-conjugated form at 
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protein size of about 35 kDa and 45 kDa respectively. However, UBE2T C86A gave only the Myc-

DDK-tagged UBE2T mutant protein without monoubiquitination at protein size of about 35 kDa.  

 

The protein levels of Mule in the wild-type UBE2T and UBE2T mutant overexpressing Huh7 

cells were compared by Western Blot analysis (Figure 5.10A). It was found that Mule was 

downregulated upon the overexpression of the wild-type UBE2T. The protein expression of Mule 

was at a comparable level in the control and the UBE2T mutant expressing Huh7 cells. This 

indicated that the proteasomal degradation of Mule is mediated by the E2 activity of UBE2T. The 

finding was further supported by the IF assay (Figure 5.10B). In the control, most of the cells 

expressed Mule in the cytoplasm with absence of expression of FLAG (DDK). The wild-type 

UBE2T overexpressing cells displayed reduction in the Mule expression, which was significantly 

restored by the UBE2T C86A mutation. The above data demonstrates that UBE2T directly 

mediates the proteasomal degradation of Mule.  

 

Next, we investigate whether UBE2T promotes the degradation of Mule by ubiquitination. After 

transfecting the Huh7 cells with HA tagged ubiquitin together with control vector, UBE2T ORF 

or UBE2T C86A mutant, the cells were subjected to MG132 treatment to stop the proteasomal 

degradation. Therefore, the ubiquitinated proteins accumulated in the cells to enrich the abundance 

of the ubiquitinated Mule. Mule was immunoprecipitated with anti-Mule antibody for subsequent 

analysis of the expression of ubiquitinated Mule which was detected by anti-HA body. It was found 

that ubiquitinated Mule was significantly enhanced in the wild-type UBE2T overexpressing cells 

(Figure 5.11). The C86A mutation suppressed the ubiquitination of Mule to a comparable level as 

that in the control. This indicates that the E2 activity of UBE2T has a critical role in the 
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ubiquitination of Mule. 

 

 
Figure 5.6. Western Blot analysis revealed the suppressive effect of UBE2T on Mule 

expression. Mule protein levels were upregulated upon UBE2T knockdown in (A) PLC/PRF/5 

and (B) MHCC-97L. (C) UBE2T overexpression resulted in downregulation of Mule in Huh7. 

 

 
Figure 5.7. Proteasome inhibitor MG132 rescued the downregulation of Mule caused by 

UBE2T overexpression. UBE2T overexpressing Huh7 cells were subjected to MG132 treatment. 

Western Blot analysis showed that the proteasome inhibitor MG132 rescued the downregulation 

of Mule in the UBE2T overexpressing cells. 
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Figure 5.8. UBE2T regulated the expression of Mule via proteasomal degradation. IF analysis 

showed reduced Mule expression in the UBE2T overexpressing cells. The MG132 treatment 

enhanced the abundance of Mule in both the cytoplasm and nucleus, indicating that UBE2T 

regulates Mule by proteasomal degradation. (Scale bar: 25 μm) 
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Figure 5.9. Establishment of UBE2T C86A mutant clone. In order to investigate whether 

UBE2T regulates the degradation of Mule by the E2 activity, cysteine residue C86 located at the 

active site of UBE2T was substituted by alanine by site-directed mutagenesis in the Myc-DDK-

UBE2T construct to impair the ability of UBE2T to accept the ubiquitin from E1. Therefore, the 

C86A mutated Myc-DDK-UBE2T was unable to be monoubiquitinated. 
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Figure 5.10. UBE2T C86A mutant reversed the reduction in Mule expression caused by 

UBE2T overexpression. (A) Impaired E2 activity of UBE2T reduced the degradation of Mule. 

(B) The C86A mutation rescued the suppression on Mule expression in the UBE2T overexpressing 

Huh7 cells in IF staining. (Scale bar: 100 μm) 
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Figure 5.11. UBE2T promoted degradation of Mule by ubiquitination. HA-ubiquitin together 

with wild-type Myc-DDK-UBE2T, the C86A mutant or the control vector were co-transfected into 

Huh7 cells. After treatment of 20 μM MG132 for 7 hours, Mule was pulled down for investigation 

of the effect of UBE2T on the abundance of ubiquitinated Mule. Overexpression of wild-type 

UBE2T promoted the ubiquitination of Mule while the C86A mutation suppressed the 

ubiquitination significantly. 

 

5.3.4. UBE2T regulated β-catenin via proteasomal degradation of Mule 

Mule has been previously reported to bind and degrade β-catenin [168]. The Mule-mediated 

degradation of β-catenin was validated by knockdown of Mule in MHCC-97L. The knockdown of 

Mule resulted in remarkable elevation in β-catenin expression, showing that Mule suppressed the 

β-catenin in HCC cells (Figure 5.12). 
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The effect of UBE2T on β-catenin was first examined by Western Blot analysis. UBE2T 

knockdown gave rise to downregulation of β-catenin together with the upregulation of Mule in 

PLC/PRF/5 and MHCC-97L (Figure 5.13A&B). In concordance, the overexpression of UBE2T 

in Huh7 enhanced the β-catenin while inhibiting the expression of Mule (Figure 5.13C). UBE2T 

C86A mutation suppressed the increase in β-catenin expression in the UBE2T overexpressing cells. 

This suggests that the elevated β-catenin expression is probably resulted from the UBE2T mediated 

degradation of Mule since the impaired E2 activity caused by the UBE2T mutation can diminish 

the ubiquitination of Mule, giving rise to the accumulation of the E3 ligase. 

 

 
Figure 5.12. Mule mediates degradation of β-catenin. Knockdown of Mule was performed in 

MHCC-97L, which showed the highest Mule protein level among the HCC cell lines. Knockdown 

of Mule led to upregulation of β-catenin expression in HCC cells. 
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Figure 5.13. UBE2T promoted β-catenin expression by suppressing Mule. Knockdown of 

UBE2T in (A) PLC/PRF/5 and (B) MHCC-97L resulted in upregulation of Mule and suppression 

on β-catenin. (C) Overexpression of wild-type UBE2T enhanced the β-catenin expression possibly 

via degradation of Mule. The C86A mutation of UBE2T rescued the suppression on Mule and led 

to downregulation in β-catenin expression. 

 

5.3.5. Ablation of UBE2T affected the subcellular localization of β-catenin 

The β-catenin expression was further investigated in IF assay. UBE2T knockdown PLC/PRF/5 

and MHCC-97L cells were subjected to IF staining for the study of β-catenin expression and 

localization (Figure 5.14). In the control PLC/PRF/5 cells, most of the β-catenin was expressed in 

cytoplasm while a small portion was concentrated in nucleus. The knockdown of UBE2T 

significantly reduced the abundance of β-catenin in the cytoplasm. Instead cytoplasm and nucleus, 

majority of the β-catenin was located at the cellular membrane in the UBE2T knockdown 
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PLC/PRF/5 cells. The finding in the MHCC-97L was in concordance. Most of the β-catenin was 

expressed at cellular membrane in the control cells and approximately half of the cells showed 

concentrated expression of β-catenin in nucleus, where the active β-catenin drives transcription of 

Wnt/β-catenin signaling target genes. The UBE2T knockdown led to a remarkable reduction of the 

nuclear β-catenin. β-catenin was barely observable in the nucleus of the knockdown cells. The 

expression of β-catenin at the cellular membrane of the UBE2T knockdown cells was diminished 

as well. The proportion of cells displaying β-catenin at the cellular membrane dropped to around 

a half in the UBE2T knockdown MHCC-97L.  

 

The β-catenin expression upon UBE2T overexpression has also been studied (Figure 5.15A). 

The control cells of Huh7 showed moderate expression level of β-catenin, which was mainly 

expressed at cellular membrane. The overexpression of wild-type UBE2T significantly increased 

the expression of β-catenin in all the cellular compartments including the nucleus, cytoplasm and 

cellular membrane. Increased β-catenin expression could be clearly observed in the nucleus. 

However, β-catenin has been notably decreased when the E2 activity of UBE2T was impaired by 

C86A mutation. Nuclear expression of β-catenin has been greatly reduced in the UBE2T C86A 

mutant expressing cells. Most of the β-catenin expression was limited at the cellular membrane. 

The expression of β-catenin has been quantified in Figure 5.15B. The total β-catenin expression 

in the control Huh7 cells was approximately 40% while that in the wild-type UBE2T 

overexpressing cells has jumped to around 90%. The total β-catenin has been reduced to around 

50% in the UBE2T C86A mutant. Regarding the distribution of β-catenin, both the control cells 

and the UBE2T C86A mutant expressing cells showed very low expression level of β-catenin in 

the nucleus while the wild-type UBE2T overexpression resulted in approximately 40% of cells 
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displaying nuclear expression of β-catenin. To summarize, the finding in IF is in line with that in 

Western Blot results. UBE2T promotes β-catenin expression which can be diminished by 

impairing the E2 activity of UBE2T via C86A mutation. 

 

 

 
Figure 5.14. β-catenin expression was significantly diminished in UBE2T knockdown cells. 

IF staining of β-catenin showed significant reduction in total expression and nuclear expression 
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(indicated by arrows) of β-catenin in UBE2T knockdown (A) PLC/PRF/5 and (B) MHCC-97L 

cells. 

 

 
Figure 5.15. UBE2T overexpression remarkably increased the β-catenin expression 

especially in the nucleus of Huh7. (A) Overexpression of wild-type UBE2T showed remarkable 

upregulation of β-catenin in nucleus and cytoplasm of Huh7. (B) The β-catenin expression in the 

nucleus and cytoplasm of Huh7 cells was quantified. 
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5.4. Discussion 

In this chapter, in the aim of investigating the underlying mechanism for the regulation of 

UBE2T on cancer stemness that has not yet been reported before, TAP/MS analysis was employed 

to identify the novel binding target of UBE2T. Tandem affinity purification was performed for the 

purification of UBE2T and its protein partners because of the high specificity and efficiency to 

allow great reduction in the non-specific proteins eluted together with the UBE2T. False positive 

results can thus be eliminated. UBE2T was labelled with SFB tag to facilitate the purification 

utilizing the affinity for streptavidin and S protein. The eluate obtained was subjected to mass 

spectrometry analysis performed by Taplin Mass Spectrometry Facility in the Harvard Medical 

School for identification of the potential protein partners of UBE2T. 

 

It is supposed that UBE2T regulate cancer stemness by promoting degradation of tumor 

suppressor through ubiquitination in the help of an unknow E3 ligase. Since UBE2T is a E2 

ubiquitin conjugating enzyme, it has a high affinity for E3 ligase for ubiquitination of substrate. 

We looked for any E3 ligase as the potential protein partner of UBE2T in the results obtained from 

the mass spectrometry. Intriguingly, Mcl-1 Ubiquitin Ligase E3 (Mule) was identified as the sole 

E3 ligase in the results.  

 

Mule is a large E3 ligase of protein size of 480 kDa. It is first discovered in 2005 for its mediation 

on degradation of tumor suppressor p53 [169]. At the same time, Mule was identified to catalyze 

polyubiquitination of anti-apoptotic protein Mcl-1 to promote DNA damage-induced apoptosis 

[170]. Therefore, the role of Mule in tumorigenesis remains controversial. Mule was reported to 

be highly expressed in lung cancer and associated with poor prognosis of patients by promoting 
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tumor proliferation through p53 degradation [171]. Mule enhances cell migration and invasion by 

enhancing ubiquitination of TIAM1, an important regulator of cell adhesion, at cell-cell junction 

[172]. It also promotes degradation of tumor suppressor BRCA1 in breast cancer cells [173]. 

Meanwhile, Mule is widely reported to reduce stability of c-Myc for tumor suppression. It 

suppresses tumor motility and tumorigenicity of prostate cancer in c-Myc-dependent manner [174]. 

It is also well recognized as the tumor suppressor in colorectal cancer via inhibition on Wnt/β-

catenin signaling, giving rise to the suppression on c-Myc [168], [175], [176]. De Groot et al [177] 

revealed that Mule inhibits Wnt signaling via negative feedback loop. In HCC, Mule is identified 

to inactivate Akt signaling and mediate tumor suppression by ubiquitination of oncogenic PREX2 

[178]. It is also reported to suppresses EMT in HCC and is associated with better survival of the 

patients [179]. Mule functions as a tumor suppressor in HCC while UBE2T is oncogenic and 

highly expressed in HCC tumors. Considering that UBE2T may drive protein degradation by 

ubiquitination, UBE2T/Mule interaction may lead to degradation of the tumor suppressor Mule to 

promote tumorigenesis. UBE2T has been previously reported to degrade the E3 ligase BRCA1 in 

breast cancer [124]. This may provide hint on the potential UBE2T-mediated degradation of Mule, 

which is also an E3 ligase. 

 

Besides, Mule plays a critical role in stem cell regulation. In hematopoietic stem cells, the loss 

of Mule leads to upregulation of N-Myc and stem cell exhaustion [180]. Mule controls murine 

intestinal stem cell proliferation by modulating the Wnt signaling pathway [176]. It promotes the 

proliferating hippocampal stem cells to return to quiescence state by preventing the accumulation 

of cyclin Ds through destabilization of Ascl1 [181]. Dysregulation of Mule will cause poor embryo 

development in humans as well [182]. In view of the importance of Mule in stem cell maintenance, 
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UBE2T/Mule interaction may be substantial in regulating cancer stemness, which greatly fits our 

hypothesis that UBE2T plays a critical role in maintaining CSC properties in HCC. 

 

In this chapter, we discovered that UBE2T inhibits Mule expression by promoting proteasomal 

degradation of Mule via ubiquitination. The protein level of Mule is negatively correlated with 

UBE2T expression and the treatment of MG132 can reverse the reduction in Mule upon UBE2T 

overexpression. MG132 is a commonly used proteasome inhibitor. Recognition of ubiquitin chains, 

especially the K48-polyubiquitin chains, by the UBP of 26S proteasome stimulates proteolysis of 

the ubiquitinated substrate [183]. Using MG132 to enrich the ubiquitinated proteins, we observed 

enhanced ubiquitinated Mule in the UBE2T overexpressing cells. This indicates that UBE2T 

mediates the degradation of Mule through ubiquitin-proteasome pathway. 

 

Besides, UBE2T C86A mutation was performed to study the direct effect of UBE2T, especially 

its E2 activity, on the degradation of Mule. The cysteine residue C86 located at the active site for 

the acceptance of ubiquitin from E1 was substituted with alanine to impair the E2 activity of 

UBE2T. Previous studies have shown that C86A mutation diminishes the monoubiquitination of 

UBE2T [118], [124]. In our study, the UBE2T C86A mutation reduced the ubiquitination of Mule, 

suggesting that UBE2T is the E2 enzyme responsible for the ubiquitination and degradation of 

Mule. UBE2T interacts with Mule for the ubiquitination of Mule instead of promoting the 

degradation of Mule by other E2 enzymes. 

In this chapter, we discovered the E3 ligase Mule as the novel degradation target of UBE2T. 

UBE2T binds to Mule to transfer ubiquitin chain to Mule for degradation. However, the link 

between the UBE2T-mediated degradation of Mule and the regulation of cancer stemness in HCC 
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remains unclear.  

 

Mule is critical in regulation of Wnt/β-catenin signaling pathway by inhibiting Dvl, β-catenin 

and c-Myc [184]. In response to activation of Wnt signaling, Mule promotes K63-linked 

polyubiquitination of Dvl to suppress multimerization of Dvl [177]. The impair in function of Dvl 

leads to phosphorylation and subsequent degradation of β-catenin. In addition, Mule directly 

mediates the degradation of β-catenin in colorectal cancer [168]. Overexpression of Mule reduces 

mRNA level of c-Myc in prostate cancer [174]. The suppression on multiple effectors of Wnt/β-

catenin signaling indicates that Mule plays an important role in the negative feedback loop of the 

active Wnt/β-catenin signaling in cancers.  

 

Wnt signaling pathway is well-recognized for its key role in embryonic development and 

regulation of self-renewability. It is categorized based on the involvement of β-catenin. The non-

canonical Wnt signaling cascades are independent of β-catenin and are involved in maintenance 

of stem cells and regulation of cell polarity; the canonical Wnt signaling cascade is dependent on 

β-catenin and is involved in self-renewal of stem cells and cell proliferation [185]. It is widely 

accepted that Wnt/β-catenin signaling promotes CSC proliferation [186]. Upon the activation of 

the Wnt/β-catenin signaling receptors Fz and LRP6, Dvl is recruited to the activated receptor for 

the subsequent recruitment of Axin. Axin is one of the main components of destruction complex, 

which is responsible for the phosphorylation and degradation of β-catenin. The translocation of 

Axin inhibits the phosphorylation ability of the destruction complex on β-catenin, leading to the 

accumulation of β-catenin in the cytoplasm. The cytoplasmic β-catenin can translocate into the 

nucleus, where it binds to the transcription factors of TCF/LEF family to drive expression of the 
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Wnt/β-catenin signaling target genes to promote cell proliferation and CSC properties. C-Myc and 

cyclin D1, the Wnt/β-catenin signaling target genes, have been reported to maintain self-renewal 

and EMT transition in CSCs [187], [188]. Activation of Wnt/β-catenin signaling can enrich the 

EpCAM-positive CSC population in HCC [51], [189]. 

 

The ubiquitination of β-catenin by Mule has been previously demonstrated in the study of 

Dominguez-Brauer [168]. Because of the key role of β-catenin in CSCs, it triggered our interest in 

the effect of UBE2T and the UBE2T-mediated Mule degradation on the β-catenin. Therefore, we 

examined the expression of β-catenin in the HCC cells with altered UBE2T protein levels. 

Decrease in Mule and increase in β-catenin protein expression were found in the UBE2T 

overexpressing cells. The lack of UBE2T E2 activity suppressed β-catenin while enhancing the 

expression of Mule. This shows that UBE2T promotes the expression of β-catenin by proteasomal 

degradation of Mule. Meanwhile, the subcellular localization of β-catenin was studied. Although 

β-catenin is mainly located at cellular membrane without the activation of Wnt/β-catenin signaling 

pathway because of its association with E-cadherin, cytoplasmic and nuclear localization was still 

observable in the control PLC/PRF/5 and MHCC-97L cells. The knockdown of UBE2T 

significantly reduced the β-catenin in not only the cellular membrane but also the cytoplasmic and 

nuclear pool, where β-catenin drives the transcription of many oncogenes by the association with 

the TCF/LEF transcription factors. In consistent with the finding in the UBE2T knockdown cells, 

remarkable elevation in total β-catenin expression was found in the UBE2T overexpressing cells. 

Nuclear localization of β-catenin was also significantly enhanced upon UBE2T overexpression. 

The active transcription of Wnt/β-catenin signaling target genes caused by the enhanced nuclear 

expression of β-catenin can in turn promote CSC proliferation [185].  
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In summary, we have identified Mule as the novel degradation target of UBE2T. The UBE2T-

mediated ubiquitination of Mule leads to the intracellular accumulation of β-catenin, especially in 

the nucleus. The nuclear localization of β-catenin drives transcription of many CSC-related genes 

to promote CSC properties of the HCC cells.  
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   Chapter 6  

Conclusion and Future Perspective 
  



123 
 

6.1. Conclusion 

HCC is prevalent and is the second leading cause of cancer death worldwide [1]. Poor prognosis 

of patients is attributed to frequent tumor relapse and development of drug resistance. CSC model 

has been raised to explain tumor heterogeneity, which limits the efficacy of chemotherapy and 

molecular targeted therapy by genotypic complexities. In brief, tumor heterogeneity is supported 

by tumor hierarchy. CSCs are distinct subsets of cancer cells with stem cell-like properties 

including abilities of self-renewal, differentiation and tumorigenesis. In addition, upregulation of 

stemness-related genes such as Sox2 and Nanog has been observed in many cancers [47], [48]. 

CSCs are considered as metastatic precursors and are positively associated with EMT, which is 

important to development of metastasis. Efficient DNA damage repair system in CSCs contributes 

to resistance to radio-/chemotherapy. In view of the substantial role that CSCs play in 

tumorigenesis, it is critical to have a better understanding in the regulatory mechanism of CSCs in 

HCC. 

 

In our study, we first focused on the genes with significant upregulation in regenerating liver in 

partial hepatectomy mouse model. This hypothesis is based on the fact that normal stem cells and 

CSCs share high molecular similarity so exploring the genetic profile of normal stem cells was 

considered a great starting point to identify substantial molecule/signaling pathway involved in 

regulation of liver CSCs [190]. In the early regenerating liver to which stem cells are mobilized 

for active liver regeneration, UBE2T within DDR pathway was found to be the most significant 

upregulated. Besides, UBE2T expression was increased in EpCAM-enriched liver CSC 

populations. The association of UBE2T upregulation with stem cell/CSC enrichment suggests the 

pivotal role of UBE2T in regulation of CSCs. 
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Firstly, we found that UBE2T mRNA and protein levels were found to be overexpressed and 

correlated with aggressive tumor phenotypes and poorer patient’s survival. We have demonstrated 

the regulatory role of UBE2T in CSCs by lentiviral based knockdown and ectopic overexpression 

approaches. Modulation of UBE2T expression level exhibited direct effect on CSC properties, as 

indicated by tumor spheroid formation ability and expression of CSC markers. Other CSC related 

properties including drug resistance and cell migration and invasion abilities were also regulated 

by UBE2T. Altered UBE2T level affected in vivo tumorigenicity of HCC cells, and lung metastasis 

in vivo in orthotopic HCC xenograft model. Our study uncovered the important role of UBE2T in 

regulation of liver cancer stemness. However, only limited study has investigated the underlying 

mechanism to date. 

 

In order to identify downstream target of UBE2T for CSC regulation, TAP/MS was performed. 

E3 ligase Mule, which is a tumor suppressor in HCC, was identified and its interaction with 

UBE2T was validated by reciprocal Co-IP. Intriguingly, UBE2T was found to suppress expression 

of Mule in Western Blot and IF analyses. Proteasome inhibitor MG132 treatment indicated that 

UBE2T regulated Mule expression by proteasomal degradation. Ubiquitination assay further 

supported that UBE2T reduced the expression of Mule by promoting ubiquitination of the E3 

ligase. At the same time, site-directed mutagenesis on cysteine residue C86 at active site of UBE2T 

demonstrated that UBE2T-mediated downregulation of Mule was directly regulated by E2 activity 

of UBE2T. 

 

Mule was reported to suppress tumorigenesis by targeting β-catenin for ubiquitination and 
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degradation [168]. It is well established that Wnt/β-catenin signaling plays an important role in 

regulation of CSCs [51], [185], [186]. It is reasoned to believe that UBE2T promotes liver cancer 

stemness by degrading Mule and hence enhance β-catenin expression. In our study, we 

demonstrated that overexpression of UBE2T was associated with downregulation of Mule and 

upregulation of β-catenin in protein level. IF analysis also revealed that UBE2T overexpression 

significantly increased accumulation of β-catenin in nucleus where cytoplasmic β-catenin 

translocate to drive transcriptional activation of Wnt/β-catenin signaling downstream targets for 

promotion of CSC properties.  

 

Taken together, our study uncovered UBE2T/Mule/β-catenin signaling cascade in regulation of 

liver CSCs (Figure 6.1). Our finding contributes to better understanding of underlying mechanism 

for CSC regulation. We have also revealed a new therapeutic target for treatment of HCC. However, 

there are some limitations of this study and further experiments are needed to further support the 

role of UBE2Ton regulation of liver CSCs.  
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Figure 6.1. UBE2T/Mule/β-catenin signaling cascade was discovered in our study. Our study 

reported the overexpression of UBE2T in HCC promotes cancer stemness by causing proteasomal 

degradation of tumor suppressor Mule to increase accumulation of β-catenin in HCC cells 

especially inside nucleus. The β-catenin accumulation leads to transcriptional activation of Wnt/β-

catenin signaling target genes to increase liver CSC properties. 
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6.2. Future Perspective 

Firstly, we are going to demonstrate that the UBE2T-mediated degradation of Mule is caused by 

K48-linked ubiquitination. Protein substrates are destined for a wide variety of cellular process 

dependent of the ubiquitination at different lysine residues on ubiquitin. Ubiquitin conjugation is 

divided into monoubiquitination and polyubiquitination. Monoubiquitination is related to 

intracellular localization and trafficking while polyubiquitination is related to protein signaling 

and clearance [191]. Specific lysine residues (K6, K11, K27, K29, K33, K48 and K63) or 

methionine residue (M1) on ubiquitin is covalently linked to protein substrate. K63-linked 

polyubiquitin chain is associated with proteasome-independent roles such as DNA repair and 

endocytosis [192]. Polyubiquitination on K48 is mostly related to proteasomal degradation [193]. 

In order to validate the UBE2T-mediated suppression of Mule is caused by proteasomal 

degradation, the abundance of K48-specific ubiquitinated Mule upon UBE2T overexpression 

would be examined.  

 

Secondly, we are going to inhibit expression of β-catenin by knockdown approach to rescue the 

enhanced cancer stemness caused by UBE2T overexpression. We hypothesized that UBE2T 

regulates CSC properties by promoting β-catenin accumulation via degradation of Mule. β-catenin 

would be suppressed by knockdown approach to investigate whether the increased CSC properties 

could be removed in the UBE2T overexpressing HCC cells. Likewise, similar experiment will be 

performed in UBE2T knockdown HCC cells with introduction of dominant-active form of β-

catenin.  

 

Thirdly, we are going to examine whether UBE2T overexpression and its mediation of Mule 
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degradation together with β-catenin accumulation are clinically relevant in HCC clinical samples. 

We will correlate the expression of UBE2T, Mule and β-catenin in a cohort of HCC samples by 

IHC analysis.  We will also examine the co-expression of UBE2T, Mule and β-catenin in HCC 

clinical samples to validate the UBE2T/Mule/β-catenin axis.  

 

Fourthly, we would also study whether UBE2T overexpression and β-catenin is mutually 

inclusive or exclusive in HCC. β-catenin activating mutations are frequently detected in HCC and 

drive tumorigenesis [194]–[196]. Whether the increase in CSC properties in HCC is solely 

contributed by UBE2T overexpression or contributed by both the UBE2T overexpression and β-

catenin activation remains unknown. Therefore, we are going to compare the percentage of β-

catenin mutation in HCC clinical samples with high and low UBE2T expression levels. If HCC 

cases with high UBE2T expression levels show lower percentage of β-catenin, the UBE2T 

overexpression and β-catenin activation are mutually exclusive in HCC. 

 

Last but not least, we are going to explore the upstream mechanism for significant UBE2T 

overexpression in HCC. The gene of UBE2T is located at chromosome 1q32.1 Copy number gain 

in chromosome 1q is frequently detected in HCC and gains of 1q32 was found in 35% of HCC 

cases [197]. We doubted whether the significantly overexpression of UBE2T in HCC was due to 

the amplification in copy number of UBE2T. The correlation of copy number and mRNA level of 

UBE2T was studied (Figure 6.2). Nevertheless, the copy number of UBE2T is not related to the 

transcriptional expression of UBE2T. The significant upregulation of UBE2T is not caused by the 

amplification in gene copy number. Next, we examined enhancer marker distribution in HCC cell 

line HepG2 to assess the possibility of existence of super-enhancer that causes upregulation in 
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UBE2T transcription. H3K27ac was found at the promoter region of UBE2T (Figure 6.3). 

H3K27ac refers to the acetylation of histone H3 at lysine residue K27. H3K27ac facilitates binding 

of transcription factors to enhance gene transcription and is commonly used for identification of 

active enhancers. Therefore, we would further investigate the upstream mechanism to identify 

possible active enhancer that contributes to UBE2T overexpression in HCC. 

 

Figure 6.2. Copy number of UBE2T is not related to mRNA level of UBE2T. Correlation of 

UBE2T copy number and its mRNA level was studied. Copy number of UBE2T is not related to 

the mRNA level of UBE2T. 

 

 

Figure 6.3. H3K27ac was found at promoter region of UBE2T. Enhancer mark distribution was 

examined in HepG2. H3K27ac was found at promoter region of UBE2T. 
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