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 3 

1.1.1. HEPATOCELLULAR CARCINOMA: EPIDEMIOLOGY 

Liver cancer consists of different types of primary hepatic neoplasms that include 

hepatocellular carcinoma, intrahepatic bile duct carcinoma (cholangiocellular carcinoma), 

hepatoblastoma, bile duct cystadenocarcinoma, hemangiosarcoma and epitheliod 

hemangioendothelioma [1]. The predominant type is hepatocellular carcinoma (HCC), 

which comprises 85% – 90% of primary liver cancers [2]. It is the fifth most common 

cancer worldwide and the third leading cause of cancer mortality [3,4] due to limited 

treatment options. Currently, the estimated worldwide incidence of new cases of HCC is 

about 500,000 – 1,000,000 per year, resulting in more than 600,000 deaths each year 

[3,5]. These incidence and mortality rates are almost equal because the general prognosis 

is poor with overall survival rate of 3% – 5% as it is often diagnosed at an advanced stage 

[6]. Moreover, HCC is resistant to radiotherapy and unresponsive to chemotherapy 

limiting the curative options to surgical resection and liver transplantation though 

recurrence and metastasis is quite common. The worldwide prevalence of HCC (Figure 

1.1.1.) ranges from low rate of <5 cases per 100,000 population, which mostly dispersed 

in North America, Australia and Northern Europe, to medium rate of 5 – 20 cases per 

100,000, typically in Southern Europe and South Central Asia, to high rate of 20 – 100 

cases per 100,000, usually confined to Eastern Asia and Central Africa [2-4]. 

Unfortunately, the highest rate of incidence is observed in my home country of Mongolia 

with 99 cases per 100,000 persons [3,4], while the second highest rate is reported in 

South Korea (49/100,000), followed by Gambia (39/100,000), China (35/100,000), Mali 

(34/100,000), and Japan (29/100,000). The incidence of HCC is increasing in developed 

western countries as well even though they are currently in the low rate category [2,3]. 
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Particularly, in the United States of America, the HCC incidence rate has tripled between 

1975 and 2005, rising from 1.6/100,000 to 4.9/100,000 [7].  

In addition to geographic variation in HCC prevalence, the rate of incidence is 

also affected by gender, ethnicity, and age. Cancer registries around the globe have 

reported that males have 2 – 4 times higher rates of both HCC incidence and mortality 

than females [2,4], probably due to higher body mass index, increased levels of 

androgenic hormones, and sex-specific exposure difference to risk factors. Moreover, 

various ethnic populations living in the same country show different HCC incidence 

profiles. For example, in the United States, the HCC rate is twice as high in Asians than 

in African Americans, whose rates, in turn, are two times higher than white Americans 

[2]. In almost all populations, the incidence of HCC increases with age, reaching its 

highest prevalence among people aged over 65 years, due to acquisition and prolonged 

exposure to major risk factors of HCC. 

 
 
Figure 1.1.1. Worldwide incidence rate of HCC estimated in 2000 [4] 

Mongolia 
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1.1.2. HEPATOCELLULAR CARCINOMA: ETIOLOGY 

In the majority of cases (>80%), the main predisposing factor for development of 

HCC is a background liver disease of chronic hepatitis and/or cirrhosis, although HCC 

can arise from normal liver [5]. Chronic hepatitis is a prolonged inflammation of the 

liver, a process in which inflammatory cells embedded in the liver tissue determine 

hepatocyte death (necrosis) followed by regeneration of viable hepatocytes. Persistent 

chronic hepatitis progresses into cirrhosis, an irreversible end-stage of liver fibrosis with 

distortion of the hepatic architecture and dysplastic nodule formation. Fibrosis is the 

accumulation of extracellular matrix and collagen resulting in scarring of the liver tissue. 

The major risk factors responsible for HCC, cirrhosis and chronic hepatitis are viral 

(chronic hepatitis B virus and hepatitis C virus infections), toxic (alcohol and aflatoxins), 

metabolic (diabetes, non-alcoholic fatty liver disease, and hemochromatosis) and 

immune-related (primary biliary cirrhosis and autoimmune hepatitis) (Figure 1.1.2.) [3]. 

Combination of two or more of these etiological factors enhances the development of 

cirrhosis and HCC.  

 

 

 

 

 

 

 
Figure 1.1.2. Major risk factors in development of HCC 

Adapted from Molecular pathogenesis of hepatocellular carcinoma [8] 
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1.1.2.1. Viral risk factors 

There are two main hepatitis viruses associated with the development of HCC: hepatitis 

B virus (HBV) and hepatitis C virus (HCV). An estimated 75% – 85% of HCC cases are 

due to chronic viral infections of HBV (50% – 55%) or HCV (25% – 30%) [4]. 

1.1.2.1.1. HBV 

According to World Health Organization (WHO), HBV has infected about 2 billion 

people worldwide, of which 350 million are chronically infected, and results in an 

estimated 600,000 deaths each year [9]. Approximately 30% – 50% of HBV-related 

mortality is caused by HCC [1]. Fortunately, Hepatitis B vaccine has been available since 

1982, and this vaccination is widely documented as the most effective technique to 

inhibit HBV infection, making HCC the first human cancer susceptible to prevention as 

the risk of HCC is substantially lower in people who are immune to HBV [2,3,9,10].  

Hepatitis B virus is a hepatotropic, partially double-stranded DNA virus of the 

hepadnaviridae family [10]. Because the malignant transformation due to HBV occurs 

after a long period of chronic hepatitis and cirrhosis, the role of HBV in HCC is complex 

and involves both direct and indirect mechanisms [11]. HBV has been shown to induce 

hepatocarcinogenesis by interacting with the host at cellular, organelle, genome, and cell 

signaling levels [1]. Upon infection, the T-cells initiate an immune response that triggers 

hepatocyte necrosis, followed by inflammation, and consequently regeneration. In 

chronic HBV infections, this cycle of necrosis-inflammation-regeneration persists for 

long periods of time ultimately leading to carcinogenesis [11]. Mutations in HBV enable 

it to evade the host cell’s immune response increasing the chance of chronic infection and 

subsequent development of HCC. Moreover, HBV has been shown to physically interact 
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with the host cell’s endoplasmic reticulum (ER) inducing oxidative stress, which causes 

generation of free radicals and activation of stellate cells [1]. Once activated, stellate 

cells, the quiescent liver cells that store retinol, proliferate vigorously, acquire 

myofibroblast morphology, and robustly synthesize extracellular matrix components such 

as collagen, greatly contributing to liver fibrosis. Furthermore, HBV invades the host 

cells at the genome level by integrating into the chromosomes to produce host DNA 

microdeletions. Large scale analysis of HBV DNA integration in HBV-related HCCs 

showed that HBV recurrently targeted the cancer-relevant genes that potentially may 

provide cell growth advantage, such as telomerase reverse transcriptase (TERT), platelet-

derived growth factor receptor-β (PDGFRβ), PDGFβ and mitogen activated protein 

kinase 1 (MAPK1) [12]. Finally, HBV induces hepatocarcinogenesis by altering host’s 

cell signaling system to increase cellular proliferation and survival by either directly 

interacting with the components or indirectly mutating them due to long-term toxic 

effects of the immune response. HBx, a transcription factor encoded by HBV, activates 

host proto-oncogenes or growth-control genes, such as c-Myc and SRC tyrosine kinases, 

Ras, Raf, MAPK, extracellular signal-regulated kinase (ERK), and c-Jun N-terminal 

kinase (JNK), and inactivates tumor suppressors such as p53, APC, and p21 [1,3,5,8,11].  

1.1.2.1.2. HCV 

WHO estimates that about 170 million people worldwide are infected with HCV, of 

which 130 million are chronically infected, and 3 – 4 million people are newly infected 

each year [13]. It has been assessed that HCV causes 27% of cirrhosis and 25% of HCC 

worldwide [14]. Unfortunately, there is no vaccine against HCV, mostly due to high 

mutability of the HCV genome, and the antiviral therapy treatments are too costly. 
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Hepatitis C virus is a hepatotropic, positive-stranded RNA virus of the 

flaviviridae family [15]. Because it does not make a DNA intermediate, HCV cannot 

integrate into host genome and thereby it does not cause gene mutations by DNA 

deletion. Moreover, HCV has a higher frequency to achieve chronic infection (60% – 

80%), compared to HBV, which is 10% of all HBV cases. However, similar to HBV, the 

exact mechanism of hepatocarcinogenesis in chronic HCV infection is unclear as it takes 

25 – 30 years to develop HCC after the initial infection [2]. Studies show that HCV also 

induces similar biological processes as HBV, though HCV may have more tendency to 

activate the necrosis-inflammation-regeneration cycle by easily escaping the host cell’s 

immune responses [1,14]. HCV interacts with the host cell’s ER during its replication 

process, provoking ER stress and its subsequent carcinogenic consequences. Additional 

evidence of oxidative-stress-mediated mechanism in HCV-induced HCC development is 

indicated by the activation of hepatic steatosis. Steatohepatitis, or fatty liver, is a process 

of accumulation of fatty acids in hepatocytes and induction of reactive oxygen species 

that result in lipid peroxidation [1]. With its core protein that has transcriptional effects 

among other activities, HCV alters expression of different cellular genes including the 

proto-oncogene c-Myc to enhance cell growth; modulates cellular proteins, such as tumor 

necrosis factor-α (TNF-α) to inhibit apoptosis, and/or tumor suppressor p53 to increase 

cell survival; and interacts with components of cell signaling pathways such as ERK, 

MEK and Raf of the MAPK signaling pathway to increase cell proliferation [1,5,14]. 

Finally, the core protein and some of the non-structural proteins of HCV have been 

shown to have direct carcinogenic potential as they induce anchorage-independent 

growth when expressed in fibroblasts and tumor formation in transgenic nude mice [1,5].  
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1.1.2.2. Toxic risk factors 

The liver is an important organ within the body that has a central role in metabolism, 

synthesis, storage, and redistribution of nutrients, carbohydrates, fats, and vitamins. In 

addition, it functions as the main detoxifying organ by removing potentially toxic 

compounds that are either taken up from outside of the body or made within the 

organism. The hepatocytes, or the parenchymal cells, which comprise ∼80% of hepatic 

cells, are the main cell type of the liver that carries out most of these functions. The other 

20% makes up the non-parenchymal cells, which include endothelial cells, Kupffer cells, 

lymphocytes, and stellate cells [16]. Even though the metabolism and eventual removal 

of toxic wastes are processed through elaborate, multi-step mechanisms, repeated 

exposure to these toxic compounds affects hepatocyte integrity and results in liver injury, 

cirrhosis, and HCC. Chronic alcohol intake and consumption of aflatoxin-contaminated 

foods among other drugs, medications, diet, and chemicals have been identified as major 

toxic, dietary risk factors in hepatocarcinogenesis.  

1.1.2.2.1. Alcohol 

A significant amount of epidemiological data demonstrates that alcohol is an independent 

and strong risk factor for HCC [17]. Although quantification of the association is not 

possible based on epidemiological data, it is estimated that risk of HCC appears when 

alcohol intake exceeds 60 grams of ethanol per day [18], which is equivalent to ∼5 drinks 

of 12 oz (360 ml) of beer, 4 oz (120 ml) of wine, or 1.5 oz (45 ml) of spirits/liquor [19]. 

The risk is further increased upon development of cirrhosis even if alcohol consumption 

is decreased or stopped. Alcohol-induced hepatocarcinogenesis is triggered by the 

induction of inflammation due to increased amount of endotoxin and activation of 
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monocytes and Kupffer cells [1]. Kupffer cells are specialized macrophages, or 

monocytes, localized in the liver. When activated, Kupffer cells migrate within the liver 

to the site of injury or infection, initiate biochemical attack by releasing various 

chemokines, cytokines, reactive oxygen species (ROS) and proteolytic enzymes, and 

remove foreign particles or infecting organisms by phagocytosis [20]. In the context of 

chronic alcohol intake, hepatocytes become sensitive to repeated exposure to cytokines, 

chemokines, and ROS leading to recurrent cycles of necrosis-inflammation-regeneration 

and activation of stellate cells, which result in cirrhosis and ultimately HCC [21]. 

Moreover, because the metabolism of ethanol in hepatocytes produces ROS, excessive 

alcohol intake may trigger the development of HCC through oxidative stress mechanisms 

[5], which promote fibrosis and cirrhosis by activating stellate cells, alter signaling 

pathways involved in cell growth and proliferation, generate oncogenic mutations, 

increase DNA damage and chromosome instability, and accelerate telomere shortening. 

In addition, long-term alcohol ingestion sets the stomach, liver and intestines vulnerable 

for further assaults, as it depletes body’s natural anti-oxidants, weakens the immune 

system, and permeabilizes the cells lining these organs for pathogens [1]. Finally, alcohol 

has been established as a strong synergistic cofactor for HBV or HCV infections on the 

development of HCC, as it speeds up the time of onset by 10 years, and increases the risk 

of HBV-mediated HCC to 3 – 4 fold and the risk of HCV-induced HCC to 2 fold [19,22].  

1.1.2.2.2. Aflatoxin 

Aflatoxins are mycotoxins produced by the molds Aspergillus flavus and Aspergillus 

parasiticus. In Asia and southern Africa, these fungi readily grow on harvest foods, such 

as grain, corn, nuts, and rice, when they are processed and stored improperly under hot 
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and humid conditions. Out of more than 13 types of aflatoxins, Aflatoxin B1 (AFB1) is 

the most toxic, and it has been classified as carcinogenic by the International Agency for 

Research on Cancer (IARC) [2]. Geographic areas with high levels of AFB1 

contamination coincide with the regions with high incidence of HCC [3], but there is no 

apparent correlation between AFB1 exposure and development of cirrhosis, thus the 

hepatotoxicity or carcinogenic effect of aflatoxins may exploit a direct mechanism 

towards hepatocarcinogenesis [1]. Once ingested, AFB1 is metabolized into a reactive 

intermediate species that can bind to guanine residues of hepatocyte DNA and form a 

number of adducts. In an acute aflatoxin exposure, the formation of adducts leads to 

DNA damage, inhibition of RNA synthesis, heritable genetic mutations, acute hepatic 

injury, necrosis, and possible hepatic failure, whereas chronic aflatoxicity inevitably 

results in the development of HCC [23]. Studies show that AFB1 exerts its carcinogenic 

effect by functioning as a mutagen on tumor suppressor genes or oncogenes. One of the 

most common DNA mutations produced by AFB1 in hepatocytes is a guanine-to-thymine 

transversion at the third base of codon 249 of the tumor suppressor TP53 gene [24]. This 

mutation, which leads to an arginine-to-serine substitution (Arg249Ser) in the p53 

protein, has been observed in 50% – 70% of HCC cases in aflatoxin-endemic regions. 

However, the specificity of the p53 Arg249Ser mutation has been identified in <4% of 

HCC incidences where aflatoxin exposure is minimal or undetectable [24,25]. In 

addition, AFB1 exposure often coexists with HBV infection, and their synergistic effect 

increases the risk of developing HCC 5 – 10 fold compared to the effect of either one of 

the risk factors. On the other hand, such synergistic effect or any correlation between 

AFB1 and HCV infection has not been documented [4]. 
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1.1.2.3. Metabolic risk factors 

In countries with a relatively high amount of alcohol consumption, intermediate levels of 

HBV and HCV infections, and low rate of Aflatoxin exposure, these main viral and toxic 

etiologies account for ∼85% of HCC cases leaving little space for other causes. The other 

causes are mostly due to metabolic risk factors, such as diabetes, non-alcoholic fatty liver 

diseases, and hemochromatosis. 

1.1.2.3.1. Non-alcoholic fatty liver disease, obesity, and diabetes  

Non-alcoholic fatty liver disease (NAFLD) is a wide spectrum of liver diseases 

associated with fat accumulation in the absence of alcohol that range from simple fatty 

liver to non-alcoholic steatohepatitis (NASH) and finally to cirrhosis [20]. NASH is the 

most severe form of NAFLD before developing cirrhosis characterized by accumulation 

of fat, inflammation, necrosis, and fibrosis of the liver. About 20% of adults suffer from 

NAFLD, 3% from NASH, and it progresses into cirrhosis in every fifth patient [26]. It 

has been estimated that the development of HCC in patients with cirrhosis caused by 

NASH occurs with the same frequency as in patients with chronic HCV infection. The 

main cause for the development of NASH is the presence of insulin resistance, and the 

major risk factors for insulin resistance are obesity and sedentary lifestyle, in addition to 

genetic predisposition. In 1997, WHO formally recognized obesity as a global epidemic, 

and as of 2005, WHO estimated that 10% of adults are obese, 40% are overweight [27], 

and 70% live in sedentary lifestyle [26]. Defined as body mass index (BMI) of more than 

30 kg/m2, obesity alone increases the risk of developing HCC 2 – 3 fold compared to 

individuals with normal BMI [2], as 20% – 80% of obese people suffer from NASH, and 

5% of the cases progress into NASH-related cirrhosis [6]. Type 2 diabetes, one of the 
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consequences of insulin resistance, has been identified as an independent risk factor for 

chronic liver disease and HCC through development of NASH as diabetes has been 

associated with a 3 fold increased risk of developing HCC regardless of other risk factors 

[2]. In addition, as observed in other etiologies, coexistence of NAFLD, obesity, and 

diabetes with viral infections dramatically increases the risk of HCC and synergistically 

contributes to the hepatocarcinogenesis [26]. Needless to mention, obesity and diabetes 

mainly increase the risk of heart disease, stroke, neuropathy, and kidney failure.  

1.1.2.3.2. Hemochromatosis 

Excess accumulation of iron in the liver either due to hereditary hemochromatosis or 

dietary iron overload has been shown to induce chronic necroinflammatory hepatitis 

leading to cirrhosis and finally HCC [6]. Hereditary hemochromatosis is mainly caused 

by a defect in HFE gene that regulates the amount of iron absorbed from food. The two 

known mutations of HFE are Cys282Tyr and His63Asp. The Cys282Tyr missense 

mutation has a more pronounced effect on HFE protein function than the H63D mutation, 

and the homozygotes of either gene are affected with this genetic disease. Thus, 95% of 

patients with hereditary hemochromatosis are Cys282Tyr homozygous, 4% are 

Cys282Tyr/His63Asp compound heterozygous, and 1% are His63Asp homozygous [28]. 

Studies show that Cys282Tyr homozygotes have 2 – 3 fold increased risk of developing 

HCC, while there is no evidence for significant prevalence of His63Asp mutations in 

HCC cases [2]. In addition, alcohol intake acts synergistically with excessive iron load in 

hepatocarcinogenesis. Although hemochromatosis is often classified as a liver disease, 

the excessively absorbed iron is also stored in other organs of the body such as tissues of 

heart and pancreas, resulting in additional serious diseases.  
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1.1.2.4. Immune-related risk factors 

In rare cases where the well-known etiologies are excluded, the underlying cause of such 

HCC incidences may be identified as non-infectious, immune-related liver diseases. 

Autoimmune hepatitis (AIH), primary biliary cirrhosis (PBC), and primary sclerosing 

cholangitis (PSC) form the triad of autoimmune liver diseases. AIH is a chronic active 

hepatitis with continuous hepatocellular inflammation and necrosis, which may progress 

to cirrhosis and liver failure if untreated [29]. In 1% – 3% of AIH cases, complication of 

the disease results in HCC, and the following factors in AIH patients increase the risk of 

hepatocarcinogenesis by 6 – 24 fold and they serve as predictive risk factors for this 

neoplasm: male gender, history of blood transfusions, features of portal hypertension, 

treatment failure, progression to cirrhosis, and immunosuppressive treatment of >3 years 

[6]. PBC is a chronic cholestatic liver disease characterized by inflammation and necrosis 

of the bile ducts, which eventually may progress to fibrosis, cirrhosis, and liver failure 

[30]. Because the inflammatory lesions associated with PBC are not hepatocytes, but the 

cells of the bile ducts, or cholangiocytes, the incidence of HCC due to complication of 

PBC is low – about 0.5% of PBC cases. Like AIH, age, male gender, and advanced 

histologic stage of PBC are found to be associated with HCC development. PSC is 

another chronic cholestatic liver disease that is characterized by diffuse inflammation, 

obstruction, and fibrosis of the bile ducts [31]. Although the most common complication 

of PSC is cholangiocellular carcinoma, in very rare cases the end-stage PSC progresses 

into liver cirrhosis and eventually HCC. In addition, patients with AIH tend to have 

another autoimmune liver disease, PBC or PSC, and this situation, termed as overlap 

syndrome, increases the risk of HCC even further. 
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1.1.3. CELL SIGNALING PATHWAYS INVOLVED IN HEPATOCARCINOGENESIS 

Despite the well established risk factors, the cellular and molecular mechanisms that 

occur during the initiation, promotion, and progression of HCC either due to the viral, 

toxic, and metabolic factors, or etiologically non-specific, sporadic causes are less well 

understood. The multistep process of hepatocarcinogenesis includes chronic liver injury, 

inflammation, cell death, fibrosis, cirrhosis, regeneration, DNA damage, dysplasia and 

HCC. However, the molecular mechanism of hepatocarcinogenesis is a more complex 

process that involves numerous genetic and epigenetic alterations, many of which may 

have already been triggered during the cirrhosis level. One of these alterations includes 

inhibition of tumor suppressor genes and/or activation of proto-oncogenes that regulate 

cell cycle, migration and apoptosis thereby promoting the survival and propagation of 

cancerous cells, and finally formation of tumors. Extensive research over the years has 

revealed several signal transduction pathways that are implicated in HCC. Although the 

molecular mechanism of hepatic oncogenesis may differ according to the risk factors 

involved, the underlying cell signaling pathways are related to each other and the genetic 

alterations are not of independent or separate pathways. Another genetic alteration is 

observed as reactivation of telomerase activity. Telomerase is non-functional in normal 

liver, whereas it is progressively activated from cirrhotic liver, to regenerative nodules, 

low-grade to high-grade dysplastic nodules and HCC. Finally, chromosomal aberrations, 

such as allelic deletions or loss of heterozygosity (LOH), are observed as the genetic 

changes of the late stage hepatocarcinogenesis. Loss of chromosomal arms that contain 

tumor repressor genes or gain of chromosomal loci that harbor proto-oncogenes ensure 

the progression of HCC. 
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1.1.3.1. Wnt/β-catenin pathway 

Wnt/β-catenin signaling pathway is highly conserved from fruit flies to humans and 

involved in numerous cellular processes including homeostasis, cell proliferation, 

differentiation, motility, and apoptosis. It is well established by its role in embryogenesis 

as well as in a variety of carcinogenesis. The hallmark of active Wnt signaling is the 

stabilization and accumulation of β-catenin in the cytoplasm and the nucleus, which 

eventually results in the expression of Wnt target genes such as c-Myc and cyclin D1 

[32,33]. In the liver, Wnt signaling plays many important roles during hepatic 

development and regeneration, while its deregulation contributes to many abnormalities 

ranging from aberrant hepatic growth to various liver tumors [34]. This pathway is 

activated in HCC arising from HBV/HCV infections, aflatoxin exposure, and alcoholic 

liver cirrhosis [35]. In most cases of HCC, the hyper-activation of Wnt signaling is 

observed due to the stabilization and accumulation of β-catenin [36]. Several lines of 

studies have reported that the β-catenin gene, CTNNB1, is mutated in 25% – 35% of all 

HCCs [37,38]. When the etiological factors are considered, 40% of HCV-associated 

HCCs and 45% of aflatoxin-induced HCCs demonstrate stabilizing mutations in 

CTNNB1, but HBV-related HCCs have a much lesser rate of β-catenin mutations [34]. 

Likewise, alcohol-associated HCCs show less deregulation in the Wnt/β-catenin 

pathway, but rather it is involved Rb1 and p53 signaling cascades more often [39]. 

Interestingly, 60% – 70% of all HCCs with β-catenin mutations irrespective of etiology 

developed in the background of non-cirrhotic liver, indicating that CTNNB1 mutations 

might lead to HCC in the absence of cirrhosis [40]. On the other hand, HCCs arising from 

cirrhosis mainly demonstrate p53 alterations [34].     
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Dephosphorylation of β-catenin, thus its accumulation, is frequently observed in 

HCC as well [41]. However, abnormal redistribution and accumulation of wild type β-

catenin is detected in up to 90% of HCCs suggesting additional mechanisms that 

contribute to the stabilization and accumulation of β-catenin [42,43]. In addition to 

mutations in the β-catenin gene, other components of the Wnt signaling cascade have 

been affected to activate this molecule. The negative regulators of Wnt pathway, Axin 1 

and Axin 2 are mutated and non-functional in 10% and 3% of HCCs, respectively [44], 

while inactive or phosphorylated glycogen synthase kinease-3β (p-GSK-3β), which is 

unable to present β-catenin for degradation, is increased in 50% of HCCs [45]. However, 

the tumor suppressor adenomatous polyposis coli (APC) is rarely mutated in HCC [39]. 

Our laboratory has revealed that Frizzled-7 (FZD7) receptor is upregulated in up to 90% 

of liver tumors and overexpression of FZD7 stabilizes β-catenin early in the hepatic 

oncogenesis [46,47]. Furthermore, we have identified Wnt3 as the ligand for FZD7 and 

that its expression is increased in 76% of HCCs leading to activated Wnt signaling and 

accumulation of β-catenin in cytoplasm and nucleus [48]. Finally, it has been shown that 

the inhibitor of Wnt signaling, secreted frizzled-related protein (sFRP) is epigenetically 

inactivated in up to 75% of HCCs [49]. Interestingly, the components of the Wnt pathway 

are associated with low rate of LOH suggesting that β-catenin activation may be a very 

important early event in hepatocarcinogenesis [24]. 

1.1.3.2. p53 pathway 

The tumor suppressor p53 (encoded by TP53 gene) is a stress response protein whose 

activation is induced by a number of stress signals, including DNA damage, oxidative 

stress and oncogenic activation. In addition to its direct roles in DNA repair, 
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recombination, genome stability, and chromatin modification, p53 is mainly employed as 

a transcription factor of huge number of p53-regulated genes. Activation of these genes 

results in three major outputs: cell cycle arrest, cellular senescence and apoptosis. Other 

p53-regulated gene functions include cell differentiation, motility, angiogenesis, energy 

metabolism, immune response, cell to cell communication, positive and negative 

feedback loops that enhance or attenuate the functions of the p53 protein, and activation 

of other signal transduction pathways to integrate these stress responses [50]. Therefore, 

p53 function is almost always compromised in all tumor cells, usually as a result of single 

point mutations, which occur in approximately half of all human cancers. In most of the 

remaining cancers, the functions of the p53 pathway are defective by other means [35]. 

Somatic TP53

Mutations in TP53 gene are found in 30% of HCC cases worldwide, while the 

frequency of all p53 mutations ranges from 20% in North America to 67% in Africa [51]. 

In addition to the frequency, the type of mutation also differs according to the geographic 

location and suspected etiology. A guanine-to-thymine transversion mutation at the third 

base position of codon 249 of the TP53 gene leading to Arg249Ser substitution in the p53 

protein has been observed in 50% – 70% of HCC cases in aflatoxin-endemic regions 

[24]. This mutation is identified as a “hotspot” mutation for HCC as its detection in 

plasma serves as a biomarker for both AFB1 exposure and risk for HCC development 

[52]. Another p53 mutagen is oxidative stress, and it results in the development of 

cirrhosis with a 200 fold risk for HCC [35]. The mutations include a guanine-to-thymine 

 mutations are usually followed by LOH during tumor progression 

inactivating the remaining wild-type allele.  
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transversion at codon 249, a cytosine-to-adenine and a cytosine-to-thymine transversions 

at codon 250 [35]. 

In HBV-associated HCC cases, the HBx protein, which is required for the 

transcription of the viral genome, has been detected to bind to p53 and inactivate p53-

mediated apoptosis and DNA repair [52]. In addition, expression of HBx increases the 

frequency of Arg249Ser mutation of p53 protein in HCC cases associated with both 

AFB1 and HBV [51]. In HBV- and HCV-related HCCs, the frequency of p53 mutations 

is higher in advanced malignancies (43%) than in regenerative nodules (7%) indicating 

that p53 alteration may contribute to cancer progression in those HCCs [1].  

1.1.3.3. Rb pathway 

The tumor suppressor protein retinoblastoma (Rb) interacts with a large number of 

cellular proteins to regulate cell cycle progression, differentiation, apoptosis and tumor 

suppression. The best studied binding partner of Rb is the E2F transcription factor, which 

controls the expression of genes required for transition from G1 to S phase of the cell 

cycle [53]. In G0 and early G1 phases, hypo-phosphorylated Rb binds to E2F and inhibits 

its partner’s transcriptional activity. Upon mitogen stimulation in the late G1 phase, Rb is 

inactivated through phosphorylation by the cyclin D/cyclin-dependent kinase 4/6 (cdk 

4/6) or cyclin E/cdk 2 complex. Hyper-phosphorylated Rb releases E2F, allowing the 

expression of genes essential for S phase progression and DNA replication. In most 

human tumors, Rb is functionally inactivated either by direct mutation/deletion or 

indirectly through altered expression/activity of upstream regulators. The Rb pathway, 

comprised of Rb family of proteins, Rb1, Rb2, and p107, cyclins D and E, cdks 2, 4, and 

6, and cdk inhibitors p16, p21, and p27, is disrupted in 69% – 100% of HCC patients 
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[39]. Mutations of Rb are observed in 15% of HCCs, and LOH at the Rb1 gene locus is 

detected in 25% – 48% of liver tumors [24]. In 10% – 13% of HCC cases, cyclins are 

overexpressed. In particular, amplification of cyclin D1 gene correlates with aggressive 

forms of human HCC, and its overexpression is sufficient to initiate hepatic oncogenesis 

in transgene mouse models [51]. In addition, cyclin D1 is a well-characterized target gene 

of the Wnt/β-catenin pathway, whose alteration in HCC contributes to the overexpression 

of this protein [33].  Genetic changes in the expression of the cdk inhibitors p16, p21, and 

p27 leads to carcinogenesis in almost 90% of HCC cases [35]. p16 alone is inactivated in 

60% of HCCs, throughout early to late stages of the disease, either due to LOH at its gene 

locus chromosome 9p21 (INK4A/ARF) or methylation of its promoter [51]. Another 

tumor suppressor gene located at INK4A/ARF locus is p14/p19, which induces G1 and 

G2 cell cycle arrests by stabilizing the p53 transcription factor. While p14/p19 is altered 

in 15% of HCCs, combined disruption of p16, p14/p19, and p53 pathway is observed in 

86% of liver tumors [51]. Genetic alterations of p21 are also associated with TP53 gene 

mutations in HCC and their combined effect greatly contributes to hepatocarcingenesis. 

1.1.3.4. IGF pathways 

The insulin/insulin-like growth factor-1/2 (IGF-1/IGF-2) signaling cascades, which play a 

central role in maintaining basic cellular functions such as cell proliferation, survival and 

metabolism through activation of numerous target genes including p27, Myc, Fos, cyclin 

B, and vascular endothelial growth factor (VEGF) [54], are often activated in the 

majority of HCCs [55]. IGF-2, which is highly expressed in fetal liver but strongly 

downregulated after birth, is found to be overexpressed in 16% – 40% of HCC cases, 

different HCC cell lines and several HCC animal models [55]. IGF-2 is partially 
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regulated by IGF-2 receptor (IGF-2R), which promotes degradation of IGF-2 and 

activation of transforming growth factor-β (TGF-β). Hence, LOH in IGF-2R locus is 

observed in more than 60% of HCCs [2] and expression of IGF-2R is reduced in 63% of 

HCC cases [55]. Insulin receptor substrate-1 (IRS-1), the principle intracellular substrate 

for insulin/IGF-1 signaling, is overexpressed 3 – 4 fold in 85% of human HCCs [56], and 

its overexpression levels are correlated with increased HCC tumor size and progression 

[57]. In addition, overexpression of IRS-1 leads to activation of its downstream signal 

transduction pathways involved in cell growth, survival, and invasion: the 

phosphoinositide 3 kinase (PI3K) pathway [57] and the MAPK pathway [56]. 36% of 

HCCs have been found to have activating mutations in the kinases of the PI3K pathway, 

and 5% of those mutations activated the downstream Akt (also known as protein kinase 

B) signaling [25]. Moreover, the most important negative regulator of the PI3K pathway, 

the tumor suppressor phosphatase and tensin homolog (PTEN), which also lowers the 

secretion of IGF and expression of VEGF in hepatocytes, is altered in about 10% of 

HCCs [51]. The MAPK signaling cascade is mostly activated in HBV- and HCV-

associated HCCs [1]. There are three major MAPK pathways: the ERK pathway, the JNK 

pathway, and the p38 MAPK pathway. The protein kinases of the ERK/MAPK signaling 

cascade including Raf, MEK (MAPK ERK kinase), and ERK are upregulated in 50%, 

64%, and 60% – 100% of HCC cases, respectively [58]. Additionally, the Raf kinase 

inhibitor protein (RKIP), which is the negative regulator of the ERK/MAPK pathway, is 

reduced in 80% – 90% of HCCs and the reduction of RKIP leads to increased expression 

of phospho-ERK in 86% of HCCs [59] indicating that the loss of RKIP function is an 

important step in hepatocarcinogenesis. 



 22 

1.1.3.5. Other pathways 

A number of other genetic alterations have been described in HCC over the years, many 

of which are implicated in different cellular pathways that regulate cell growth, 

proliferation, differentiation, migration, adhesion, and apoptosis. Deregulation of these 

pathways often lead to different types of cancer including HCC. The TGF-β signaling 

pathway inhibits cell growth and promotes apoptosis in hepatocytes. Many of its main 

components are altered due to LOH and/or mutations in 10% – 30% of HCC cases [35]. 

Furthermore, various chemicals trigger the Ras pathway in HCC by causing activating 

point mutations in Ras proteins. Ras proteins are intracellular, membrane-associated 

proteins that are activated by extracellular growth factors and relay their signals to many 

downstream pathways implicated in cell proliferation, migration, survival, and 

differentiation. Mutations in Ras genes, such as single point mutations in codon 13 of H-

Ras, codon 12 of N-Ras, and codon 61 of K-Ras seen in HCC [35], can permanently 

activate these molecular switch proteins and lead to inappropriate transmissions even in 

the absence of extracellular stimuli. Finally, activation of Janus kinase/signal transducers 

and activators of transcription (JAK/STAT) signaling, which is activated by a variety of 

cytokines, hormones, and growth factors, is enhanced in 37% – 83% of HCC cases [60] 

as deregulation of this pathway leads to increased angiogenesis, cell survival and 

immunosuppression. Additional pathways of cellular processes, such as alcohol 

metabolism, stress response, intracellular transport, and ubiquitins, may play a role in 

promoting hepatocarcinogenesis. 
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1.1.4. SUMMARY 

Hepatocellular carcinoma, the primary malignancy of the liver, is the fifth most common 

cancer worldwide and the third most frequent cause of cancer-related mortality. The 

incidence and mortality rates are almost equal, reaching up to half a million per year. The 

main reason for these unfortunate statistics is that HCC is usually diagnosed at an 

advanced stage and has poor prognosis. The highest rate of prevalence is observed in 

Eastern Asia and Central Africa. Though USA is among the countries with the lowest 

incidence, the rate of occurrence has tripled over the last three decades.  

The major risk factors responsible for HCC and its precursors, chronic hepatitis 

and cirrhosis, are well established. They include chronic infection with HBV and/or 

HCV, dietary exposure to aflatoxin B1, prolonged abuse of alcohol, and predisposition to 

metabolic and immune-related diseases. Combination of two or more of these etiological 

factors enhances the development of cirrhosis and HCC. However, the genetic and 

epigenetic alterations that accumulate and lead to the process of hepatocarcinogenesis 

either due to above risk factors or etiologically non-specific, sporadic causes are less well 

understood. Nevertheless, genetic changes activating the Wnt signaling pathway and 

mutations in tumor suppressor proteins p53, Rb and p16 have been observed in a majority 

of the HCC cases. The Wnt signaling cascade alone is aberrantly activated in up to 90% 

of all HCCs indicating its predominant role in liver tumorigenesis. Therefore, every 

molecule and each step of Wnt pathway should be studied further to elucidate the 

molecular mechanism of hepatic oncogenesis with respect to this signaling cascade in the 

hopes of discovering better treatments for this devastating disease of extremely poor 

prognosis.  
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1.2.1. WNT SIGNALING: OVERVIEW 

The Wnt signaling network is involved in almost every aspect of embryonic development 

as well as in homeostatic self-renewal of adult tissues [1]. As a result, genetic alterations 

in the Wnt pathway lead to deleterious effects: while somatic mutations are associated 

with numerous types of cancer and a variety of degenerative disorders, germline 

mutations are implicated in hereditary diseases [2,3]. The term “Wnt” was coined in the 

late 1980s as a combinatorial nomenclature for Wingless and Int-1 [4], when the 

Drosophila Wingless gene, which controlled the segment polarity in larval development 

[5], was demonstrated to be the fruit fly homolog of mammalian Int-1 proto-oncogene 

[6], which was initially identified in the mouse genome as a target integration site for the 

Mouse Mammary Tumor Virus (MMTV) [7]. Over the past two decades, the knowledge 

of Wnt signaling has been advanced tremendously by the discovery of its molecular 

pathways and their main regulators and mediators [8]. However, despite these 

achievements, many fundamental molecular events are still unclear and remain to be 

elucidated.  

Many components of the Wnt signaling are conserved throughout the animal 

kingdom. In humans and mice, there are 19 Wnt ligands, which are a large family of 

small secreted cysteine-rich glycoproteins of 350 – 380 amino acids that act as short- and 

long-range morphogens to activate receptor-mediated signaling pathways [9]. Activation 

of Wnt genes is regulated in a precise temporal and spatial manner as they exhibit unique 

expression patterns and distinct functions during development [1]. While Wnt signaling is 

quiescent in adult resting liver [10], four Wnt ligands – Wnt3, Wnt5a, Wnt6, and Wnt11 
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– have been found to activate Wnt signaling in HCC cell lines, HepG2, Hep3B, Huh7, 

and FOCUS determined by RT-PCR using specific primer pairs to all 19 Wnt genes [11].  

Wnt signaling is activated when the Wnt ligands bind to the receptors of the 

Frizzled (Fzd or Fz) family of proteins at the extracellular surface of a stimulated cell. 

Fzd receptors are seven transmembrane proteins that belong to the large family of G-

protein coupled receptors (GPCRs) [12]. As with GPCRs, Fzd receptors are found in 

homomeric and heteromeric complexes with other members of the Fzd family [13]. All 

Fzd receptors have a highly conserved, ligand-binding, cysteine-rich domain, which is 

followed by a linker region, a seven-pass transmembrane domain, and a C-terminal, 

cytoplasmic region for the receptor signaling (Figure 1.2.1) [14]. So far, 10 Fzd receptors 

have been identified in humans and mice, and the Wnt glycoproteins can bind to multiple 

Fzd receptors and vice versa [15]. Although Fzd proteins are the primary receptors for 

Wnt ligands, Fzd and Wnt can interact with other partners to activate alternative signaling 

cascades or to inhibit the Wnt pathway [13,16,17]. Nevertheless, the Wnt signaling is 

initiated only when a Wnt ligand binds to a Fzd receptor, and it is categorized into two 

groups: canonical and non-canonical Wnt signaling pathways. In the canonical Wnt 

signaling, which is also called Wnt/β-catenin pathway, expression of Wnt target genes is 

regulated by the availability of free β-catenin molecules in the cytoplasm and nucleus. 

The non-canonical Wnt signaling, which is also called the β-catenin-independent 

pathway, is activated by at least two mechanisms, each overlapping with other signaling 

pathways [18,19]. First, the planar cell polarity (PCP) pathway (Wnt/PCP), which 

regulates tissue polarity, cell migration and cytoskeleton arrangement, activates small 

GTPases (Rho and Rac) and JNK pathways. Second, the calcium signaling pathway 
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(Wnt/Ca) inhibits the canonical Wnt signaling and promotes cell migration and cell 

proliferation by activating calcium/calmodulin-dependent protein kinase (CaMK) II and 

protein kinase C (PKC) enzymes.  

The Wnt ligands are classified into two categories according to the pathways 

involved [20], and historically based on their ability to transform the mouse mammary 

epithelial cell line C57MG [21,22]. The Wnt proteins of the transforming class are Wnt1, 

Wnt2, Wnt2b, Wnt3, Wnt3a, Wnt7a, Wnt8a, Wnt8b, Wnt9a (Wnt14), Wnt10a and 

Wnt10b, and they predominantly activate canonical Wnt signaling [8,20,23]. On the other 

hand, the Wnt ligands of the non-transforming class, which are also called the β-catenin-

independent or non-canonical Wnts, are Wnt4, Wnt5a, Wnt5b, Wnt6, Wnt7b, Wnt9b 

(Wnt15), Wnt11 and Wnt16, and they mainly induce cell polarity, asymmetric cell 

division, and morphogenetic movements during gastrulation [8,20]. However, this 

classification of Wnt ligands has grown difficult as some Wnt proteins, including Wnt3a 

and Wnt7a, regulate both canonical and non-canonical Wnt pathways [24], and activation 

of a certain pathway by a Wnt ligand can be dependent on the cellular context and other 

factors [9]. Nevertheless, several Wnt proteins, such as Wnt1, Wnt3, Wnt5a, and Wnt11, 

consistently activate one of the two pathways across many cellular and developmental 

models. Although a certain combination of Wnt and Fzd interaction and cellular context 

result in the activation of one of the Wnt/β-catenin, Wnt/PCP, and Wnt/Ca pathways, it 

has been suggested that Wnt proteins activate a complex intracellular signaling network 

rather than individual pathways since those pathways overlap and cross-talk at many 

levels of the signaling cascade [25]. Because my thesis work is solely based on the 

Wnt/β-catenin pathway, I will continue my thesis with the canonical Wnt signaling. 
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1.2.2. CANONICAL WNT SIGNALING 

The main regulatory molecule of the canonical Wnt signaling is β-catenin (Armadillo in 

Drosophila), and the hallmark of activated Wnt/β-catenin pathway is the accumulation of 

β-catenin protein levels in the cytoplasm and nucleus [1]. In the absence of secreted Wnt 

ligands or when the canonical Wnt signaling is inhibited by its extracellular antagonists 

like sFRP, Wnt Inhibitory Factor (WIF), or Dickkopf (Dkk) [26], the unstimulated resting 

cells are devoid of free β-catenin. Most of the cellular β-catenin is recruited at the 

adherens junctions by binding to the intracellular domain of E-Cadherins and connecting 

them to the actin cytoskeleton via α-catenin [27,28]. At the same time, the cytoplasmic 

free β-catenin, which is constantly synthesized by the cell, is rapidly and continuously 

degraded through a group of proteins called the destruction complex [29]. The β-catenin 

destruction complex is composed of the scaffolding protein Axin or its homologue 

conductin [30,31], the tumor suppressor APC [32,33], and the Ser/Thr kinases Casein 

Kinase 1α (CK1α; Gilgamesh in Drosophila) and Glycogen Synthase Kinase 3β 

(GSK3β; Shaggy or Zeste-white 3 in Drosophila) (Figure 1.2.1A) [29,34,35]. Shortly 

after its synthesis in the cytosol, β-catenin is sequestered at the destruction complex via 

Axin and APC [36], where it is phosphorylated at its amino terminus in a C- to N-

terminal direction by protein kinases CK1α and GSK3β [37,38]. CK1α phosphorylates 

β-catenin at Ser45 and primes it for GSK3β [39], which in turn sequentially adds 

phosphate groups to Thr41, Ser37, and Ser33 [40]. Once phosphorylated, β-catenin is 

recognized by β-Trcp (β-transducin repeats-containing proteins) subunit of the E3 

ubiquitin ligase, which subsequently ubiquitylates and leads to degradation of β-catenin 

by a 26S proteasome [41]. This continual elimination of β-catenin prevents it from 
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entering to the nucleus and binding to the DNA-bound transcription factors of the T cell 

factor/lymphoid enhancer factor (TCF/LEF; Pangolin or dTCF in Drosophila) family of 

proteins, such that the Wnt target genes remain repressed (Figure 1.2.1A). In this context, 

the TCF/LEF transcription factors act as repressors by forming a complex with well-

known repressors Transducin-Like Enhancer of split proteins (TLE; Groucho in 

Drosophila) [42,43] and possibly with C-terminal Binding Proteins (CtBP) [44]. 

The canonical Wnt signaling is activated when a Wnt ligand binds to a Fzd 

receptor and its co-receptor Low-Density Lipoprotein (LDL) Receptor-related Protein 6 

(LRP6; Arrow in Drosophila), or its close relative LRP5 [45,46]. The formation of the 

trimeric Wnt-Fzd-LRP complex results in the phosphorylation of a downstream molecule 

Dishevelled (Dvl, or Dsh in Drosophila) by CK1ε and CK2 leading to its binding to the 

cytoplasmic C-terminus of the Fzd receptor [47-49]. At the same time, the cytoplasmic 

end of the single-pass transmembrane protein LRP is also activated and phosphorylated 

by membrane-anchored CK1γ and GSK3β [50,51]. The Fzd-bound Dvl, along with the 

cytoplasmic tail of LRP, recruits the scaffolding protein Axin to the receptors resulting in 

the dissociation of the destruction complex [52]. In the absence of active destruction 

complex, free cytosolic β-catenin escapes from phosphorylation and hence recognition by 

β-Trcp leading to its stabilization and accumulation in the cytoplasm (Figure 1.2.1B). The 

increased cytosolic β-catenin translocates into the nucleus, where it binds to the DNA-

bound TCF/LEF transcription factors by displacing TLE, and promotes the expression of 

Wnt target genes [53]. The interaction of TCF/LEF proteins with β-catenin switches them 

from transcriptional repressors to transcriptional activators. 
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Figure 1.2.1. The canonical Wnt signaling 

A. In the absence of Wnt ligand, cytoplasmic β-catenin is captured by the destruction complex 

composed of Axin, APC, CK1α, and GSK3β, where it is phosphorylated at its amino terminus. 

Phosphorylated β-catenin is recognized by the E3 ubiquitin ligase β-Trcp, which targets β-catenin 

for proteasomal degradation. In the nucleus, the Wnt target genes are repressed by TCF/LEFs 

bound to TLE that recruits other co-repressors, such as HDAC. B. In the presence of Wnt signals, 

formation of Wnt-Fzd-LRP complex recruits Dvl, which in turn along with LRP recruits Axin 

resulting in the dissociation of the destruction complex. Stabilized β-catenin accumulates and 

enters the nucleus, where it binds to TCF/LEFs to activate Wnt-responsive genes. Adapted from 

[46]. 
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1.2.3. T CELL FACTOR/LYMPHOID ENHANCER FACTOR  

The transcription factors of the TCF/LEF family, which is comprised of four members in 

mammals, are the most downstream components of the canonical Wnt signaling pathway 

(Figure 1.2.2) [54-56]. The founding members, TCF-1 and LEF-1, were identified in 

screens for lymphocyte-specific transcription factors in differentiating T and B cells. 

TCF-1 was identified as a T cell-specific nuclear protein that bound to the AACAAAG 

motif on the enhancer region of the CD3ε gene [57]. LEF-1 (formerly TCF-1α) was 

cloned independently by two different groups as a T cell- as well as a pre-B cell-specific 

DNA-binding protein with affinity to TTCAAAGG enhancer sequence of the TCRα (T 

Cell antigen Receptor α) gene [58,59]. Later, TCF-1 was also demonstrated to bind the 

enhancer regions of TCRα, TCRβ, and TCRδ genes recognizing a consensus sequence 

motif A/T
A/TCAAAGG [60]. Both TCF-1 and LEF-1 contained a virtually identical 

promoter-binding domain called the High Mobility Group (HMG) box [61,62]. By using 

low stringency cloning methods, such as “guessmer” PCR with primers based on the 

conserved HMG box of TCF-1 and LEF-1 [63], the other two members, TCF-3 and TCF-

4, were identified and characterized [64,65]. In addition, homologs of these transcription 

factors have been identified in other species that serve as important experimental model 

systems for further characterizations. The single orthologs pangolin (or dTCF) in 

Drosophila melanogaster [66,67] and POP-1 in Caenorhabditis elegans [68] are 

homologous to mammalian TCF-1, whereas Xenopus laevis expresses four members, 

named analogously with their mammalian counterparts, XTCF-3 [69], XLEF-1 [70], 

XTCF-4 [71], and XTCF-1 [72].  
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Figure 1.2.2. Structure of TCF/LEFs 

A. Schematic representation of human TCF/LEF family of transcription factors. The conserved 

regions are marked with different colors. BCBD, β-catenin binding domain at the N-terminus; 

CRD, context-dependent repression domain contains the LVPQ and SxxSS motifs, and 

TLE/Groucho co-repressor binding site (TLE/Gro); DBD, DNA-binding domain includes the high 

mobility group (HMG) box and nuclear localization sequence (NLS); and the C-terminal tail 

harbors the C-clamp (CRARF and RKKKCIRY) and two CtBP-binding sites. Alternatively spliced 

sites are indicated by upside down “V” shapes. Note that hTCF-3 is not alternatively spliced, and 

the LVPQ and SxxSS motifs and the two CtBP repressor-binding sites are constitutively 

expressed in hTCF-3. On the other hand, these sites are absent in TCF-1 and LEF-1, while TCF-

4 can generate any combination of these motifs by alternative splicing. In TCF-4, the numbers 

inside boxes indicate the exon order of the gene (TCF7L2). B. Natural dominant negative forms of 

TCF-1 and LEF-1 are formed due to usage of second promoter, which is located at the second 

intronic sequences. This results in truncated proteins without the BCBDs. No such truncated 

protein is found in TCF-4. Thus, dnTCF-4E is constructed by deleting the first 90 nucleotides of its 

gene. Because the second codon for Met is located in exon 3, the translation begins at Met107.  
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1.2.3.1. Expression of TCF/LEF 

As with the other components of the Wnt/β-catenin signaling cascade, while TCF/LEF 

proteins are ubiquitously expressed in many tissues during embryonic development, their 

expression is downregulated in most terminally differentiated adult cells. Since 

Drosophila and C. elegans express single orthologs, the diversity and expression pattern 

of TCF/LEF proteins has been mostly obtained from developmental and genetic studies 

of frogs and mice.  

1.2.3.1.1. Expression in Xenopus development 

The primary role of the canonical Wnt signaling during embryonic development is to 

specify the dorsoventral axis immediately after the fertilization [73]. It is required for 

induction of dorsal development in the future dorsal side of the early embryo [74]. 

Artificial expression of Wnt signaling components in the opposite ventral side results in 

the induction of ectopic dorsal development and axis duplication. Extensive research in 

Xenopus development revealed that XLEF-1, XTCF-1 and XTCF-4 function, partially 

redundantly, on the dorsal side to activate expression of dorsal genes [75,76], while 

XTCF-3 represses expression of the same genes on the ventral side [77]. However, 

despite the redundancy, only XLEF-1, which is the only member of Xenopus TCF/LEF 

family not inherited maternally, can induce ectopic dorsal development on the ventral 

side [76]. In addition, overexpression of XTCF-3 leads to repression of dorsal genes in 

either side of the axis and hence inhibits dorsal development [78], whereas null mutations 

of XTCF-3 induces axis duplication, which later results in production of secondary neural 

tube [79], indicating that XTCF-3 functions as a repressor. Depending on their specific 

isoform expressed, XTCF-1 and XTCF-4 have also been observed to function as 
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repressors in the presence of XTCF-3 to inhibit the expression of dorsal genes ventrally 

and laterally [75,80,81]. Wnt signaling is further activated during gastrulation for 

mesoderm induction, in neural development for midbrain and hindbrain patterning, and 

repeatedly throughout embryonic development. In each stage, TCF/LEF transcription 

factors are utilized in a same pattern: LEF-1 functions to activate Wnt-responsive genes, 

TCF-1 and TCF-4 have dual roles as activator and repressor, and TCF-3 inhibits the 

expression of Wnt target genes [78,82-84].  

1.2.3.1.2. Expression in mouse development 

In situ hybridization studies on dissected murine embryos revealed the expression 

patterns of TCF/LEF mRNAs in mammalian development [85]. TCF-1 and LEF-1 are 

ubiquitously expressed in an overlapping pattern throughout the embryo between 

embryonic days 7.5 – 10.5 [86-88]. The highest expression of both genes is observed in 

mesoderm and a lower expression level in ectoderm, whereas no apparent expression is 

detected in endoderm [86]. In addition, their expression occurs along the anteroposterior 

gradient with the highest levels being expressed at the posterior end. At later stages, the 

expression pattern diverges and becomes more complex with unique expression sites for 

each transcript although they partially coincide on days 13.5 and 14.5 [86]. After birth 

and throughout life, their expression is restricted to T and B lymphocytes. While TCF-1 

is expressed only in T lymphocytes, LEF-1 is found in both T and pre-B cells [57-59]. 

Expression of TCF-3, on the other hand, is detected only during embryonic days 

6.5 – 10.5 [65]. While it is expressed strongly throughout the embryo on day 6.5, its 

expression level declines by day 7.5 with the highest signals remaining in the anterior 

part of the embryo and none in the posterior section [65,79]. The differential expression 
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of TCF-3 from TCF-1 and LEF-1 on day 7.5 is reminiscent of their expression pattern 

during dorsoventral axis formation in Xenopus embryo. This observation suggests that 

TCF-3 is probably repressing activation of posterior-specific genes in the anterior part of 

the embryo. In fact, TCF-3 has been consistently shown to act as a non-redundant 

repressor in mammalian system as well [79,89-91]. It is important to note that, however, 

Wnt stimulation relieves TCF-3 repression not by converting TCF-3 into an activator, but 

by replacing it with another member of the TCF/LEF family, or even with another 

transcription factor of a different family [77]. Expression of TCF-3 in mouse embryo 

gradually disappears and becomes undetectable beyond day 10.5 [65].  

Finally, an in situ hybridization study demonstrated that TCF-4 is absent in the 

early embryo and that its expression is first observed in midbrain on embryonic day 10.5 

coinciding with LEF-1 signals [65]. High-level expression is mostly restricted to the 

central nervous system (CNS) until embryonic day 16.5. Apart from the CNS, the 

intestinal epithelium is the only other embryonic tissue where TCF-4 is expressed. At day 

13.5, TCF-4 is detected directly before the transition of gut endoderm into epithelium, 

and its expression increases during gut development until day 18.5 [85]. Between 

embryonic days 13.5 – 18.5, the mouse gut endoderm develops by altering the cell types 

from stratified to columnar epithelium and forms the villi in the lumen of the small 

intestine. Beyond embryonic day 16.5 and throughout organism’s life, two different 

cellular populations occupy the lumen: the non-cycling differentiated epithelial cells on 

the villi, and the less differentiated, actively dividing cells in the intervillus regions, 

which form the future crypts, or the stem cell compartment. Further study shows that 
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TCF-4 remains expressed in the gut epithelium postnatally and throughout life suggesting 

its role in tissue homeostasis and stem cell maintenance [64,65,85]. 

1.2.3.1.3. Expression in knockout mice 

In order to further characterize the biological functions of TCF/LEF transcription factors, 

various knockout mice have been generated. Mice homozygous for a mutation in the 

TCF7 gene, which encodes the mammalian TCF-1 protein, are healthy, fertile, and have a 

normal life span [92]. However, the TCF-1-deficient mice have a smaller thymus, limited 

number of T cells, and many defects in thymocyte differentiation and expansion implying 

the importance of TCF-1 in establishment and maintenance of T lymphocytes [92,93]. 

Apart from the lymphoid system, no other organs are affected by the null mutation, 

though the mutant mice develop adenomas in the gut and mammary glands months after 

birth [94]. Remarkably, however, despite the defects in thymocyte development, adult 

TCF7–/– mice are immunocompetent and generate virus-neutralizing antibodies at normal 

titers [93]. This interesting observation can be explained by the possible redundancy in 

TCF-1 and LEF-1 function since their expression coincides at various stages of 

embryogenesis and continues to overlap postnatally though restricted to T lymphocytes 

(the latter is also expressed in adult pre-B cells). Heterozygous mice have the wild-type 

phenotype, including a normal T cell development [92].  

On the other hand, mice with LEF1–/– gene die within two weeks after birth and 

show defects in many organs normally expressed during their formation in embryo 

[85,88]. The most striking phenotype is the absence of body hair and whiskers making 

the LEF1-null mice look nude. In addition, their body is half the size of their 

heterozygous siblings, which are phenotypically same as wild-type mice. Moreover, the 
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knockout mice lack teeth, mammary glands, and neurons in the midbrain although 

formation of these organs is initiated at proper embryonic developmental stage and they 

are undistinguishable from wild-type counterparts at the bud stage. Further examination 

of LEF-1-deficient embryos reveals an arrest in progression of these buds later in the 

development around embryonic day 15, confirming the redundant roles of TCF-1 and 

LEF-1 at early stages of embryogenesis until their divergence [88]. In contrast to TCF7–/– 

mice, no obvious defects in lymphoid cell populations are detected at birth. However, 

careful examination of perinatal bone marrow reveals that LEF1 homozygous null mice 

have reduced number of pro-B cells due to extensive apoptosis though differentiation of 

B lymphocytes is not affected, demonstrating the importance of LEF-1 in cell 

proliferation and survival but not for cell differentiation [95]. The overall pattern of these 

defects suggests an important role for LEF-1 in the formation of several organs and 

structures [88].  

Since TCF-1 and LEF-1 single knockout mutations do not lead to the phenotypes 

similar to the ones that arise from loss of a Wnt ligand or β-catenin, but result in more 

limited defects than compared to the ubiquitous expression patterns of each transcription 

factor during embryogenesis, double mutant mice are generated and examined [87,96]. 

The double knockout mutation is embryonic lethal at around day 10, and TCF7–/– LEF1–/– 

embryos demonstrate early developmental abnormalities. Most of the defects are detected 

in tissues that should have differentiated from lateral mesoderm and apical ectoderm as 

the mutant embryos failed to induce somites, limb buds, and tail buds. Instead, at the 

expense of lateral mesoderm, they develop additional neural tubes, which is an essentially 

identical phenotype to knockout mutations of other components of the canonical Wnt 
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signaling pathway [87]. In addition, thymocyte development is severely impaired and 

completely arrested at early stage of differentiation confirming the redundant functions of 

TCF-1 and LEF-1 [96].  

Similar to the double knockout mutation, loss of TCF7L1 gene, which encodes the 

mammalian TCF-3 protein, results in an early embryonic death at around day 11 [79]. In 

contrast to TCF7–/– LEF1–/– mutation, however, the TCF-3-deficient embryos display 

anterior truncations and develop somites along the anteroposterior axis, which derives 

from the lateral mesoderm, confirming the opposite function of TCF-3 from TCF-1 and 

LEF-1. In addition, consistent with its repressive role, developmental abnormalities of 

TCF7L1–/– embryos resembled the effects of knockout mutations of the negative 

regulators of Wnt/β-catenin signaling, Axin and APC. These defects arise due to 

anteroposterior axis duplication and include defects in neural patterning, and 

multiplication of nodes, notochord, neural folds and grooves [79].  

Mice homozygous for a mutation in the TCF7L2 gene, which encodes the 

mammalian TCF-4 protein, are born at Mendelian ratios, and do not show any decreased 

body weight or other anatomical abnormalities [85,97]. However, they die within 24 

hours after birth despite the presence of milk in their stomachs. The only defect of the 

TCF-4-deficient mice is the altered epithelial organization of the small intestine when 

compared with that of wild-type or heterozygous littermates, of which the latter is viable 

and fertile [97]. The intestinal epithelium of these knockout mice lacks the stem cell 

population and is entirely composed of differentiated, non-dividing cells confirming the 

involvement of TCF-4 in tissue homeostasis and stem cell maintenance in the crypts of 

the intestine. In addition, the lumen is filled with decreased number of villi, and the 
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intervillus regions are populated with reduced amount of non-cycling epithelial cells, 

which result in extensive stretching and occasional tearing of the epithelial layer. Aside 

from the small intestine, all other organs, including CNS, do not show any differences or 

defects in TCF7L2–/– mice.  

Finally, mice with compound homozygous mutations in the TCF7 and TCF7L2 

genes are generated to further examine the roles of TCF-1 and TCF-4 in embryogenesis. 

The double knockout mutation is embryonic lethal at around day 14, and the TCF7–/– 

LEF1–/– embryos show major abnormalities in the posterior part of the organism [98]. 

They lack hind limbs, posterior body, tail, genital tubercle, and hindgut. However, the 

forelimbs and most internal organs including lung, heart, pancreas, liver, and even 

kidney, a posterior organ, appear normal, indicating that TCF-1 and TCF-4 are not 

required for early development and morphogenesis of these organs. However, the 

intestine, which derives from the posterior endoderm, is severely truncated and blindly 

ended, while additional stomach tissues are formed at the intestine-stomach boundary, 

indicating a redundant role for TCF-1 and TCF-4 in patterning of gut tube by restricting 

growth of stomach but promoting development of midgut and hindgut [94,97]. Similar to 

other embryonic lethal mutants, TCF7–/– TCF7L2–/– embryos show duplication or 

aberrant branching of neural tube, but unlike TCF7–/– LEF1–/–, they retain lateral 

mesoderm. Comparison of TCF7–/– LEF1–/– and TCF7–/– TCF7L2–/– embryos suggests 

that TCF-1 and LEF-1 are responsible for specification of lateral mesoderm, while TCF-1 

and TCF-4 are required for formation of posterior endoderm; and in the absence of these 

factors the respective germ layers are not specified but instead neural structures form by 

default [87,98]. 
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1.2.3.1.4. Expression in stem cells 

The canonical Wnt signaling cascade regulates cell fate, cell proliferation vs. 

differentiation, cell survival vs. apoptosis, cell behavior and migration during embryonic 

development. However, the pathway is strongly downregulated after birth in most 

terminally differentiated tissues, except at sites where continual cell growth and 

differentiation is provided from stem cell populations. The stem cells are unique cells 

characterized by the ability to self renew themselves with their proliferative potential and 

to differentiate into various cell types with their developmental plasticity. Wnt/β-catenin 

signaling has been shown to play important roles in maintaining the homeostatic 

relationships between stem cell self renewal and cell differentiation in many tissues 

including the hematopoietic system (myeloid and lymphoid lineages), the skin (hair 

follicle and epidermis), and the gastrointestinal tract (intestine and colon) [99]. 

Accordingly, postnatal expressions of TCF/LEF transcription factors have been detected 

in thymus (TCF-1, LEF-1) [92], bone marrow (LEF-1) [100], skin (LEF-1, TCF-3) [101], 

hair follicles (LEF-1) [102], intestinal mucosa (TCF-1, TCF-4) and colon crypts (TCF-4) 

[65]. In addition, TCF-3 has recently been identified as the transcription factor that co-

occupied and inhibited the promoters of Oct4 and Nanog genes, whose protein products 

regulated the pluripotency of embryonic stem cells [89]. 

The hematopoietic stem cells (HSC) located in the bone marrow are multipotent 

cells that perpetuate themselves as well as give rise to all types of blood cells including 

myeloid (neutrophils, basophils, eosinophils, macrophages, dendritic cells, erythrocytes, 

and platelets) and lymphoid lineages (T cells, B cells, and Natural Killer (NK) cells). 

During embryonic development, the HSCs are derived from mesoderm, whose formation 
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and patterning is regulated, in part, by the Wnt signaling cascade, suggesting an essential 

role for the Wnt pathway in HSC commitment, self renewal, and differentiation [103]. 

Indeed, activation of Wnt signaling by overexpressing Wnt3a or Wnt5a, or by virally 

transducing a constitutively active form of β-catenin, results in self renewal of murine 

HSCs in vitro and reconstitutes the hematopoietic system of lethally irradiated mice in 

vivo [99]. Likewise, inhibition of Wnt signaling by overexpressing Axin or the cysteine-

rich, ligand-binding domain of the Fzd receptor suppresses the growth of HSCs in vitro 

and inhibits the reconstitution in vivo [100,103]. Finally, actual activation of Wnt signal 

transduction in HSCs is observed in vivo upon endogenous Wnt stimulation when HSCs 

containing TCF/LEF transcription reporter construct driving expression of green 

fluorescent protein (GFP) are transplanted into the irradiated mice [100]. In addition to 

these observations that show involvement of Wnt pathway in HSC and progenitor cell 

self renewal, Wnt signaling is also required for hematopoiesis and lymphopoiesis. As 

described above, TCF-1 and LEF-1 were first identified in the lymphoid cells, and their 

expression is required for the development of T cells in the thymus and the maturation of 

B lymphocytes in the bone marrow. Similarly, the combined presence and redundant 

activities of TCF-1 and LEF-1 are also essential in the development of NK cells [74]. In 

each stage of cell maturation, a specific isoform of TCF-1 and LEF-1 is expressed to 

carefully regulate the development of these lymphocytes. The role of Wnt signaling in 

myelopoiesis is not known. 

1.2.3.1.5. Expression in cancer and other human diseases 

Given the fact that Wnt/β-catenin signaling regulates important developmental processes 

and plays an essential role in stem cell maintenance, it is conceivable that this pathway is 
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often taken advantage of by cancers and other human diseases. Loss-of-function 

mutations in the negative regulators of the Wnt signaling and gain-of-function alterations 

in other components, which lead to stabilization of β-catenin, are often observed in many 

tumors, especially of gastrointestinal origin, such as colorectal carcinoma (CRC), HCC, 

hepatoblastoma, adenocarcinoma, gastric adenoma, and pancreatic carcinoma, as well as 

in other cancers including various hematological malignancies and skin cancers, hair 

follicle tumor, renal cell carcinoma (RCC), Wilms tumor, prostate cancer, and ovarian, 

endometrial, and thyroid carcinomas [2,8,104-106]. Moreover, many hereditary 

mutations in the pathway also give rise to numerous though rare genetic disorders, 

including loss of four limbs (Tetra-amelia), osteoporosis, focal dermal hypoplasia, 

vascular defects in the eye, coronary artery disease, and familial tooth agenesis [46,105]. 

Finally, the TCF7L2 (TCF-4) gene has recently been implicated in type 2 diabetes 

through genome-wide association studies [107]. A common variant of TCF7L2 is 

identified to have the strongest effect on disease risk among all genes studied, and this 

notion has been verified on tens of thousands of individuals in numerous populations 

[108]. However, because this polymorphism occurs in the non-coding intronic region of 

the gene, it does not change the protein sequence and alter the activity of TCF-4. 

Therefore, its exact molecular mechanism is unclear, although the predisposing TCF7L2 

variant is suggested to promote a decrease in insulin secretion in insulin-producing 

pancreatic β cells but not to cause insulin resistance [109]. 

The first link between tumor formation and Wnt signaling was established when 

APC, which was always mutated in a hereditary form of colon cancer called familial 

adenomatous polyposis (FAP), was discovered to be one of the binding partners of β-
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catenin and hence a component of Wnt signal transduction [32,33]. In fact, not only the 

tumors from FAP patients, but also up to 85% of sporadic CRCs turned out to have 

inactivating mutations in both alleles of the APC gene [110]. In CRC, these mutations 

result in the production of truncated APC protein that is no longer able to interact with 

and sequester β-catenin in the destruction complex. Therefore, loss of tumor suppressor 

function of APC leads to stabilization of β-catenin and constitutive transcriptional 

activation of Wnt target genes by TCF/β-catenin complex [64]. In the rest of the CRC 

cases, where APC is not mutated, gain-of-function mutations in CTNNB1 (β-catenin) 

gene involving the N-terminal phosphorylation sites as well as inactivating mutations in 

Axin genes are mostly observed [106,111]. 

In HCC, stabilization, accumulation, and aberrant activation of β-catenin are 

detected in up to 90% of cases depending on the study (Section 1.1.3.1, page 16). 

Because β-catenin itself is mutated in 25% – 35% of HCCs, alterations in other 

components of the Wnt pathway, such as Axin, may contribute to the stabilization and 

accumulation of β-catenin. However, APC is rarely mutated in HCC. Interestingly, the 

highest rate of activating mutation in CTNNB1 gene occurs in hepatoblastomas [10], the 

most common primary liver tumor of childhood. Irrespective of upstream components of 

Wnt pathway and their loss- or gain-of-function mutations, the highly activated β-catenin 

would require an equally upregulated amount of TCF/LEF transcription factors in order 

to exert its carcinogenic effect. In this regard, only TCF-4 has been reported to be 

overexpressed and bound with those aberrantly accumulated β-catenin molecules in HCC 

[104,112-114]. No mutations have been observed in TCF7L2 gene. However, a deletion 

mutation in the poly A tract of TCF7L2 gene (see Section 2.2) has been reported in a 
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subset of CRC cells [115]. This mutation causes a frameshift in the coding sequence so 

that potential CtBP-binding sites are eliminated from translation, suggesting a mechanism 

where cancerous cells preferentially produce TCF-4 isoforms that lack the co-repressor-

binding sites. In addition, a positive feedback loop, where TCF-1 and LEF-1 are 

expressed as Wnt targets, is often exploited by CRC cells such that these two members of 

the TCF/LEF family are overexpressed to interact with the upregulated β-catenin 

molecules and carry out the transcription of more target genes [74]. It is not known if this 

mechanism also exists in HCC.  

1.2.3.2. Protein structure of TCF/LEFs 

All members of the TCF/LEF family of transcription factors consist of four functional 

domains (Figure 1.2.2): an almost identical DNA-binding domain, a well conserved β-

catenin-binding domain, a central domain, and an alternatively spliced C-terminal tail 

[91].  

1.2.3.2.1. DNA-binding domain  

The 88 amino acid-long DNA-binding domain (DBD), which harbors a 68 amino acid 

HMG box and a 9 amino acid Nuclear Localization Sequence (NLS) separated by a nine- 

residue linker sequence, is the most highly conserved feature of TCF/LEF family with 

93% – 99% identity [56]. Because the TCF/LEF proteins were identified through their 

near identical, sequence-specific HMG box, they are now categorized as a sub-family of 

DNA-binding proteins of the HMG box superfamily [116]. Upon nuclear import via their 

NLS, TCF/LEF proteins recognize the DNA consensus sequence A/T
A/TCAAAGG, now 

called the Wnt Responsive Element (WRE), in the promoter or enhancer regions of the 

Wnt target genes [57-59]. TCF/LEFs bind at WRE, located in the minor groove of the 
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double helix, and bend it 90° – 130° away from the protein [117-119]. This binding and 

bending of the promoter region alters the local chromatin structure by widening the minor 

groove to allow binding of other transcriptional regulators, either co-activators or co-

repressors [119]. At the same time, the flexible nine-residue linker allows the NLS to 

reach underneath WRE into the curvy major groove and to make contacts with the 

phosphate backbone of the double helix to increase the DNA-binding affinity [120]. 

Since the DNA-binding domain is almost identical among the family members, it has 

been assumed that all TCF/LEF proteins can bind identically and equivalently to any 

WRE.  

1.2.3.2.2. Beta-catenin-binding domain  

The second most conserved region of TCF/LEF family is the 50 amino acid-long β-

catenin-binding domain (BCBD) at the extreme N-terminus. In human TCF-1 (hTCF-1), 

hTCF-3, and hTCF-4, respectively, BCBD is 62%, 44%, and 62% identical compared to 

hLEF-1 [56]. Soon after their discovery as HMG box-containing transcription factors, 

TCF/LEF proteins were recognized as the β-catenin-binding partners through their N-

terminus and acknowledged as essential components of the Wnt signaling by independent 

yeast two hybrid screens [65-67,76]. The BCBD is entirely encoded in exon 1 of every 

TCF/LEF gene studied so far. While TCF/LEFs bind β-catenin by amino acids 1 – 50 

[121], they can also interact with a closely related cell adhesion molecule, γ-catenin (or 

plakoglobin), by amino acids 51 – 80 [122]. Although this interaction is weak, the 

functional role of γ-catenin in the canonical Wnt signaling is controversial as some claim 

it to activate transcription of Wnt target genes in the absence of β-catenin, while others 

report it to inhibit TCF/β-catenin-mediated transcription [122,123].  
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1.2.3.2.3. Central domain 

The overall function of the central domain, or the Context-dependent transcription 

Repression Domain (CRD), is uniquely conserved for each TCF/LEF protein even though 

the amino acid sequences are not (15% – 20% identity) [56]. Towards the end of the long 

stretch of the CRD, which contributes to the specific properties of the individual family 

members, there is a repressor-binding site (Figure 1.2.2). Owing to this region, TCF/LEF 

proteins act as transcription repressors in the absence of β-catenin. The repressors that 

bind to this region are the members of the TLE/Groucho family of transcriptional co-

repressors [42,43]. During the yeast two hybrid screens that established TCF/LEFs as 

bona fide components of the Wnt signaling, large number of clones were identified as 

Groucho proteins when hTCF-1 was used as a bait [67], and the binding of Groucho 

occurred between the BCBD and the HMG box around amino acids 176 – 359 of hTCF-1 

[43].  

There are two additional small motifs, referred by their amino acid sequences 

LVPQ and SFLSS (or SxxSS), in the central domain of TCF-3 and TCF-4 [81]. Although 

exact mechanism is not known, these motifs have been characterized for transcriptional 

repression [80]. Despite the close proximity of SxxSS motif with TLE-binding domain, 

neither of them influenced one another during transcriptional activity [81]. While LVPQ 

and SxxSS are constitutively expressed in hTCF-3, they can be alternatively spliced out 

from hTCF-4 proteins (Figure 1.2.2). In addition, the region flanked between these two 

motifs has been recognized as another repressor binding site making the CRD strong 

repression domain [124]. However, this same region, which can be spliced out from 

hLEF-1 and hTCF-1 but not from hTCF-3 and hTCF-4, is also reported to be a 
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transcription-activating element arguing to rename the CRD acronym from Context-

dependent transcription Repression Domain to Context-dependent transcription 

Regulatory Domain [80].   

1.2.3.2.4. C-terminal tail  

The C-terminal tail is the most varied region among the family members. One of the 

fascinating features of TCF/LEF proteins is the use of alternatively spliced exons in the 

C-terminus and the CRD to generate hundreds of theoretical isoforms (Figure 1.2.2). 

Except for hLEF-1, alternative splicing at the carboxy-terminus gives rise to a variety of 

C-terminal tails with or without three conserved motifs: the CRARF motif, the 

RKKKCIRY motif, and two binding sites for CtBP transcriptional co-repressors [74]. 

While hTCF-4 can generate different combinations of all three motifs in one isoform, 

hTCF-1 produces only the CRARF and RKKKCIRY, and hTCF-3 has only the CtBP 

binding sites. Although not settled, the CRARF and RKKKCIRY motifs have been 

recognized to have transcriptional activation function [125]. The CRARF domain is 

proposed to be a β-catenin-dependent transcription co-activator-binding site for histone 

acetyltransferase (HAT) p300 [126]. The 30 amino acid-long region that harbors both 

CRARF and RKKKCIRY, which are together termed as C-clamp motif, are suggested to 

be a WRE-independent, secondary DNA-binding domain that gives specificity in target 

gene recognition [127]. For example, only the long isoforms of TCF-1 and TCF-4 with 

the C-clamp motif can bind and activate all four TCF/LEF genes as Wnt targets. The two 

CtBP-binding sites with consensus sequence PLSLxxK have been identified through 

yeast two hybrid screens [78]. Binding of CtBPs on TCF-3 and TCF-4 to repress 

transcription has been well established [78,128]. It is interesting to note that TCF-1 and 
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LEF-1 do not express any of the LVPQ, SxxSS, and PLSLxxK motifs, while TCF-3 

harbors all of these transcription repression-specific sites as obligate sequences. The fact 

that TCF-3 is required for target gene repression during embryonic development and that 

its repression is relieved by replacing it with TCF-1 or LEF-1 could be explained by their 

protein structure [83]. Interestingly, the TCF-4 mRNA is theoretically able to generate 

any isoform with or without any of those motifs, rendering it capable of producing 

different splicing variants that are structurally similar to the other members of the family.  

During the initial cloning of TCF-1 by the Hans Clevers laboratory, four isoforms 

were identified and named alphabetically as TCF-1A through TCF-1D [57,62]. The C-

terminal tail of these isoforms was short and similar to that of LEF-1. Later, the same lab 

isolated another alternative splice variant of TCF-1, but it had a long C-terminus with 

CRARF and RKKKCIRY motifs [129]. To be consistent with their nomenclature order, 

they labeled this isoform as TCF-1E. Next, when the very first isoform of TCF-4 was 

cloned and turned out to harbor a long C-terminus, it was named TCF-4E (see Figure 

2.1B, p. 93) to conserve the domain homology [64]. Since then, because TCF-1E and 

TCF-4E have been known as the only long isoforms (until my thesis research), 

TCF/LEFs with long C-terminus have been called to have an E-tail or Extended C-

terminal domain. TCF-3 also has an extended C-terminal tail, but because it is the only 

isoform identified so far, TCF7L1 gene is believed not to possess alternatively spliced 

exons. Likewise, TCF/LEF transcription factors with short C-terminus are recognized to 

have B-tails as LEF-1B, TCF-1B, and TCF-4B are the most commonly expressed short 

isoforms in their respective family members.   



 57 

1.2.3.2.5. Dominant negative TCF/LEF 

Another interesting feature of the TCF/LEF family is the use of alternative promoters to 

generate N-terminally truncated isoforms. The mammalian TCF7 and LEF1 genes have 

two different promoter regions for their transcription [129,130]. The first promoter, 

which is located upstream of exon 1 of each gene, produces mRNA that encodes full-

length protein with an intact N-terminus. However, the second promoter found in the 

second intronic sequences results in a shorter mRNA such that an alternative downstream 

translation start codon is used to produce truncated TCF-1 and LEF-1 proteins without 

the BCBDs [129,130]. In the absence of N-terminus, they cannot recruit β-catenin and 

mediate Wnt signals. However, because other domains of these truncated forms are intact 

and functional, they bind to the WREs and constitutively assemble repressor complexes 

even during active Wnt signaling and presence of stabilized β-catenin. Therefore, these 

truncated proteins are known as natural dominant negative forms, and the expression of 

dnTCF-1 and dnLEF-1 in cells is balanced with their respective full-length isoforms to 

effectively regulate transcription of Wnt target genes [56]. 

Despite extensive search, alternative promoter usage and expression of natural 

dominant negative forms for TCF-3 and TCF-4 have not been observed. Since TCF-3 

functions as a repressor [77-79,89-91], a dominant negative version of TCF-3 has never 

been inquired. Many laboratories attempted, but failed to find a second promoter 

sequence in TCF7L2 gene. However, in my opinion, deficiency of natural dnTCF-4 could 

be explained by the fact that TCF-4 mRNA may produce, by alternative splicing, an 

isoform homologous to TCF-3, which can fulfill the repressive function of dnTCF-4. 

Nevertheless, scientists have constructed a dnTCF-4E isoform for research purposes 
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[131] since overexpression of dnTCFs, hence its inhibitory functions, have been very 

helpful in exploring the activity of Wnt signals [67,69]. The dnTCF-4E construct was 

developed by deleting the first 90 nucleotides of TCF-4E mRNA, such that the translation 

begins from exon 3 efficiently removing its BCBD. This deletion mutant is commercially 

available as a transfection plasmid and can be purchased from Millipore (formerly 

Upstate Biotechnology). 

1.2.3.3. Transcriptional activity of TCF/LEFs 

Extensive research has demonstrated that the members of the TCF/LEF family do not act 

as classical transcription factors as they do not contain a transcription activation domain 

and the DNA-binding property alone is not sufficient to initiate gene expression. Instead, 

co-activators or co-repressors provide transcriptional regulation, respectively, in the 

presence or absence of Wnt signals. In this regard, the only function of TCF/LEFs is to 

select and bind to the target genes until a regulatory co-factor arrives and determines the 

fate of these genes. Therefore, the effector role of TCF/LEF proteins, transcriptional 

activation vs. transcriptional repression, is established by the amount of co-activators vs. 

co-repressors [132]. 

1.2.3.3.1. TCF/LEFs as transcriptional activators 

The main transcriptional activator of the canonical Wnt signaling is the β-catenin 

molecule, and promoter activation is only achieved when TCF/LEFs are switched from 

transcriptional repressors to transcriptional activators by interacting with β-catenin [85]. 

Encoded by CTNNB1 (catenin, beta 1) gene, β-catenin protein was originally discovered 

as a component of adherens junctions, and later positioned in the Wnt signaling cascade 

when it was found to be the vertebrate homolog of Drosophila Armadillo, the segment 
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polarity gene product of the Wingless signaling [27]. The 92 kDa β-catenin molecule 

consists of 130 amino acid-long N-terminal domain (NTD), a central region that harbors 

12 Armadillo repeats (R1 – R12) each of 42 amino acids, and a C-terminal domain 

(CTD) of 100 amino acids [133]. While the NTD includes the Ser33, Ser37, Thr41, and 

Ser45 phosphorylation sites, which are translated from exon 3 of the CTNNB1 gene, the 

central repeats mediate binding of β-catenin to α-catenin, E-Cadherin, APC, Axin, and 

TCF/LEFs [132]. In particular, β-catenin associates with TCF/LEF transcription factors 

via R3 – R10 repeats [121], which are also part of interaction sites for E-Cadherin. Cells 

have two pools of β-catenin: a membrane-associated pool of stable proteins that connect 

E-Cadherins to actin cytoskeleton via α-catenin, and a soluble pool of highly unstable 

proteins that transduce the canonical Wnt signal [134]. Therefore, the highly conserved 

central region of β-catenin shares the partner-binding domains between different partners 

such that the two pools cannot be mixed. For example, β-catenin of adherens junction is 

not targeted for destruction complex since the Armadillo repeats that associate with the 

scaffolding proteins, APC and Axin, are already occupied by E-Cadherin. However, 

when the soluble pool of β-catenin is stabilized in the cytosol due to active Wnt 

signaling, it must not be recruited to the adherens junctions by α-catenin, which binds to 

its NTD – R1 region. Instead, a nuclear protein called Bcl-9 (Legless in Drosophila) that 

shuttles in and out of the nucleus binds to the NTD – R4 region of β-catenin, and tethers 

it to a constitutively nuclear protein Pygopus [135,136]. However, the preference of β-

catenin between cell adhesion and Wnt signaling is reflected by competitive binding of 

α-catenin vs. Bcl-9 [134]. Because Bcl-9 and Pygopus are required for TCF/β-catenin-

mediated gene activation and exclusively dedicated for the canonical Wnt signaling, these 
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two proteins are considered as transcriptional co-activators of Wnt signal transduction 

[136]. 

The CTD contains a potent transactivation domain that recruits additional co-

activators to form a multiprotein complex necessary for transcription initiation during 

active Wnt signaling [46]. Although the mechanism for transcription activation is not 

fully elucidated, a number of co-activators have been identified.  

1. The chromatin structure of the genome creates an environment that is inaccessible 

for transcription initiation. Therefore, the transcription factors recruit chromatin 

remodeling complexes that provide accessibility to the densely packed chromatin 

of target gene loci [137]. The HAT proteins are one of the remodeling complexes 

that acetylate the histone tails of nucleosomes, the basic repeating units of 

chromatin, and ease the chromatin conformation by inhibiting tight packaging 

interactions between individual nucleosomes. The well known HAT proteins p300 

and CBP (CREB Binding Protein) interact with R10 – CTD region of β-catenin to 

activate select Wnt target genes [138,139]. The HAT activities of p300 and CBP 

are not required for all Wnt targets and they do not act redundantly [140]. 

Moreover, additional p300 proteins directly bind to CRARF motif of the long 

tailed TCF-1 and TCF-4 isoforms to reinforce the overall HAT activities [Hecht 

[126]. While p300 acetylates all four core histone types in nucleosomes, CBP can 

acetylate all histones as well as non-histone proteins. In addition, HAT proteins 

called TRAPP and TIP60 from another family also activate transcription of some 

other genes by binding to R11 – CTD region of β-catenin [141]. These HATs 

acetylate H2A and H4 of the nucleosomal histones [140]. The DNA bending 
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capability of TCF/LEFs facilitates in bringing distant DNA regions together, 

rendering them accessible to the β-catenin-bound HATs, and leading to histone 

acetylation of up to 30 kilobase region surrounding the WREs [142]. 

2. The position of nucleosomes can be rearranged by ATPase-dependent complexes 

to expose DNA sequences that are entangled and shielded between histones [137]. 

These chromatin remodeling complexes use the energy generated by ATP 

hydrolysis for catalyzing conformational changes in the nucleosomes or for 

sliding the histones along DNA to achieve the final rearrangement. In Wnt 

signaling, this function is mainly provided by BRG1 of SWI2/SNF2 family, 

which directly binds to β-catenin at R7 – R12 repeats [140]. Moreover, human 

ISW1, which is another family of ATPase remodeling complexes, is also found to 

interact with R11 – CTD region of β-catenin, indicating that both SWI/SNF and 

ISW1 family of ATPases are employed in Wnt target gene expression [141]. 

3. Histone methyltransferases (HMTs) catalyze one to three methyl groups to Lys or 

Arg residues of histone tails to mark for transcriptional activation or repression in 

a context-dependent manner. The MLL (Mixed Lineage Leukemia) complexes 

that contain HMT activity interact with β-catenin at R11 – CTD region, and 

mono-, di-, or tri-methylate H3 histone at Lys4 [141]. The H3K4 methylations are 

chromatin modifications that signify highly active genes: while the H3K4 tri-

methylation is recognized as activation sign at transcription start sites, the H3K4 

di-methylation serves as a bookmark for RNA Pol II transcription elongation. 

4. Despite the efforts of β-catenin in marking transcription initiation via HMTs, and 

opening the chromatin structure by HATs, SWI/SNF, and ISW1 complexes, the 
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RNA Pol II needs to be oriented at the promoters of target genes by a pre-

initiation complex (PIC). A multi-subunit complex called Mediator bridges the 

DNA-bound transcription factors with PIC by directly interacting with both 

parties [143]. The Mediator subunit 12 (MED12) binds to R12 – CTD o f β-

catenin and promotes the transcriptional activation [140]. The Pygopus protein 

that retains β-catenin in the nucleus also interacts with Mediator to enhance 

efficient recruitment of PIC. In addition, β-catenin also interacts with a PIC 

subunit, TATA box-binding protein (TBP), either directly via its R11 – CTD 

region or indirectly via Pontin52 [144,145]. Interestingly, Pontin52, also known 

as TBP-interacting protein or TIP49, not only binds to β-catenin at R2 – R5 

repeats, but also serves as a component of the TRAPP/TIP60 HAT complex. 

Finally, β-catenin also directly binds to some of the components of the core DNA 

transcriptional machinery, such as DNA Topoisomerase IIα [146]. 

Overall, the β-catenin appears to serve as the scaffolding protein that orchestrates 

the recruitment of the transcriptional co-activators. However, since these cofactors are 

bulky multiprotein complexes, they cannot simultaneously occupy the R11 – CTD 

region. Instead, it has been proposed that these co-activators are employed in a sequential 

manner such that each complex performs its function one at a time in an orderly fashion, 

and the whole process can be repeatedly cycle to yield sustained Wnt target gene 

transcription [140].  

1.2.3.3.2. TCF/LEFs as transcriptional repressors 

In the absence of Wnt signaling all TCF/LEF transcription factors interact with TLE co-

repressors to suppress the Wnt target genes [42,43,147]. TLE proteins are global, long-
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range co-repressors that are recruited to target promoters by different families of DNA-

binding transcription factors of wide range of cell signaling cascades [148]. Once 

recruited, TLE co-repressors oligomerize at the promoters and exert their repressive 

function by engaging with the chromatin remodeling complexes or interacting with the 

core transcriptional machinery. Therefore, TLE proteins are true antagonists of β-catenin 

and employ exact opposite mechanism of action. In humans, there are four full-length 

TLE proteins (TLE-1 – TLE-4) and one truncated protein called AES (Amino-terminal 

Enhancer of Split) that contains only the N-terminus of TLE [147]. TLE proteins bind to 

TCF/LEF transcription factors by their N-termini, which also facilitate their 

tetramerization at WREs [132]. The functions of HATs are counteracted with protein 

complexes called Histone Deacetylases (HDACs), which result in hypoacetylation of 

histone tails leading to a compressed local chromatin and inhibition of transcription 

[137]. In resting cells, TCF/LEF-bound TLE interact with HDAC enzyme called Rpd3 

[132,148]. However, the truncated AES cannot bind to Rpd3 due to the absence of its C-

terminal interaction domain and results in reduced repression since it is able to associate 

with TCF/LEF to tetramerize with other TLE members. Resultant histone deacetylations 

by the recruitment of Rpd3 are found to be the predominant mechanism of TLE-mediated 

transcription repression in Wnt signaling. TLE is also reported to interact with the 

components of the Mediator complex to interfere with the formation of PIC at WREs 

[148].  

CtBP is another co-repressor that specifically binds to TCF-3 and isoforms of 

TCF-4 with long C-terminal tails [44,78]. The CtBP proteins dimerize and mediate short-

range repression through other transcriptional inhibitors. CtBP is found to interact with 
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various HDACs and HMTs that specifically methylate the histone tails with repression 

signals, such as tri-methylation of H3K27 [128].  

1.2.3.4. Posttranslational modifications of TCF/LEF  

TCF/LEF transcription factors are posttranslationally modified and these covalent 

modifications help determine their effector roles by disrupting or enabling interactions 

with the transcriptional co-regulators [46,91,132,149]. They include phosphorylation, 

acetylation, and SUMOylation, and these modifications are specific to individual 

members of the TCF/LEF family. 

1.2.3.4.1. Phosphorylation 

Phosphorylation of TCF/LEFs is an important posttranslational modification with both 

positive and negative consequences depending on the kinases used and the residues 

targeted. TCF-3 phosphorylation by CK1ε and LEF-1 phosphorylation by CK2 enhance 

their binding to β-catenin and diminish LEF-1 binding to TLE [46]. On the other hand, 

LEF-1 phosphorylation by CK1δ at BCBD disrupts its association with β-catenin [91]. 

Similarly, TCF-4 phosphorylation by CK2 at Ser60 just downstream of BCBD interrupts 

its binding to γ-catenin. Finally, the phosphorylation of LEF-1 and TCF-4 by MAPK-

related Nemo-like kinase (NLK) at the CRD (exon 6 of TCF-4) leads to disruption of 

their binding to β-catenin and eventually to their proteosomal degradation [46,150]. 

These are the phosphorylation events known to date for TCF/LEF proteins although there 

are a number of potential Ser, Thr, and Tyr residues that can be targeted. 

1.2.3.4.2. Acetylation 

The CBP HATs, which can acetylate both histone tails and non-histone proteins, are 

bimodal regulators of the canonical Wnt signaling. On one hand, during active Wnt 
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signaling, CBPs activate transcription of target genes by binding to β-catenin, acetylating 

histone tails in the nucleosomes, and loosening the chromatin conformation [138-140]. 

On the other hand, in the absence of Wnt signals, they inhibit the expression of target 

genes by directly interacting with TCF/LEF transcription factors [91,132,150]. These 

CBPs bind to TCF/LEF proteins at their HMG box and acetylate a conserved Lys residue 

in the BCBD, which reduces the affinity of TCF/LEFs for β-catenin and leads to 

disruption of their interaction. 

1.2.3.4.3. SUMOylation  

SUMOylation is a posttranslational modification, where Small Ubiquitin-like Modifier 

(SUMO) proteins are covalently attached to and detached from other proteins [151]. 

Although the SUMO proteins are structurally similar to ubiquitins and SUMOylation is 

directed by an enzymatic cascade analogous to that involved in ubiquitylation, SUMO is 

not used to tag proteins for degradation [149]. The functional consequences of 

SUMOylation are extremely diverse and they include altered localization, changes in 

activity, protein-protein interactions, and overall stability of the modified protein [151]. 

The ~10 kDa SUMO protein modifiers are reversibly added to Lys residues of the 

substrate proteins with a consensus SUMO accepter sequence of ΨKxE, where Ψ is 

either Leu, Ile or Val, and x is any amino acid. In TCF/LEF transcription factors, 

SUMOylation is observed only in TCF-4 and LEF-1 [74]. LEF-1 SUMOylation at a Lys 

residue in the BCBD results in sequestration of LEF-1 in nuclear bodies and repression of 

Wnt target genes [46,150]. In contrast, SUMOylation of TCF-4 at TLE-binding site 

(middle of exon 9) with consensus sequence VKQE enhances the binding of TCF-4 to β-

catenin and promotes activation of target genes [150,152]. 
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1.2.4. TARGET GENES 

Because the canonical Wnt signaling cascade regulates a wide range of cellular behavior 

including disparate events like cell proliferation vs. differentiation and cell survival vs. 

apoptosis in both embryonic development and adult tissue homeostasis, the Wnt target 

genes are not only diverse but also cell-specific and context-dependent [2,46]. Therefore, 

most target genes cannot be regarded as universal targets and used for measuring the 

activation of Wnt/β-catenin pathway.  

A plethora of Wnt target genes have been identified from various organisms by 

utilizing different techniques, and the full list of these genes is available online at the Wnt 

homepage (http://www.stanford.edu/~rnusse/wntwindow.html). Most target genes 

usually contain multiple WREs scattered at large distances from the transcription start 

sites. The Drosophila segment polarity gene, engrailed, was the first target gene to be 

discovered by correlating its spatial expression with the expression of Wingless [153]. 

Such single target strategy led to the identification of few more genes including the gap 

junction protein connexin-43 in Xenopus. As a more efficient approach, the Wnt targets 

were detected by comparing the transcriptomes (total RNA) from Wnt stimulated or from 

tumor cells containing activating mutations in the pathway with those from non-

stimulated or normal cells, respectively [153]. This differential analysis of gene 

expression led to the discovery of numerous Wnt targets, such as c-Myc from CRC cells 

and glutamine synthetase (GS) from HCC [154,155]. Now, this method is developed into 

microarray analysis, and today it is the most commonly used method for identification of 

Wnt target genes. Among others, T-box protein 3 (TBX3), which is a transcriptional 

repressor involved in the control of cell cycle and senescence, is identified as a direct 
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target of the canonical Wnt signaling in HCC by microarray analysis [156]. However, the 

transcriptome-based methods also detect indirect target genes that are regulated on the 

secondary or even tertiary level of the Wnt targets. Finally, a direct BLAST screening of 

the genome for the optimal TCF/LEF-binding site A/T
A/T

In addition to activating genes involved in cell fate determination, cell-cell 

interaction, cell proliferation, survival, and migration, the canonical Wnt signaling 

controls the expression of components of its own pathway. Fzd, LRP6, DKK1, Axin2 

(conductin), TCF-1, dnTCF-1, LEF-1, and β-Trcp are often regulated either positively or 

negatively by a Wnt signal, indicating that feedback control is an important feature of the 

Wnt/β-catenin pathway [1,8,46]. Wnt-induced expression of DKK1, Axin2, β-Trcp, and 

dnTCF-1, and suppression of Fzd and LRP6 constitute negative feedback loops that 

diminish the overall Wnt signaling [56,161]. On the other hand, Wnt induction of TCF-1 

and LEF-1 reinforce Wnt signaling by forming positive feedback circuits [1,46]. 

However, expression of TCF-1 and LEF-1 as their own target is only achieved when the 

long isoforms of TCF-1 and TCF-4 with the C-clamp motif occupy their promoters [127]. 

CAAAGG coupled with data 

verification studies is also used to reveal additional Wnt target genes [153]. For example, 

Cyclin D1 and matrix metalloproteinase 7 (MMP7) were identified in CRC by this 

genome-based screening strategy [157-159]. Utilization of both transcriptome-based and 

genome-based screening methods further delineates the identification of target genes. For 

example, analysis of the transcriptome profile of hepatoma cell lines using cDNA 

microarray with more than 15,000 unique, liver enriched gene loci yielded 130 potential 

Wnt target genes, and the examination of presence of the consensus TCF/LEF-binding 

site narrowed down to 33 candidate genes [160].  
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1.2.5. SUMMARY 

The evolutionarily well-conserved Wnt signaling network is involved in almost every 

aspect of embryonic development including cell fate determination, cell proliferation vs. 

differentiation, cell survival vs. apoptosis, and cell migration. The pathway is normally 

downregulated after birth in most terminally differentiated tissues, except in certain stem 

cells. Deregulated activation of Wnt signaling cascade and overexpression of Wnt target 

genes have been observed in many cancers, including hepatocellular carcinoma (HCC). 

The activation of Wnt signaling is characterized by the stabilization and accumulation of 

β-catenin in the cytoplasm, which leads to its translocation into the nucleus and 

transcription of Wnt target genes by binding to TCF/LEF family of transcription factors. 

The family consists of four members in mammals: TCF-1, LEF-1, TCF-3, and TCF-4. 

Upon binding to TCF/LEFs, β-catenin recruits other co-activators necessary for 

transcription initiation. On the other hand, in the absence of secreted Wnt ligands, the 

unstimulated resting cells continually eliminate the cytoplasmic free β-catenin preventing 

it from entering to the nucleus and binding to the TCF/LEF proteins, such that the Wnt 

target genes, including c-Myc and cyclin D1, remain repressed. In this context, the 

TCF/LEF transcription factors act as repressors by forming a complex with well-known 

repressors TLE, which employs other co-repressors used for chromatin compaction. 

Therefore, TCF/LEFs can exert functions of both repression and activation of target 

genes as their interaction with β-catenin during active Wnt signaling displaces the TLE 

and switches them from transcriptional repressors to transcriptional activators.  
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2.1. ABSTRACT  

The human TCF7L2 gene that encodes the TCF-4 transcription factor is composed of 17 

exons, many of which are alternatively spliced. Because it contains 9 different splice 

acceptor and donor sites, it can theoretically generate more than 500 isoforms. While the 

well-conserved BCBD, TLE-binding domain, and DBD are constitutively expressed in all 

isoforms, the repression-specific motifs and the secondary DNA-binding sequences are 

optionally generated via alternative splicing. Therefore, I propose that TCF7L2 expresses 

different isoforms in a given cell and that those isoforms may have unique functional 

properties depending on the presence or absence of the alternative sequences. Despite the 

considerable knowledge of splicing events of TCF-4 and its optionally expressed 

functional motifs, only two isoforms with full sequences have been described so far, and 

most articles regarding TCF-4 have portrayed it as if it were expressed in single form. 

Several reports indicated that TCF-4 was overexpressed and along with the aberrantly 

activated β-catenin, it upregulated the expression of Wnt target genes in HCC. However, 

no information is available on TCF-4 splicing variants, and functional differences 

between various isoforms are not known in HCC. Here, I show the analysis of TCF-4 

mRNA exon by exon by RT-PCR to initially substantiate the presence of multiple 

isoforms in human hepatoma cells, and then describe the identification of 17 distinct 

TCF-4 splicing variants by sequencing cDNAs generated from complete mRNA clones 

derived from four HCC cell lines and human normal liver tissues. 
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2.2. INTRODUCTION 

The human TCF7L2 gene has been mapped to the q25.3 region of chromosome 10 [1] 

and its genomic structure is well characterized [2]. This 216,063 nucleotide-long gene is 

composed of 17 exons (1 through 17); its schematic representation and DNA sequences 

with exon nomenclature are shown in Figure 2.1A and Table 2.1. At the protein level, 

TCF-4 has several important functional domains and motifs. The N-terminus occupies the 

first three exons, and the BCBD resides in the first 50 amino acids of exon 1. The central 

CRD domain spans from exon 4 through the first half of exon 10. The TLE repressor-

binding site corresponds to exons 9 and 10. The two alternatively spliced motifs, LVPQ 

and SxxSS, are located at the end of exon 7 (exon 7L if present or exon 7S if spliced out) 

and at the beginning of exon 9 (similarly exon 9L or 9S), respectively. The highly 

conserved DBD occupies the other half of exon 10, exon 11 and exon 12. The HMG box 

is covered by exons 10 and 11, while the NLS is found in the middle of exon 12. The C-

terminal tail extends from exon 13 to the end of exon 17. A region in exon 14 translates 

into the CRARF motif, while the RKKKCIRY domain and two CtBP co-repressor-

binding sites with PLSLxxK consensus sequence is expressed from a full length exon 17. 

The CRARF and/or RKKKCIRY sequences have been suggested to be a WRE-

independent, secondary DNA-binding domain that gives specificity in target gene 

recognition, such as TCF and LEF genes themselves [3]. 
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Figure 2.1. Identification of novel TCF-4 splicing variants in HCC cell lines 

A. A schematic representation of human TCF7L2 gene comprising 17 exons based on the 

reported cDNA sequences [2]. Organization of functional domains is same as described in 

Chapter 1.2. BCBD, β-catenin-binding domain; CRD, context-dependent transcription repression 

(or regulation) domain; TLE/Gro, TLE/Groucho co-repressor-binding site; DBD, DNA-binding 

domain with high mobility group (HMG) box and nuclear localization sequence (NLS); CtBP, C-

terminal-binding protein co-repressor-binding site. The alternatively spliced sites, shown with a 

tee-pee shape, are exons 4, 7L (LVPQ), 9L (SxxSS), 13, 14, 15, 16, 16L, and 17L. B – F. 

Summary of the organizational structure of various TCF-4 isoforms identified in HCC cell lines. 

The calculated molecular weight of each protein product is shown in parentheses in kDa. B. 

Identification of 13 distinct TCF-4 isoforms derived from the predicted 512 possibilities. Among 

them were the previously known two isoforms, TCF-4B and E. To be consistent with, the 

remaining 11 were named alphabetically according to their increasing protein product size. C. 

Identification of TCF-4X isoform in HepG2. This unexpected isotype was termed as X because of 

the unknown and extra exon. Its mRNA included an additional exon in intron 5, which was named 

exon 5A to preserve the latest nomenclature order [2]. D. Identification of TCF-4T isoform in 

HepG2. It was labeled as T due to the truncation and the absence of third exon. The TCF-4T 

mRNA had the non-alternative exon 3 spliced out from the sequence. E. Identification of TCF-4Y–

1 isoform in Hep3B. Its mRNA had a deletion of one adenine in the poly A tract (8As), which 

resulted in a frameshift mutation that lead to the truncation of the C-terminal tail. F. Identification 

of TCF-4Y+1 isoform in Hep3B. Its transcript contained an additional adenine in the poly A tract 

(10As). The latter two isotypes were called TCF-4Y as in the question why (it happened).  
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TCF-4 mRNA is the only TCF/LEF member that can theoretically create the most 

splice variants due to the presence of multiple alternative exons. The exons 4, 13, 14, 15, 

and 16 are alternatively spliced (25 = 32), and exons 7, 9, 16, and 17 have alternative 

splice acceptor and donor sites (24 = 16) making this gene possible to create more than 

500 (32 × 16 = 29 

 

= 512) isoform transcripts during pre-mRNA processing. However, 

because the TCF7L2 gene has one promoter, DNA transcription of this gene produces 

single type of pre-mRNA. The translation begins from the first start codon in exon 1 

(Table 2.1). Because the number of nucleotides that are added or removed from the 

coding region due to alternative splice acceptor or donor sites of exons 7L and 9L, and 

the base pairs of exons 4 and 13 are divisible by three (as in three nucleotides of a 

codon), alternative splicing of these sequences does not interrupt the reading frame until 

the end of exon 13. Therefore, all types of TCF-4 mRNA isoforms translate the same 

BCBD, the repressor TLE-binding domain, and the DBD with both HMG box and NLS 

(Figure 2.1). However, the presence of exons 14, 15 and 16 alters the reading frame of 

exon 17 and determines the length of the C-terminal tail. Acceptance of one of the exons 

14, 15 or 16, but not in combination, results in the so called long isoform such that 

mRNA translation terminates at the last stop codon located towards the end of exon 17 

owing to the utilization of reading frame 2 of exon 17 (Figure 2.1A). However, exon 16 

is shown to be expressed very rarely and identified only in a single type of CRC cell line 

so far [2]. Long isoforms contain the CRARF motif, if exon 14 is used, the RKKKCIRY 

domain, and the two CtBP co-repressor-binding sites. For example, TCF-4E, one of the 

first two isoforms identified [4], is a long isotype harboring all of the above functional 

domains (Figure 1.2B).  
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Table 2.1. Exon sequences of TCF7L2 gene 

Complete sequences of each exon and partial intronic sequences are shown 

with their sizes and corresponding nucleotide positions at chromosome 

band 10q25.3. The coding sequences in each exon are capitalized and 

highlighted with dark grey color. The capitalized sequences with light 

grey shade in intron 5 correspond to the newly identified exon 5A. Note 

that exon 5A also has the ag/gt intron boundaries, which are underlined 

in all introns. The sequences for alternative acceptor (9L, 16L, 17L) 

and donor sites (7L) are shown in italic letters. The first start codon 

used for translation initiation in exon 1, as well as the stop codons 

that result in short and long C-tails in exon 17 are shown in bold 

letters. The poly A tract in exon 17 is presented in white font. 
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On the other hand, when exons 14, 15 and 16 are all spliced out of the transcript, 

the resultant protein product is called a short isoform because mRNA translation ends at 

the beginning of exon 17 just after the poly A tract due to the third reading frame of exon 

17 (Figure 2.1A). The poly A tract is a sequence of nine adenines (Table 2.1) categorized 

as microsatellite repeats that are prone to deletion or insertion mutations, which 

frequently accumulate in some tumors [5]. A deletion of one nucleotide in poly A tract of 

TCF7L2 has been reported as a frequent truncating (frameshift) mutation in a subset of 

CRC cells characterized by microsatellite instability [6]. In short isoforms, none of the 

functional domains of the C-terminal tail is expressed (Figure 2.1A). TCF-4B, the other 

isoform identified so far [4], is a very well known short isotype ubiquitously expressed in 

a wide range of normal and tumor cells [2,4,7-9]. Because the length of TCF-4 protein is 

dictated by the splicing of exons 14, 15, and 16, researchers have been focused on the C-

terminus for identifying splicing variations; although they have reported various TCF-4 
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sequences of the C-terminus, the alternative exon combinations at the N-terminus and 

CRD have never been clarified [2,8,9]. Therefore, TCF-4B and E isoforms are the only 

splicing variants, in which the complete sequences are fully described. 

Finally, when any combination of exons 14, 15, and 16 is expressed, the mRNA 

translation ends prematurely without reaching the exon 17, which results in truncation. 

Therefore, such isoform would not express any of the C-termial domains. It is important 

to note that a TCF-4 splicing variant containing all 17 exons is extremely rare, if at all 

exists, and such combination must not

The main characteristic of canonical Wnt signaling is stabilization of β-catenin in 

the cytoplasm, its subsequent translocation into the nucleus, and activation of Wnt target 

genes by binding to the TCF-4 transcription factors. However, although β-catenin has 

been described as the main effector of Wnt signaling pathway, its success on relaying the 

signal in the nucleus depends on the presence of TCF-4 proteins at the promoter regions 

of Wnt target genes. Therefore, TCF-4 is equally important in mediating the final 

transcriptional outcome and such activity may be regulated according to their isoform 

diversity and relative abundance. Unfortunately, TCF-4 has been portrayed as a docile, 

yet two-faced protein bound to the promoters of Wnt target genes, where its effector role 

(transcriptional activation vs. repression) is decided by the relative abundance of co-

activators vs. co-repressors [10]. In this context, if the amount of co-activators, such as β-

catenin, exceeds the amount of co-repressors, like TLE and CtBPs, TCF-4 is converted 

into a transcriptional activator; but when the TLE and CtBPs overwhelm the co-

activators, then TCF-4 befriends with the co-repressors and inhibits the transcription of 

 be thought as default or wild type isoform. 

Besides, such splicing variant would not express the functional domains of C-terminus. 
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target genes. If TCF-4, regardless of isotype difference, were such a passive protein that 

behaved the same way by siding with whichever co-regulatory protein was expressed the 

most, why would a cell waste its energy and time for generating different types of 

isoforms? The potential of producing more than 500 splicing variants suggests that 

different isoforms may have different roles in determining the final transcriptional 

program. Therefore, I hypothesize that TCF-4 expresses different isoforms and that those 

isoforms may have unique functional responsibilities: 1) activator isotypes that are 

specific for transcription activation and favor interaction with β-catenin; 2) target gene 

repression-specific isoforms, or repressor types, that make strong bonds with TLE, CtBPs 

and other repressors; and 3) unbiased isoforms that balance the activation and repression 

of Wnt responsive genes. These isoforms may also be recruited to occupy the WRE 

sequences temporarily until the designated type is expressed to exert its unique function. 

Activation of Wnt/β-catenin pathway and overexpression of Wnt target genes 

have been implicated in hepatocarcinogenesis [11-13]. In addition, among the TCF/LEF 

family of proteins, TCF-4 has been reported as the main member expressed in HCC, and 

overexpression of TCF-4 transcripts has been detected in human HCC cases [14-17]. Few 

reports are available on the expression of LEF-1 in HCC as another member [18]. It has 

been reported that TCF-4/β-catenin complex formation is increased in transgenic mice 

that develop HCC [19]. Therefore, it is important to identify expression of various TCF-4 

isoforms in the context of HCC. 

In this chapter, I describe the identification of various TCF-4 isoforms from 

human hepatoblastoma cell line HepG2, and HCC cell lines Hep3B, Huh7, and FOCUS. 

These four hepatoma cells have been well characterized and their differentiation status 
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has been categorized as follows: undifferentiated (most malignant) < FOCUS < Huh7 < 

Hep3B < HepG2 < most differentiated (least malignant) [20]. The FOCUS (Friendship of 

China and United States) carcinoma cell line, derived from a Greek patient with HBV-

associated HCC, was established in Dr. Wands’ laboratory in 1984 [21]. It contained 

HBV sequences integrated in the short arm of chromosome 11, which resulted in a 

deletion of more than 13.5 kilobases (kb) of cellular sequences and hence LOH. In 1982, 

the human hepatoma Huh7 cell line was derived from a 57 year-old Japanese male with 

differentiated HCC [22]. Although the patient was negative for HCV, Huh7 cells were 

highly permissive for HCV infection and provided favorable environment for HCV RNA 

replication. The Hep3B and HepG2 cell lines were established simultaneously in 1979 at 

Wistar Institute of Anatomy and Biology, Philadelphia, PA [23], and they are 

commercially available at American Type Culture Collection. Hep3B was isolated from a 

liver biopsy of an 8 year-old African American boy, who later died from HBV-related, 

well-differentiated, and metastasized HCC. In contrast, HepG2 cell line was derived from 

another liver biopsy of a 15 year-old white Argentinean male with well-differentiated 

hepatoblastoma, an embryonal malignancy of hepatocellular origin and the most common 

primary liver cancer of childhood [24]. These cell lines had frequent chromosomal 

abnormalities with average chromosome numbers of 60 in Hep3B and 55 in HepG2. Of 

note, Hep3B cells had integrated HBV DNA sequences that partially deleted the p53 gene 

locus leading to loss of activity of this tumor suppressor. On the other hand, the HepG2 

cell line carried a large deletion in the exon 3 of the CTNNB1 gene that contained the 

phosphorylation sites leading to stabilization and accumulation of β-catenin, and 

eventually aberrant activation of canonical Wnt signaling. 
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2.3. RESULTS 

2.3.1. Evaluation of TCF-4 mRNA splicing variants exon by exon 

Before analyzing each exon of TCF7L2 gene, I confirmed that its protein product, TCF-4, 

was expressed in hepatoma cell lines HepG2, Hep3B, Huh7, and FOCUS by Western 

Blot (WB) analysis (Figure 2.2, middle panel). Human embryonic kidney (HEK) 293 

cells were used for control. WB results showed multiple bands suggesting the presence of 

different TCF-4 isoforms in all HCC cell lines. HEK did not reveal any expression of 

TCF-4 proteins. Expression pattern of short and long isoforms transfected in HEK293 

cells (HEK + Short and HEK + Long, respectively) as positive controls indicated that 

HCC cell lines expressed both short and long isoforms, though at lower levels in Hep3B 

and FOCUS cells. HEK293 cells transfected with empty vector (HEK + EV) served as 

negative control for transfections.  

 

Figure 2.2. Endogenous expression of TCF-4 proteins in HCC cell lines 

Expression of β-catenin and TCF-4 isoforms was detected by WB analysis from whole cell 

lysates. The average protein size of TCF-4 is ~51 kDa for short isoforms and ~66 kDa for long 
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isoforms as depicted by the expression patterns of positive controls. All four HCC cell lines 

expressed both short and long isotypes (middle panel). The molecular weight for β-catenin is 92 

kDa. Because β-catenin is also a structural protein, it was expressed abundantly in all cell lines. 

Please note that HepG2 expressed a 75 kDa truncated form of β-catenin due to partial deletion of 

exon 3 of the CTNNB1 gene (top panel). Expression of β-actin served as the protein loading 

control (bottom panel). 

 

DNA sequences and exon characteristics of TCF7L2 are shown in Figure 2.1A 

and Table 2.1. In order to evaluate TCF-4 mRNA splicing isoforms in HCC, I performed 

reverse transcriptase polymerase chain reaction (RT-PCR) in HepG2, Hep3B, Huh7, and 

FOCUS cell lines by using different primer sets designed against each exon (Figure 2.3A 

and Table 2.2) and analyzed on 2% agarose gels (Figure 2.3B). All PCR products 

migrated within the expected size range and the different band patterns on the agarose gel 

verified the presence of alternative exons. For example, PCR products of 1F/2R, 1F/3R, 

and 1F/4R had single bands, whereas starting from 1F/5R and on, there were more than 

one bands indicating that exon 4 was indeed alternatively spliced. In addition, the PCR 

product of 1F/4R gave some added information. Except for Hep3B, no visible product 

was detected under UV suggesting that TCF-4 isotypes with exon 4 were expressed at 

low abundance. In fact, the homolog of exon 4 is absent in other members of TCF/LEF 

family (Figure 1.2.2), and the known isoforms, TCF-4B and TCF-4E, do not contain this 

exon. Its existence had long been unrecognized and alternative splicing had been 

considered only at the C-terminal tail until exon 4 was identified and described in CRC 

[2]. However, the function of exon 4 is not known.  
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Figure 2.3. Evaluation of TCF-4 mRNA exons by RT-PCR 

Exon-specific primer sets were used to assess various splicing possibilities. A. A schematic 

representation of the primer pairs used. The double-headed arrows represent PCR amplification 

between a given forward and reverse primers corresponding to each exon of the TCF-4 mRNA 

schematic figure. The numbers in the parenthesis indicate the size of amplicons in base pairs. If a 

primer set is expected to generate single product, the estimated size is given. When two different 

products are amplified due to presence of one alternative splicing site, both sizes are shown 

separated by a slash sign (e.g. 443/512 for primer set 1F/5R due to alternative exon 4). However, 

if more than two amplicons are anticipated due to multiple alternative splicing, then the range of 

sizes is represented with a hyphen between the lowest and highest estimated products (e.g. 1548 

– 1866 for 1F/17R due to all alternatively spliced exons). This was the method I exploited for 

cloning the various TCF-4 isoforms as the primer set 1F/17R amplified all available TCF-4 

isoform transcripts in each cell line. B. Agarose gel electrophoresis of RT-PCR products stained 

with ethidium bromide. Each RT-PCR product from all cell lines was run in 2% agarose gel and 

visualized under the UV light. The (-) control samples were obtained by RT-PCR without the 

template cDNA. The DNA molecular weight marker XIII (MM XIII) is a 50-base pair ladder, while 

the MM III (bacteriophage lambda DNA digested with Eco RI and Hind

 

 III) shows higher 

molecular sizes of 564, 831, 947, 1375, 1584, 1904, 2027, 3530, and etc. Most of the PCR 

products migrated in the agarose gels as expected. No PCR product was obtained with primer set 

16F/17R, and no isoform was identified with exon 16. Despite the presence of PCR amplicon with 

primer pair 17LF/17R, an isoform with exon 17L was not isolated. 

Another expected outcome was the PCR product of primer pair 12F/17R, which 

showed multiple bands confirming that the exons between 12 and 17 are alternatively 

spliced extensively. Finally, the primer sets specifically designed to distinguish products 

with exon 7S (without LVPQ) or 7L (with LVPQ) and exon 9S (without SxxSS) or 9L 

(with SxxSS) also confirmed the alternatively spliced acceptor sites in these exons by 
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showing multiple bands. As with exon 4, TCF-4 isoforms with exon 9L seemed to be 

expressed less abundantly than ones with 9S in HCC. Since LVPQ and SxxSS had been 

described to have transcription repression characteristics [25], lack of these motifs in 

most HCC cells was unsurprising as they might have disadvantageous effect for the 

propagation of cancerous cells. 

 

Table 2.2. Primer sequences used for TCF7L2 exon analysis 
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2.3.2. Identification of novel TCF-4 isoforms 

In order to isolate different TCF-4 mRNA isotypes expressed in HCC, I performed RT-

PCR using primer pair 1F/17R that spanned from the beginning of exon 1 through the 

end of exon 17 in HepG2, Hep3B, Huh7, and FOCUS cell lines. The PCR products, 

which included various combinations of the alternative exons, were cloned into pCR2.1-

TOPO vector using a TA cloning kit. A total of 48 clones (12 from each cell line) were 

harvested, and each of the individual clones was sequenced. DNA sequencing results 

revealed the isolation of 17 different TCF-4 isoforms as depicted in Figure 2.1. 

Interestingly, not all splicing variants had the exon characteristics described previously as 

unexpected isotypes were uncovered. In this context, 4 out of 17 isoforms showed novel 

properties in TCF7L2 exons (Figure 2.1C-F), while 13 were derived from the expected 

512 possibilities (Figure 2.1B). The two previously known species, TCF-4B and TCF-4E 

[4], were identified among them. Except for these two, the rest of the new isoforms were 

named in an alphabetical order according to calculated size of their protein products 

(TCF-4A through M). It was worth noting that out of 48 clones sequenced, 18 of them 

(37.5%) were identified as TCF-4B, suggesting that this prominent isotype was expressed 

abundantly in HCC or that it was stabilized at mRNA level. Among the 13 splicing 

variants, eight of them were short isoforms while five were long ones harboring the 

CtBP-binding sites (Figure 2.1B). Moreover, six isotypes contained the exon 4, whereas 

another five included both exons 7L and 9L encoding the LVPQ and SxxSS motifs, 

respectively. Presence of SxxSS motif in human tumors had not been described 

previously (compare the well-known TCF-4B with TCF-4A). Finally, there were two 

isoforms incorporating the alternative exon 13, two others bearing the exon 14, and three 
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carrying the exon 15. However, I could not find any isoform possessing the exon 16 

although it was described in a CRC cell line [2]. HCC cells might preferentially splice 

this short exon out of TCF-4 mRNAs since the RT-PCR with primer pair 16F/17R did 

not generate any PCR product in the agarose gel as well (Figure 2.3B).  

One of the unexpected isotypes was named as TCF-4X (Figure 2.1C). The TCF-

4X mRNA included an additional exon of 114 nucleotides embedded within intron 5, the 

longest intron of the TCF7L2 gene with over 100,000 base pairs (Table 2.1). This novel 

exon was referred to exon 5A to keep the previously described nomenclature order [2]. 

DNA sequence of the TCF7L2 gene confirmed it to be a potential exon as it contained the 

ag/gt dinucleotides at intron boundaries. Interestingly, the insertion of exon 5A in TCF-

4X mRNA terminated the translation prematurely at the beginning of this extra exon 

generating a protein product of 17.9 kDa, including only the BCBD. However, two more 

potential translation initiation codons existed at the beginning of exon 6 and at the end of 

exon 8, producing protein products of 49.8 kDa and 36.9 kDa, respectively, but each 

without the BCBD (Figure 2.1C). If any of these three forms were expressed, they might 

repress transcription of Wnt target genes even in the presence of β-catenin during active 

Wnt signaling. In this context, the latter two might occupy the WREs but could not 

activate transcription since they would not be able to interact with β-catenin, while the 

first one could compete with other TCF-4 isoforms for binding to β-catenin and tether it 

away from the WREs.  

Another unusual isoform identified was TCF-4T (Figure 2.1D). The TCF-4T 

mRNA lacked the exon 3 though it was described to be a constitutively expressed 

sequence of TCF7L2. This isoform was missing all 125 nucleotides of the exon 3 and did 
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not affect the sequence of exon 2 indicating that the exon 3 was yet another alternatively 

spliced exon. Similar to TCF-4X, however, TCF-4T was able to generate two different 

translation products due to the early stop codon at exon 5 and the alternative start codon 

at exon 1 (Figure 2.1D). In the first one, the amino acid translation was terminated 

prematurely generating a small, truncated protein product of 10.2 kDa, just carrying the 

BCBD. The second one produced a translation product of 39.5 kDa without the BCBD. 

However, because the start codon of the latter version was set in another reading frame, 

the amino acid sequences at the end of exon 1 and the entirety of exon 2 were different 

from the TCF-4 protein sequences. If these forms were expressed, they might as well 

repress transcription of Wnt target genes even in the presence of β-catenin in a similar 

fashion as with TCF-4X. 

Finally, two distinct isoforms with potential genetic alterations were identified 

(Figure 2.1E and F). Termed as TCF-4Y, they had frameshift mutations at the poly A 

tract at the beginning of exon 17 (Table 2.1). While the TCF-4Y–1 isoform had a deletion 

of one adenine (8As), the TCF-4Y+1 isotype contained an additional adenine (10As). 

Interestingly, these frameshift mutations changed the length of C-terminal tails from long 

isoform to short isotype, and vice versa. In TCF-4Y–1, the deletion of a single adenine 

resulted in premature termination of protein translation at the beginning of exon 17 

switching the expected long tail to a short tail (Figure 2.1F). On the other hand, an 

insertion of an extra adenine eliminated the stop codon of TCF-4Y+1 leading this isoform 

to have a long tail instead of the expected short one (Figure 2.1F). A deletion of a single 

adenine in the poly A tract of TCF-4 had been shown to be a genetic alteration in CRC 

[6,26]. Identification of TCF-4Y–1 isoform confirmed that this frameshift mutation also 
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occurred in HCC, and that hepatoma cells exploited this mutation to escape from having 

the CtBP repressor-binding sites in TCF-4 transcription factors. However, an insertion of 

single adenine in the poly A tract had never been observed. In the case for TCF-4Y+1, 

the addition of extra adenine resulted in the expression of the CtBP-binding sites. 

Although expression of repressor sites in TCF-4 was not favored for cancer cells, the 

insertion mutation might have other importance in different isoforms. It was interesting to 

note that the extra nucleotide altered the structure of TCF-4Y+1 to appear similar to that 

of TCF-4E, another well-known isoform. Nevertheless, the isoforms TCF-4Y–1, TCF-

4Y+1 and TCF-4T were not investigated further, and they were excluded from the future 

experiments. 

Using the same cloning method, TCF-4 isoforms expressed in normal human liver 

samples were identified. However, all of the positive clones (50 clones) sequenced 

represented the single isotype, TCF-4B, suggesting that it was the most stabilized isoform 

at mRNA level and/or dominantly expressed splice variant in normal liver tissues, and 

that other alternatively spliced TCF-4 isoforms were expressed at very low level. In 

addition, TCF-4B could be the canonical isoform. 
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2.4. DISCUSSION 

TCF/LEF transcription factors are the ultimate mediators of the Wnt signaling pathway. 

Among the four members, TCF-4 is unique in that it can theoretically generate more than 

500 isoforms, and can preferentially splice some of the functional domains in or out of 

the sequence. This concept suggests that not only multiple isoforms exist but also a 

certain isotype may have a specific function and may be required in a particular situation. 

For example, an isoform that contains many of the repressive motifs, such as LVPQ, 

SxxSS, and PLSLxxK, may be expressed specifically in the absence of Wnt signals and 

required for transcriptional repression of target genes. However, despite the available 

knowledge of splicing variations and the optional functional motifs, TCF-4 has always 

been regarded as a transcription factor expressed as one type, whose function is 

determined by the amount of co-regulators. In HCC, TCF-4 has been reported to be 

overexpressed along with β-catenin upregulation. However, no information is available 

on TCF-4 isoform specificity. It is not known if there were multiple isoforms expressed, 

and if all of them had the same transcriptional activity. 

If my hypothesis were valid, cancerous cells would mostly express TCF-4 

isoforms that are specific for transcriptional activation. Nevertheless, I have evaluated 

TCF-4 mRNA exon by exon, and identified 17 different TCF-4 isoforms by sequencing 

cDNAs generated from complete mRNA clones derived from four HCC cell lines. The 

full list of isoforms with cell line origin is shown in Table 2.3. 

During the TCF-4 mRNA exon evaluation and the isolation of the isoforms, 

several features were observed:  
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Table 2.3. Summary of TCF-4 isoforms identified in HCC cells 

 

 

1. As expected, presence of multiple bands in the agarose gels during the evaluation 

and the identification of 17 isoforms confirmed that HCC cells indeed expressed 

multiple splicing variants. 
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2. While the PCR products of the primer set 9SF/17R (without SxxSS) was 

ubiquitously observed in all cell lines, the PCR amplification from 9LF/17R (with 

SxxSS) was faintly detected only in Hep3B agarose gel (Figure 2.3). In addition, 

out of 17 isoforms identified, 11 of them expressed isoforms that did not contain 

the SxxSS motif corroborating with the idea that this motif is a strong repression-

specific site and that cancerous cells avoided expressing isoforms with SxxSS. 

3. Interestingly, the LVPQ motif was present in 15 out of 17 isoforms. During exon 

evaluations, the PCR products of the 1F/7LF (with LVPQ) primer pair were 

detected more than that of 1F/7SF (without LVPQ) in agarose gels. Preferential 

expression of isoforms with LVPQ motif in HCC cell lines suggested that this 

motif may not be specific for transcriptional repression. 

4. Similar to SxxSS motif, 11 out of 17 isoforms did not contain exon 4 implying 

that this unique exon of TCF-4 might have an effect that was not favorable in 

HCC cells. 

5. Identification of TCF-4X revealed presence of another exon, which was named 

exon 5A. Most intron sequences start with a dinucleotide gt (or gu in mRNA) and 

end with an ag (Table 2.1), and they are referred to as splice donor and splice 

acceptor sites, respectively. DNA sequence of the TCF7L2 gene confirmed exon 

5A to be a potential exon as it contained the ag/gt dinucleotides at its 

intron/exon/intron boundaries embedded within intron 5. Therefore, TCF7L2 

turned out to have 18th exon, and since exon 5A was an alternative exon, the 

theoretical number of potential isoforms could go up to 1024. 
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6. TCF-4T was another unexpected isoform as it differed from the description of 

TCF7L2 gene. Its mRNA sequence lacked the constitutively expressed exon 3, 

indicating that its sequence was yet of another alternatively spliced exon. 

7. Identification of TCF-4Y isoforms confirmed that a frameshift mutation in the 

poly A tract, which was only observed in CRC this far, also took place in HCC. 

Therefore, HCC cells also exploited this mechanism where the potential co-

repressor binding sites were eliminated by single nucleotide deletion or insertion. 

8. Finally, identification of TCF-4B isoform in more than 35% of the total clones of 

HCC cell lines and 100% of normal liver tissues suggested that it could be the 

canonical isoform or that it was highly stabilized at mRNA level. In addition, 

TCF-4B was the only isoform that had been detected in a wide range of tissues, 

both normal and cancerous, in many other laboratories. 

Overall, this study confirmed the expression of multiple TCF-4 isoforms in HCC. 

Moreover, the identification of a novel sequence of exon 5A and the potential of exon 3 

being spliced out suggested that the TCF7L2 gene had not been fully characterized. 

Recently, another isoform with a new exon sequence was detected by overlapping 

expressed sequence tags (ESTs) by The Sanger Institute (NM_001146284.1). This new 

exon was also embedded in the very long sequence of intron 5 (upstream of exon 5A), 

further implying the presence of additional rarely expressed exons. Finally, exon 

evaluation and splicing patterns of sequences in the 17 TCF-4 isoforms hinted that exon 4 

and the SxxSS motif might be preferentially removed from the isoforms expressed in 

HCC. However, a comprehensive expression profile on all splicing variants needs to be 

performed. TCF-4T and Y isoforms were not pursued for further investigation.  
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2.5. METHODS 

2.5.1. Cell culture 

Human hepatoma cell lines HepG2, Hep3B, Huh7, and FOCUS, and human embryonic 

kidney cell line HEK293 were grown at 37°C in Dulbecco’s modified Eagle’s medium 

(DMEM, Sigma-Aldrich Corp., St. Louis, MO) supplemented with 10% (vol/vol) fetal 

bovine serum (FBS, Sigma-Aldrich), 1% (vol/vol) penicillin/streptomycin 

(Cellgro/Mediatech Inc., Manassas, VA) and 1% (vol/vol) L-glutamine (Cellgro).  

2.5.2. Western Blot analysis 

For preparing the whole cell lysates, all cell lines at 80% confluence were homogenized 

in RIPA lysis and extraction buffer (Pierce Biotechnology/Thermo Fisher Scientific 

(Pierce/Thermo), Rockford, IL) supplemented with Halt Protease and Phosphatase 

Inhibitor Cocktails (Pierce/Thermo), and sonicated. Protein concentration was determined 

with the BCA Protein Assay Kit (Pierce/Thermo) using bovine serum albumin as 

standard. One hundred μg of protein aliquots were resolved on sodium dodecyl sulfate-

polyacrylamide gel electrophoresis and transferred onto polyvinylidene fluoride 

membranes (PerkinElmer Life Sciences, Inc., Waltham, MA) by electroblotting using a 

semi-dry transfer system. The membranes were blocked with 5% non-fat dry milk in 

Tris-buffered saline containing 0.1% Tween 20 and then probed with the following 

antibodies: mouse monoclonal anti-TCF-4 antibody diluted at 1:1,000 (Upstate/Millipore, 

Billerica, MA), mouse monoclonal anti-β-catenin antibody diluted at 1:1,000 (BD 

Biosciences, San Jose, CA), and anti-β-actin antibody diluted at 1:1,000 (Santa Cruz 

Biotechnology, Santa Cruz, CA). Each primary antibody was followed by incubation 

with a secondary horseradish-peroxidase antibody diluted 1:10,000, and the blots were 
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revealed with the chemiluminescence imaging Western Lightning (PerkinElmer). For 

controls, 1.0 μg of TCF-4I (short) and TCF-4J (long) isoforms, and empty vector (EV) 

plasmid were transiently transfected into 60% confluent HEK293 cells seeded in 6-well 

plates by using a TransIT-LT1 transfection reagent (Mirus Bio LLC, Madison, WI) 

according to the manufacturer’s instruction. Twenty-four hours post-transfection, the 

whole cell protein extraction was carried out as described above. 

2.5.3. RT-PCR 

Total cellular RNA was extracted from human HCC cell lines HepG2, Hep3B, Huh7, and 

FOCUS by using TRIzol reagent (Invitrogen, Carlsbad, CA). The quality of the RNA 

samples was determined by ethidium bromide-stained agarose gel electrophoresis 

verifying intact 18S and 28S rRNA bands. To obtain first-strand complementary DNA 

(cDNA), 0.5 μg of total RNA was treated with DNase-I, RNase inhibitor, and reverse 

transcribed with oligo-dT primer and AMV reverse transcriptase (Roche Diagnostics, 

Indianapolis, IN). The primer pairs used for evaluation of TCF-4 mRNA splicing variants 

exon by exon are given in Figure 2.3A and Table 2.2. Primer sets were designed by using 

the Primer3 website (http://www-genome.wi.mit.edu/cgi-bin/primer/primer3_www.cgi), 

and synthesized by Sigma-Aldrich.  

2.5.4. Cloning of TCF-4 isoforms 

For identifying different TCF-4 isoforms, RT-PCR was carried out with a primer pair 

1F/17R that spanned from the beginning of exon 1 to the end of exon 17 regardless of 

splicing variations of exons in between them. The PCR products from all four HCC cell 

lines were cloned into the pCR2.1 vector using a TOPO TA cloning kit (Invitrogen). 

Twelve clones with positive inserts from each cell line (a total of 48 clones) were 
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obtained, and the individual clones were DNA sequenced. To verify the sequences, a 

program called ClustalW2, a general purpose multiple sequence alignment for DNA or 

proteins, (http://www.ebi.ac.uk/Tools/clustalw2/index.html) was used. The total genomic 

sequence of TCF7L2 gene obtained from NCBI, and individual exon sequences described 

in [2] were used as the reference sequences for alignments. For transient transfections in 

WB analysis, the fourteen TCF-4 isoforms were sub-cloned into mammalian expression 

vector pcDNA3.1/myc-His (Chapter 4). 
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CHAPTER 3 

3. EXPRESSION OF TCF-4 ISOFORMS IN HCC 
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3.1. ABSTRACT 

TCF/LEF family of transcription factors of Wnt signaling pathway do not act as classical 

transcription factors as they can be switched between transcriptional repressors and 

activators depending on the absence and presence of Wnt signals, respectively. The 

family consists of four members in mammals: TCF-1, LEF-1, TCF-3, and TCF-4. Apart 

from common structural domains they share, there are several short sequences that are 

optionally expressed via alternative splicing. These sequences may give functional 

diversity between family members. For example, LVPQ, SxxSS, and CtBP motifs are 

known to have added repressive effect on target gene transcription. Correspondingly, 

TCF-3 that contains these motifs as obligate sequences is exclusively expressed to repress 

Wnt target genes, while TCF-1 and LEF-1, which do not have these sequences, are 

specifically abundant during active Wnt signaling. However, TCF-4 is expressed in both 

transcriptional repression and activation during development. This bi-functional property 

of TCF-4 has been explained by the relative amount of co-regulators that switch it 

between activator and repressor. In contrast, I propose the existence of TCF-4 isoforms 

that are specific for transcriptional activation and for transcriptional repression, and I 

further hypothesize that expression of each isoform depends on its functional feature. 

Identification of more than 14 distinct TCF-4 isoforms in HCC revealed the 

presence of alternative motifs in various combinations. Since Wnt signaling is aberrantly 

activated in HCC, it is important to determine their expression levels. Here, I analyze the 

endogenous expression of these splice variants in HCC cells, as well as in HCC tumors, 

their matching peritumor, and normal liver tissues by RT-PCR. 
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3.2. INTRODUCTION 

The four members of the TCF/LEF family of transcription factors, TCF-1, LEF-1, TCF-3, 

and TCF-4, are the most downstream components of the canonical Wnt signaling 

pathway [1-4]. The structural organization of TCF/LEFs is schematically shown in Figure 

3.1A. Their common properties, such as binding to similar WRE and activating Wnt 

target genes are provided by their highly conserved HMG box and the N-terminal BCBD, 

respectively [5]. Conversely, transcription repression is mediated by the TLE-binding 

site, which is also well-conserved and constitutively expressed in all members [6,7]. 

Consequently, TCF/LEF transcription factors have been described as bi-functional 

context-dependent regulators. The option between transcription activation vs. repression 

is determined when the balance between the amount of co-activators and co-repressors is 

shifted toward one direction [8]. If this is how the function of TCF/LEFs is regulated, 

then why does TCF-3 exclusively act as transcription repressor during development? 

Despite the presence of BCBD, TCF-3 has hardly been reported to interact with β-catenin 

and activate Wnt target genes. The alternatively spliced C-terminal tail and part of the 

CRD are expressed differently in TCF/LEFs, which may contribute to the specific 

functional properties for each family member. Apart from the TLE-binding domain, the 

CRD contains two alternatively spliced LVPQ and SxxSS motifs that have been reported 

to have repressive activities [9]. In addition, there are two binding sites for co-repressor 

CtBP in the long C-terminal tail [10]. Interestingly, TCF-3 constitutively expresses 

LVPQ, SxxSS, and CtBP-binding sites, while TCF-1 and LEF-1, which are mostly 

employed for target gene activation, do not even contain these repression-specific 

domains (Figure 3.1A). On the other hand, TCF-4 can generate any combination of these 
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motifs by alternative splicing, and TCF-4 isoforms with structural resemblance to TCF-1, 

LEF-1, and TCF-3, at least with respect to these motifs, may function in a similar pattern. 

 

 

Figure 3.1. Expression of TCF-4 mRNA isoforms by qPCR 

A. Schematic representation of human TCF/LEF family of transcripotion factors reflecting the 

newly identified exon, exon 5A. The conserved regions are marked with different colors as in 
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Figure 1.2.2. In TCF-4, the numbers inside boxes indicate the exon order of the gene (TCF7L2) 

including exon 5A (dark grey box). B. Fourteen isoforms were categorized into six different 

groups according to their exon characteristics (blue rectangles) and correspondingly, six sets of 

primers were designed. B-1. Isoforms that lacked exon 4 (∆Exon 4) included TCF-4A, B, C, F, J, 

K, E, and X. The forward primer was complementary to the DNA sequences bordering exons 3 

and 5 while the reverse primer was within exon 5. The size of the qPCR product detected by 

these primers was 112 bps. B-2. Isotypes that contained exon 4 (+Exon 4) were TCF-4D, G, H, I, 

L, and M. The primer pair detected sequences within exon 4 and generated a 53 bp-long product. 

B-3. Splicing variants that included the LVPQ and SxxSS motifs (+Exons 7L & 9L) were TCF-4A, 

F, H, K, L, and X. The primer set detected each motif and produced a 125 bp-long PCR product. 

B-4. Isoforms that harbored exons 13 (+Exon 13) were TCF-4F and I. The reverse primer was 

designed to detect sequences along the border of exons 13 and 17. Therefore, this group 

excluded isoforms shown in B-5 although they also composed of exon 13. B-5. Isotypes with 

exon 14 (+Exon 14) were TCF-4E, M, and X. The reverse primer was also designed to 

complement sequences along exons 14 and 17 to exclude other potential isoforms with exon 14 

of different group. B-6. Splicing variants with exon 15 (+Exon 15) were TCF-4J, K, and L. 

Similarly, the forward primer was devised to anneal to the sequences along the border of exons 

12 and 15. C. The mRNA expression levels of each isoform group in HepG2, Hep3B, Huh7, and 

FOCUS HCC cell lines measured by qPCR. The qPCR was carried out using 5 ng of cDNA 

samples and performed in triplicates. Results were presented as average values with SD from 

two independent experiments. D. The average mRNA expression levels of each isoform in normal 

liver (N), HCC tumor (T) and matching peritumor (pT) tissues assayed by qPCR. The experiments 

were performed in duplicates and results were illustrated as overall averages with SD across 

each tissue type.   

 

 

 



 127 

During Xenopus development, XLEF-1 and XTCF-1 are upregulated on the dorsal 

side of the embryo to activate the expression of dorsal genes [2,11], while XTCF-3 is 

overexpressed to represses the transcription of the same genes on the ventral side [10,12]. 

Similar expression pattern is observed in mouse development as well [3,13,14]. As an 

extension to my hypothesis, I further propose that the potential activator isoforms of 

TCF-4, specific for Wnt target gene expression, may show structural resemblance to 

TCF-1 and/or LEF-1 and may be overexpressed in cancerous cells. In contrast, the TCF-4 

isotypes specialized for target gene repression may appear structurally similar to TCF-3 

and their expression may be downregulated in tumors. I described the identification of 17 

distinct TCF-4 isoforms in Chapter 2. In this chapter, I analyze the endogenous 

expression of 14 of these splice variants (TCF-4A through M, and X) in the original cell 

lines they were isolated, in paired HCC tissues, and in normal liver tissue samples by 

both quantitative real time RT-PCR (qPCR) and semi-quantitative RT-PCR (semi-qPCR). 

In the latter, the RT-PCR products were run in agarose gels to distinguish and quantitate 

individual isoforms. 
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3.3. RESULTS 

3.3.1. Expression of TCF-4 mRNA isoform groups by qPCR 

As an attempt to confirm the expression of the newly identified TCF-4 isoforms in HCC 

by qPCR, I designed primer sets that would distinguish a group of isoforms with same 

exon characteristics. In this regard, six sets of primer pairs that detected isoforms without 

exon 4 (∆Exon 4), with exon 4 (+Exon 4), with the LVPQ and SxxSS motifs (+Exons 7L 

& 9L), and with exons 13 (+Exon 13), 14 (+Exon 14), and 15 (+Exon 15) were generated 

as shown in Figure 3.1B and Table 3.1. The mRNA expression of these groups of 

isoforms in hepatoma cell lines HepG2, Hep3B, Huh7, FOCUS are shown in Figure 

3.1C. The isoforms that did not contain exon 4 were the most abundantly expressed 

group, while the ones with exon 4 were produced at much lower level indicating that 

HCC cell lines prefer to splice the exon 4 out of the transcript. The isotypes that harbored 

exon 15 was the second highest expressed group, whereas the splicing variants that 

contained exon 13 were the lowest. The isoforms that incorporated exon 14 and the ones 

that included both LVPQ and SxxSS motifs were expressed at similarly low levels. 

Interestingly, the most carcinogenic FOCUS HCC cell line expressed TCF-4 isoforms at 

low levels compared to other hepatoma cell lines.  

The qPCR was also performed with the same primer sets in normal liver (N), 

HCC tumor (T) and matching paired peritumor (pT) tissues, and the average expression 

levels are shown in Figure 3.1D. The overall expression pattern was consistent with the 

cell line results: the isotypes that lacked exon 4 were expressed at the highest level, the 

group with exon 15 the second highest, ones with exon 13 the lowest, and the isoforms 

with LVPQ and SxxSS motifs were expressed moderately low. However, because these 
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isoform groups were not exclusive for one isoform, i.e. an isotype could be categorized 

into more than one group, this method was not very informative on individual isoforms. 

For example, TCF-4X was sorted into three different groups (∆Exon 4, +Exons 7L & 9L, 

and +Exon 14), one of which illustrated a high expression level while the other two 

showed lower values, rendering it impossible to deduce the expression level of this 

particular isoform.   

 

Table 3.1. Primer sequences used for qPCR 

 

 

3.3.2. Expression of TCF-4 mRNA isoforms in HCC cells by semi-qPCR 

The qPCR results were impractical at individual isoforms and one primer set was 

detecting multiple isotypes. This challenge was overcome by designing eight splice site-

specific primer pairs such that each would amplify the fewest number of isoforms in RT-

PCR (Table 3.2 and Figure 3.2A), and by running the PCR products in agarose gels to 
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separate and quantitate the band intensity of each isoform by densitometry. For example, 

primer pair P1F/P1R detected and amplified isoforms TCF-4A, B, and C only, and they 

could be separated in an agarose gel at individual bands. As shown in Figure 3.2B and C, 

expression of 10 isoforms was revealed in four HCC cell lines by semi-qPCR. TCF-4A, 

H, K and X isoforms were undetectable, possibly due to their low expression levels 

and/or the low sensitivity of the technique. Strikingly, TCF-4A, H, and K differed by 

only SxxSS motif from their closely related isotypes TCF-4B, G, and J, respectively (blue 

rectangles in Figure 3.2A), which were expressed at high levels. This suggested that 

isoforms with the SxxSS motif were substantially downregulated in HCC cells. 

 

Table 3.2. Primer sequences used for semi-qPCR 

 

 

Consistent with the qPCR results, the FOCUS cell line expressed the isoforms at 

lower levels than compared to other HCC cells. Moreover, TCF-4B and C isotypes, 

which were detected among the highest expression group, ∆Exon 4, during qPCR (Figure 

3.1B-1), were also expressed at high levels when measured by semi-qPCR. Interestingly, 

TCF-4B was found only in well differentiated HepG2 and Hep3B cells, while TCF-4C 

was expressed in more carcinogenic cells, Huh7 and FOCUS (Figure 3.2C). Furthermore, 
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TCF-4J isoform that was sorted in both highly expressed groups, ∆Exon 4 and +Exon 15 

(Figure 3.1B-1 and B-6), was also detected at high levels by the semi-qPCR method. 

Finally, TCF-4F and I isoforms, which were detected at low levels as +Exon 13 group 

(Figure 3.1B-4) by qPCR, were uniformly expressed at lower levels in all cell lines as 

well when quantitated by semi-qPCR. 
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Figure 3.2. Expression of TCF-4 mRNA isoforms in HCC cells by semi-qPCR 

A. Summary of 14 isoforms of TCF-4 considered for further investigation. Schematic positions of 

primer sets used for semi-qPCR were shown below isoforms they amplify. Numbers in 

parentheses represent the size of PCR products in bp. The blue rectangles were sketched to 

emphasize the closely related isoforms that differed by SxxSS motif only (TCF-4A vs. B, TCF-4H 

vs. G, and TCF-4K vs. J). B. Agarose gel electrophoresis of PCR products stained by ethidium 

bromide. Each TCF-4 isoform plasmid was transfected into Huh7 cells and used as a positive 

control for semi-qPCR. For PCRs that generated multiple products, positive controls were applied 

to lanes as both combined (C/B/A) and single (A, B, and C) species, and indicated above each 

gel. Migration of positive controls revealed the expected sizes. The PCR products detected by 

primer sets, P1F/P1R (A, B, and C), P2F/P1R (D, G, and H), and P1F/P3R (J and K), were run in 

3.5% NuSieve 3:1 agarose gels for efficient separation of similar-sized amplicons. Although the 

isoforms, TCF-4E and X, were generated by a single primer set, P1F/P4R, they were separated 

in a 2% agarose gel as their size difference was large enough. The rest of the PCR products 

were analyzed in 2% agarose gels. The expression of GAPDH was used as an endogenous 

control. The 100-base pair molecular marker (MM XIV) served as control for band intensity 

between different agarose gels. C. The mRNA expression level of 14 distinct TCF-4 isoforms in 

HCC cell lines. TCF-4 expression in each sample was normalized to GAPDH.  

 

3.3.3. Expression of TCF-4 mRNA isoforms in HCC tissues by semi-qPCR 

Expression levels of all isoforms in twenty-seven paired HCC tumor and matching 

peritumor tissue samples (Table 3.3) were analyzed by comparing their average 

expression with that of normal liver tissues (dotted lines). The mRNA expression levels 

in these tissues are described below in detail. Representative examples of agarose gels are 

shown in the section A of the following figures. All data are shown in a same scale for 

easy comparison.  
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Table 3.3. Patients and histological features of liver tumors 

Abbreviations: CCC, cholangiocellular carcinoma; HB, hepatoblastoma; SN, 

single nodule; PNE, perinodular extension; MN, multiple nodule; MD, 

moderately differentiated; PD, poorly differentiated, LC, liver 

cirrhosis; CH, chronic hepatitis  
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3.3.3.1. Expression of isoforms TCF-4A, B, and C 

The RT-PCR with the primer pair P1F/P1R generated three isoforms, TCF-4A, B, and C 

(Figure 3.2A and Figure 3.3). Isoform TCF-4A was scarcely expressed in tumor tissues 

with 30% (only in 8 out of 27 (8/27) samples) and their overall expression level was 

lower than the average expression in normal liver tissues (Figure 3.3B, left chart) further 

suggesting that TCF-4A is preferentially downregulated in HCC. On the other hand, 89% 

(24/27) of peritumor samples expressed TCF-4A, and the expression level of 85% 

(23/27) was within the range of expression in normal tissues as defined by average 

expression in normal samples ± 3× standard deviation (SD). Correspondingly, the overall 

average values between normal and peritumor tissues were similar (Figure 2B, right 

chart), indicating that peritumoral tissues behaved similarly to normal samples. 

 As shown in Figure 3.3C, TCF-4B isoform was uniformly expressed throughout 

all types of tissues. The expression pattern of majority of peritumor (63%, 17/27) and 

tumor (70%, 19/27) values was within the range of normal expression (Figure 3.3C, left 

chart). When paired samples were compared, the TCF-4B was expressed higher in tumor 

than in peritumor tissues (74%, 20/27). Despite these differences in individual tissue data, 

the overall average expression rate was similar between normal, peritumor, and tumor 

tissues (Figure 3.3C, right chart), implying that TCF-4B might not be required 

specifically for tumorigenesis, but might be involved in regular homeostatic maintenance 

of the cell. Similar to cell line data, comparison between TCF-4A and B in tumor tissues 

revealed that the presence of SxxSS motif in TCF-4A lead to its elimination or 

downregulation in HCC tumors. 
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Figure 3.3. Expression of TCF-4A, B, and C isoforms in HCC tissues by semi-qPCR 

RNA expression levels of TCF-4A (B), TCF-4B (C), and TCF-4C (D) measured by semi-qPCR 

with primer pair P1F/P1R in twenty-seven HCC tumor (T) and matching peritumor (pT) tissues 

and in three normal liver samples (N). A. A representative picture for separating all three isoforms 



 136 

by running 3.5% NuSieve 3:1 agarose gel. MM, 1: 100 bp molecular marker; C/B/A, combined 

positive controls for TCF-4C, B, and A; single positive controls are indicated by their isoform 

names. The positive controls were obtained by transfecting corresponding TCF-4 isoform into 

Huh7 cells and performing RT-PCR. In B – D, the left charts illustrate the expression levels in 

individual samples, while the right charts show the average values in each category of samples. 

The white bars demonstrate the expression of isoforms in normal liver, grey bars indicate the 

peritumoral samples, and the black bars represent the matching tumor tissues. The dotted lines in 

the left charts display the average values in normal liver. Note that there is no dotted line in (D), 

because TCF-4C was not expressed in normal liver tissues. 

 

TCF-4C, which lacked both LVPQ and SxxSS motifs, was exclusively and highly 

expressed in tumor tissues (Figure 3.3D). No expression was detected in normal tissues, 

and only in 7% (2/27) of peritumoral samples showed expression of this isoform, strongly 

suggesting a role for TCF-4C in progression of HCC. 

3.3.3.2. Expression of isoforms TCF-4D, G, and H 

The isoforms TCF-4D, G, and H were generated by RT-PCR primer pair P2F/P1R 

(Figure 3.2A and Figure 3.4). TCF-4D was the only isoform that expressed in the least 

number of tissues. Its expression was detected in 67% (2/3) of normal, 22% (6/27) of 

peritumor, and 41% (11/27) of tumor tissues (Figure 3.4B, left chart). However, once its 

transcript was detected, the expression levels were very high in both peritumor and tumor 

samples. The average values, calculated by including all 27 samples, together with 3× SD 

showed that both tumor and peritumor tissues still had similar values compared to that of 

normal samples (Figure 3.4B, right chart). It is interesting to note that, similar to TCF-

4C, TCF-4D also lacked the LVPQ and SxxSS motifs and was expressed abundantly in 

HCC. The presence of exon 4 is the only difference between the two isoforms, and this 
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exon might be directing the differential expression pattern, suggesting that exon 4 might 

have a leaky repressive effect. 

Similar to TCF-4B, TCF-4G was also uniformly expressed in almost all samples 

(Figure 3.4C, left chart). The expression pattern of majority of peritumor (81%, 22/27) 

and tumor (85%, 23/27) values was within the average range of normal expression 

(Figure 3.4C, left chart). When matching samples were compared, the number of samples 

with difference between tumor and peritumor tissues was similar: while the expression 

level of TCF-4G was higher in 52% (14/27) of tumor, 48% (13/27) was higher in 

peritumor samples. In addition, the overall average expression level of TCF-4G was 

comparable between normal, peritumor, and tumor tissues (Figure 3.4C, right chart), 

suggesting a similar role for TCF-4G with TCF-4B. Comparison of their expression 

(Figure 3.3C vs. Figure 3.4C), revealed near identical pattern, but TCF-4G was less 

abundant in tumor tissues. Structurally, the only difference between the two was exon 4 

in TCF-4G, and the presence of this exon was again implicated in slightly lowered 

expression in tumor.  

As shown in Figure 3.4D, TCF-4H was expressed in 78% (21/27) of peritumor, 

and 70% (19/27) of tumor tissues (Figure 3.4D, left chart). Almost half of their 

expression levels was lower than that of normal tissues, indicating that TCF-4G might 

also be downregulated in HCC. However, the overall average values between tissue types 

did not show any difference (Figure 3.4D, right chart). Interestingly, similar to TCF-4A 

and B splice variants, TCF-4H and G are isoforms that differed by SxxSS motif, and yet 

again presence of this motif in TCF-4H resulted in its downregulation in many tumor 

tissues (48%, 13/27).  
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Figure 3.4 Expression of TCF-4D, G, and H isoforms in HCC tissues by semi-qPCR 

RNA expression levels of TCF-4D (B), TCF-4G (C), and TCF-4H (D) measured by semi-qPCR 

with primer pair P2F/P1R in normal and HCC tissue samples. A. A representative picture for 

separating all three isoforms by running 3.5% NuSieve 3:1 agarose gel.  
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3.3.3.3. Expression of isoforms TCF-4J and K 

Another pair of isoforms that varied from one another by SxxSS motif was TCF-4J and 

K, though they have long C-terminal tails (Figure 3.2A). Semi-quantitative RT-PCR was 

performed with the primer pair P1F/P3R to analyze their mRNA levels (Figure 3.5). 

TCF-4J, the one without SxxSS motif, was overexpressed in majority of tumor tissues 

compared to both average expression in normal (85%, 23/27) and corresponding paired 

peritumoral (85%, 23/27) samples (Figure 3.5B, left chart). The overall higher expression 

of TCF-4J in tumor tissues (Figure 3.5B, right chart) suggested that TCF-4J was involved 

in hepatocarcinogenesis.  

 



 140 

Figure 3.5 Expression of TCF-4J and K isoforms in HCC tissues by semi-qPCR 

RNA expression levels of TCF-4J (B) and TCF-4K (C) measured by semi-qPCR with primer pair 

P1F/P3R in normal and HCC liver. A. A representative picture for separating both isoforms by 

running 3.5% NuSieve 3:1 agarose gel.  

 

In contrast to TCF-4J, TCF-4K was hardly expressed in HCC tumor samples, and 

if expressed, none of them was higher than that of normal samples. In fact, the majority 

of them (59%, 16/27) were below the average expression of normal tissues (Figure 3.5C, 

left chart). However, its expression pattern in many of the peritumor tissues (48%, 13/27) 

fell within the average range of normal samples. Comparison of the mean values revealed 

efficient downregulation of TCF-4K in HCC tumors (Figure 3.5C, right chart). In 

addition, TCF-4K was the isoform that had the most structural resemblance to TCF-3. 

3.3.3.4. Expression of isoforms TCF-4L, F, I, M, E, and X 

The isoform TCF-4L was generated by RT-PCR with the primer pair P2F/P3R (Figure 

3.2A and Figure 3.6). It was a unique isotype in that it contained both LVPQ and SxxSS 

motifs, the two CtBP-biding sites, and exon 4, all of which implicated in possible 

transcriptional repression of Wnt target genes. As shown in Figure 3.6B, expression of 

TCF-4L RNA was effectively downregulated in many peritumor and tumor samples 

compared to normal tissues.  

The primer pairs that detected and amplified the isoforms TCF-4F, I, M, E, and X 

are shown in Figure 3.2A. Expression of these isoforms not only was very low but also 

similar between normal, peritumor and tumor tissues (Figure 3.6). Interestingly, tumor 

samples numbered 12 – 19 were obtained from poorly differentiated HCCs (Table 3.3) 

and they expressed TCF-4L, F, I, M, and E at higher levels than the rest of the samples. 
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Figure 3.6 Expression of TCF-4L, F, I, M, E, and X in HCC tissues by semi-qPCR 

RNA expression levels of TCF-4L (B-1), TCF-4F (B-2), TCF-4I (B-3), TCF-4M (B-4), TCF-4E (B-

5), and TCF-4X (B-6) measured by semi-qPCR in twenty-seven HCC tumor and matching 

peritumor tissues and in three normal liver samples. A. Representative pictures for running above 

isoforms in 2.0% agarose gels. The primer sets used to amplify are indicated at the left side. The 

respective positive controls for each isoform are indicated above each gel picture. Note that TCF-

4E and X were generated by single primer pair, P1F/P4R. 
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3.4. DISCUSSION  

In order to confirm the expression of the newly identified TCF-4 isoforms in HCC and 

determine their mRNA expression levels, one would perform qPCR. However, it was 

impossible to make unique RT-PCR primer pair to every splice variant as each isoform 

was extensively spliced in both 5’ and 3’ ends as well as in the center. Therefore, 

isoforms were categorized into several groups according to their exon characteristics and 

the expression of the isoforms as a group was analyzed. Because the qPCR results were 

impractical at individual isoforms, this problem was overcome by a less sensitive semi-

qPCR method. Nevertheless, both qPCR and semi-qPCR findings were quite consistent.  

The most noticeable expression pattern was that of TCF-4C. Absence of this 

isoform in normal and peritumor tissues (Figure 3.3D) strongly suggested that TCF-4C 

might have an undesirable effect in normal adult liver tissues and hence it was efficiently 

downregulated. Conversely, overexpression of TCF-4C in more carcinogenic Huh7 and 

FOCUS cell lines (Figure 3.2C) as well as in the HCC tumor tissues implied a major role 

in progression of HCC, but not in hepatocarcinogenesis since it was not detected in less 

carcinogenic HepG2 and Hep3B cells and peritumoral regions, of which the latter was 

mostly cirrhotic or affected by chronic hepatitis (Table 3.3). Moreover, TCF-4C not only 

overexpressed in HCC tumors compared to their matching peritumor and normal tissues, 

but also was the highest expressed isotype (compare Figures 3.3 – 3.6, all graphs are at 

same scale), indicating it to be the key downstream effector of Wnt signaling in HCC. It 

is worth noting that the expression of such extreme pattern was observed in an isoform 

that lacked the exon 4, LVPQ, SxxSS, and CtBP-binding sequences. Therefore, TCF-4C 

could be a strong transcription activator isotype, or a target gene activation-specific 
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isoform. On the other hand, TCF-4D, which contained exon 4, otherwise structurally 

identical to TCF-4C, was not expressed in most of the tumor tissues suggesting a 

repressive role for exon 4. However, when TCF-4D was expressed in the remaining 

tumor tissues, its expression levels were as high as that of TCF-4C. 

Another striking observation was the downregulation of isoforms with SxxSS 

motif in HCC cells and tumor tissues as evidenced by the expression patterns of isoform 

pairs, TCF-4B and A, TCF-4G and H, and TCF-4J and K. First, in the qPCR approach, 

the isoforms TCF-4A, H, and K were detected as the +Exons 7L & 9L group, which had 

a low expression level in both HCC cell lines and tumor tissues (Figure 3.1 C and D). 

Second, these three isoforms along with TCF-4X were expressed at such low levels the 

semi-qPCR could not detect them in HCC cell lines (Figure 3.2). On the other hand, their 

counterparts that lacked the SxxSS motif (TCF-4B, G, and J isoforms) were expressed 

abundantly. Third, expression of TCF-4A, H, and K was downregulated in most HCC 

tumor samples compared to their matched peritumor and normal tissues when analyzed 

by semi-qPCR (Figures 3.3 – 3.5). Similar to cell line data, the TCF-4B, G and J were 

highly expressed in HCC tumors. Therefore, these results strongly confirmed that the 

SxxSS motif was indeed implicated in transcriptional repression and thus their expression 

was avoided in HCC. However, the claimed repressive function of LVPQ motif could not 

be verified, as TCF-4B, G, and J were expressed at high levels despite its presence. 

Interestingly, the isoforms TCF-4B and G were both expressed highly and uniformly in 

all types of tissues (Figure 3.3C and 3.4C), suggesting that these splice variants served as 

common effectors of Wnt signaling in different conditions. TCF-4B could be the default 
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isoform since it was one of the first two TCF-4 isoforms identified [15], and the most 

abundantly expressed splice variant in a broad range of tissues. 

The significance of the SxxSS motif was further elucidated in the differential 

expression pattern between TCF-4J and K (Figure 3.2C and 3.5). Although both isoforms 

contained the long C-terminal tails thus CtBP-binding sites, the SxxSS motif highly 

influenced their expression profile. Evidently, its presence was very disadvantageous in 

HCC tumors as TCF-4K was efficiently downregulated. Thus it could be the transcription 

repressive isoform, or target gene-inhibition-specific splice variant. In addition, TCF-4K 

is the isoform that structurally resembles to TCF-3 the most. Conversely, the absence of 

SxxSS in TCF-4J was markedly beneficial as this isoform was highly upregulated in 

HCC tissues, suggesting that TCF-4J could mediate the transcription of Wnt target genes 

along with TCF-4C as a transcription activator type. However, since TCF-4J was also 

moderately expressed in peritumoral tissues, it could be involved in the process of 

hepatocarcinogenesis as well as in HCC progression. Incidentally, it is now obvious that 

the qPCR result of the ∆Exon 4 group showed very high expression levels as this group 

included the highly abundant TCF-4B, C, and J (Figure 3.1B-1, C and D).  Interestingly, 

the same strong effect between the absence of SxxSS motif and the expression of TCF-4J 

was not observed with TCF-4B and G, suggesting an involvement of more intricate 

molecular mechanism depending on other sequences. 

Finally, the expression of TCF-4F and I isoforms was uniformly low in all cell 

lines and across different tissues as determined by both qPCR (as +Exon 13 group in 

Figure 3.1) and semi-qPCR (Figures 3.2C and 3.6). Isoform TCF-4M was also expressed 

at low levels evenly across all tissues, indicating that these splicing variants could serve 
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as potential neutral isoforms, whose expression was controlled consistently at low levels 

in various cell conditions. The lowest expressed isotype was TCF-4X, confirming that 

exon 5A was rarely included in the transcript. Interestingly, the isoform TCF-4L that 

contained all motifs implicated in repression (exon 4, LVPQ, SxxSS, and CtBP-binding 

sites) was expressed higher in normal tissues compared to most tumor and peritumor 

samples although overall expression across all tissue types was low. Expression pattern 

of TCF-4E, which was one of the two original isoforms, was inconsistent between HCC 

cell lines and tissues as it was expressed at high levels in HCC cells but much lower in 

tissues.  
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3.5. METHODS 

3.5.1. Human HCC tissues 

Twenty-seven pairs of liver tumor and matched peritumor tissues were obtained from 

South Korean patients (Table 3.3). While the tumor samples were obtained from the 

source of the HCC section, the peritumor tissues were dissected from the liver area 

surrounding the HCC. Twenty-one patients were male, and six were female. The mean 

age of the patients was 50 years ranging between 22 and 69. Except one patient, all of 

them had HBV-related chronic liver diseases. Three normal liver tissues were acquired 

from individuals who had undergone hepatic resection for single metastasis of colorectal 

cancer to the liver and served as controls.  

3.5.2. Plasmids, transfections, and RNA extraction 

Fourteen of the newly identified TCF-4 isoforms (TCF-4A through M, and X) were 

cloned into mammalian expression vector pcDNA3.1/myc-His. As positive control for 

the semi-qPCR, 1.0 μg of each isoform plasmid was transiently transfected into Huh7 

cells plated in 6-well plates by using a TransIT-LT1 transfection reagent (Mirus) 

according to the manufacturer’s instruction. Total cellular RNA was extracted from the 

transfected Huh7 cells, four HCC cell lines as wells as from normal liver and all paired 

HCC tissues by using TRIzol reagent (Invitrogen, Carlsbad, CA). The quality of the RNA 

samples was determined by ethidium bromide-stained agarose gel electrophoresis 

verifying intact 18S and 28S rRNA bands. To obtain first-strand cDNA, 2 μg of total 

RNA was treated with DNase-I, RNase inhibitor, and reverse transcribed with oligo-dT 

primer and AMV reverse transcriptase (Roche Diagnostics, Indianapolis, IN). 
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3.5.3. Quantitative real time RT-PCR (qPCR) 

To confirm the expression of different isoforms of TCF-4 in HCC, all isoforms were 

categorized into different groups according to their exon characteristics, and six set of 

primers were designed as shown in Figure 3.1B and Table 3.1. The copy number of 

mRNAs of each group was quantified by measuring the Ct

3.5.4. Semi-quantitative RT-PCR (semi-qPCR) 

 value, which was normalized 

by 18S rRNA value after comparing their standard curves. The standards for every group 

and 18S rRNA were prepared as 10 fold dilutions from each PCR product.   

Expression of individual isoforms in both HCC cell lines and tissues was carried out by 

semi-qPCR with eight different sets of splicing site-specific primers (P1F/P1R, P2F/P1R, 

P1F/P2R, P2F/P2R, P1F/P3R, P2F/P3R, P1F/P4R, P2F/P4R) as shown in Figure 3.2A 

and Table 3.2. The PCR products generated by P1F/P1R, P2F/P1R, P1F/P3R primer sets, 

which produced multiple isoforms, were separated on 3.5% high resolution NuSieve 3:1 

agarose gels (Lonza Rockland, Inc., Rockland, ME). This analytic technique is capable of 

resolving DNA fragments from 10 to 1500 base pairs. The rest of the isoforms were 

isolated on 2% agarose gels. PCR products were visualized by FluorChem 8000 gel 

imaging system (Alpha Innotech/Cell Biosciences, Inc., Santa Clara, CA), and the band 

intensity of each PCR product was analyzed and quantitated by densitometry. The 

expression of glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was used as an 

endogenous control. For quantitation, TCF-4 expression of each sample was normalized 

to GAPDH mRNA levels. The 100-base pair molecular marker (Marker XIV from 

Roche) served as control for band intensity between different agarose gels.  
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CHAPTER 4 

4. CHARACTERIZATION OF TCF-4 ISOFORMS IN HCC CELLS 
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4.1. ABSTRACT 

The TCF/LEF transcription factors are bipartite effectors of the Wnt signaling pathway. 

They repress gene expression by interacting with co-repressors TLE and CtBPs in the 

absence of Wnt ligands. Upon Wnt induction, the stabilized and accumulated β-catenin 

enters the nucleus, displaces the TLE, and converts the TCF/LEFs into transcription 

activators. However, this mechanism does not seem to apply for TCF-1, LEF-1, and 

TCF-3, leaving only TCF-4 to be such a molecular switch. TCF-3 is known with its 

repressive effect, and its repression is relieved by replacing it with other transcription 

factors. The suppressive activities of TCF-1 and LEF-1 are provided by their respective 

dnTCF-1 and dnLEF-1, and their repressive functions are eliminated by again replacing 

them with full length counterparts, indicating that a repression-specific TCF/LEF is 

expressed in the absence of Wnt signaling. Therefore, I further hypothesize that the 

potential repression- and activation-specific isoforms of TCF-4 may also be expressed 

specifically in the absence and presence of Wnt signals, respectively. Here, I investigate 

the functional characteristics of the newly identified TCF-4 isoforms by analyzing their 

transcriptional activity, effects on cell proliferation, migration, and anchorage-

independent cell growth. The importance of the repressive effect of SxxSS motif is 

further validated. 
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4.2. INTRODUCTION 

The transcription factors of the TCF/LEF family are the ultimate effectors of the Wnt 

signaling pathway. Developmental studies in frogs and mice have revealed that each 

member of the family is utilized in a particular way during embryogenesis: while TCF-1, 

LEF-1, and TCF-4 are used for both transcriptional activation and repression of Wnt 

target genes, TCF-3 is solely employed to inhibit the expression of those genes [1-4]. 

During active Wnt signaling, β-catenin is thought to convert TCF/LEF proteins from 

transcriptional repressors to activators by displacing the co-repressor TLE and recruiting 

other complexes necessary for transcription initiation [5,6]. However, TCF-3 has not 

been reported to activate transcription despite the presence of BCBD, suggesting that 

TCF-3 is not converted into a transcriptional activator. Instead, it is replaced by other 

transcription factors of the HMG superfamily, including TCF-1 and LEF-1, which are 

mostly required for transcriptional activation [1,2]. On the other hand, TCF-4 is equally 

employed as both transcription repressor owing to TLE and other co-repressors in the 

absence of Wnt signals and as transcription activator due to subsequent interaction with 

β-catenin upon Wnt stimulation. 

Identification of several TCF-4 isoforms with varying combinations of alternative 

sequences and their differential expression pattern in HCC let me further hypothesize that 

the potential repression- and activation-specific isoforms of TCF-4 not only structurally 

resemble with TCF-3 and TCF-1/LEF-1, respectively, but may also function like TCF-3 

and TCF-1/LEF-1. In other words, the repressive isoforms of TCF-4 may be upregulated 

in the absence of Wnt signals to efficiently suppress the expression of target genes while 

the activator isotypes may be expressed to oppose the function of the former when Wnt 
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signaling is initiated. Therefore, the activator isotypes may replace the repressive 

isoforms from the promoters upon Wnt stimulation, instead of a same TCF-4 molecule 

being converted from transcriptional repressor to activator by β-catenin.  

In this chapter, I characterize the newly identified TCF-4 isoforms by in vitro 

functional assays to examine if they had different transcriptional activity and if their role 

affected the overall cellular behavior in the context of HCC. One of the valuable tools for 

studying transcriptional activity of TCF/LEFs is the optimized Wnt/β-catenin reporter 

plasmids called TOPFlash and FOPFlash [7]. Originally designed by the Hans Clevers 

lab [8], the TOPFlash plasmid contains two sets of three optimal TCF/LEF-binding sites 

(ATCAAAGG) upstream of a minimal promoter and a Luciferase open reading frame. 

The FOPFlash plasmid is used as negative control as its TCF/LEF-binding sites are 

mutated (GC

Another helpful tool is the availability of an HA-tagged dnTCF-4E construct, 

which was also created by the same lab [9]. Similar constructs without the BCBD have 

been instrumental in placing TCF/LEF factors within Wnt pathway and the discovery of 

natural dnTCF-1 and dnLEF-1 has been very useful in exploring their activity [10-12]. 

Because dnTCF-4E cannot bind to β-catenin, its transcriptional activity measured by 

TOPFlash is extremely low and its overexpression opposes Wnt signals by repressing the 

transcription of target genes, such as c-Myc and Cyclin D1. Therefore, dnTCF-4E would 

be useful in testing my hypothesis by comparing its functional outcomes with those of 14 

isoforms of TCF-4.  

CAAAGG). Upon Wnt stimulation or overexpression of β-catenin, TCF/β-

catenin complexes assemble on TOPFlash, but not on FOPFlash, and the expression of 

the reporter gene is used to measure the activity of TCF/LEF transcription factors.  
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4.3. RESULTS 

4.3.1. Expression of TCF-4 isoforms by WB 

In order to characterize the TCF-4 isoforms and study their functional properties, each 

isoform was subcloned into mammalian expression vectors pcDNA3.1/Myc-His and 

pcDNA3.1(-)IRES-EGFP. EV and 14 TCF-4 isoforms cloned in the pcDNA3.1/Myc-His 

plasmid were co-transfected with a β-catenin expression vector into HEK293 and Huh7 

cells, and expression of each isotype was confirmed by WB analysis with anti-TCF-4 and 

anti-Myc tag antibodies (Figure 4.1). All isoforms were expressed at their predicted 

protein sizes and the expression levels were comparable (indicated by single asterisks in 

Figure 4.1A and B). The higher bands were probably generated as a result of TCF-4 

SUMOylation, an addition of ~10 kDa SUMO protein modifiers (Section 1.2.3.5.3, p. 

65). In addition, the long isoforms showed multiple lower-sized bands. These bands 

might represent possible cleavage products or expression of other short TCF-4 isotypes 

since the TCF-1 and TCF-4 transcription factors with CRARF and/or RKKKCIRY motif 

(long C-tail) could bind to promoters of all TCF and LEF genes (Section 1.2.3.2.4, p. 55).  
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Figure 4.1. Ectopic expression of TCF-4 isoforms in HEK293 and Huh7 cells  

WB analysis of TCF-4 isoforms, their binding partners, and known target genes of Wnt signaling. 

The whole cell lysates were prepared at 48 hours post-transfection of each isoform-containing 

vector and β-catenin plasmid into HEK293 and Huh7 cell lines. Immunoblot results from HEK293 

(A) and Huh7 (B) cells were shown. TCF-4 isoforms containing the Myc tag at the C-terminus 

were detected with both anti-TCF-4 and anti-Myc tag antibodies (*). The predicted polypeptide 

sizes of TCF-4 proteins were indicated above each isoform in kDa. Expression of β-actin served 

as the protein loading control. C. WB results of TLE/Gro, c-Myc, Cyclin D1, GS, and TBX3 in 

Huh7 cells upon overexpression of TCF-4 isoforms and β-catenin. The protein sizes were shown 

in parenthesis.  

 

The ectopic expression of β-catenin was uniform in all samples tested, including 

empty vector transfected cells, indicating that variation in TCF-4 isoform levels did not 

influence β-catenin (Figure 4.1A and B). To examine the functional effects of 

overexpression of each TCF-4 isoform, endogenous protein levels of TLE and several 

Wnt targets were assessed in Huh7 cells by WB analysis (Figure 4.1C). Expression level 

of co-repressor TLE, which was detected by anti-TLE 1 – 4 antibody, was overall low 

possibly due to overexpression of β-catenin. Interestingly, expression of TLE was even 

lower in TCF-4C, D, J and X isoforms as their band intensity was comparable to that of 

EV control, suggesting that TLE was further downregulated in the presence of these 

splice variants. However, there was no significant difference in expression of Wnt target 

genes, c-Myc, Cyclin D1, GS, and TBX3 compared to the levels in EV.  

4.3.2. Transcriptional activity of each TCF-4 isoform 

Once expression of TCF-4 isoforms at their expected protein sizes was confirmed, their 

transcriptional activity was assessed in HEK293 and Huh7 cells by using TOPFlash 
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(TOP) and FOPFlash (FOP) reporter system. To exclude the effect of different expression 

levels of TCF-4 isotypes in the pcDNA3.1(-)IRES-EGFP and β-catenin on transcriptional 

activity, transfection was carried out in duplicate such that both WB analysis and TCF-4 

activity assay could be performed at the same time. As shown in Figure 4.2A, the 

immunoblots detected by anti-TCF-4 and anti-HA tag antibodies produced similar 

expression patterns as in Figure 4.1A and B. The dnTCF-4E isoform was also efficiently 

expressed in its expected protein size of 53.7 kDa (double asterisks). In addition, 

expression of TCF-4 isoforms was further confirmed by positive expression of EGFP 

directly from the transcriptional activity assay plates under the fluorescence microscope 

(Figure 4.2B). Finally, the transcriptional activity of TCF-4 isoforms in HEK293 and 

Huh7 cells was determined as shown in Figure 4.2C. As the N-terminal deletion mutant 

lacking the BCBD, dnTCF-4E served as a control for assessing a repressed TCF-4 

transcriptional activity. On the other hand, the EV control exhibited the basal 

transcriptional activity because it represented the baseline activity delivered by the 

endogenous TCF-4 proteins. Comparing the transcriptional activities of each TCF-4 

isoform with the basal activity demonstrated several interesting features:  

1. Each TCF-4 isoform exhibited a consistent pattern of transcriptional activity 

compared to EV in both HEK293 and Huh7 cell lines. 

2. TCF-4 activity was β-catenin dependent. Whether it was a dnTCF-4E, EV, or a 

specific isoform, the transcriptional activity always increased with β-catenin 

expression (black bars) as compared to samples without β-catenin transfections 

(white bars). This indicated that not only TCF-4 transcriptional activity was 

repressed in the absence of β-catenin, but also overexpression of β-catenin 
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efficiently simulated the activation of the canonical Wnt signaling and hence 

TCF-4. 

3. Consistent with my hypothesis, transcriptional activity of each isoform was 

different from one another, and not all isotypes showed activity levels higher than 

that of EV control despite the presence of β-catenin. In this regard, many of the 

short isoforms demonstrated high transcriptional activity, while all of the long 

splicing variants displayed lower activity compared to EV confirming the effect 

of the co-repressor CtBP, which could only bind to the long isotypes. The 

isoforms TCF-4B, C, and G revealed the highest transcriptional activity indicating 

that they might have potent target gene activating properties. On the other hand, 

transcriptional activity of the isoforms TCF-4K, L, and M was as low as that of 

dnTCF-4E suggesting that these isotypes might represent the long-sought natural 

dominant negative forms of TCF-4 that could inhibit expression of Wnt target 

genes. These observations further supported my hypothesis that some TCF-4 

isoforms might have a role as transcriptional repressors, and their role could even 

be extended in the presence of β-catenin if overexpressed. 

4. Comparison of transcriptional activities and protein structure between TCF-4B 

and A revealed that the SxxSS motif was indeed exerting a repressive effect. The 

two isoforms differed from one another by only this motif, and the presence of 

SxxSS in TCF-4A resulted in repressed activity compared to that of TCF-4B. 

Therefore, these five amino acids, SFLSS, were responsible for the reduction of 

transcriptional activity in TCF-4A even in the presence of β-catenin expression 

further corroborating the fact that alternative splicing could generate repressive 
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TCF-4 isoforms. The same repression pattern of SxxSS could also be observed in 

other paired isoforms, TCF-4G vs. H and TCF-4J vs. K (also see Figure 5.2, p. 

192). The transcriptional activity difference between TCF-4J and K was less 

obvious compared to the other paired isoforms due to overall repression caused by 

CtBP. Nevertheless, TCF-4J demonstrated the highest transcriptional activity 

among the long isotypes.  

5. The effect of LVPQ motif was less clear and inconclusive as the transcriptional 

activity in both TCF-4B and C, which differed by this motif, was similarly high. 

Moreover, in another paired isoforms, expression of LVPQ in TCF-4G increased 

its transcriptional activity compared to TCF-4D indicating that the LVPQ motif 

might even have an activating function. Due to lack of more isoforms with SxxSS 

but without LVPQ, the functional effect of this motif could not be concluded.  

6. Finally, sequences of exon 4 might provide another source of transcriptional 

repression as expression of this exon in TCF-4D resulted in diminished activity 

compared to TCF-4C. However, this observation could only be detected in short 

isoforms (TCF-4B vs. G and TCF-4A vs. H), but not in long isotypes (TCF-4K vs. 

L and TCF-4E vs. M), suggesting that sequences in this exon could contribute to a 

weak repression-specific effect in overall transcriptional activity. 
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Figure 4.2. Transcriptional activity of TCF-4 isoforms  

A. Confirmation of consistent expression of TCF-4 isoforms by WB analysis in the TCF activity 

assay setting. TCF-4 isoforms expressed from the pcDNA3.1(-)IRES-EGFP vectors were 

detected with anti-TCF-4 antibody (*). The dnTCF-4E that harbored the HA tag at the N-terminus 

was detected with both anti-TCF-4 and anti-HA tag antibodies (**). B. Expression of EGFP. 
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Efficient transfection of plasmids and expression of TCF-4 was verified from the assay plates 

owing to the IRES sequences in pcDNA3.1(-)IRES-EGFP plasmids before proceeding into the 

transcriptional assay. Note that dnTCF-4E did not express EGFP as it was constructed from a 

different vector that did not contain the egfp gene. C. Transcriptional activities of all TCF-4 

isoforms after transient transfection into HEK293 and Huh7 cells. Activity was measured by using 

a luciferase reporter gene system. The relative luciferase activity was represented by the ratio of 

TOP value to FOP after normalizing the transfection efficiency with the β-galactosidase activity. 

The dnTCF-4E isoform served as control for assessing a repressed TCF-4 transcriptional activity. 

The horizontal line was drawn along the basal activity for comparison as EV control exhibited the 

endogenous activity. Results were presented as average rate ± SD from four independent 

experiments assayed in triplicates. 

 

4.3.3. Effect of TCF-4 isoforms on cell proliferation  

To further evaluate the functional properties of TCF-4, the effect of each isoform on 

HCC cell proliferation was examined. Expression plasmids containing TCF-4 splice 

variants were transiently co-transfected with β-catenin into Huh7 cells, and the amount of 

cells was measured for six days. EV and dnTCF-4E were used as controls, where dnTCF-

4E would represent the rate of cell division at repressed Wnt signaling and EV would 

signify the normal cell proliferation of Huh7 cells. Cell proliferation profile of all 

isoforms is shown in Figure 4.3. In order to analyze the data, the slope of each 

proliferation curve was calculated. Since a horizontal line and a 45° rising line would 

have a slope of S = 0 and S = 1, respectively, and since a slope would illustrate the 

steepness of an incline, the higher the slope value, the faster the cell proliferation rate. In 

addition, the average cell doubling time for the first two days was also calculated to 

establish the time between two cell divisions for the whole population. The doubling time 
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was determined in hours and the lower the doubling time, the faster the cell proliferation 

rate. Huh7 cells transiently transfected with EV control proliferated with an average 

doubling time of 44.2 hours, which was consistent with previous reports [13] and with the 

routine maintenance schedule of growing Huh7 cells in the laboratory. As expected, the 

cells expressing dnTCF-4E reduced the replication rate while most of the other isoforms 

increased the rate of cell proliferation compared to EV control. The TCF-4C isoform that 

exhibited the highest transcriptional activity (Figure 3.2C) also resulted in the fastest cell 

proliferation with doubling time of 24.3 hours. The second highest cell proliferation rate 

was observed in samples with TCF-4J, which demonstrated the highest transcriptional 

activity among the long isoforms (though lower than EV). The cell proliferation rate of 

Huh7 cells transfected with TCF-4A and B was comparable with one another but higher 

than EV control. Interestingly, cell proliferation rate in Huh7 cells expressing TCF-4K 

isoform that displayed the lowest transcriptional activity was substantially reduced with 

doubling time of 73.4 hours, which was even below the rate of dnTCF-4E. 
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Figure 4.3. Effect of TCF-4 isoforms on cell proliferation  

Cell proliferation rate of Huh7 cells overexpressing TCF-4 isoforms after transient transfection. 

Growth rate curves were generated by normalizing each daily raw value with that of day 0, and 

data were presented as average rate ± SD from three independent experiments assayed in 

quadruplicates. The slope of each curve and the doubling time for every cell expressing various 

isoforms were calculated and shown next to the symbols in a chart. Only the isoforms that 

exhibited interesting and important characteristics were color coded for emphasis.  

 

4.3.4. Selecting isoforms for stable expression 

Since the SxxSS motif demonstrated the strongest effect in isotype expression, 

transcriptional activity and cell proliferation rates in HCC, the isoforms TCF-4A, B, J, 

and K were selected for further investigation. Huh7 and FOCUS stable cell lines 

overexpressing these four isotypes and the EV were generated to examine their biologic 

functions and long-term effects in HCC cells. Positive stable clones were confirmed by 

WB analysis (Figure 4.4A). The stably expressed isoforms appeared at their expected 

sizes. Additional short and long isotypes were revealed in the immunoblot probably due 

to constant expression of the stable isoforms, which might have led to activation of other 

splicing variants as their targets. Expression of TCF-4-binding partners (β-catenin and 

TLE) and Wnt target genes (c-Myc, Cyclin D1, GS, TBX3) were also examined. As 

previously, there was no significant difference in the expression levels of these proteins 

between different stable cells. Next, the transcriptional activity (Figure 4.4B) and cell 

proliferation (Figure 4.4C) of both Huh7 and FOCUS stable cells were analyzed. 

Consistent with the transient transfection results (compare Figure 4.4B with Figure 4.2C 

and Figure 4.4C with Figure 4.3), all isoforms exhibited similar pattern confirming a 

successful isolation of correct stable clones.  
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Figure 4.4. Confirmation of positive stable clones  

Huh7 and FOCUS stable cell lines overexpressing EV, TCF-4A, B, J, and K were generated, and 

the positive clones were confirmed by WB analysis, transcriptional activity measurement, and cell 
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proliferation assay. A. Expression of these isotypes and other related proteins in Huh7 stable 

cells tested by immunoblotting. B. Transcriptional activity of isoforms stably expressed in Huh7 

and FOCUS cells. Please note that the activity levels and the overall pattern are similar to their 

transient transfection results. C. Cell proliferation of Huh7 and FOCUS stable cells. The individual 

cell doubling times were estimated from the first 48 hours. Similarly, the growth rate pattern was 

consistent with their transient transfection data.  

 

4.3.5. Effect of TCF-4 isoforms on cell migration 

Once the stable clones were obtained, the effect of isoforms TCF-4A, B, J, and K on cell 

migration was tested since the migratory potential of tumor cells in vitro correlated with 

their invasive properties in vivo. Migration of stable cells was examined by two different 

methods: scratch wound healing and transwell/Boyden chamber cell motility assays 

(Figure 4.5). While wound closure was measured every 8 hours over a period of two 

days, cell motility from upper to lower surface of a porous PET membrane was 

quantitated within 24 hours.  

The overall cell migration rate was much faster in FOCUS stable cell lines than in 

Huh7 stable cells. In wound healing assay, for example, almost all of the wounds were 

closed within 48 hours in FOCUS, whereas wound closure was detected 40% – 80% in 

Huh7 cells. Consistent with its effect on cell proliferation, stable expression of TCF-4J 

lead both stable cell lines to migrate the fastest. Within 48 hours, the wound was healed 

almost 80% in Huh7 while it was fully closed in FOCUS compared to their respective 

cells carrying other isoforms (Figure 4.5A). Cell growth and division should not be of 

concern in wound closure results as the rates were consistent at every time point. In 

addition, the cell doubling time for each stable cell line was calculated during the cell 
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proliferation assay (Figure 4.4), and comparing the rates of that time point would still 

give the same results. For example, at time points of 36 hours in Huh7 and 24 hours in 

FOCUS, the doubling times of the fastest growing cell lines, the wound closure patterns 

were still consistent: stable cells expressing TCF-4J lead the wound closure percentages 

with 40% in Huh7 and more than 73% in FOCUS cells.  

Interestingly, the rate of wound closure of stable cells expressing TCF-4K was 

quite different. It showed the second fastest migration in Huh7 cells with 36% wound 

closure at 24 hours and almost 80% within 48 hours, whereas its migration was the 

slowest among FOCUS stable cells with 51% closure at 24 hours and 80% at 48 hours. 

However, the individual percentages of wound closure between the two stable cell lines 

were similar. Therefore, the wound healing results of TCF-4K in FOCUS stable cells, but 

not in Huh7, was consistent with its slow cell proliferation rate and low transcriptional 

activity. An exact opposite effect was observed in TCF-4A isoform. While its stable 

expression resulted in the lowest rate of wound healing in Huh7 cells with only 16% 

closure at 24 hours and 40% within 48 hours, it was the highest (along with TCF-4J) 

among FOCUS cells with 73% closure at 24 hours and almost 100% within the next 24 

hours. Similarly, stable expression of TCF-4B revealed slow wound healing in Huh7 cells 

with 19% closure at 24 hours and 48% within 48 hours, and higher rate of migration in 

FOCUS cells with 67% closure at 24 hours and almost 100% at 48 hours. The rate of 

wound healing in both cell lines stably expressing TCF-4B isoform was higher than the 

EV control.  

 

 



 168 

 

Figure 4.5. Effect of TCF-4 isoforms on cell migration 

A. Scratch wound healing assay performed in Huh7 and FOCUS stable cells. Cell migration of 

stable cells expressing TCF-4A, B, J, and K was compared to EV control. The cells were 

photographed at the identical locations every eight hours as shown. The graph depicts a percent 

of wound closure plotted against time. The results were presented as average percentage of 
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wound closure ± SD from three independent experiments assayed in duplicates. B. 

Transwell/Boyden chamber cell motility assay results of both stable cell lines. Data were 

expressed as a percent of migrated cells to total number of cells. The assay was performed three 

times each in triplicates. 

 

In transwell cell motility assay, continuous expression of TCF-4J again resulted in 

the highest rate of cell motility in both cell lines (Figure 4.5B). The overall result of Huh7 

stable cells was consistent with their wound healing rates: TCF-4A and B caused lower 

cell motility while TCF-4J and K the highest. However, the cell motility results of 

FOCUS stable cell lines were more consistent with that of Huh7 rather than the rate of 

wound healing in FOCUS, suggesting that the two cell migration assays did not correlate 

in an already highly carcinogenic cell line. Nevertheless, the consensus results indicated 

that both long tailed isoforms, TCF-4J and K, might be responsible for high rate of cell 

migration. Except for the inconsistent results of TCF-4A and K between the two stable 

cell lines, it can be concluded that TCF-4J induced the highest rate of cell migration 

while TCF-4B moderately increased it compared to EV control.  

4.3.6. Effect of TCF-4 isoforms on soft agar colony formation 

Finally, to determine if TCF-4B, J, and K played a role in anchorage-independent cell 

growth, colony formation of the stable cells in soft agar was examined. Normally, most 

cell lines must be attached or anchored to a solid surface before they can divide, and they 

fail to grow when suspended in a viscous fluid, such as soft agar. However, when these 

cell lines are transformed, they become anchorage-independent and able to grow in soft 

agar. Therefore, soft agar colony formation assay is considered as the most stringent test 

for detecting malignant transformation of cells in vitro and positive results are viewed as 
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potential indications of in vivo carcinogenesis. As shown in Figure 4.6, the expression of 

the TCF-4J isoform significantly increased colony formation in both Huh7 and FOCUS 

stable cell lines. Notably, colonies generated from Huh7 cells expressing TCF-4J not only 

were increased in number, but also were larger in size than compared to EV control. In 

contrast, both the number and size of the colonies were reduced in Huh7 stable cells 

expressing TCF-4K, consistent with other opposing effects between TCF-4J and K. The 

number of colonies produced due to overexpression of TCF-4B was similar to that of EV. 

In FOCUS stable cells, TCF-4J was the only isoform that induce formation of colonies.  

 

Figure 4.6. Effect of TCF-4 isoforms on anchorage-independent cell growth 

Huh7 and FOCUS stable cells expressing EV, TCF-4B, J, and K were subjected to soft agar 

colony formation to evaluate anchorage-independent cell growth. The bar graphs show the 

number of colonies. The data are shown as average number of colonies ± SD from three 

independent experiments assayed in triplicates. Representative examples of soft agar plates 

illustrating transformed colonies derived from Huh7 and FOCUS stable cells are shown below the 

graphs. 
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4.4. DISCUSSION 

To test my hypothesis that different TCF-4 isoforms might operate specifically either as 

transcription repressors or as activators instead of each isotype being converted between 

the two, several functional tests were performed on HEK293 and some HCC cell lines by 

overexpressing the newly identified TCF-4 isoforms. The activity assay measured by 

TOPFlash reporter system revealed the transcriptional characteristics of each isoform. If 

every isotype were converted from a repressor to an activator upon β-catenin binding, 

then each of the 14 isotypes would exhibit transcriptional activity higher than that of EV 

when transfected with β-catenin. However, it was not the case. Rather, it was consistent 

with my hypothesis because transcriptional activity of the isoforms not only was different 

from one another, but it ranged between as low as that of dnTCF-4E and up to six-fold of 

the baseline (EV). Many of the short splice variants displayed high activity levels while 

most of the long isoforms showed low transcriptional activity, confirming the effect of 

the co-repressor CtBP, which could only bind to the long C-tails. Similarly, other 

functional tests revealed divergent functional properties for different isoforms, and few of 

them significantly influenced the phenotype of HCC cells. 

TCF-4C, which was highly expressed in carcinogenic HCC cells and exclusively 

in HCC tumor tissues, had the highest transcriptional activity in both HEK293 and Huh7 

cell lines (Figure 4.2C). This observation substantiated my proposal that an isoform that 

lacked the exon 4, LVPQ, SxxSS, and the CtBP-binding sites, thus structurally resembled 

to TCF-1 and LEF-1, might be a transcription activation-specific isoform. Moreover, 

expression of TLE was effectively downregulated in TCF-4C-transfected Huh7 cells 

indicating that an interaction with such repressors was not favored (Figure 4.1C). Finally, 



 172 

overexpression of TCF-4C highly accelerated cell proliferation and reduced the cell 

doubling time almost in half, further corroborating with my theory of TCF-4C being the 

major TCF-4 splice variant of Wnt signaling pathway during the course of HCC 

progression. However, the molecular mechanism in which TCF-4C exerted such notable 

characteristic could not be clarified, as the expression of well-known Wnt target genes 

did not change between samples with different isoform overexpressions. This can be 

explained by the fact that most Wnt target genes are tissue- and developmental/cancer 

stage-specific and that they are not always Wnt responsive [7]. Presumably, different 

TCF-4 isoforms might regulate diverse target genes and contribute to distinct cellular 

phenotypes. 

In contrast, splice variants TCF-4K, L, and M showed the lowest transcriptional 

activities (Figure 4.2C). In fact, their activity was so low, it was comparable with that of 

dnTCF-4E suggesting that these isoforms might be the transcription repression-specific 

isotypes. In addition, their overexpression lead to the slowest cell proliferation rates 

(Figure 4.3). Consistent with my hypothesis, their domain structure was similar to that of 

TCF-3. TCF-4L contained exon 4, LVPQ, SxxSS, and the CtBP-binding sites, reflecting 

an exact opposite form of TCF-4C, while TCF-4K was bearing a structural resemblance 

to TCF-3 except for the RKKKCIRY motif, which was an obligate sequence for all long 

isoforms of TCF-4 (Figure 2.1A, p. 93). Speaking of other TCF/LEFs, TCF-1 and LEF-1 

are able to exert repressive functions even in the context of active Wnt signaling although 

they are renowned with their gene activating roles. These occasional repressive activities 

of TCF-1 and LEF-1 are provided by their respective natural dominant negative variants, 

which lack the BCBD but are able to occupy the promoters of Wnt target genes [10,12]. 
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However, such dominant negative form for TCF-4 has not been identified. Interestingly, 

because the repressive function of TCF-4K, L, and M was observed in the presence of β-

catenin and their transcriptional activity was comparable to that of dnTCF-4E, these 

isotypes could represent the long-sought natural dominant negative forms of TCF-4. 

Evidently though, their repressive role could only be achieved if they were overexpressed 

to occupy all available WREs. 

The importance of the SxxSS motif observed during the differential expression 

pattern of each isoform was further recognized by the functional assays. Three paired 

isoforms that differed by this motif, TCF-4B and A, TCF-G and H, and TCF-4J and K, 

exhibited opposite transcriptional activities. Namely, expression of the reporter gene in 

cells transfected with TCF-4A, H, and K was significantly lower than in samples 

overexpressing TCF-4B, G, and J, respectively (Figure 4.2C). Therefore, the reason why 

HCC cells and tumors were inclined to express isoforms that lacked SxxSS was that this 

motif negatively affected the transcription of Wnt target genes. Effect of SxxSS was also 

noticed in the cell proliferation assay. Expression of SxxSS in TCF-4A, H, and J was 

responsible for slower cell division than compared to their counterparts and resulted in 

higher doubling times (Figure 4.3). Although the isoforms TCF-4B and G revealed high 

transcriptional activity, their doubling times were not significantly lower than those of 

TCF-4A and H, respectively. Moreover, the effect of TCF-4B on cell migration and 

anchorage-independent cell growth was similar to that of EV (Figures 4.5 and 4.6). These 

data taken together with the high, uniform expression of TCF-4B and G in normal liver, 

HCC tumor, and peritumor suggested that they might participate in gene expression and 

cell homeostasis of normal hepatocytes rather than hepatocarcinogenesis. Especially for 
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TCF-4B, it could represent the wild type isoform of TCF-4 since its expression had been 

reported in a wide range of normal and carcinogenic tissues.  

Surprisingly, the effect of SxxSS motif was most pronounced between the long 

isoforms TCF-4J and K. While presence of SxxSS in TCF-4K drastically lowered the cell 

proliferation rate even below that of dnTCF-4E with a doubling time of almost twice as 

EV, TCF-4J lead to the second highest replication rate just after TCF-4C. Interestingly, 

the transcriptional activity of TCF-4J was significantly lower than that of TCF-4C, which 

had a short C-terminal tail. This observation not only confirmed the repressive effect of 

CtBPs on transcriptional activity of TCF-4J, but also substantiated the possibility that 

distinct TCF-4 isoforms regulated diverse target genes and thus lead to different effects 

on HCC cell proliferation. Nevertheless, TCF-4J managed to show the highest activity 

among the long isoforms and demonstrated high cell proliferation rate suggesting that 

absence of SxxSS motif was more effective in producing aggressive phenotype than the 

repressive effects of CtBPs. Moreover, TCF-4J induced the highest cell migration rate in 

both assays (Figure 4.5), and triggered the formation of the largest and the highest 

number of colonies on soft agar (Figure 4.6). These consistent results together with its 

high expression in HCC cells, tumor and peritumor tissues suggested that TCF-4J was 

indeed the most carcinogenic isoform, and thus it was probably exploited for hepatic 

transformation and tumor progression. On the other hand, TCF-4K not only exhibited the 

lowest transcriptional activity and cell proliferation rate, but also effectively decreased 

the anchorage-independent colony formation both in number and size, implying that 

TCF-4K applied exactly the opposite effects of TCF-4J. However, TCF-4K illustrated an 

overall high cell migration rate. Although, TCF-4K lead to slowest cell migration due to 
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wound healing in FOCUS cells (Figure 4.5A, right), its overexpression triggered cell 

migration as fast as in TCF-4J in other set of experiments. This inconsistent behavior of 

TCF-4K could be explained as a mechanism of cell survival rather than invasiveness of 

cancerous cells since a wound formation resulted in an injury (wound healing) and the 

cells in the upper chamber competed for food (transwell cell motility). Interestingly, the 

repressive effect of SxxSS was detected between short isoforms TCF-4A and B. Except 

for wound healing in FOCUS cells, TCF-4A showed lower cell migration rate than TCF-

4B, indicating that the effect of SxxSS was specific for certain conditions and that the 

long C-terminal tails of TCF-4J and K might selectively regulate expression of target 

genes involved in cell survival.  

Overall, the functional tests on all 14 TCF-4 splice variants revealed the presence 

of target gene activation- and repression-specific isoforms. While TCF-4C showed the 

highest transcriptional activity and cell proliferation rate, TCF-4K exhibited the opposite 

results. Moreover, among the structural motifs exon 4, LVPQ, SxxSS, and CtBP-binding 

sites, SxxSS showed the most repressive effects. Although TCF-4J was not the obvious 

transcription activator type, it showed the most carcinogenic effects. TCF-4B could be 

the default isoform. 
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4.5. METHODS 

4.5.1. Cloning and plasmids 

The fourteen TCF-4 isoforms (TCF-4A – M, X) were sub-cloned into mammalian 

expression vector plasmids pcDNA3.1(-)IRES-EGFP (gift from Dr. X. Bo, University of 

London, UK) and pcDNA3.1/Myc-His (Invitrogen) via Xho I (or Eco RI) and Bam HI 

restriction sites using supercompetent bacterial cells (Stratagene/Agilent Technologies, 

La Jolla, CA). All constructs were verified by DNA sequencing. These expression 

vectors were useful in confirming the expression of the TCF-4 isoforms in various 

transfection assays. The Myc tag was utilized for confirming the expression pattern by 

WB when the pcDNA3.1/Myc-His plasmids were used. Simple visualization of EGFP 

(enhanced green fluorescent protein) expression from the assay plates under the 

fluorescence microscope quickly verified the expression of TCF-4 isoforms when the 

pcDNA3.1(-)IRES-EGFP plasmids were used. Owing to the IRES (internal ribosome 

entry site) sequences in these vectors, EGFP and TCF-4 isoforms were translated 

simultaneously. Dominant negative form of TCF-4E (dnTCF-4E), and the TCF/LEF 

reporter plasmids TOPFlash and FOPFlash were purchased from Upstate/Millipore The 

β-catenin expression plasmids were purchased from OriGene (Rockville, MD).  

4.5.2. Cell culture and transfection studies 

The human cell lines HepG2, Hep3B, Huh7, and FOCUS, and HEK293 were maintained 

as described in Chapter 2 (Section 2.5.1). For transient transfection, cells were plated in 

6-well or 12-well plates, and plasmids were transfected by a TransIT-LT1 transfection 

reagent. To establish cell lines stably expressing TCF-4 isotypes, pcDNA3.1(-)IRES-

EGFP vectors carrying TCF-4A, B, C, J, and K isoforms, and an empty vector (EV) were 
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transfected into Huh7 and FOCUS HCC cells. The positive colonies were selected by 

using 400 μg/ml of geneticin (G418, Invitrogen) for Huh7 and 600 μg/ml of G418 for 

FOCUS. G418 is toxic to all cell types as this antibiotic blocks polypeptide synthesis by 

inhibiting the elongation step during mRNA translation. Resistance to G418 is conferred 

by the Neomycin gene, which is expressed from the pcDNA3.1(-)IRES-EGFP plasmids. 

Positive colonies were also verified by the expression of EGFP through fluorescence 

microscope.  

4.5.3. Western blot analysis 

Each pcDNA3.1/Myc-His plasmid expressing the fourteen TCF-4 isoforms was co-

transfected with a β-catenin expression plasmid into HEK293 and Huh7 cells seeded in 6-

well plates. Forty-eight hours after the transfection, the whole cell lysis and WB were 

carried out as described in Chapter 2 (Section 2.5.2). The following antibodies were used 

for probing: anti-TCF-4, anti-β-catenin, anti-β-actin, anti-Myc tag antibody diluted at 

1:2000 (Cell Signaling, Danvers, MA), anti-HA tag antibody at 1:2000 dilution (BD 

Biosciences), mouse monoclonal anti-TBX3 antibody at 1:5000 dilution (Millipore), 

rabbit polyclonal anti-TLE 1/2/3/4 antibody at 1:500 dilution (Cell Signaling), mouse 

monoclonal anti-GS antibody at 1:1000 dilution (BD Biosciences), rabbit monoclonal 

anti-c-Myc antibody diluted at 1:2000 (Abcam, Cambridge, MA), rabbit polyclonal anti-

cyclin D1 antibody at 1:500 dilution (Santa Cruz Biotechnology).  

4.5.4. TCF/LEF transcriptional activity assay 

To determine the transcriptional activity of the TCF-4 isoforms, a TCF/LEF reporter gene 

assay was employed. Each pcDNA3.1(-)IRES-EGFP plasmid expressing the fourteen 

TCF-4 isoforms or HA-tagged dnTCF-4E construct was co-transfected with TOPFlash or 
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FOPFlash, and β-galactosidase in the presence or absence of a β-catenin expression 

plasmid into HEK293 and Huh7 cells seeded in 12-well plates. For the stable Huh7 and 

FOCUS cell lines, TCF-4 isoforms were not transfected. The β-galactosidase activity was 

used for normalization of transfection efficiency. Transfection of β-catenin and its ectopic 

overexpression simulated the activation of Wnt signaling. Expression of TCF-4 isoforms 

was confirmed by both WB analysis and the visualization of EGFP under the Olympus 

IX70 fluorescence microscope (DSC Optical Services, Newton Centre, MA). Forty-eight 

hours after the transfection, the luciferase activity was measured using the Luciferase 

Assay System (Promega, Madison, WI) by a luminometer TopCount microplate reader 

(Packard Instrument Company, Meriden, CT). The relative transcriptional activity was 

determined by the ratio of TOP value to FOP basal level. FOCUS, Huh7, or HEK293 

cells were at 50% confluency the day before transfection. Results were presented as the 

mean of triplicates and each experiment was repeated at least three times. 

4.5.5. Cell proliferation assay  

Cell growth rate was measured by using the CellTiter 96 AQeous Non-Radioactive Cell 

Proliferation Assay (Promega). Each pcDNA3.1(-)IRES-EGFP vector expressing the 

TCF-4 isoforms or HA-tagged dnTCF-4E construct was co-transfected with a β-catenin 

expression plasmid into Huh7 cells seeded in 6-well plates. For the stable Huh7 and 

FOCUS cell lines, only the β-catenin expression plasmid was transfected to activate Wnt 

signaling. Twenty-four hours after the transfection (day 0), the cells were plated in 96-

well plates at a density of 2000 cells/well (Huh7) or 1000 cells/well (FOCUS). The cells 

were incubated at 37°C and the DMEM media containing 10% FBS were changed every 

48 hours. Cell proliferation was measured every day at the same time of the day. On the 
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day of measurement, the cells were incubated in a combined MTS/PMS solution 

(Promega) for 1 hour, and the plate reading was taken at the absorbance of 490 nm by 

using SpectroMax M5 Multi-Mode Microplate Reader (Molecular Devices, Sunnyvale, 

CA). It is a colorimetric method for determining viable proliferating cells as MTS 

(tetrazolium salt) is converted into aqueous soluble formazan product by dehydrogenase 

enzymes found in metabolically active cells. The absorbance of the formazan product at 

490 nm can be measured directly from 96-well assay plates, and the quantity of formazan 

is directly proportional to the number of living cells in the culture. Results are presented 

as the average absorbance of six wells in one experiment and reported as means of 

triplicate assays. The slope of each proliferation curve was computed by using the 

following equation: S = [∑(t – t)(q – q)]/[∑(q – q)2], where t was the time points in days 

and q was the rate of cell proliferation; t and q were the average values. The doubling 

time was calculated with the formula Td = (t2 – t1)[log2/log(q2/q1)], where t was the time 

points in hours and q was the rate of cell growth. The average cell doubling time was 

determined as the mean value of doubling times calculated from the cell proliferation 

rates of the first two days (i.e. t1 = 0 h, t2 = 24 h; t1 = 24 h, t2 = 48 h; t1 = 0 h, t2

4.5.6. Cell migration by wound healing assay 

 = 48 h).  

Cell migration was assessed using a scratch wound assay. HCC cell lines Huh7 and 

FOCUS stably expressing isoforms TCF-4A, B, J, and K, or empty vector were 

transfected with β-catenin to activate the canonical Wnt signaling. Twenty-four hours 

after the transfection, 100% confluent monolayer cells in 6-well plate were scratched 

with a sterile micropipette tip to generate wound, and the cells were washed to remove 

floating cells and debris. The wound closure, as an index of cell migration, was observed 
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over 48-hour period and photographed at 0, 8, 16, 24, 32, 40, and 48 hours from the same 

wound area. Phase-contrast images were acquired with a MicroFire® Microscope Digital 

CCD Camera (Optronics, Goleta, CA) under the Olympus IX70 fluorescence microscope 

using Picture Frame software (Optronics). The mean wound width was calculated by 

dividing the wound area with the constant height using the Image J software. Results 

were expressed as a percent of wound closure normalized to wound width at time 0 hour. 

Results were derived from three independent measurements. 

4.5.7. Cell migration by transwell (Boyden chamber) cell motility assay 

A luminescence-based assay was used to evaluate cell migration. This assay assesses 

non-migrated, migrated adherent, and migrated non-adherent cells through uncoated 

filters in cell culture inserts partitioned with 22 mm diameter, 8 μm pore polyethylene 

terephthalate (PET) membranes (BD Biosciences). Huh7 or FOCUS HCC cells stably 

expressing control vector or any of the TCF-4 isoforms A, B, C, J, and K were 

transfected with β-catenin expressing plasmid. After 24 hours of starvation, 1 × 105 Huh7 

or 5 × 104 FOCUS cells were resuspended in 0.5 ml of DMEM containing 0.1% FBS and 

seeded into cell culture inserts (upper chamber) containing translucent PET membrane 

within a 12-well plate (lower chamber). The lower chamber was filled with 0.75 ml of 

MEM containing 10% FBS as an attractant. For control in determining the total number 

of experimental cells, 1 × 105 Huh7 or 5 × 104 FOCUS HCC cells in 0.5 ml of DMEM 

containing 0.1% FBS were seeded into a lower chamber without the insert. After 

incubating for 18 hours at 37°C, the cells on the upper surface of the membrane (non-

migrated) were harvested with a sterile cotton swab and placed into a well in 96-well 

plate. The cells migrated to the lower surface of the membrane (migrated adherent), and 
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the cells migrated and dripped to the lower chamber (migrated non-adherent) were 

combined and placed into another well. The cells in the control well were also harvested 

into a third well. The 96-well plate with non-migrated, migrated, and control cells was 

incubated with ATPLite substrate (PerkinElmer) for 2 minutes, and the luminescent 

counts per second was measured by SpectroMax M5 Multi-Mode Microplate Reader. The 

results were expressed as a percentage of migrated cells to total number of cells, and the 

experiment was performed in triplicate. For microscopic visualization, the migrated 

adherent cells were stained with crystal violet. The non-migrated cells from the upper 

surface of the upper chamber were removed with a cotton swab. The migrated cells on 

the lower surface and the control cells were fixed with 4% paraformaldehyde for 10 

minutes in room temperature. After washing with PBS, the cells were stained with 4% 

crystal violet for 30 minutes in room temperature. The cells were visualized and counted 

at 40× magnification. 

4.5.8. Soft agar colony formation 

Anchorage independent cell growth was determined by soft agar colony formation assay 

using Cell Transformation Detection Assay kit (Chemicon/Millipore). Huh7 or FOCUS 

HCC cells stably expressing control vector or TCF-4B, J, and K isoforms were 

transfected with β-catenin expressing plasmid. Twenty-four hours post-transfection, 2.5 × 

104 Huh7 or 1 × 104 FOCUS cells were resuspended in 0.4% top agar and spread over a 

bottom layer of 0.8% base agar in 6-well plates. The solidified soft agar was overlaid 

with DMEM media containing 10% FBS. The media was changed every 4-5 days. 

Twenty-four days later, the colonies were visualized by staining with cell stain solution, 

and the number and size of the colonies were analyzed by using Image J software. 
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5.1. HYPOTHESIS 

The TCF/LEF family of proteins mediates Wnt signals in the nucleus as bipartite 

factors by binding to DNA and acting either as transcriptional activators or as repressors 

depending on their association with different transcriptional co-regulators. Expression of 

target genes is achieved when TCF/LEFs interact with stabilized β-catenin during active 

Wnt signaling. On the other hand, in the absence of a Wnt signal and free β-catenin, 

TCF/LEFs associate with transcriptional co-repressors, such as TLE and CtBP, resulting 

in inhibition of target gene transcription. In this regard, TCF/LEFs are defined as docile 

transcription factors whose functional roles are dictated by the relative amount of co-

activators vs. co-repressors (Figure 5.1). 
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Figure 5.1. Current definition of TCF-4 transcription factors 

TCF-4 is portrayed as a docile, yet two-faced protein bound to the promoters of Wnt target genes, 

where its effector role (transcriptional repression vs. activation) is decided by the relative 

abundance of co-repressors vs. co-activators. A. When the amount of co-repressors, like TLE, 

exceeds the amount of co-activators, such as β-catenin, TCF-4 “befriends” with the co-repressors 

and inhibits the transcription of target genes. B. If the amount of co-activators overwhelms the co-

repressors, then TCF-4 interacts with β-catenin, converts into a transcriptional activator, and 

“kicks out” TLE. 

 

TCF-4 is the highly expressed member of the family in hepatocyte transformation 

and HCC. Although its gene, TCF7L2, has been known for its ability to express more 

than 500 splicing variants, specificity of isotypes expressed in HCC is not available and 

functional differences between various isoforms have not been described. Consequently, 

it is not known whether all of the expressed TCF-4 isoforms fit into above description as 

transcriptional switches or whether diverse splice variants have different functional 

properties. If above description were applicable to TCF-4, then all 500+ isoforms would 

have the same function. In other words, regardless of isotype difference, all TCF-4 

proteins on WREs would be converted from transcriptional repressors into activators 

upon arrival of β-catenin. Then, why would a cell need that many isoforms when one 

generic type could do it all by switching between on and off states? Therefore, I 

challenged above description, at least for TCF-4, and I aimed to identify various isoforms 

expressed in HCC. I hypothesized that distinctive splice variants might lead to different 

biologic phenotypes and that their expression might be regulated according to their 

specific functional role depending on particular situations. Besides above conflicting 
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description of TCF/LEFs, the reasoning behind my hypothesis was influenced by several 

other factors:  

1. Although both binding domains for the primary co-activator (BCBD) and co-

repressor (TLE/Gro) are conserved and constitutively expressed, the two CtBP-

binding sites are only present in long isoforms. This suggests that long isotypes 

are more likely to show transcriptional repression than compared to short 

isoforms since CtBPs have been described as strong co-repressors. Therefore, 

splicing variation may dictate the functional difference between long and short 

isotypes.  

2. A frameshift mutation in the poly A tract has been described as a genetic 

alteration in CRC. This mutation, which switches potential long isoforms into 

short ones, provides the cancer cells a way to avoid from expressing TCF-4 

isoforms with the CtBP co-repressor-binding sites. Hence, such mechanism 

implies that short isoforms are favored in cancerous cells over the long 

counterparts, further strengthening my previous point.  

3. In TCF7L2, the LVPQ and SxxSS sequences that emerged due to additional splice 

donor and acceptor sites in exons 7 and 9, respectively, have been described to 

enhance transcriptional repression. Therefore, isoforms that contain these 

functional motifs may exert stronger transcriptional inhibition than the ones that 

lack these motifs.  

4. TCF-3, another member of the TCF/LEF family expressed as a single type 

without splicing variations, has been described to exclusively function as a 

transcriptional repressor. Interestingly, TCF-3 constitutively expresses both 
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LVPQ and SxxSS motifs and the two CtBP-binding sites, which may have 

contributed to its characteristics of transcriptional inhibition. Therefore, a TCF-4 

isoform structurally homologous to TCF-3 may deliver similar functional 

properties. 

5. Upon Wnt stimulation, TCF-3 repression is relieved not by converting TCF-3 into 

an activator, but by replacing it with another transcription factor, indicating that a 

TCF/LEF with added repressive domains is not favored for switching into an 

activator. This mechanism could also be employed by TCF-4 isoforms, such that 

repressive splice variants could be replaced with activating counterparts when a 

cell was stimulated by a Wnt ligand, thus these opposite isoforms would be 

expressed at different circumstances. 

6. While TCF-3 constitutively expresses LVPQ, SxxSS, and CtBP-binding sites, 

TCF-1 and LEF-1, which are usually utilized for target gene activation, do not 

even contain these repression-specific domains. Since TCF-4 could generate any 

combination of these motifs by alternative splicing, TCF-4 isoforms with 

structural resemblance to TCF-1 and LEF-1 could represent the transcription 

activation-specific splice variants. 

7. TCF-1 and LEF-1 have also been known to produce dominant negative forms due 

to the presence of second promoter sequences in their respective genes. Because 

these truncated proteins do not have BCBDs and since transcriptional activation is 

only achieved upon β-catenin binding, dnTCF-1 and dnLEF-1 constitutively 

inhibit the expression of target genes regardless of Wnt signals. Utilization of the 

second promoter is tightly controlled and the expression of these repressor forms 
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is balanced with their respective full-length counterparts to efficiently regulate the 

overall outcome of the Wnt signaling. However, such mechanism of creating an 

optional repressor isoform through alternative promoter usage has not been 

identified in TCF-4. Since TCF-3, but not TCF-1 and LEF-1, possesses the 

transcription repression-specific motifs, LVPQ, SxxSS, and CtBP-binding sites, 

expression of these motifs in TCF-4 by elective splicing mechanism might 

provide very strong repressive isoforms that could perform the tasks a dominant 

negative form.  
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5.2. FINDINGS AND CONCLUSION 

In accordance with my proposal, I was able to identify more than a dozen different TCF-4 

isoforms in HCC cell lines. Because they were obtained from complete mRNA clones, I 

was able to use them for further investigation by sub-cloning into mammalian expression 

vectors. By quantitative real-time and semi-quantitative RT-PCR, endogenous mRNA 

levels of these isoforms revealed a diverse expression pattern further substantiating my 

hypothesis that different isoforms might be required for particular circumstances. Finally, 

by examining them by several functional assays, their role as transcription factors was 

determined. The summary of all isoforms with some of their characteristics is illustrated 

in Figure 5.2 for comparative view to emphasize the importance of the SxxSS motif, 

which provided most of the exciting outcomes. Taken together, the results overall 

supported my theory that transcription activation- and repression-specific isoforms 

existed, that their upregulation differently affected the overall cellular phenotype, and 

thus their expression was required in precise settings according to their functional 

specificity. Here are some of the isoforms that significantly influenced the phenotype of 

HCC cells. 

The repressive effect of SxxSS was first noticed in differential transcriptional 

activity between TCF-4A and B. Although, TCF-4B showed high activity, it was 

expressed uniformly in tumor, peritumor, and normal tissues, and its effect on cell 

proliferation, migration, and anchorage-independent cell growth was not different from 

those of EV control. Therefore, TCF-4B could be a neutral isoform that was expressed 

throughout different tissues and developmental/cancer stages as a “gatekeeper” without 

affecting the overall cell behavior. On the other hand, TCF-4A exhibited consistent, 
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though minimal, repressive function in transcriptional activity, cell proliferation, and 

migration. In addition, its expression was significantly reduced in HCC tumor tissues 

compared to normal and peritumor samples. Therefore, TCF-4A must be a transcriptional 

repression-specific isoform. TCF-4A and B will be useful in the future studies in 

exploring the mechanism of the SxxSS motif. 

Expression of TCF-4C produced the most carcinogenic phenotype. Originally 

identified in Huh7 cells, its endogenous expression was restricted to the HCC tumor 

tissues and to the more carcinogenic HCC cells, Huh7 and FOCUS, immediately 

implying its importance in HCC. Moreover, TCF-4C had the highest transcriptional 

activity and the cell proliferation rate, revealing its significance in cancerous state (Figure 

5.2). Therefore, TCF-4C must be a transcription activation-specific isoform, and that’s 

why its expression was only required in tumors. In addition, TCF-4C was an isoform that 

did not contain the exon 4, LVPQ, SxxSS, and the CtBP-binding sites, thus structurally 

resembling to TCF-1 and LEF-1. During aberrant activation of Wnt signaling in HCC, 

TCF-4C must have been one of the main downstream isoforms to activate the expression 

of target genes implicated in cell proliferation and possibly other aggressive phenotypes. 

However, the latter could not be investigated as I was unable to propagate a stable cell 

line expressing TCF-4C, suggesting that overexpression of this isoform was too severe 

even for the cancerous cells. Therefore, TCF-4C could be better studied with an inducible 

expression system to see its full effects. Nevertheless, the available results of TCF-4C 

supported my hypothesis the most. 
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Another splice variant that produced carcinogenic characteristics was the long 

isoform, TCF-4J. Although the transcriptional activity of TCF-4J was low, it was the 

highest among the long isoforms (Figure 5.2). Otherwise, the generous expression of this 

isotype in tumor tissues was comparable to that of TCF-4C. However, in contrast to TCF-

4C, TCF-4J was also expressed in the peritumoral tissues suggesting that TCF-4J was 

involved in an early event of hepatocarcinogenesis. Moreover, TCF-4J elevated the cell 

proliferation rate to the second highest level just after TCF-4C, induced cell migration at 

the fastest rate (Figure 4.5, p. 168), and triggered the formation of numerous and large 

colonies on soft agar (Figure 4.6, p. 170). Interestingly, all of these oncogenic 

characteristics were produced because of the absence of the SxxSS motif. Although not 

obvious from its transcriptional activity, its expression and functional roles implied that 

TCF-4J could be a gene activator isoform. However, the intriguing question was why did 

TCF-4J, which had a long tail with CtBP co-repressor-binding sites, but not short 

isoforms (without the SxxSS motif), showed such tumorigenic phenotypes? The answer 

could be in the long C-terminal tail itself. Along with the CtBP-binding sites, the exon 17 

carried another motif, the RKKKCIRY sequence (Figure 2.1, p. 93). This sequence had 

been proposed to be a secondary DNA-binding site that gave additional specificity in 

target gene recognition. Among these Wnt target genes recognized by long tails of TCF-1 

and TCF-4 were TCF and LEF genes themselves, thus making a positive feedback loop 

(Section 1.2.4, p. 66). In CRC, this positive feedback circuit was often exploited for 

continuous propagation of TCF/LEFs (Section 1.2.3.1.5, p. 49). The same mechanism 

could be employed in HCC, where upregulation of TCF-4J promoted the expression of 

TCF7L2 itself and LEF1 as Wnt targets. Indeed, expression of LEF-1 had been 
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occasionally reported in HCC, while its transcription activation-specific role had been 

known very well. In context of TCF7L2, TCF-4J might lead to overexpression of 

isoforms that were specific for target gene activation, such as TCF-4C and TCF-4J itself 

for repeated expression of more such isotypes. However, because different TCF-4 

isoforms were generated at the pre-mRNA level (after transcription) by other regulatory 

mechanisms, the job for TCF-4J must just be to recognize and activate the expression of 

its own gene. Therefore, the overall effects seen in overexpression of TCF-4J could be 

involved with its secondary and tertiary targets, such as LEF-1, TCF-4C and others. 

Because the transcriptional activity of TCF-4J due to CtBPs was low and because making 

stable cells overexpressing TCF-4C was not feasible, expression of these target genes 

was probably kept at low level to achieve the best results for HCC. Another observation 

was that the full extent of repressive effect of CtBPs was reached in the presence of 

SxxSS, as evidenced by TCF-4K. Therefore, each combination of alternative motifs of 

TCF-4 must be unique in the expression of target genes. It would be very interesting to 

see the effect of TCF-4J as well as TCF-4K in vivo models. In addition, the target genes 

specifically expressed by these isoforms should be identified by large-scale gene 

expression analysis, and difference in those targets might give an insight on molecular 

mechanism of these almost identical splice variants. 

Finally, my theory was further strengthened by the splice variants TCF-4K, L, and 

M. These isoforms, not only had the domain structures opposite to TCF-4C, but also 

revealed exact reverse characteristics. These long isoforms were expressed in tumor 

tissues at very low levels, and they exhibited the lowest transcriptional activities and 

slowest cell proliferation rates (Figure 5.2). Therefore, these isoforms must be the 
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transcription repression-specific isoforms, and that’s why their expression was higher in 

normal tissues than tumor samples. During overactivation of Wnt signaling in HCC, they 

must have been replaced by other isoforms, like TCF-4C and J, but not converted into 

activators. In addition, because their transcriptional activity was comparable with that of 

dnTCF-4E even in the presence of β-catenin, a possibility of these isoforms to represent 

endogenous dominant negative forms of TCF-4 was suggested. Indeed, further 

examination of TCF-4K revealed that it opposed a malignant potential by effectively 

reducing the anchorage-independent cell growth (Figure 4.6, p. 170). More importantly, 

this observation highly substantiated the repressive effect of the SxxSS motif. However, 

the induction of high cell migration rate implied that TCF-4K might not always 

monotonously behave as dominant negative when the cell survival was in question. It 

could be explained by the specific target genes TCF-4K was repressing, such as TCF7L2 

and LEF1. Because TCF-4K already had the BCBD, these target genes could be put into 

a good use by other molecular mechanisms in such situations. These suppositions need to 

be confirmed by further experimentation, though it raises the difficulty of distinguishing 

distinct yet near identical isoforms within each assay setup.  

All in all, few of the TCF-4 isoforms structurally similar to TCF-1/LEF-1 were 

found to be target gene activation-specific splice variants and were preferentially 

expressed in HCC tumor samples, while several isoforms that included many of the 

motifs, such as exon 4, LVPQ, SxxSS, and CtBP-binding sites, turned out to be the 

repression-specific isotypes and were expressed in normal tissues more than tumor. 

Among these motifs, SxxSS showed the strongest repressive effect. When combined with 

CtBP-binding sites, the resultant isoform may even represent dominant negative forms. 
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5.3. PERSPECTIVES 

TCF/LEF transcription factors are defined as molecular switches between repressors and 

activators, depending on the relative amount of co-regulators. While this could be true for 

some neutral isoforms, most TCF-4 isotypes may not get converted between the two. 

Instead, an isoform may be replaced by another one when the functional role of the 

former is no longer needed. Therefore, the definition of TCF/LEFs, at least for TCF-4, 

could be amended as follows: In the absence of Wnt signals, the target genes are not 

expressed as repressive isoforms of TCF-4 occupy their promoters. In the absence of β-

catenin, these isoforms are upregulated and preferentially interact with co-repressors, 

TLE, whose expression is also increased at this time. On the other hand, upon Wnt 

stimulation, β-catenin is stabilized and enters the nucleus, where repressive TCF-4 

isotypes are downregulated and ready to transfer the WREs to activating isoforms, which 

are now overexpressed. The activating isoforms interact with β-catenin to initiate the 

transcription of target genes (Figure 5.3). During the time when the WREs are delivered 

from repressive to activating isoforms, the neutral splice variants may occupy it for 

temporary basis until the expression of the activating isoforms reached to a certain level. 

Therefore, expression of Wnt target genes is not only dependent on the relative 

abundance of β-catenin vs. TLE, but also on the expression of activating vs. repressive 

isoforms. However, the exact molecular mechanism needs to be validated although it 

again brings up the challenge of distinguishing near identical isoforms at protein level.  
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Figure 5.3. Updated definition of TCF-4 transcription factors 

Instead of siding with whichever co-regulatory protein is expressed the most and getting 

converted between transcriptional activator and repressor, different TCF-4 isoforms replace one 

another according to their calling. A. In the absence of Wnt signals, not only the amount of TLE 

exceeds that of β-catenin but also the repressive TCF-4 isoforms (red) are upregulated compared 

to activator isotypes (bright green). These repressive splice variants and the co-repressors 

harmoniously interact and mutually inhibit the expression of Wnt target genes. B. In the presence 

of Wnt signaling, the opposite effect is observed. While β-catenin is stabilized and accumulated, 

the co-repressors are downregulated. At the same time, the amount of repressive TCF-4 isoforms 

decreases to free the WREs for the activator isotypes, whose expression is rapidly increasing. 
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5.4. SUMMARY 

Background and Aims: The canonical Wnt signaling pathway is frequently activated in 

hepatocellular carcinoma (HCC). Although β-catenin is the principle effector protein of 

Wnt pathway, the success of relaying signals to the nucleus depends on the T Cell Factor 

(TCF) family of transcription factors that bind to promoters of Wnt-responsive target 

genes. The human TCF-4 gene is composed of 17 exons with multiple alternative splicing 

sites. In spite of theoretical possibility of constructing more than 500 isoforms, only two 

TCF-4 splice variants have been identified so far. Therefore, the objective of this thesis is 

to identify TCF-4 isoforms in HCC, and to evaluate their role in hepatocarcinogenesis. 

Methods: Reverse transcription polymerase chain reaction (RT-PCR) was employed to 

identify distinct TCF-4 isoforms and to determine expression profiles of TCF-4 isoforms 

in HCC cell lines and human HCC tissues. The function of TCF-4 isoforms in HCC cell 

lines was examined by TCF transcriptional activity, cell proliferation, wound healing, 

trans-well motility, and colony formation assays. 

Results: I identified 17 different TCF-4 isoforms including two previously known forms 

TCF-4B (short) and TCF-4E (long) from four HCC cell lines. The 15 new isotypes were 

named in alphabetical order according to increasing size of their protein products. 

Functional analysis of these isoforms revealed distinct effects on the phenotype of HCC 

cells. The TCF-4J isoform produced characteristic features of the malignant phenotype 

since it generated the highest cell proliferation rate, cell migration and colony formation. 

In contrast, the TCF-4K isoform displayed the lowest TCF transcriptional activity, cell 

proliferation rate, and colony formation. Interestingly, TCF-4J and TCF-4K differed by 

only five amino acids (the SxxSS motif). Moreover, TCF-4J expression was upregulated 
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in HCC tumors compared to peritumor and normal liver, whereas TCF-4K was 

downregulated in tumors. 

Conclusions: Conserved splicing motifs in TCF-4 may have a major influence on the 

function of TCF-4 isoforms and alter the characteristics of the malignant phenotype in 

HCC. 
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