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The Role of Signaling Pathways during the development of 

Hepatocellular Carcinoma 

Susie Lee 

Abstract: 

The roles of genetic alterations in human hepatocellular carcinoma (HCC) are 

poorly understood. This dissertation’s goals are to examine whether these de-regulated 

genes are sufficient to promote liver tumorigenesis and characterize the resulting effects 

on cellular processes and signaling pathways. 

We first describe the role of receptor tyrosine kinase (RTK) feedback inhibitor 

Sprouty2 (Spry2) during hepatocarcinogenesis. We expressed dominant negative form of 

Spry2 (Spry2Y55F) and/or activated β-catenin into mouse hepatocytes and found that 

both factors are sufficient to induce liver tumorigenesis in vivo. Proliferation and 

angiogenesis as well as MAPK signaling are up-regulated in Spry2Y55F/β-catenin 

induced HCC. However, the loss of Spry2 function alone is not capable of promoting 

MAPK activity. A correlation between the over-expression of RTK c-Met and down-

regulation of Spry2 has been identified in human HCC.  To investigate the synergistic 

effects of c-Met and Spry2 during hepatocarcinogenesis, we injected c-Met and/or 

Spry2Y55F into Ink4A/ARF null mice. Co-expression of both factors resulted in the 

development of HCC. The tumors displayed increases in MAPK and AKT activity. These 

findings demonstrate the role of Spry2 as a tumor suppressor in hepatocarcinogenesis. 
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We next analyzed the role of cell cycle regulator cyclin D1 (CCND1) in 

hepatocarcinogenesis. Co-expression of CCND1 and c-Met resulted in the development 

of HCC in vivo. Although, this cyclin is a downstream target of β-catenin, the absence of 

CCND1 did not deter β-catenin/c-Met induced liver tumorigenesis in mice. These results 

indicate that CCND1 is sufficient, but not required for β-catenin/c-Met induced 

hepatocarcinogenesis. 

Finally, we describe the role of polycomb repressor Bmi1 in liver carcinogenesis. 

We expressed Bmi1 and/or activated Ras (RasV12) and found that both factors cooperate 

to promote hepatocarcinogenesis in vivo. Although Bmi1 is a known inhibitor of 

Ink4A/ARF, we found no evidence that Bmi1 does so during tumorigenesis. Our study 

indicates that Bmi1 cooperates with RasV12 to induce liver carcinogenesis in an 

Ink4A/ARF independent manner. 

Taken altogether, our studies have validated clinical findings and demonstrated 

that combinations of MAPK signaling factors and genes, including CCND1 and Bmi1, 

are sufficient to promote hepatocarcinogenesis. 
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Chapter 1 

Introduction to Hepatocellular Carcinoma and            

Signaling Pathways 

 

Introduction: Hepatocellular Carcinoma 

Hepatocellular carcinoma (HCC) is one of the most common cancers world-wide 

[1]. Surgery is the only curable option available, although only a minority of diagnosed 

patients will qualify for this treatment. This leaves the rest to other types of standard 

therapy, like chemo and radiotherapy. Unfortunately, these therapeutic options often have 

little clinical success.  Consequently, this primary form of liver cancer is highly lethal, 

with many of the cases not surviving past one year [2, 3]. 

HCC has a broad epidemiology, ranging from chronic exposure to alcohol or 

aflatoxins, to fatty liver disease and metabolic disorders, as well as hepatitis viral 

infections [4]. In fact, hepatitis comprises of approximately 80% of the cases [5]. 

Although many studies have demonstrated the capability of the hepatitis viruses to 

indirectly and directly induce liver tumor formation, the role of these infections during 

hepatocarcinogenesis is still poorly understood [6]. Additionally, cirrhosis or scarring of 

the liver tissue is often an underlying condition in many of these liver cancer patients. 

Due to the variety of these pre-existing liver diseases, HCC has been considered to be a 

complex malignancy and difficult to treat.  

The complexity of this disease also comes from the accumulation of various 

genetic and epigenetic changes, which occur during the progression to liver cancer.  
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Molecular analyses of these alterations in HCC have identified a multitude of deregulated 

signaling pathways that affect cellular processes, like cell cycle and apoptosis. There is 

mounting evidence that these pathways, such as Ras/MAPK, p53, and Wnt/β-catenin 

signaling, play important roles during hepatocarcinogenesis [7]. Furthermore, the 

approval of sorafenib, an inhibitor of Raf kinase, Vascular endothelial growth factor 

receptor (VEGFR), and other kinases, for treatment of HCC shows considerable promise 

for molecular targeted therapy [8]. Therefore, a better understanding of the implicated 

pathways during liver carcinogenesis may give way to novel therapeutics. The 

mechanisms of the Ras/MAPK, Akt, Wnt/β-catenin, Cyclin D1, and Ink4A/ARF 

signaling systems and their roles during the progression of cancer will be 

comprehensively described in the following sections. 

 

Ras/Mitogen Activated Protein Kinase (MAPK) Pathway 

 In the presence of extracellular signals, such as growth factors, GTPase Ras 

interacts with various effectors, such as Ras-like guanine exchange factor (Ral-GEF) and 

phosphatidylinositol 3-kinase (PI3K).  The binding of Ras to these factors subsequently 

leads to the activation of a range of signaling cascades, including the Ral and Akt 

pathways, thus coupling the cellular responses to external stimuli [9, 10].  

Of particular interest is the Ras/MAPK pathway, whose roles in development and 

cancer have been well documented. Ras/MAPK signaling is initiated when growth factors 

bind to receptor tyrosine kinases (RTK) and results in the phosphorylation and activation 

of these receptors (Figure 1.1). Adaptor proteins, growth factor binding protein 2 (Grb2) 

and Grb2-associated binder 1 (Gab1), as well as signal relay protein Sh2-domain 
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containing tyrosine phosphotase 2 (Shp2) are then localized to the plasma membrane. 

This is followed by the recruitment of guanine exchange factor son-of-sevenless (SOS). 

SOS then stimulates Ras by inducing the guanine nucleotide exchange from GDP to 

GTP. Activated Ras binds to and induces the phosphorylation of Raf, which initiates a 

signaling cascade through the phosphorylation of mitogen-activated and extracellular 

signal-regulated kinase (MEK) and then extracellular signal-regulated kinase (ERK). This 

signaling activity eventually leads to the transcription of factors responsible for cell 

proliferation. A number of negative regulators are also involved in the control of 

Ras/MAPK activity. Sprouty (Spry) family members have been identified as feedback 

inhibitors of the pathway. In particular, mechanistic studies have demonstrated that 

Sprouty2 (Spry2) may interact with Grb2 or Raf to inhibit Ras/MAPK signaling [11, 12]. 

Dual-specificity phosphotases (DUSP) have also been found to antagonize this pathway 

by dephosphorylating ERK [13]. The number of identified regulators indicates that the 

maintenance of Ras/MAPK activity is clearly essential to cell survival. 
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Figure 1.1 Simplified diagram of Ras signaling depicting MAPK and other Ras 

Effector pathways 

 

Deregulation of Ras/MAPK signaling has been implicated in multiple forms of 

cancer. Activating Ras mutations are among the more common genetic alterations of this 

pathway, with an occurrence of 30% in malignancies, including pancreatic, lung, and 

colorectal cancers (COSMIC/Sanger Institute website). Furthermore, mouse models 

carrying constitutively active mutations of this GTPase have demonstrated Ras to be a 

potent inducer of cancers, such as pancreatic and lung carcinoma [14, 15]. However, the 

rate of incidence appears to depend on tumor type. Ras mutations, for instance, have been 

found in 90% of pancreatic cancer cases, whereas, its incidence rate in lung cancer is 

only 20% [16, 17]. In addition to Ras mutations, MAPK signaling can also be stimulated 
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by alterations of other factors in the pathway, such as RTKs. The epidermal growth factor 

receptor (EGFR) is mutated in 40% of all lung cancer patients and confirmed to have an 

oncogenic role in lung adenoma murine models [18]. Interestingly, lung cancer cases, 

carrying Ras mutations, lacked EGFR perturbations. This finding suggests that these two 

mutations are mutually exclusive, since they are both regulators of the same pathway. 

This may also be the case for HCC, where MAPK signaling is up-regulated in the 

presence of wildtype Ras in almost all liver cancer cases [19]. Studies have implicated 

the over-expression of RTK, c-Met as well as the down-regulation of tumor suppressor, 

Spry2 in human liver carcinogenesis [20, 21]. Altogether, these findings indicate that 

over-activation of the MAPK pathway occurs via the de-regulation of factors other than 

Ras in hepatocarcinogenesis. Chapters 2 and 3 will describe the roles of Spry2 and c-Met 

during the development of HCC in greater detail.  

 

Akt Pathway 

 Akt signaling is essential to the regulation of cell survival and cycle as well as 

translation. Initiation of this pathway begins with the activation of PI3K by RTK 

signaling as well as Ras (Figure 1.2). PI3K then phosphorylates phosphatidylinositol-4,5-

bisphosphate (PIP2), to produce phosphatidylinositol-3,4,5-trisphosphate (PIP3) at the 

plasma membrane. This is followed by the recruitment and phosphorylation of the Akt 

kinase at 2 residues, serine at amino acid position 473 (Ser473) and threonine at position 

308 (Thr308) (Figure 1.2). Thr308 is phosphorylated by phosphoinositide-dependent 

protein kinase-1 (PDK-1), another indirect target of PI3K. However, phosphorylation of 

this residue can be inhibited by the dephosphorylation of PIP3 by phosphatase and tensin 
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homolog (PTEN). The mechanism by which Ser473 is phosphorylated is still debatable. 

Studies have suggested that this serine residue is either phosphorylated by a component 

of the mammalian target of rapamycin (mTor) complex, rictor or autophosphorylated [22, 

23]. Furthermore, although both residues need to be phosphorylated in order to activate 

Akt, phosphorylation of Ser473 alone has been shown to be sufficient to induce Akt 

signaling [24]. As previously mentioned, Akt activity controls various pathways, such as 

promoting cell survival through the phosphorylation and subsequent sequestration of pro-

apoptotic protein, Bcl2-associated agonist of cell death (BAD) [25]. Akt signaling is also 

known for its activation of the mTor pathway, which leads to an increase in translation 

via the up-regulation of targets like ribosomal protein S6 (RpS6) [26].  

 

                 

Figure 1.2 Simplified diagram of Akt pathway depicting regulation of Akt and its 

downstream targets. 
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Given its role in cell survival, it’s not surprising that up-regulation of Akt 

signaling is prevalent in many cancers. Over-activation of Akt can be attributed to 

genetic/epigenetic aberrations of certain factors in this pathway, notably PI3K and PTEN. 

In fact, activating mutations of PI3K or deficiencies in PTEN expression, due to deletions 

or inactivating mutations, has been implicated in breast, prostate, endometrial, and 

ovarian carcinomas [27-31]. Inactivation of PTEN has also been detected in 

approximately 10% of HCC cases [32]. Furthermore, a murine study demonstrated that 

the specific loss of PTEN expression in hepatocytes induced the development of HCC in 

60% of the mice [33]. The presence of PI3K mutations in liver cancer, however, is 

unclear, since studies have found the frequency of these genetic alterations to vary from 

no mutations to 35% among human HCC samples [34, 35]. Additionally, since RTK 

signaling is capable of stimulating Akt, it is probable that RTK hyper-activity is another 

mechanism by which the Akt pathway is de-regulated during tumorigenesis. Over-

activation of EGFR has been found to result in the up-regulation of Akt signaling in 

cancers, like lung and liver carcinomas [36, 37]. Aberrant Akt signaling may be required 

for liver tumor development as indicated by studies involving rapamycin. This mTor 

inhibitor has been shown to reduce tumor proliferation and angiogenesis, as well as, 

increase apoptosis in HCC xenograft mice [38]. In addition, the combination of sorefinib 

and rapamycin enhanced the suppression of tumor proliferation and angiogenesis, 

suggesting that Akt activity in combination with Ras/MAPK signaling may have a 

synergistic effect on liver tumorigenesis [39, 40].  
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Wnt Pathway 

 Wnt signaling can be divided into 2 pathways: canonical, which signals through 

transcriptional co-factor β-catenin, and non-canonical, which transfers the Wnt signal to 

c-Jun N-terminal kinase (c-JNK) or Ca2+ pathways [41, 42]. This section will focus on 

the canonical system.  

 In the absence of Wnt signaling, β-catenin is phosphorylated by a protein 

complex, consisting of adenomatous polyposis coli (APC), axin, and glycogen synthase 

kinase (GSK3β) (Figure 1.3). Phosphorylation of β-catenin leads to its ubiquitination and 

subsequent degradation. As a result, transcription remains inhibited by the repressor, 

groucho. Wnt signaling is activated when Wnt ligands bind to receptor Frizzled (Fz) and 

co-receptor low density lipoprotein receptor-related protein (LRP). This interaction leads 

to the phosphorylation of phosphoprotein Dishevelled (Dvl), which then inhibits GSK3β 

and causes the disassociation of the APC protein complex. β-catenin, therefore, 

accumulates in the cytosol and eventually translocates to the nucleus, where it displaces 

groucho to interact with transcription factors T-cell factor/lymphoid enhancing factor 

(TCF/LEF) and initiate transcription of downstream genes. Some of these downstream 

targets include cyclin D1 (CCND1) and cMyc, which are important to the regulation of 

cell cycle and survival.  



 9

                

Figure 1.3 Wnt Pathway  

  

Wnt signaling is essential to embryonic development, but its over-activation has 

also been implicated in carcinogenesis. Inactivating mutations of APC and activating β-

catenin mutations are among the more frequent causes of Wnt over-stimulation in 

cancers. In particular, alterations of APC are present in 90% of colorectal cancer cases 

[43]. APC mutations are rare in HCC; however, hypermethylation of the APC promoter 

has been implicated in 53% of the cases [44-47]. β-catenin mutations have also been 

detected in 30% of HCC [48].  

Murine studies have been performed to access the role of constitutively active 

Wnt signaling during hepatocarcinogenesis. Interestingly, the over-expression of a 

dominant stable form of β-catenin in mice led to hepatomegaly or the enlargement of the 

liver, but did not promote the development of HCC [49]. It was later discovered that the 
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co-expression of both mutant forms of β-catenin and Ras induced hepatocarcinogenesis 

in all mice [50]. This cooperation between β-catenin and the Ras signaling pathway 

during hepatocarcinogenesis is further validated by another mouse model, where the 

combination of constitutively active β-catenin and c-Met also resulted in liver 

tumorigenesis [51]. Yet, another study demonstrated that the liver specific loss of Apc in 

a mouse model not only resulted in activation of the Wnt pathway, but also the 

development of HCC [52]. All of these findings suggest that the role of Wnt signaling in 

liver carcinogenesis may be complex. 

 

Cyclin D1 

 As mentioned before, CCND1, a downstream target of β-catenin, is an important 

regulator of the cell cycle. In resting cells, retinoblastoma protein (pRb) is bound to the 

E2F transcription factor and prevents the transcription of genes that would have allowed 

the cell to transition from G1 to S phase. However, upon the presence of mitogenic 

signals, CCND1 begins to accumulate and eventually interacts with cyclin dependent 

kinase 4/6 (Cdk4/6) to form a complex (Figure 1.4) [53, 54]. This CCND1/Cdk4/6 

complex, in turn, phosphorylates pRb, causing it to dissociate from E2F. Additionally, 

this complex also sequesters Cdk inhibitors p21Cip (p21) or p27Kip (p27), which frees 

Cdk2 to associate with cyclin E (CCNE). The CCNE/Cdk2 complex also phosphorylates 

pRb to further facilitate its separation from E2F. E2F then initiates the transcription of 

genes that support S phase entry. In addition, CCND1 has been found to have Cdk 

independent functions, where this cyclin is capable of associating with transcription 

factors and modulating transcriptional activity [55]. For instance, when CCND1 interacts 
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with transcriptional co-regulator p300, this results in the repression of the basic helix-

loop-helix protein BETA2/NeuroD [56]. CCND1 activity is known to be repressed by a 

number of factors, including GSK3β and p16Ink4A. GSK3β, in particular, has been found 

to target CCND1 for nuclear export and proteolysis by phosphorylating the threonine 

residue at amino acid position 286 [57]. The mechanisms by which p16Ink4A inhibits 

CCND1 will be described in the next section. 

 

            

Figure 1.4 Diagram of CCND1 regulation of the cell cycle. D1 refers to CCND1 and E 

refers to CCNE. 

 

 Over-expression of CCND1 has been reported in a number of cancers, including 

colon and breast carcinomas [58, 59]. In particular, over-expression of this cyclin has 

been detected at variable frequencies (from 11 to 58%) in human HCC [60-62]. 

Amplification of this gene at chromosome 11q13 has been described as one of the 

mechanisms leading to CCND1 over-expression in a number of cancers, including breast 
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carcinoma and HCC, where it is detected in 11 to 13% of the cases [63, 64]. Furthermore, 

since CCND1 is activated in response to Wnt/β-catenin signaling, it is possible that over-

activation of β-catenin also leads to elevated levels of this cyclin protein. Although 

human HCC samples have been examined for an association between β-catenin and 

CCND1 expressions, the findings, so far, have been inconclusive, as some studies found 

there to be a positive correlation, while others did not [65-67]. 

 Evidence of CCND1’s role as an oncogene has been demonstrated in various 

studies. In particular, the over-expression of this cyclin in specific tissues, including the 

mammary gland and liver, has led to the development of mammary and hepatocellular 

carcinoma in these transgenic mice [68, 69]. However, both mouse models require 

periods of 15 months for mammary carcinoma or 17 months for HCC to develop. Clearly, 

the long latencies of these mice suggest that CCND1 needs additional oncogenic factors 

in order to fully promote carcinogenesis. Such factors may include the de-regulation of 

upstream signaling pathways that utilize CCND1’s activity or other cooperating 

oncogenes.  This was the case in a finding where the combination of CCND1 and Myc 

was found to induce lymphomas more rapidly than the expression of either transgene in 

vivo [70]. Mouse models have also been generated to assess the requirement of CCND1 

in mammary carcinogenesis driven by various oncogenes. The results demonstrated that 

the loss of CCND1 confers resistance to mammary tumorigenesis induced by RTK, 

ErbB2 or Ras [71].  However, the same study also found that the absence of this cyclin 

did not deter mammary tumorigenesis induced by β-catenin or Myc. Yet, CCND1 

deficiency reportedly reduced the formation of intestinal ademonas in mice carrying APC 
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mutations [72]. These studies indicate that the role of CCND1 in tumorigenesis appears 

to be dependent on the type of tissue and oncogene. 

 

Ink4A and ARF Pathways 

 The locus at chromosome 9p2, also known as the cyclin dependent kinase 

inhibitor 2A (CDKN2A) gene, encodes two distinct inhibitors, Ink4A and ARF [73]. 

Each repressor has a unique promoter and 1st exon, which then splices into a common 2nd 

and 3rd exon (Figure 1.4). As a result, this generates a different reading frame for each of 

these inhibitors.  

Ink4A and ARF each regulate their respective pathways. Ink4A, also known as 

p16INK4A, is a member of a group of cell cycle inhibitors that regulate the retinoblastoma 

(RB) pathway. Cell cycle entry is initiated by the phosphorylation and subsequent 

inhibition of cell cycle inhibitor pRb by the cyclin dependent kinase 4/6 (CDK 4/6) and 

CCND1 complex. p16INK4A prevents the association of this complex, which in turn stops 

cell cycle progression (Figure 1.5). ARF, also known as p19ARF in mice and p14ARF in 

humans, regulates the p53 pathway by binding to ubiquitin ligase mouse double minute 2 

homolog (MDM2). This prevents the ubiquination of transcription factor p53 and 

therefore stabilizes it. At this point, p53 either induces cell cycle arrest or apoptosis. 

Studies have suggested that the expression of p16INK4A and ARF can be regulated 

together or separately. The expression of p16INK4A for instance, increases in response to 

DNA damage, while transcription factor cMyc induces ARF expression [74, 75]. The 

Ras/MAPK and transforming growth factor beta (TGF-β) signaling pathways, however, 

were found to be capable of up-regulating both inhibitors [76-78]. In addition, the 
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expression of p16INK4A and ARF has been demonstrated to be repressed by T box proteins 

(Tbx) and polycomb group protein Bmi1 [79, 80]. Chapter 5 will describe Bmi1 in more 

detail. 

 

                                                  

Figure 1.5 Ink4A and ARF: Diagram of the CDKN2A locus showing the open reading 

frames for Ink4A (in blue) and ARF (in green). Followed by a diagram of the Ink4A/ARF 

pathways 

 

 The Ink4A/ARF locus is partially or wholly inactivated by genetic or epigenetic 

alterations in a variety of cancers, including glioblastomas and colorectal cancer [81, 82]. 

In HCC, p16INK4A is frequently inactivated in 45 to 60% of the patients [83, 84]. 

However, p14ARF inactivation, by methylation and to a lesser degree deletions, has been 

detected in only 15% of HCC cases. Interestingly, the concomitant loss of p16INK4A and 

p14ARF is rare in liver cancer, where the frequency is only 7%. 
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 To understand the roles of p16INK4A and ARF during tumorigenesis, mouse 

models carrying specific deletions of p16INK4A, p19ARF, or both have been generated [85, 

86]. These mice have no observable defects, although, they are all prone to developing 

lymphomas and sarcomas. p16INK4A null mice, in particular, have been found to also 

spontaneously develop melanomas [87]. The tumor phenotype of the double knock-out 

mice is more severe. The tumor latency of these animals, for instance, is much shorter (38 

weeks) compared to p16INK4A -/- (76 weeks) and p19ARF -/- (62 weeks) mice [88, 89]. 

But, primary liver tumors have not been observed in any of these murine models. One 

finding, however, demonstrated that the transient transfection of p19ARF null mouse liver 

with an oncogenic form of Ras induces HCC in all animals, thus indicating that a second 

oncogenic hit is needed to drive the progression into liver carcinogenesis [90].  

 

Summary of Chapters 

 HCC is a heterogeneous disease, as indicated by the number of de-regulated genes 

and signaling pathways that have been identified in clinical studies. But, it remains 

unclear whether these genetic aberrations play a role in hepatocarcinogenesis.  

Transgenic and knock out murine models have been generated to assess the mechanisms 

by which these potential oncogenes and tumor suppressors promote liver carcinogenesis. 

Overall, their findings suggest that a single genetic alteration is not sufficient to promote 

HCC formation. When co-expressed with another oncogene, however, this genetic 

alteration can induce liver tumorigenesis. While these studies have indicated that the 

combined de-regulation of 2 or more genes may stimulate the development of HCC, the 

difficulty of testing these different combinations lies in the mouse models. Unless these 
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transgenic and knock out mice are readily available, the process of making such models 

to analyze these genetic combinations can be time-consuming and expensive.  

This dissertation’s studies will examine whether certain combinations of potential 

oncogenes and tumor suppressors are sufficient to promote hepatocarcinogenesis in vivo. 

Specifically, the hydrodynamic injection and sleeping beauty transposon system will be 

used to stably transfect these genes into adult mouse hepatocytes. This method will allow 

us to quickly generate transiently transfected mice for the studies. The tumors from these 

mouse models will be further characterized to assess how the cellular processes are 

affected and identify the pathways activated by these oncogenic factors during liver 

tumorigenesis. 

 

Chapter 2 

 Data from microarray and array-based comparative genomic hybridization (CGH) 

analyzes of human HCC samples were compared to determine the correlation between 

gene expression changes and DNA copy number variation. The comparison uncovered 76 

genes which were up-regulated and amplified due to an increase in DNA copy number. 

Another set of 37 genes were also found to be down-regulated and deleted. One of these 

down-regulated genes is Spry2. Therefore, this study investigated the role of Spry2 as a 

potential tumor suppressor during liver carcinogenesis. We and others demonstrated that 

the over-expression of Spry2 repressed HCC cell proliferation. To investigate the role of 

Spry2 as a potential tumor suppressor in vivo, we co-expressed a dominant negative form 

of Spry2 (Spry2Y55F) with constitutively activated β-catenin into mouse hepatocytes by 

hydrodynamic injection and sleeping beauty transposon integration. The combination of 
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both Spry2Y55F and β-catenin led to a neoplastic phenotype in the mice. Furthermore, 

these tumors displayed elevated MAPK signaling as well as the de-regulation of genes 

involved in cell proliferation, apoptosis, and angiogenesis. Altogether, the data provides 

evidence that the inhibition of Spry2 activity cooperates with other oncogenes to promote 

liver carcinogenesis in murine models.  

 

Chapter 3 

 Spry2 has been implicated as a tumor suppressor in the development of HCC 

(Chapter2). Recent clinical data suggests there to be a correlation between the loss of 

Spry2 activity and over-expression of c-Met in HCC cases (Calvisi et al, unpublished 

data). Additionally, in vitro analysis has demonstrated that Spry2 regulates both MAPK 

and AKT signaling in response to activation of c-Met. Therefore, the studies in this 

chapter examined the synergistic relationship between Spry2 and c-Met during 

hepatocarcinogenesis, using the aforementioned methods to express Spry2Y55F and/or c-

Met in Ink4A/ARF null mice. Interestingly, while mice injected with only Spry2Y55F 

did not develop any tumors, c-Met expressing mice developed preneoplastic lesions. In 

contrast, the co-expression of Spry2Y55F and c-Met induced HCC in these injected 

animals. Increases in proliferation and angiogenesis were detected in these tumor 

nodules. Furthermore, the Spry2Y55F/c-Met induced tumors showed up-regulation of 

both MAPK and AKT signaling pathways. These findings suggest that the coordinated 

deregulation of Spry2 and c-Met may be a pivotal mechanism triggering unrestrained 

activation of Ras/MAPK signaling in human hepatocarcinogenesis. 
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Chapter 4 

 β-catenin and c-Met have been demonstrated to cooperatively induce the 

development of HCC in vivo. Cell cycle regulator, CCND1 is a downstream target of β-

catenin.  In order to determine the role of CCND1 in β-catenin and c-Met induced 

hepatocarcinogenesis, the interactions between these three components during liver 

tumorigenesis were examined in mouse models. The co-expression of CCND1 and c-Met 

stimulated the development of liver tumors. However, these tumors had a longer latency 

period as well as a lower frequency, and appeared to be more benign compared to those 

induced by β-catenin/c-Met.  In addition, when β-catenin and c-Met were co-injected into 

CCND1 null mice, the absence of this cyclin did not deter tumorigenesis in these animals. 

In fact, a moderate accelerated tumor growth and increased tumor malignancy was 

observed in these mice. Further analysis detected an up-regulation of cyclin D2 (CCND2) 

expression in CCND1 null tumor samples, indicating that CCND2 may replace CCND1 

in hepatic tumorigenesis. Together, these results suggest that CCND1 functions as a 

mediator of β-catenin during HCC pathogenesis, although other factors may be required 

to fully propagate β-catenin signaling. Moreover, our data suggest that CCND1 

expression is not essential for liver tumor development induced by c-met and β-catenin. 

 

Chapter 5  

 Bmi1 is a polycomb group proto-oncogene that has been implicated in multiple 

tumor types. Analysis of previous microarray data in our lab found this transcriptional 

regulator to be over-expressed in human HCC. Based on this finding, the role of Bmi1 in 

liver carcinogenesis was evaluated in this chapter. Our in vitro studies found that the loss 
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of Bmi1 expression reduced proliferation and perturbed cell cycle regulation in HCC cell 

lines. To investigate the role of Bmi1 during the development of liver cancer in vivo, 

Bmi1 and/or an activated form of Ras (RasV12) was stably expressed into mouse 

hepatocytes. While Bmi1 or RasV12 alone is not sufficient to promote 

hepatocarcinogenesis, the co-expression of both factors induced liver tumorigenesis in 

the mice. Tumors induced by Bmi1/RasV12 resembled human HCC by deregulation of 

genes involved in cell proliferation, apoptosis, and angiogenesis. Intriguingly, although 

Bmi1 is thought to be an important repressor of the Ink4A/Arf locus, it does not appear to 

affect Ink4A/Arf expression in hepatocytes based on our in vitro and in vivo findings. In 

summary, these studies demonstrate that Bmi1 can cooperate with other oncogenic 

signals to promote hepatic carcinogenesis in vivo. Yet Bmi1 functions independent of 

Ink4A/Arf repression in liver cancer development.  
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Chapter 2 

Integration of genomic analysis and in vivo transfection to identify 

Sprouty 2 as a candidate tumor suppressor in liver cancer1 

 

Introduction 

Hepatocellular carcinoma (HCC), is among the top five causes of cancer-related 

deaths in the world [1]. Epidemiological and molecular genetic studies have 

demonstrated that hepatitis B (HBV) or hepatitis C (HCV) are major risk factors for HCC 

development, especially when accompanied by liver cirrhosis. Treatment options of HCC 

are limited, and the five year survival rate for HCC patients remains approximately at 7% 

in the US (http://www.cancer.org/). 

Development of HCC is a multi-step process. However, the molecular genetics 

and signaling pathways underlying hepatic carcinogenesis are still poorly understood [2].  

Molecular events frequently observed in HCC include mutations in p53 and β-catenin, 

and aberrant CpG island methylation of APC, E-cadherin, and p16. Among them, 

mutations of β-catenin occur in 15 to 30% of human HCCs [3, 4]. These mutations tend 

to be point mutations or deletions at the N-terminus that lead to the stabilization of  β-

catenin. This stabilized β-catenin translocates into the nucleus and binds to the TCF 

transcriptional factors to activate downstream genes. Another important pathway 

involved in HCC pathogenesis is the Ras/ERK signaling pathway. Mouse models have 

                                                 
1 This chapter was published in a manuscript entitled: Integration of genomic analysis and in vivo 
transfection to identify Sprouty2 as a candidate tumor suppressor in liver cancer;  Lee, S.A., Ho, C, Roy, R, 
Kosinski, C, Patil, M.A., Tward A.D., Fridlyand, J, Chen X.; Hepatology, 2008, 47(4):1200-10. I thank the 
co-author and all other authors who contributed to this work. 
First co-authors, Susie Lee and Coral Ho contributed equally to this work. 
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demonstrated that activated Ras (RasV12) alone is not sufficient to induce HCC in vivo 

[5, 6]. However, activated Ras and β-catenin together can promote hepatic carcinogenesis 

in mice. There is ubiquitous activation of the Ras/ERK pathway in human HCC, but Ras 

family members are rarely mutated [7-9]. So how does Ras/ERK signaling become 

activated in human HCCs? One possible mechanism is the down-regulation of Spry2 in 

human HCCs [10].  

Spry2 belongs to the Sprouty family of proteins, which are evolutionarily 

conserved inhibitors of RTKs [11-13]. Upon activation of RTKs, Spry2 becomes 

phosphorylated at a conserved N-terminal tyrosine residue (Y55), and binds to a series of 

intracellular signaling molecules, including Raf, Grb2 and Cbl. This ultimately leads to 

the down-regulation of ERK phosphorylation and RTK signaling. Mutation of this 

conserved N-terminal tyrosine of Spry2 (Spry2Y55F) generates a dominant-negative 

Spry2 protein that enhances growth factor dependent ERK signaling [14, 15]. In addition, 

Spry2 may interact with other signaling molecules, including caveolin, FRS2 and PTP1B 

to regulate other cellular processes, including cell growth and migration. Spry2 

expression appears to be down-regulated in several tumor types, including HCC, breast, 

and prostate cancers [16, 17]. This is thought to lead to abnormal activation of Ras/ERK 

signaling in tumor cells and promote tumor development. However most current studies 

are limited to in vitro or xenograft analysis of Spry functions. It is clearly imperative to 

investigate whether blocking Spry activity contributes to tumorigenesis, using in vivo 

mouse models.  

DNA microarray technology provides a powerful tool to identify genes that are 

associated with tumor cells by surveying global gene expression in an unbiased way. 
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Using this technology, we and several groups have reported the expression profiles of 

liver cancer cell lines and human samples [18-21]. Such genomic studies provide us with 

a large number of genes that are differentially expressed by tumor and non-tumor liver 

cells, as well as genes that may serve as prognostic markers. To characterize the 

molecular genetics of HCCs, we applied array based comparative genomic hybridization 

(CGH) to study the DNA copy number variations among HCC samples [22]. We 

identified recurrent DNA copy number gains at 1q, 8q and 20q, as well as DNA copy 

number losses at 1p, 4q, 8p, 13q, 16q and 17p. However, genes altered within these 

chromosomal regions remain largely unknown. 

One of the major challenges during the post genome era is how to effectively 

study the functions of large numbers of genes identified from genomic studies, especially 

in vivo. The traditional methods using transgenic or knockout mice are both time 

consuming and expensive. Recently, we and another group reported that the combination 

of hydrodynamic injection and sleeping beauty mediated somatic gene integration is an 

efficient and flexible method to target long term gene expression in mouse hepatocytes 

and  induce liver cancer in vivo [23, 24]. In this manuscript, we showed that this approach 

can be readily integrated into oncogenomic studies to study the functional significance of 

candidate genes’ role in liver tumorigenesis in vivo.   

 

Materials and Methods 

Constructs and reagents 

Mouse Spry2 cDNA was kindly provided by Dr. Gail Martin of UCSF; the hyperactive 

sleeping beauty construct (pCMV/SB) by Dr. Mark Kay of Stanford University; and 
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pCaggs-RasV12 by Dr. David Largaespada of University of Minnesota. The pT3-

EF1α vector containing duplicated inverted repeats (IR) for sleeping beauty mediated 

integration and EF1α promoter (pT3-EF1α) used for injected was described by Tward et 

al. Spry2Y55F was generated by site-directed mutagenesis using QuikChange 

(Stratagene, La Jolla, CA). Spry2Y55F (with a C-terminal V5 tag) and ∆N90-β-catenin 

were cloned into pT3-EF1α via the Gateway PCR cloning strategy (Invitrogen, Carlsbad, 

CA). All plasmids were purified using the Endotoxin free Maxi prep kit (Sigma, St. Louis, 

MO) before injecting into mice. 

 

Statistical analysis of microarray and array CGH data 

The expression data of the 4863 cDNA clones used in the previous gene expression 

analysis were retrieved [25]. Mapping position for these cDNA clones was assigned 

using the NCBI genome assembly, accessed through the UCSC genome browser database. 

Of the 4863 cDNA clones, 4354 cDNA clones have chromosomal mapping information 

and were used for further analysis. The gene expression clones were mapped to the BAC 

clone within 1Mb of the gene expression clone which had the highest Pearson correlation 

between copy number and gene expression. Correlation was computed for each clone and 

a correlation coefficient of 0.35 was used as the cut-off to identify clones having positive 

correlation between copy number and gene expression. P values were obtained based on 

permutation analysis, and were corrected for multiple testing by controlling for the false 

discovery rate. 
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Hydrodynamic injection and mouse monitoring 

The procedures were described as previously [24]. In brief, plasmids were diluted in 2 

mL of 0.9% NaCl, filtered, and injected into the lateral tail vein of a six to eight week old 

FVB/N mice in 5 to 7 seconds.  All mice were housed, fed, monitored and treated in 

accordance with protocols approved by the committee for animal research at the 

University of California, San Francisco. 

 

Histology 
 
Animals were euthanized and their livers were removed and rinsed in PBS. Samples 

collected from the livers were either frozen in dry ice for RNA and protein extraction or 

fixed overnight in freshly prepared cold 4% paraformaldehyde. Fixed tissue samples were 

embedded in paraffin. Five micron sections were placed on slides and stained with 

hematoxylin and eosin. 

 

Immunohistochemistry 
 
Paraffin tissue sections were dewaxed with xylene and hydrated in graded alcohols. 

Antigen retrival was performed by boiling slides for 10 minutes in sodium-citrate buffer 

(10mM, pH 6.0). Following antigen retrival, the slides were treated with primary 

antibodies at room temperature or overnight at 4°C. The slides then were incubated with 

biotinylated secondary antibody, followed by ABC immunodetection (Vector 

Laboratories, Burlingame, CA) using DAB to reveal antibody binding. Antibodies and 

dilutions were as follows: anti-phospho-ERK, 1:100 (Cell Signalling Technology, 

Beverly, MA); anti-V5, 1:1000 (Invitrogen); anti-β-catenin, 1:200 and anti-E-cadherin, 
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1:1000 (BD Bioscience, San Jose, CA); anti-PODXL1 1:200 (Applied Genomics, 

Burlingame, CA); and anti-Ki67, 1:150 (Lab vision, Fremont, CA). 

 

Preparation of lysates and Western blotting 

Liver tissues were lysed in M-PER mammalian protein extraction buffer (Pierce, 

Rockford, IL) plus proteinase inhibitor cocktail (Roche, Palo Alto, CA) and Halt 

phosphotase inhibitor cocktail (Pierce). Protein content of the lysate was quantified using 

the BCA protein assay (Pierce). Western blotting was performed as described [24].  

Antibodies were used as follows: anti-phospho-ERK, 1:1000, anti-ERK, 1:1000 

antiphospho-AKT, 1:1000, and anti-AKT 1:1000 (Cell Signaling Technology); anti-V5 

1:5000 (Invitrogen); anti-β-catenin, 1:1000 (BD Bioscience); and anti-phospho-tyrosine, 

1:1000 (kindly provided from Dr. Bishop of UCSF). 

 

Real-time RT-PCR 

Total RNA was extracted from frozen liver tissues using Trizol (Invitrogen) and digested 

with DNase I to remove any genomic DNA contamination. Sybergreen based real-time 

RT-PCR was carried out as described, and rRNA was used as an internal control [25]. 

Transcript quantification was performed in triplicate for every sample and reported 

relative to rRNA. The primer pairs are listed in Table 2.1. 
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Gene Name Forward Primer Reverse Primer 
AFP 
 
CyclinB1 
 
CyclinD1 
 
P21 
 
Survivin 
 
E-Cadherin 
 
CyclinE1 

TCTGCTGGCACGCAAGAAG 
 
TTGTGTGCCCAAGAAGATGCT 
 
CGTGGCCTCTAAGATGAAGGA 
 
CACAGCGATATCCAGACATTCAG 
 
GCCACGCATCCCAGCTT 
 
TGTGGGTCAGGAAATCACATCTT 
 
TGCCAAGATTGACAAGACTGTGA 

TCGGCAGGTTCTGGAAACTG 
 
GTACATCTCCTCATATTTGCTTGCA 
 
CCTCGGGCCGGATAGAGTAG 
 
CGGAACAGGTCGGACATCAC 
 
TTTGAAAATACCACTGTCTCCTTCTC 
 
CCAAATCCGATACGTGATCTTCT 
 
TCCACGCATGCTGAATTATCA 

Primers for real-time PCR of angiogenesis genes are the same as described. 

Table 2.1 Primers used for real-time PCR analysis 

 

Results 

Contribution of genomic DNA copy number variation to global gene expression 

changes in human HCC samples 

To determine whether genomic DNA copy number variations contribute to global 

gene expression pattern changes, we examined the correlation between gene expression 

values and the corresponding DNA copy number changes from 44 human HCC samples 

with both expression array and array CGH data. Of the 4354 cDNA clones analyzed, 747 

cDNA clones (or 17.2% of total cDNA clones analyzed), representing approximately 542 

unique genes, show statistical significant correlation between expression values and DNA 

copy number variations (correlation >0.35 and adjusted P value is 0.016 with FDR less 

than 7.9%. Data not shown). To illustrate whether DNA copy numbers influence gene 

expression, we compared the pairwise correlation of gene expression data with CGH 

values of BAC clones close to the locus where each gene is located at (diagonal), or CGH 

values of BAC clones located at other region of the genome. We found pairs of regions 
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along the diagonal have higher positive correlation (medium correlation approximately 

0.135) than the off-diagonal pairs (medium correlation, approximately 0.005) (Fig. 2.1A). 

A heatmap of the pairwise correlation between gene expression and copy number also 

demonstrates the positive correlation along the diagonal (Fig. 2.1B). 

Overall, our data confirm that genomic DNA copy number variations contribute 

to the regulation of regional gene expression profiles in human HCC samples. 

 

  

Figure 2.1 Correlation between DNA copy number variations and global gene 

expression patterns. Each chromosomal arm was divided into equal number of parts or 

bins of size 20Mb and then average pairwise Pearson correlation between gene 

expression and copy number was calculated for all pairs of binned regions. (A) Box plots 

of correlation between pairs along the diagonal (cDNA clones with surrounding BAC 

clones) and pairs off diagonal (cDNA clones with unrelated BAC clones). (B) Heatmap 

of the average correlation between gene expression and copy number. 
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Identification of candidate oncogenes or tumor suppressor genes for human HCCs 

To pinpoint candidate oncogenes or tumor suppressor genes, we applied 2 criteria 

to the list of 747 cDNA clones. First, we searched for genes that showed consistent gain 

or loss in at least 8 (or approximately 20%) tumor samples. Second, we matched the gene 

list with the 1,946 cDNA clones that were identified to be differentially expressed among 

non-tumor liver and HCC samples in our previous study [25]. Thus, we narrowed our list 

to 134 cDNA clones, representing 113 unique genes (Table 2.2). Among these genes, 76 

genes are up-regulated in HCC samples and are frequently amplified at the genomic 

DNA level, whereas the remaining 37 genes are down-regulated in HCC samples and are 

frequently deleted at the genomic DNA level. These 2 sets of genes represent potential 

candidate oncogenes or tumor suppressor genes, respectively, for HCC pathogenesis. One 

of the genes identified from our screening is Jab1/CSN5, a gene that we previously 

demonstrated to be highly expressed in HCCs and this is frequently amplified. This 

confirms the reliability of our genome-wide correlation analysis. 
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Genes that are up-regulated and are frequently amplified in human HCCs 

Gene 
Symbol Chr 

Percentage 
Gained/Lost*

Fold of 
Up/Down-

Regulation  
Gene 

Symbol Chr
Percentage 

Gained/Lost* 

Fold of Up/Down-

Regulation  

SF3B4 1q 68.2 2.28 NEU1 6p 25.0 2.22 
APH1A 1q 68.2 1.68 EHMT2 6p 25.0 2.32 
KIAA0460 1q 65.9 2.01 RDBP 6p 25.0 1.98 
PRUNE 1q 65.9 2.63 PFDN6 6p 20.5 1.66 
SNX27 1q 65.9 2.07 CUTA 6p 20.5 1.62 
ILF2 1q 65.9 1.94 XPO5 6p 18.2 1.80 
NICE-3 1q 65.9 1.99 SLC29A1 6p 18.2 2.06 
UBAP2L 1q 65.9 2.23 NUP205 7q 22.7 1.48 
UBE2Q1 1q 65.9 1.96 TRIM24 7q 22.7 2.01 
PYGO2 1q 65.9 2.44 MULK 7q 22.7 1.59 
FLAD1 1q 65.9 2.56 KCNH2 7q 22.7 1.64 
FDPS 1q 63.6 2.70 ATP6V1H 8q 29.5 1.53 
DAP3 1q 63.6 2.03 ARMC1 8q 34.1 1.76 
MEF2D 1q 63.6 1.64 CSN5/JAB1 8q 34.1 1.56 
PRCC 1q 63.6 2.08 ARFGEF1 8q 34.1 1.52 
NCSTN 1q 63.6 1.97 NCOA2 8q 36.4 1.87 
B4GALT3 1q 63.6 1.70 RDH10 8q 36.4 1.64 
TMCO1 1q 61.4 1.86 PLEKHF2 8q 45.5 1.76 
BAT2D1 1q 61.4 1.72 PGCP 8q 45.5 1.63 
SMG7 1q 56.8 1.78 MTDH 8q 45.5 1.64 
UCHL5 1q 54.5 1.51 LAPTM4B 8q 50.0 2.58 
JARID1B 1q 52.3 1.65 RPL30 8q 45.5 1.56 
SNRPE 1q 50.0 2.09 YWHAZ 8q 50.0 1.85 
NUCKS1 1q 47.7 1.58 ZNF706 8q 50.0 1.63 
CD46 1q 47.7 1.74 EST 8q 47.7 2.06 
LPGAT1 1q 50.0 1.88 FAM83H 8q 45.5 2.25 
INTS7 1q 50.0 1.75 SIAHBP1 8q 45.5 1.64 
PPP2R5A 1q 50.0 1.70 GPAA1 8q 45.5 1.77 
CNIH4 1q 47.7 2.07 CYC1 8q 45.5 1.71 
NUP133 1q 45.5 2.06 MAF1 8q 45.5 1.98 
GNPAT 1q 45.5 1.91 LOC441383 8q 45.5 1.73 
TOMM20 1q 45.5 1.62 CBX1 17q 18.2 1.66 
ARID4B 1q 45.5 1.53 WDR68 17q 20.5 1.71 
GGPS1 1q 45.5 2.09 NDRG3 20q 22.7 2.06 
GMNN 6p 18.2 3.64 PPGB 20q 31.8 1.91 
HIST1H2BK 6p 20.5 1.89 NCOA3 20q 29.5 1.65 
CSNK2B 6p 25.0 1.49 ARFGEF2 20q 29.5 1.74 
MSH5 6p 20.5 2.10 PRPF6 20q 25.0 1.71 

 
Genes that are down-regulated and are frequently deleted in human HCCs 

EPHA2 1p 18.2 3.57 C6orf75 6q 27.3 1.68 
UGT2B7 4q 34.1 3.01 ECHDC1 6q 22.7 1.53 
UGT2B4 4q 34.1 2.17 ENPP1 6q 22.7 1.50 
SAS10 4q 34.1 1.62 SLC7A2 8p 38.6 3.21 
CXCL1 4q 38.6 3.98 DOCK5 8p 36.4 1.54 
CXCL2 4q 38.6 3.31 FGFR1 8p 27.3 1.88 
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ANTXR2 4q 47.7 2.18 PTS 11q 22.7 2.00 
FAM13A1 4q 43.2 2.25 SPRY2 13q 40.9 2.31 
BDH2 4q 45.5 3.24 PROZ 13q 29.5 3.00 
CFI 4q 45.5 1.95 FLJ12874 14q 25.0 1.67 
LARP2 4q 43.2 1.88 SGPP1 14q 27.3 1.63 
TDO2 4q 38.6 2.99 C14orf4 14q 29.5 1.50 
CTSO 4q 38.6 1.59 GSTZ1 14q 29.5 4.74 
CBR4 4q 43.2 1.75 ACSM3 16p 20.5 3.01 
KLKB1 4q 45.5 2.88 LOC57149 16p 20.5 1.72 
FAM46A 6q 22.7 1.82 CDH1 16q 50.0 1.61 
PNRC1 6q 25.0 2.04 EIF4A1 17p 59.1 1.56 
BACH2 6q 25.0 1.67 SHMT1 17p 34.1 2.36 
LOC619208 6q 22.7 1.95      

  * Percentage of HCC samples with gain or loss at the specific gene loci. 

   Average fold of up-regulation or down-regulation of the gene comparing HCC versus 
nontumor liver samples. 

 

Table 2.2 Candidate Oncogenes and Tumor Suppressor Genes Identified by 

Correlating Expression Arrays with aCGH Data 

 

Long term in vivo delivery of target genes in mouse hepatocytes and induction of 

HCC by hydrodynamic transfection 

One of the genes identified from our genomic analysis to be down-regulated and 

frequently deleted is Spry2, a well-characterized RTK/Ras pathway inhibitor. Our in vitro 

studies showed that overexpression of Spry2 inhibits HCC cell growth (Fig. 2.2). The 

results are consistent with other in vitro studies that demonstrate Spry2 inhibits tumor cell 

proliferation. To determine whether Spry2 is a bona fide tumor suppressor for hepatic 

carcinogenesis, we investigated whether the loss of Spry2 activity contributes to liver 

cancer development using in vivo mouse models.  
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Figure 2.2 Overexpression of EGFP-Spry2 inhibits HCC cell growth in vitro. (A) 

Confocal microscopy analysis of cellular localization of EGFP and EGFPSpry2; (B) 

Representative images of reduced BrdU positive (red) in EGFP-Spry2 transfected (green) 

Huh7 cells (C) Quantitative measurement of reduced BrdU labeling in EGFP-Spry2 

transfected Huh7 and SNU449 HCC cells. * p=0.01 and **p=0.002. 

 

Because it has been shown that activated Ras and β-catenin cooperate to induce 

HCC development, we hypothesized that loss of Spry2 function together with activated 

β-catenin will also lead to hepatocarcinogenesis in mice. Spry2 knockout mice have been 

generated [26]. However, these Spry2 null mice have a shortened life span and most die 

within 1 to 2 months after birth, therefore are not suitable for this study. To address our 

hypothesis, we took an alternative approach in which we used hydrodynamic tranfection 

with a transponsable vector to stably express exogenous genes in mouse liver [27]. Most 

recently, we and another group showed that this method can be used to develop mouse 

models for liver cancer. We therefore generated a well-characterized dominant negative 

form of Spry2, Spry2Y55F (with a C-terminal V5 tag) to block endogenous Spry2 

function, as well as a stabilized and activated β-catenin (∆N90-β-catenin) for 
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hydrodynamic transfection (Fig. 2.3A). After injecting into mice, long term expression of 

each of the transfected genes can be detected in 5 to 10% of the hepatocytes by 

immunohistochemistry (Fig. 2.3B & C). The transfection efficiency is similar to what has 

been described and our previous experience.  

 

 

Figure 2.3 Hydrodynamic injection and sleeping beauty mediated somatic 

integration to stably express target gene in mouse hepatocytes. (A) Map of the 

constructs used in the study. IR: Inverted Repeats; EF1-α: EF1-α promoter; SB: sleeping 

beauty. (B) Immunohistochemical staining of β-catenin of control liver and ∆N90-β-

catenin injected liver harvested 2 weeks post injection; (C) Immunohistochemical 

staining of control and Spry2Y55F-V5 injected liver harvested 22 weeks post injection 

using anti-V5 antibody. 

 

To further prove the reliability of our approach, we determined whether RasV12 

and ∆N90-β-catenin can cooperate to induce liver cancer in mice using hydrodynamic 
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transfection. Consistent with previous reports, we found that although none of the 

RasV12 or ∆N90-β-catenin injected mice developed liver tumors, coexpression of 

RasV12 and ∆N90-β-catenin induced liver cancer formation in 67% of the mice (8/12) at 

18 weeks post injection (Fig. 2.4 and Table 2.3). In all cases, there were too many tumor 

nodules in the mouse liver to be counted.  

 

Spry2Y55F cooperates with ∆N90-β-catenin signaling to induce liver cancer 

development in mice 

To test our hypothesis that loss of Spry2 function cooperates with activated β-

catenin to promote HCC development in vivo, we expressed Spry2Y55F, or ∆N90-β-

catenin alone or Spry2Y55F plus ∆N90-β-catenin into mouse hepatocytes. All animals 

were sacrificed between 18 to 29 weeks post injection and liver tissues were examined 

grossly and histologically for tumors. Analysis of these samples revealed that half of the 

mice (7/14) co-expressing Spry2Y55F and ∆N90-β-catenin developed liver tumors (Fig. 

2.4 and Table 2.3), whereas no tumors were observed in mice injected with Spry2Y55F 

or ∆N90-β-catenin alone (Fig. 2.4B). Interestingly, we noticed differences between 

tumors induced by RasV12/∆N90-β-catenin and Spry2Y55F/∆N90-β-catenin. In 

particular, mice co-expressing Spry2Y55F/∆N90-β-catenin have lower tumor incidence 

(1-4 nodules per mouse) in comparison with the numerous tumors found in 

RasV12/∆N90-β-catenin mice. Furthermore, while RasV12/∆N90-β-catenin can induce 

tumorigenesis as early as 13 weeks post injection, Spry2Y55F/∆N90-β-catenin requires 

longer latency (~24 weeks) for tumor development. 
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Injection Code Sex

Age 
(Weeks 

Old) 

Weeks  
Post 
injection Tumor* 

Number of 
Tumors 

Tumor Size 

(mm)  

Y55FSpry2 + N90- -catenin YB-F1.1 F 26 18 N   
 YB-F1.2 F 26 18 N   
 YB-F1.3 F 32 24 Y 1 5 
 YB-F1.4 F 32 24 N   
 YB-M1.1 M 29 22 N   
 YB-M1.2 M 34 27 Y 2 4, 18 
 YB-M1.3 M 36 29 N   
 YB-M1.4 M 36 29 Y 4 3, 2, 15, 16 
 YB-M1.5 M 36 29 Y 1 1 
 YB-F2.1 F 37 29 N   
 YB-F2.2 F 37 29 N   
 YB-F2.3 F 37 29 Y 1 1 
 YB-F2.4 F 37 29 Y 1 14 
 YB-F2.5 F 37 29 Y 1 10 
RasV12 + N90- -catenin RB-F1.1 F 21 13 N   
 RB-F1.2 F 21 13 Y TMTC ND 
 RB-F1.3 F 21 13 Y TMTC ND 
 RB-F1.4 F 21 13 Y TMTC ND 
 RB-M1.1 M 21 14 Y TMTC ND 
 RB-M1.2 M 26 18 N   
 RB-M1.3 M 26 18 N   
 RB-M1.4 M 26 18 N   
 RB-F2.1 F 26 18 Y TMTC ND 
 RB-F2.2 F 23 16 Y TMTC ND 
 RB-F2.3 F 23 16 Y TMTC ND 
 RB-F2.4 F 26 18 Y TMTC ND  

   Abbreviations: F, female; M, male; TMTC, too many to count. 
  * Tumor: Y, liver tumor in liver; N, no tumor nodules observed in liver. 

   ND: Not determined. Because there are too many tumor nodules in the mouse liver, it is difficult to distinguish the 
boundary of each individual tumor nodule. Therefore the tumor size was not determined. 

Table 2.3 Tumor Development in Mouse co-injected with RasV12/ N90- -catenin 

or Spry2Y55F/∆N90-β-catenin 



   

42 
 

    

Figure 2.4 Co-expression of RasV12/∆N90-β-catenin or Spry2Y55F/∆N90-β-catenin 

induces liver cancer formation in mice. (A) Representative gross image of liver tumors 

from RasV12/∆N90-β-catenin or Spry2Y55F/∆N90-β-catenin co-injected mice. Note that 

there are numerous tumor nodules in RasV12/∆N90-β-catenin mice and one tumor 

nodule in Spry2Y55F/∆N90-β-catenin mice. (B) Tumor development incident curves in 

mice.  

 

Histological examination of liver tumor samples from Spry2Y55F/∆N90-β-

catenin mice revealed that tumor cells morphologically appear to be of hepatocellular 

origin and the neoplastic cells display cytological atypia and frequent trabecular 

disorganization, which are consistent with HCC (Fig. 2.6A). Real-time RT-PCR analysis 

revealed the high expression of liver tumor marker α-fetoprotein (Fig. 2.5), further 

supporting that Spry2Y55F and ∆N90-β-catenin cooperate to induce HCC in vivo. 
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Figure 2.5 Overexpression of AFP in mouse tumor samples induced by 

Spry2Y55F/∆N90-β-catenin and RasV12/∆N90-β-catenin. Real-time RT-PCR analysis 

was performed in normal liver (n=2), non-tumor liver tissues (n=2), HCCs from 

Spry2Y55F/∆N90-β-catenin injected mice (n=2), as well as HCCs from RasV12/∆N90-

β-catenin injected mice (n=2). Expression of each gene was calculated relative to rRNA 

and the expression values of two normal liver tissues were averaged, set to 1 and used to 

normalize all the rest of the samples. YB-NT: non-tumor liver tissues from 

Spry2Y55F/∆N90-β-catenin injected mice; YB-T: tumor liver tissues from 

Spry2Y55F/∆N90-β-catenin injected mice; and RB-T: tumor liver tissues from 

RasV12/∆N90-β-catenin injected mice 

 

Co-expression of Spry2Y55F and ∆N90-β-catenin in mouse HCC samples 

We next examined whether all tumor nodules co-express Spry2Y55F and ∆N90-

β-catenin. Immunohistochemistry with anti-β-catenin and anti-V5 antibodies 

demonstrated that all tumor cells exhibit nuclear/cytoplasmic staining of β-catenin as 

well as membrane expression of Spry2Y55F (Fig. 2.6B and C). These results are 
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consistent with the Western blot analysis in which Spry2Y55-V5 and ∆N90-β-catenin are 

detected only in the HCC samples (Fig. 2.6D). Furthermore, the western blot depicts 

tumor tissues displaying a predominant lower band of β-catenin, which indicates that the 

activation of β-catenin in tumor cells is not due to random mutations of the endogenous 

β-catenin (which are typically point mutations) during tumorigenesis. Scattered 

Spry2Y55F or ∆N90-β-catenin-expressing cells are observed in the adjacent non-tumor 

liver by immunostaining (Fig. 2.6B and C), but their expression levels maybe too low to 

be detected by Western blotting. Together our analysis supports that all tumor cells 

coexpress Spry2Y55F and ∆N90-β-catenin and the expression of both Spry2Y55F and 

∆N90-β-catenin promotes liver cancer formation in vivo. 



   

45 
 

 

Figure 2.6 Co-expression of Spry2Y55F and ∆N90-β-catenin in mouse liver tumor 

cells. (A) H&E staining of liver samples from non-tumor liver tissues (NT) or HCC liver 

tissues (T); (B and C) immunohistochemical staining of β-catenin and V5, respectively 

(Original magnifications, x200). Insets are higher magnification (x400) images showing 

specific staining of β-catenin and Spry2Y55F in tumor cells; (D) Western blotting 

analysis of lysate from tumor (T), non-tumor (NT) or widltype (WT) liver tissues using 

anti-β-catenin and V5 antibodies. For ∆N90-β-catenin detection, 239 cells transfected 

with pCMV/∆N90-β-catenin was used as positive control.  
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Activation of ERK pathway in mouse liver tumors 

We next investigated the molecular mechanisms of Spry2Y55F in promoting 

HCC development by assaying the activity of key signaling components that may be 

downstream of Spry, including ERK and protein kinase Akt. Using immunohistochemical 

staining, we found that although non-tumor liver cells have no detectable levels of 

phospho-ERK, liver tumor cells display high levels of phospho-ERK (Fig. 2.7A). This 

observation is verified by western blotting (Fig. 2.7B).  Total ERK expression remains 

unchanged in all samples. We observed no evidence of phospho-Akt expression in either 

non-tumor liver tissues or liver tumor tissues (Fig. 2.7C). These results indicate that 

Spry2Y55F up-regulates ERK signaling, but has no effect on the Akt pathway.  

To validate that phospho-ERK signaling observed in tumor samples is due to 

ectopic Spry2Y55F expression, but not due to the activation of the upstream RTKs, we 

measured the expression levels of total phosphorylated tyrosine by Western blotting. We 

found the tumor showed no increase in the expression of total phosphorylated tyrosine 

(Fig. 2.7D), suggesting that there is no overall increased activation of RTKs in tumor 

cells.  
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Figure 2.7 Activation of ERK, but not Akt in liver tumors induced by 

Spry2Y55F/∆N90-β-catenin. (A) Immunohistochemical staining of liver tumor cells (T) 

and surrounding non-tumor cells (NT) using anti-phospho-ERK antibody (Original 

magnifications, x200); (B-D) Western blot analysis of liver tissues from wildtype mice 

(WT); non-tumor liver (NT) and tumor (T) tissues for phospho-ERK, ERK, phospho-Akt, 

Akt and phospho-tyrosine. For the analysis of Akt status, 293 cells were used as positive 

control. 
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Molecular features of HCCs induced by Spry2Y55F and ∆N90-β-catenin 

To determine whether liver tumors induced by Spry2Y55F/∆N90-β-catenin 

resemble a subset of human HCCs, we characterized the molecular features of these 

mouse liver tumor samples. Ki67 staining revealed that tumor cells are highly 

proliferative (Fig. 2.8A). Furthermore, these tumor cells show high expression of genes 

involved in cell cycle and cell proliferation, including cyclins B1, D1 and E1 (Fig. 2.9A-

C). Expression of a Cdk inhibitor, p21Cip1, is also increased in the HCC samples (Fig. 

2.9D). p21Cip may be induced as a feedback inhibitor in response to the abnormal cell 

proliferation and has been reported to be frequently up-regulated in human HCCs [28]. In 

addition, tumor cells express high levels of the anti-apoptotic protein, Survivin (Fig. 

2.9E). Survivin has also been reported to be highly expressed in human HCC samples 

[29].  

We next examined the expression of the cell-cell adhesion molecule, E-cadherin. 

In the normal liver, hepatocytes show weak staining of E-cadherin around the periportal 

area. However, liver tumor samples induced by Spry2Y55F/∆N90-β-catenin were found 

to have E-cadherin expression in virtually all neoplastic hepatocytes (Fig. 2.8B).  The 

increased expression of E-cadherin in the tumor cell is also supported by RT-PCR 

analysis (Fig. 2.9F). The up-regulation of E-cadherin has been reported in multiple mouse 

liver cancer models, including HCCs induced by c-Myc/E2F1 or c-Myc/transforming 

growth factor-α [30]. 

One hallmark of HCC is the change in endothelial cells. In humans, while 

sinusoidal endothelial cells surrounding the normal hepatocytes do not express 

endothelial markers CD34 or podocalyxin kcl (PODXL1), the endothelial cells of HCC 



   

49 
 

stain positively for these markers [31]. This change in expression of these markers 

represents fundamental differences between endothelial cell structures in the normal liver 

and cancerous liver tissues. Using an antibody against PODXL1, we demonstrated that 

although the normal liver sinusoid endothelial cells does not express PODXL1, the 

endothelial cells in tumor tissues induced by Spry2Y55F/∆N90-β-catenin express this 

marker at high levels (Fig. 2.8C).  

The change in expression of endothelial cell markers in the mouse HCC samples 

implies that angiogenesis occurs during tumor development. We next investigated 

whether there are changes of expression of genes involved in angiogenesis. Although we 

did not detect any changes in the expression levels for angiogenic factors vascular 

endothelial growth factor (VEGF), VEGF120, and Ang1, as well as their receptors FLT1 

and FLK1 in tumor versus non-tumor liver tissue (data not shown), we observed an 

increase in the expression of Ang2 in Spry2Y55F/∆N90-β-catenin induced HCCs (Fig. 

2.9G). The data suggest that the up-regulation of Ang2 may be a key factor in promoting 

angiogenesis in our mouse model. Interestingly, Ang2 overexpression has been observed 

in human HCCs and is associated with tumor invasion and increased tumor microvessel 

densities [32].  

Although there are striking differences in tumor latency and incidence between 

the Spry2Y55F/∆N90-β-catenin and RasV12/∆N90-β-catenin injected mice, molecular 

features of both tumors are very similar, which include elevated expression of cyclins, 

Survivin, E-cadherin, p21Cip1, and Ang2 in all HCC samples examined. These 

observations support that the 2 sets of oncogenes share similar cellular responses and 

elicit similar molecular changes during hepatic carcinogenesis.  
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Altogether our studies support that HCCs induced by Spry2Y55F/∆N90-β-catenin 

mimic a subset of human HCCs, characterized by the deregulation of genes associated 

with cell proliferation, apoptosis and angiogenesis. 

 

        

Figure 2.8 Immunohistochemical staining of liver tumor cells (T) and 

surrounding non-tumor cells (NT) for (A) Ki67, (B) E-cadherin and (C) PODXL1. 

Original magnifications, x200. 
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Figure 2.9  Real-time RT-PCR analysis of gene expression in normal liver (n=2), 

non-tumor liver tissues (n=2), HCCs from Spry2Y55F/∆N90-β-catenin injected mice 

(n=2), and RasV12/∆N90-β-catenin injected mice (n=2). Expression of each gene was 

calculated relative to rRNA and the expression values of two normal liver tissues were 

averaged, set to 1 and used to normalize all the rest of the samples. YB-NT: non-tumor 

liver tissues from Spry2Y55F/∆N90-β-catenin injected mice; YB-T: tumor liver tissues 

from Spry2Y55F/∆N90-β-catenin injected mice; and RB-T: tumor liver tissues from 

RasV12/∆N90-β-catenin injected mice. 

 

Discussion 

In this study, we identified 76 candidate oncogenes and 37 candidate tumor 

suppressor genes by correlating expression arrays and array CGH data. Although the 

majority of the genes are not well characterized, some of these genes have been 

implicated in tumorigenesis. For example, MEF2D was identified as a candidate 

oncogene in two murine retroviral insertional mutagenesis studies [33, 34]. Strikingly, 3 
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transcriptional coactivators are identified as candidate oncogenes in our study: 

transcriptional intermediary factor (TIF1), nuclear receptor coactivator 2 (NCOA2), and 

nuclear receptor coactivator 3 (NCOA3). These transcriptional coactivators are involved 

in regulating estrogen or androgen signaling. In humans, liver cancer occurs more 

frequently in males than females. The identification of co-activators involved in 

estrogen/androgen pathways as candidate oncogenes for human HCCs may provide clues 

to how these hormonal factors influence liver tumor development.  

Although recent genomic studies have identified large numbers of genes whose 

expression levels are deregulated in human tumor samples, a major challenge remains as 

how to effectively study the functions of these genes in tumor development, especially in 

vivo. The most common method is to study the individual gene in vitro using tumor cell 

lines. These studies have limited value since tumor cell lines cultured in vitro have 

distinct properties from normal or neoplastic cells in vivo. In addition, these studies do 

not account for the tumor microenvironment. Mouse models are critical tools in 

dissecting signaling pathways and genetic events that are important for tumor 

development. However, the development of mouse models for human cancers is hindered 

by the fact that generating transgenic or knockout mouse lines are both expensive and 

time consuming. In this manuscript, we present evidence that hydrodynamic transfection 

is an efficient and flexible method which can be integrated into genomic studies for initial 

characterization of target genes’ function in vivo. As an in vivo screening technique, this 

will allow us to efficiently and rapidly identify the meaningful genetic interactions during 

hepatic tumorigenesis. 
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Almost all reports of Spry2 in tumor pathogenesis are in vitro or xenograft studies. 

However, whether Spry2 can function as a tumor suppressor and whether loss of Spry2 

expression is directly involved in tumor development in vivo remains unclear. In a recent 

study, it was found that the knockdown of Spry2 expression using small interfering RNA 

accelerates Ras-induced lung cancer development in mice [35]. In our study, we 

demonstrated that blocking Spry2 function using a dominant negative form of Spry2 

cooperates with activated β-catenin signaling to induce liver cancer formation in mice. 

Our data provide compelling evidence that blocking Spry2 activity can directly 

participate in liver tumor development in vivo. Our results support a possible important 

mechanism of propagating Ras/ERK signaling in the absence of Ras mutations via loss of 

Spry2. Because Spry2 is down-regulated in other tumor types, this may also be a 

common approach for tumor cells to activate the ERK pathway. 

Epidermal growth factor (EGFR) is a well characterized target of activated β-

catenin in liver [36]. Consistently, EGFR mRNA expression is elevated in HCC samples 

from Spry2Y55F/∆N90-β-catenin mice (Fig. 2.10). Because no tumors were observed in 

mice injected with activated β-catenin alone, it suggests that up-regulation of EGFR by 

β-catenin is not sufficient to promote tumor development. However, when Spry2Y55F is 

co-expressed in these cells, Spry2Y55F may further propagate the increased EGFR 

signaling and eventually lead to tumor development. If this hypothesis is correct, one 

might expect that the tumors inducted by Spry2Y55F/∆N90-β-catenin are dependent on 

EGFR expression. Further experiments treating Spry2Y55F/∆N90-β-catenin mice with 

EGFR inhibitors will assist to test this hypothesis. 
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Figure 2.10 Real-time RT-PCR analysis for EGFR expression in wildtype liver (WT), 

non-tumor liver (NT) and Spry2Y55F/∆N90-β-catenin tumor samples (YBT1 or 

YBT2). Expression of each gene was calculated relative to rRNA and the expression 

value of the normal liver tissues was set to 1 and used to normalize all the rest of the 

samples. 

 

Whether activation of Ras/ERK signaling is the major pathway that promotes 

HCC pathogenesis remains to be further investigated. Experiments using RNA 

interference to silence MEK or ERK expression in vivo or treatment of tumor cells with 

MEK inhibitors will clarify the roles of Ras/ERK in transducing Spry2 signaling in our 

mouse models. In addition, Spry2 has been shown to interact with other signaling 

molecules, including caveolin, FRS2 and PTP1B. Further biochemical characterization is 

required to determine the proteins that interact with Spry2 in mouse hepatocytes. 

Together these studies will provide novel insight into the molecular mechanisms of Spry2 

in promoting HCC development. 

There are multiple Spry family proteins expressed in liver. Our dominant negative 

Spry2 construct may interfere with functions of other Spry family members. To 

definitively test whether lost of Spry2 is sufficient to cooperate with activated β-catenin 
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to induce liver cancer, a conditional Spry2 knockout mice could be used in our system. 

This can be achieved by generating albumin-cre;Spry2flox/flox mice and then expressing 

∆N90-β-catenin in these mice. These experiments will provide additional information as 

to whether Spry2 functions as a tumor suppressor, or whether multiple Spry proteins have 

to be eliminated to cooperate with β-catenin to induce liver cancer in vivo. 
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Chapter 3 

Suppression of Spry2 promotes unrestrained activation of c-Met 

signaling during hepatocarcinogenesis 

 

Introduction 

Hepatocarcinogenesis is considered to be a multiphase process involving the 

deregulation of various genetic pathways [1]. In particular, activation of the Ras/MAPK 

pathway has been detected in all human HCC samples [2]. The importance of Ras/MAPK 

signaling in hepatocarcinogenesis is further supported by the approval of Raf inhibitor 

Sorafenib, which has been found to significantly prolong the survival of HCC patients 

[3]. Ras/MAPK signaling is triggered when growth factors bind to receptor tyrosine 

kinases (RTK), recruit and activate guanine nucleotide exchange factors such as Sos, 

which then induces the formation of Ras-GTP (Ch.1, Fig. 1.1). Activated Ras in turn 

stimulates the Raf-MEK-MAPK cascade, which leads to the regulation of various cellular 

responses, including proliferation, survival, and differentiation. Mutations of Ras or its 

downstream effector, B-Raf, are the most common targets for somatic gain-of-function 

mutations in human cancers [4]. However, Ras family members and B-Raf are rarely 

mutated in human HCC [5, 6]. Thus, it remains unclear how Ras/MAPK signaling 

becomes activated during hepatocarcinogenesis in the presence of wild-type Ras and B-

Raf. Over-expression of the protooncogene c-Met and loss of Spry2 have both been 

implicated as possible mechanisms leading to unconstrained activation of the Ras/MAPK 

pathway in the absence of Ras mutations [1, 2]. 
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The c-Met protooncogene encodes the receptor tyrosine kinase for hepatocyte 

growth factor (HGF) and scatter factor (SF) [7, 8]. This multifunctional kinase has been 

shown to be involved in a variety of cellular responses, including proliferation, survival, 

migration, tumor development, and metastasis [9, 10]. Activation of c-Met signaling 

occurs in multiple tumor types, including human HCC. Indeed, c-Met mRNA and protein 

levels are frequently over-expressed in human liver cancer, and c-Met upregulation is 

associated with patients’ poor prognosis [11, 12]. Accordingly, genomic studies 

identified a c-Met regulated gene expression signature that defines an aggressive biologic 

phenotype in human HCC [13]. Furthermore, over-expression of human c-Met in mouse 

hepatocytes promotes liver malignant transformation [14].  

Sprouty (Spry)/Sprouty-related EVH1 domain containing protein (Spred) family 

proteins are evolutionarily conserved inhibitors of RTKs [15, 16]. Mounting evidence 

indicates that Spry proteins can be induced by the Ras/MAPK signaling pathway, and 

function as negative inhibitors of Ras/MAPK activation by disrupting growth-factor-

receptor bound-2 (GRB2)-SOS complex and/or inhibiting Raf [15, 16]. There are four 

mammalian homologs for Spry (Spry1 to 4). Among them, Spry2 has been found to be 

down-regulated in multiple tumor types [17]. Both in vitro and in vivo studies have 

suggested that loss of Spry2 expression may contribute to abnormal activation of 

Ras/MAPK signaling in cancer [17]. Previous reports show that Spry2 expression is 

frequently downregulated in human HCC, presumably due to promoter hypermethylation 

and loss of DNA copy number at 13q31, and that its inactivation triggers elevated MAPK 

signaling in HCC.[17] In mouse models, it was recently demonstrated that inactivation of 

Spry2 using the dominant negative Spry2 (Spry2Y55F) construct cooperates with 
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activated β-catenin to promote hepatocarcinogenesis in vivo, strengthening the hypothesis 

that Spry2 is a bona fide tumor suppressor in the liver [18].   

Many studies on the functional role of Spry2 have focused on its regulation over 

FGF and EGF signaling so far, while the biochemical and genetic interactions between c-

Met activation and Spry2 downregulation have been poorly characterized. To date, only 

one paper has reported that over-expression of Spry2 inhibits HGF-mediated cell growth 

in SK-LMS-1 human leiomyosarcoma cells [19].   

Current clinical data indicates that Spry2 function is impaired in human HCC via 

multiple mechanisms, including gene promoter hypermethylation, loss of heterozygosity, 

and inactivation via TESK1, substantiating the assumption that Spry2 is a key 

oncosuppressor in liver cancer (Calvisi et al, unpublished data). Furthermore, the 

overexpression of Spry2 inhibits c-Met-induced HCC cell proliferation, whereas c-Met 

signaling is activated following Spry2 silencing (Calvisi et al, unpublished data). 

However, the relationship between Spry2 and c-Met during hepatocarcinogenesis has not 

been examined in vivo. In this chapter, we demonstrate that a dominant negative Spry2 

form (Spry2Y55F) cooperates with c-Met to induce hepatocarcinogenesis in Ink4A/Arf 

null mice by promoting proliferation and angiogenesis. Furthermore, the co-expression of 

Spry2Y55F and c-Met resulted in the over-activation of both Ras/MAPK and Akt 

signaling during liver tumorigenesis. Thus, our study provides substantial in vivo 

evidence that disruption of Spry2 and c-Met balance might be a dominant oncogenic 

event responsible for uncontrolled activation of the Ras/MAPK and AKT cascades in the 

presence of wild-type Ras genes in liver cancer. 
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Materials and Methods 

Hydrodynamic Injection and Mice Monitoring 

Ink4A/Arf -/- mice were obtained from Mouse Model of Human Cancer Consortium 

(NCI). Hydrodynamic injection was performed as described [20]. The constructs used for 

injections, pT3-EF1α-hMet and pCMV/SB, were as previously described [20]. 

Spry2Y55F was generated as described [18]. Spry2Y55F (with C-terminal HA tag) was 

then cloned into pT3-EF1α via the Gateway PCR cloning strategy (Invitrogen). All 

injected mice were monitored weekly and sacrificed at appropriate time points or when 

they developed a visibly enlarged abdomen or became moribund. All mice were housed, 

fed, and treated in accordance with protocols approved by the committee for animal 

research at the University of California, San Francisco (UCSF). 

 

Histology, Immunohistochemistry and Immunofluorescence 

Livers were fixed in 4% paraformaldehyde and then processed for paraffin embedding. 

Sections were done at 5 µm in thickness. Immunohistochemistry was performed with 

anti-HA (1:100, Santa Cruz Biotechnology), anti-V5 (1:1000, Invitrogen), anti-Ki67 

(1:150, Lab Vision), rabbit polyclonal anti-PCNA (1:5000, Santa Cruz Biotechnology), 

anti-PODXL1 (1:800, Applied Genomics), and anti-p-S6 Ribosomal Protein (1:75, Cell 

Signaling) antibodies as described. Immunofluorescence for anti-HA and anti-V5 

antibodies were done using the same dilutions, followed by incubation with either FITC 

(Jackson ImmunoResearch) or Alexa 594 (Molecular Probes) labeled secondary 

antibodies. 
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Proliferation and apoptotic indices 

Proliferation and apoptotic indices were determined in Spry2Y55F/c-Met tumors 

(hepatocellular adenoma and hepatocellular carcinoma) from Ink4A/ARF null mice by 

counting PCNA-positive cells and apoptotic figures stained with the ApoTag peroxidase 

in situ apoptosis kit (Millipore, Billerica, MA), respectively, on 3000 hepatocytes. 

 

Real Time RT-PCR and Western Blot analysis 

Syber-green-based real time reverse transcription (RT) PCR was carried out as described 

[18]. Ribosomal RNA was used as internal control. For western blotting and 

immunoprecipitation, samples were sonicated in lysis buffer containing M-PER 

Mammalian Protein Extraction Reagent (Thermo), proteinase inhibitor (Roche), and 

phosphotase inhibitor (Pierce). The following antibodies were used: anti-HA (1:1000) 

(Santa Cruz Biotechnology), anti-V5 (1:5000) (Invitrogen), anti-phospho-c-Met (1:1000), 

anti-phospho-ERK (1:1000), anti-ERK (1:1000), anti-phospho-Akt (1:1000), anti-Akt 

(1:1000), anti-phospho-PTEN (1:1000), anti-PTEN (1:1000), and anti-β-actin (1:10000, 

Sigma). 

 

Statistical Analysis 

Student’s t and Tukey-Kramer tests were used to evaluate statistical significance. Values 

of P < 0.05 were considered significant. Data are expressed as means ± SD. 
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Results  

Loss of Spry2 Activity and Over-expression of c-Met Cooperate to Promote 

Hepatocarcinogenesis in Ink4A/ARF null mice 

In order to determine whether the activation of c-Met and loss of Spry2 function 

has a synergistic role in hepatocarcinogenesis, we developed a mouse model to address 

this. However, we realized that activation of c-Met and loss of Spry2 activity may not be 

able to induce liver tumor formation in vivo, since we and others have demonstrated that 

activation of the Ras/MAPK signaling alone is not sufficient for hepatocarcinogenesis 

using mouse models [18, 21]. Therefore, we chose to add another genetic alteration in our 

model, namely the loss of the Ink4A/Arf locus. Indeed, preliminary data from our 

laboratory indicate that over-expression of an activated form of N-Ras drives 

hepatocarcinogenesis in Ink4A/Arf null mice (Lee SA, unpublished data). Additionally, 

epigenetic and genetic alternations of either Ink4A or Arf genes have been implicated in 

human HCC [22]. Using in vivo transfection method that combines hydrodynamic 

injection and sleeping beauty mediate somatic integration, we stably expressed c-Met 

(V5-tagged) and/or a dominant negative mutant form of Spry2, Spry2Y55F (HA-tagged) 

into the hepatocytes of Ink4A/ARF null mice and monitored for liver tumor development.  

Expression of Spry2Y55F alone did not induce histological abnormalities in the 

mouse liver, whereas over-expression of only c-Met resulted in the formation of clear-

cell foci of altered hepatocytes (FAH), proven to be preneoplastic in various rodent 

models of hepatocarcinogenesis (Fig. 3.1) [22]. These lesions were often located in zone 

3 of the liver acinus (Fig. 3.1B,C-E) and showed an excess in glycogen storage (Fig.  

3.1A,D), resulting in enlargement and clear-cell phenotype of hepatocytes in H&E 
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staining (Fig. 3.1B,C). Moreover, these lesions were proliferating, as indicated by the 

expression of proliferation-associated marker PCNA (Fig. 3.1E) and the detection of 

occasional mitotic figures. However, no HCC or hepatocellular adenomas (HCA) were 

observed in c-Met over-expressing mice.  

 

            

Figure 3.1. Over-expression of c-Met induces preneoplastic lesions. (A) Several small 

preneoplastic lesions are observed with the PAS reaction in c-Met overexpressing mice. 

The group of altered hepatocytes in the right part of the picture is located around a small 

hepatic vein (arrow). (B) The hepatocytes following c-Met overexpression are enlarged 

due to an excess in glycogen storage. (C-E) Serial sections of a small clear-cell focus of 

altered hepatocytes in a c-Met over-expressing mouse, as detected by H&E stain (C) and 

PAS reaction (D), located beneath the liver surface. Again, note the close vicinity to a 

hepatic vein in the H&E stain. (E) Strong proliferative activity in c-Met induced 

preneoplastic lesions is shown by the PCNA stain 
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In striking contrast, approximately 53% of co-transfected c-Met/Spry2Y55F mice 

in the Ink4A/Arf null background developed numerous liver tumors between 14 and 20 

weeks post injection (Fig. 3.2A-C). The tumors varied in size and histopathologic 

features, and were classified as HCA or HCC according to the criteria by Frith and Ward 

(Fig 3.2C and D) [22]. Liver tumors were characterized by the presence of a trabecular or 

pseudo-glandular pattern. Small tumors usually consisted exclusively of the clear-cell 

phenotype (Fig 3.2C), thus retaining the morphology of the preneoplastic lesions in the 

model with exclusive over-expression of c-met (Fig. 3.1). However, with increasing 

tumor size, particularly in large HCCs, some tumor cells lost their glycogen content and 

transformed into mitotically more active glycogen-poor, basophilic hepatocytes, 

recapitulating the usual sequence of morphological progression in the clear-cell type of 

rodent hepatocarcinogenesis (Fig. 3.2D) [22]. Corresponding to their hepatocellular 

origin, the tumors showed typical high RNA expression levels of α-feto-protein (AFP; 

Fig 3.2E). The two co-transfected genes, c-Met and Spry2Y55F, were detected in the 

tumors by immunohistochemistry, immunofluorescence and Western blotting with 

antibodies against their respective epitope tags (Fig. 3.3). Sporadic expression of the 

injected genes was observed in the surrounding non-tumor liver as well (Fig 3.3A). In 

addition to validating the expression of the transfected genes, Western blotting also 

detected the presence of activated (phosphorylated) c-Met in the tumor cells (Fig 3.3C). 

Altogether, our observations indicate that co-expression of Spry2Y55F and c-Met 

promotes hepatocarcinogenesis in Ink4A/Arf null mice.  
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Figure 3.2. Over-expression of c-Met and dominant-negative form of Spry2 

(Spry2Y55F) cooperates with the loss of Ink4A/Arf to induce liver carcinogenesis in 

vivo.  (A)  Cumulative hazard curve, which represents the relative probability of tumor 

development in mice injected with c-Met, Spry2Y55F, or both. (B)  Gross image of a 

large liver tumor from c-Met/Spry2Y55F injected Ink4A/Arf null mice. (C) Histology of 

liver tumors induced by c-Met/Spry2Y55F; Left, H&E staining overview of the liver at 
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low magnification, showing numerous tumors of different sizes, corresponding to several 

HCA and HCC. Middle and right:  H&E staining of sections from a small clear-cell HCA 

(middle) and part of a HCC (right) of c-Met/Spry2Y55F tumors. (D) PAS staining of this 

HCC shows a subpopulation of PAS-negative basophilic (glycogen-poor) tumor cells - 

marked by arrowheads – that transformed from the surrounding PAS-positive glycogen-

rich hepatocytes. These basophilic cells are generally more mitotically active (Inset with 

mitotic figure). (E) Real-time PCR analysis of AFP expression in normal wild-type liver 

(n=5), Ink4A/Arf null liver (n=5), and liver tumors (n=5). Stars on the top represent P 

values comparing tumor samples vs. wild-type liver (left) and tumor samples vs. 

Ink4A/Arf null liver (right) using the Tukey-Kramer Multiple Comparisons Test. ***: P 

<0.001. 
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Figure 3.3. Co-expression of c-Met and Spry2Y55F in mouse liver tumors. (A) 

Immunohistochemical staining of c-Met and Spry2Y55F in non-tumorous (NT) and 

tumorous (T) liver; magnification, 200x. (B) Localization of c-Met (red) and/or 

Spry2Y55F (green) in liver tumors developed in c-Met/Spry2Y55F mice by 

immunofluorescence; magnification, 200x. Insets are close-up of the images. (C)  

Representative Western blot analysis of uninjected Ink4A/Arf null liver (C) and c-

Met/Spry2Y55F tumor (T) for expression of c-Met, phospho-c-Met, and Spry2Y55F. 

Actin was used as a loading control. 

 

Next, we determined how cellular processes were affected during c-

Met/Spry2Y55F-driven hepatocarcinogenesis. c-Met/Spry2Y55F liver tumors were 

characterized by a gradual increase in proliferation, as shown by positive staining for the 

proliferation marker, PCNA (Fig. 3.4A). Accordingly, mRNA levels of cell cycle positive 

regulators, cyclin B1, E1, and CDC20, were upregulated in tumors (Fig 3.4D). In HCC, 

apoptosis was also induced, as indicated by TUNEL staining (Fig 3.4B). However, the 

mean apoptotic index was remarkably lower than the proliferation index in c-

Met/Spry2Y55F tumors (4.4±2.2 vs. 20.8±3.8, respectively; n =18), indicating the 

prevalence of growth over death stimuli. Tumor samples were then assayed for 

angiogenesis by immunohistochemistry for the liver tumor endothelial marker PODXL1. 

Positive PODXL1 immunolabeling was detected only in neoplastic liver lesions from c-

Met/Spry2Y55F mice, implying the presence of neovasculature in these lesions (Fig 

3.4C). In addition, c-Met/Spry2Y55F tumors displayed a rise in mRNA levels of 

angiogenic markers, Angiogenin 1 and 2, and VEGF receptor-1 (Fig 3.4D). In summary, 
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the present data indicate that c-Met/Spry2Y55F co-expression promotes 

hepatocarcinogenesis by inducing cell proliferation and angiogenesis.  
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Figure 3.4. Overview of cell proliferation, apoptosis, and angiogenesis in c-

Met/Spry2Y55F tumors. (A) PCNA immunostaining showing strong proliferation in a 

HCA when compared with non-neoplastic surrounding tissue; (B) Apoptotic bodies 

(indicated by arrows) in a well-differentiated HCC; (C) Immunohistochemical staining of 

tumor vessel marker, PODXL1, in non-tumorous (NT) and tumorous (T) liver. (D) Real-

time PCR analysis of the expression levels of proliferation markers (Cyclin B1, Cyclin 

E1, and CDC20) and angiogenic factors (Ang1, Ang2 and VEGFR1) in normal wild-type 

liver (n=5), Ink4A/Arf null liver (n=5), and c-Met/Spry2Y55F liver tumors (n=5). Stars 

on the top represent P values comparing tumor samples versus wild-type liver (left) and 

tumor samples vs. Ink4A/Arf null liver (right) using the Tukey-Kramer Multiple 

Comparisons Test. ***: P <0.001; **: P<0.01; and *: P<0.05 

 

Upregulation of MAPK and AKT Signaling in c-Met/Spry2Y55F Tumors 

Since both Spry2 and c-Met are important regulators of the Ras pathway, we 

investigated whether simultaneous over-expression of c-Met and Spry2Y55F results in 

upregulation of Ras effectors, namely the MAPK and AKT cascades during 

hepatocarcinogenesis. Western blotting showed that c-Met/Spry2Y55F tumors from 

Ink4A/Arf null mice exhibited high levels of activated ERK and AKT proteins (Figure 

3.5). Intriguingly, the phosphorylation of AKT was only noted at Ser473, but not at the 

Thr308 site. However, activation at Ser473 has been found to be sufficient in the 

propagation of AKT signaling pathway [23]. This is further supported by an increase of 

immunostaining for phospho-S6 Ribosomal Protein, a downstream target of the AKT 

pathway in c-Met/Spry2Y55F tumor samples (Figure 3.5B). The mechanism by which 
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Spry2 regulates AKT signaling is not clearly understood. A previous study demonstrated 

that Spry2-mediated inhibition of the AKT pathway requires tumor suppressor PTEN 

[24]. Since PTEN activity is altered by its phosphorylation, we assessed the samples for 

phospho-PTEN and PTEN levels. Western blotting showed no changes in the expressions 

of phospho-PTEN and PTEN in both tumor and normal liver (Figure 3.5A).  In summary, 

our data indicate that over-expression of c-Met and Spry2Y55F leads to activation of 

MAPK and AKT signaling cascades during liver tumorigenesis. However, upregulation 

of AKT cascade in c-Met/SpryY55F does not depend on perturbation in the levels of 

PTEN.  

 

 

Figure 3.5.  Activation of ERK and AKT signaling in c-Met/Spry2Y55F tumors. (A) 

Western blot analysis of total and phosphorylated AKT (detection of phosphorylation at 

Ser473 & Thr308), ERK, and Pten expression in uninjected Ink4A/Arf null liver (C) and 

c-Met/Spry2Y55F tumor (T) tissues. HEK293 cell lysate was used a positive control for 

phospho-AKT (Thr308). (B) Immunohistochemical staining of phospho-S6 Ribosomal 

Protein in a c-Met/Spry2Y55F liver tumor. 
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Discussion 

Activation of the Ras/MAPK pathway has been considered to be a key genetic 

event in carcinogenesis. In many tumor types, such as pancreatic cancer, colorectal 

cancer, and melanoma, oncogenic activating mutations of Ras or B-Raf are frequently 

observed [4]. However, such mutations are rare in other tumor types, including HCC 

[2,4-6]. Previous studies showed that Ras/MAPK pathway is upregulated by multiple 

factors in cancer, including down-regulation of Ras inhibitor RASSF1A [2] or loss of the 

Erk inhibitor DUSP1 [25]. Here, we demonstrated that loss of Spry2, in vivo, propagates 

the activation of Erk and AKT signaling initiated by c-Met, and cooperates with loss of 

Ink4A/Arf to promote hepatocarcinogenesis. Therefore, the study provides evidence that 

the coordinated deregulation of Spry2 and c-Met signaling may be an important 

mechanism for the uncontrolled activation of Ras/MAPK signaling in the absence of Ras 

or B-Raf mutations. 

Sprouty/Spred gene family members are feedback inhibitors of the receptor 

tyrosine kinase signaling [15, 16]. Both biochemical and genetic evidence supports that 

loss of Sprouty/Spred can lead to abnormal activation of the Ras/MAPK pathway. Recent 

genetic studies demonstrate that germline loss-of-function of the Spred1 gene results in 

neurofibromatosis 1 like syndrome, which is phenotypically similar to other genetic 

disorders caused by mutations of genes encoding key components of the RAS-MAPK 

pathway [26]. Loss of expression of Sprouty/Spred gene family members has been 

reported in multiple tumor types [17]. Intriguingly, the tumor types showing frequent 

downregulation of Spry expression include breast cancer, prostate cancer, and HCC, 

which are all characterized by relatively low frequencies of mutations of Ras or B-Raf 
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genes [17]. Conversely, our analysis of previous microarray studies performed in tumor 

types with frequent Ras or B-Raf mutations, including pancreatic and colorectal cancer, 

revealed no significant downregulation of Spry/Spred family members (Chen X et al., 

unpublished observation). Thus, this body of evidence suggests that downregulation of 

members of the Spry family may be a key and alternative mechanism leading to the 

propagation of the Ras/MAPK signaling in a context of wild-type Ras and B-Raf genes. 

Previous studies in humans and rodents have demonstrated the oncogenic role of 

c-Met and the tumor suppressor role of Spry2, separately, in hepatocarcinogenesis [11, 

12, 14, 18]. Although the regulation of c-Met signaling by Spry2 has been observed in 

cells, the functional interaction between these two factors during tumorigenesis has never 

been examined in vivo [19]. In the present investigation, we demonstrated that co-

expression of c-Met and Spry2Y55F promotes liver tumorigenesis in Ink4A/Arf null 

mice, providing strong genetic evidence that deregulation of c-Met and Spry activity may 

have a pivotal role in HCC. Interestingly, over-expression of only Spry2Y55F did not 

alter liver morphology, whereas hepatic preneoplastic lesions developed following over-

expression of c-Met alone. Similar to our data, previous findings showed that c-Met over-

expression in FVB mouse livers resulted in the appearance of dysplastic, but not 

neoplastic lesions [20]. In many rodent models, hepatocarcinogenesis is defined by the 

emergence of glycogen-rich preneoplastic lesions, followed by progression through 

mixed-cell to predominantly glycogen-poor (basophilic) cell foci [27]. In accordance 

with the latter models, our present findings suggest that c-Met over-expression is 

sufficient for the appearance of glycogen-rich preneoplastic lesions in the mouse liver, 

whereas Spry2 disruption (Spry2Y55F) is necessary for full malignant transformation of 
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the liver, as indicated by the presence of both glycogen-rich and glycogen-poor cells in 

Spry2Y55F/c-Met HCC. Furthermore, we cannot exclude that loss of Ink4A/Arf 

contributes both to c-Met-induced preneoplasia and to Spry2Y55F/c-Met-induced 

tumorigenesis in this mouse model. Additional studies are required to define the role of 

Ink4A/Arf loss in hepatocarcinogenesis and the eventual crosstalk of the Ink4A/Arf locus 

with Spry2 and/or c-Met in our HCC model. 

Although the mechanisms of Spry2-mediated inhibition of Ras/MAPK signaling 

have been clarified, its mode of repression of AKT activity remains unknown. A negative 

regulator of AKT signaling, PTEN, has been identified to be a necessary for suppression 

of AKT pathway by Spry2 [24]. However, loss of Spry2 function had no effect on PTEN 

activity during c-Met/Spry2Y55F-driven hepatocarcinogenesis, suggesting that the 

mechanisms of Spry2-mediated regulation on AKT signaling may be different depending 

on the cell type. In our model, AKT activation is more likely to be due to the 

upregulation of c-Met signaling, as the induction of AKT pathway by c-Met has been 

documented [9]. Since Spry2 can regulate c-Met signaling, it is probable that unrestrained 

c-Met signaling enhanced by the loss of Spry2 function triggers AKT pathway activation. 

Interestingly, a previous HCC mouse model characterized by the co-expression of 

Spry2Y55F and constitutively activated β-catenin did not show evidence of AKT 

signaling activation [18]. Thus, AKT activation by Spry2Y55F seems to specifically 

occur in the presence of c-Met activation during hepatocarcinogenesis. Further studies are 

needed to define the relationship between Spry2 and the AKT pathway during HCC 

pathogenesis. 
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In summary, our c-Met/Spry2Y55F model is a valuable in vivo system to address 

the functional role of a subset of genetic alterations occurring during human HCC 

development and progression. Furthermore, this mouse model could be extremely useful 

to study in vivo the pharmacological responsiveness of liver tumor cells to 

chemotherapeutic agents aimed at inhibiting the Ras/MAPK and AKT cascades. 
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Chapter 4 

Role of Cyclin D1 as a Mediator of c-Met and β-Catenin Induced 

Hepatocarcinogenesis1 

 

Introduction 

HCC progression is known to ensue a stepwise sequence of events [1].  Separate 

genetic or epigenetic aberrations are thought to be involved in each step during hepatic 

carcinogenesis.  These changes include alterations in the expression or assembly of an 

oncogene or a tumor suppressor gene.   Over-expression of the proto-oncogene c-Met is a 

common perturbation known to occur in HCC [2, 3].  c-Met encodes a receptor tyrosine 

kinase, which becomes activated upon binding to ligand hepatocyte growth factor (HGF) 

or scatter factor (SF). When stimulated, c-Met becomes phosphorylated, and triggers 

MAPK signaling through the Ras-Raf-Mek pathway [4]. It has been demonstrated that 

activation of c-Met can promote liver cancer development in mouse models [5]. 

Another pathway frequently mutated and activated is the wnt/β-catenin signaling 

pathway.  Wnt signals by binding to the frizzled family of receptors, which initiates a 

                                                            
1 This chapter was published in a manuscript entitled: Role of cyclin D1 as a mediator of c-Met- and beta-
catenin-induced hepatocarcinogenesis; Patil, M.A., Lee, S.A., Macias, E, Lam, E.T., Xu, C, Jones, K.D., 
Ho, C, Rodriguez-Puebla, M, Chen, X.; Cancer Research, 2009, 69(1):253-61.  I thank the co-author and 
all other authors who contributed to this work.  

First co-authors, Susie Lee and Mohini Patil contributed equally to this work. 
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signaling cascade involving dishevelled, GSK3, Axin, APC, and regulates the nuclear 

localization and activation of β-catenin [6, 7].  β-catenin subsequently binds to TCF-4, a 

member of the TCF/LEF family of  transcriptional factors, and induces downstream gene 

expression. Multiple targets have been identified for activated β-catenin, many of which 

appear to be tissue specific [6, 7].  One of the well-characterized targets for activated β-

catenin is cyclin D1 (CCND1) [8, 9].  

CCND1 is a member of the D-type cyclin group, which also includes cyclin D2 

(CCND2) and D3 (CCND3).  This cyclin interacts with cyclin-dependent kinase (Cdk) 

4/6 to phosphorylate the retinoblastoma (Rb) protein, which results in the transition from 

the G1 to S phase of the cell cycle [10, 11].  However, CCND1 has been demonstrated to 

transform cells in combination with oncogenes, such as Ras, Src, and E1A [12-14].  

Furthermore, over-expression of this cyclin promotes hepatocarcinogenesis, albeit at a 

low frequency (20-30%) and long latency (17 months), in transgenic mice [15, 16]. These 

findings suggest that CCND1, by itself, may not be sufficient to induce carcinogenesis. 

However, the expression of this cyclin in combination with another oncogenic factor may 

be able to promote liver tumorigenesis. CCND1 null mice have been generated and 

analyzed [17, 18]. While 75% of the homozygous mice are fertile and have a similar 

lifespan to that of wildtype mice, they are smaller in size and have developmental defects 

in the retinas and mammary glands [17, 18].  The use of these mice in cancer model 

studies has demonstrated that the effect of CCND1 expression on tumorigenesis induced 

by different oncogenes varies. In breast cancer, CCND1 is required for mammary 

tumorigenesis induced by oncogenic Ras and Her2, but not by Myc or β-catenin [19].  

This cyclin has also been demonstrated to act as a modifier and be required for the 
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development of intestinal ademona in APC mutant colon cancer models [20-22].  

Interestingly, the absence of CCND1 enhanced β-catenin induced breast cancer [23].  

However, the role of CCND1 in combination with other oncogenes during the 

development of liver cancer remains unknown.  

In a recent study, tumors induced by human c-Met (hMet) in a mouse model were 

found to harbor β-catenin mutations [24].  We found that these mutations are the second 

hit during malignant transformation, and the constitutively active β-catenin mutants are 

required to cooperate with hMet to promote hepatic carcinogenesis [24].  In this report, 

we confirmed CCND1 expression is up-regulated in liver tumor samples induced by 

hMet and β-catenin. We therefore assessed the role of CCND1 in hepatocarcinogenesis 

induced by hMet and β-catenin using murine models. Our results provide novel insight 

into how D-type cyclins function to promote liver cancer development in vivo.  

 

Material and Methods 

Constructs and reagents 

The pT3-EF1α vector contains duplicated inverted repeats (IR) for sleeping beauty 

mediated integration and the EF1α promoter (pT3-EF1α) [24].  The  pT3-EF1α-hMet and 

pT3-EF1α-∆N90-β-catenin, as well as pCMV/SB (the hyperactive sleeping beauty 

expression vector) constructs used for animal injections were previously described [24].  

Human cyclin D1 was cloned into pT3-EF1α via the Gateway PCR cloning strategy 
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(Invitrogen).  All plasmids were purified using the endotoxin free maxi prep kit (Sigma, 

St. Louis) before being injected into the mice. 

 

Mice breeding, genotyping and hydrodynamic injections 

Wildtype FVB/N mice were obtained from Charles River, and cyclin D1+/- mice (in 

FVB/N background) were obtained from the Jackson Laboratory. CCND1+/- mice were 

bred together to obtain CCND1-/- mice, and the genotyping procedure was as described 

[18]. The hydrodynamic injection procedures were as previously described [24].   The 

injected mice were monitored weekly, and sacrificed when appropriate or when they 

showed visibly enlarged livers or became moribund. All mice were housed, fed and 

treated in accordance with protocols approved by the committee for animal research at the 

University of California, San Francisco. 

 

Hepatocyte isolation and transfection 

Primary mouse hepatocyte isolation was performed using standard collagenase perfusion 

method as described [25]. The hepatocytes were transfected with plasmids using 

Targefect-Hepatocyte (Targeting Systems) according to the manufacturer’s instructions.  
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Histology 

Animals were euthanized and their livers removed and rinsed in PBS.  Samples collected 

from the livers were either immediately frozen for RNA and protein extraction or fixed 

overnight in freshly prepared cold 4% paraformaldehyde.   Fixed tissue samples were 

embedded in paraffin.  Five micron sections were placed on slides and stained with 

hematoxylin and eosin to observe morphology of the cells.   

 

Immunohistochemistry and Immunofluorescence  

Immunohistochemical staining was performed using avidin-biotin complex kit (Vector 

Laboratories) as previously described [24].  Immunofluorescence was performed in the 

similar manner, except that the appropriate Alexa labeled secondary antibody 

(Invitrogen) was applied following incubation with the primary antibody. Antibody 

dilutions were as follows: anti-β-catenin, (1:200), anti-E-cadherin, (1:1000) and anti-GS, 

(1:500; BD Bioscience); anti-Ki67, (1:150) and anti-CCND1 (SP4; 1:75; Lab vision). 

 

Real-time RT-PCR 

Total RNA was extracted from frozen liver tissues or primary hepatocytes using Trizol 

(Invitrogen) and digested with DNase I to remove genomic DNA contamination. 

Sybergreen based real-time RT-PCR was carried out as described [26] and rRNA was 

used as an internal control.  Transcript quantification was performed in triplicate for 
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every sample and reported relative to rRNA.  The primer pair sequences are as described 

previously [26].  

 

Preparation of lysates and western blotting 

Liver tumors were frozen on dry ice upon harvesting, and homogenates were sonicated in 

lysis buffer (150 mM NaCl, 1.0% IGEPAL, 0.5% DOC, 0.1% SDS, 50 mM Tris (pH 

8.0)) and centrifuged at 14,000 rpm at 4oC. Supernatant were boiled in Laemlli sample 

buffer for western blot analysis. The antibodies used are as follows: anti-Cyclin D1 (Ab3, 

1:1000, Lab Vision, or C-20, 1:500, Santa Cruz Biotech); anti-Cyclin D2 (M-20, 1:500, 

Santa Cruz Biotech); anti-Cyclin D3 (C-16, 1:300, Santa Cruz Biotech.); anti-Cdk4 (C-

22, 1:500, Santa Cruz Biotech); anti-Cdk6 (1:300, Santa Cruz Biotech.); anti-Cdk2 (M-2, 

1:500, Santa Cruz Biotech); anti-GS, (1:1000); anti-actin (1:5000; Sigma); anti-Erk, 

(1:1000); anti-phospho-Erk (1:1000); anti-phospho-Met (1:1000; Cell signaling); and 

anti-V5 (1:5000; Invitrogen). Western blots were quantified using the ImageJ software 

[4]. 

 

Array based comparative genomic hybridization (aCGH) 

Mouse CGH arrays were obtained from the UCSF Cancer Center Array Core. The arrays 

contained 2,896 BAC clones spotted in triplicate, with an average spacing between clones 

of ~1MB. Array hybridization and data analyses were the same as previously described 

[27].  
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Results 

Cyclin D1 is induced in hMet/β-catenin tumors 

In a recent study, we characterized a unique and efficient HCC mouse model, 

driven by the inducible expression of the human receptor tyrosine kinase c-Met (hMet). 

Tumors arise sporadically in livers of such mice and all show mutation and activation of 

β-catenin [24]. Using hydrodynamic transfection, we demonstrated that while neither 

hMet or activated β-catenin alone is able to promote HCC development, the cooperation 

between aberrant β-catenin signaling and activated Met is required for genesis of HCC in 

the mouse model [24].  

To determine the molecular mechanisms of how activated β-catenin contributes to 

hepatic carcinogenesis, we searched for genes that are de-regulated by activated β-catenin 

in the mouse HCC samples. We determined the expression levels of candidate β-catenin 

targets: Axin 2, glutamine synthetase (GS), CCND1, and c-myc, by quantitative real time 

RT-PCR in 5 paired HCC and non-tumor liver tissues from hMet transgenic mice (Fig. 

4.1A).  We chose to use the liver samples from hMet transgenic mice instead of those 

from hMet and β-catenin injected mice because in hMet transgenic mice, non-tumor liver 

tissues also overexpress hMet.  Therefore, genes that are up-regulated in tumors versus 

non-tumor tissues are most likely due to β-catenin activation.  As expected, both Axin2 

and GS were upregulated; their expressions were approximately 23 and 38-fold higher in 

HCC samples than in surrounding non-tumor liver tissue.  CCND1 was also found to be 

expressed 7-fold higher in HCC than in non-tumor liver tissue. However, c-Myc 

expression levels did not show significant differences (Fig. 4.1A).   
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To further validate our observations, we assayed the protein expression of 

CCND1 and GS.    Immunohistochemical staining of liver tumor tissues revealed nuclear 

staining of β-catenin in HCC lesions, indicating the activation of β-catenin (Fig. 4.1C).  

In normal liver, GS was found to be only expressed in hepatocytes immediately adjacent 

to the central vein. In contrast, in HCC, GS expression was detected in virtually all 

malignant hepatocytes (Fig. 4.1C). Analysis of CCND1 expression revealed there was 

weak expression of CCND1 in normal mouse liver cells.  However, strong nuclear 

staining of CCND1 was apparent in the tumor samples (Fig. 4.1C). The expression 

patterns of these genes are similar for all tumors from hMet transgenic mice and hMet/β-

catenin injected mice (Fig. 4.1C). The up-regulation of CCND1 and GS in tumor tissues 

was also confirmed by Western blotting (Fig. 4.1B).   
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Figure 4.1: Cyclin D1 is induced in hMet/ β-catenin tumors. (A) Quantitative real-

time RT-PCR analyses of β-catenin candidate target genes Axin2, GS, CCND1, and c-

Myc in 5 paired HCC and non-tumor liver tissues from hMet transgenic mice.  Values are 

displayed as log2 ratio of tumor versus non-tumor liver. (B) Representative Western blots 

showing GS and CCND1 expression in two paired tumor and non-tumor liver samples of 

hMet transgenic mice.  Actin was used as the loading control. (C) Immunohistochemical 

staining in normal (left), HCC from hMet transgenic (middle) or HCC from 

hydrodynamic co-transfection of hMet and ∆N90-β-catenin (right).  First row: H&E 

staining; Second row: β-catenin; Third row: glutamine synthetase (GS); and Fourth row: 

CCND1.  

 

Our data suggest that CCND1 expression is induced by β-catenin during hepatic 

carcinogenesis. We next examined if this occurrence also takes place in normal 

hepatocytes. To access the induction of CCND1 by β-catenin, we expressed an activated 

form of β-catenin, ∆N90-β-catenin, into mice using hydrodynamic transfection. CCND1 

and ∆N90-β-catenin expression were analyzed by immunofluorescent staining. We found 

that while sporadic activated β-catenin staining could be visualized in normal 

hepatocytes, no CCND1 expression was detected in the same cells (Fig. 4.2A). Consistent 

with our previous results, we observed co-localization of β-catenin and CCND1 in tumor 

cells induced by c-Met/∆N90-β-catenin (Fig. 4.2A). To confirm our findings, we 

transfected primary mouse hepatocytes with ∆N90-β-catenin (Fig. 4.2B). Although we 

detected strong expression of the β-catenin target gene Axin2, no up-regulation of 

CCND1 was observed (Fig. 4.2C). These experiments suggest that although CCND1 is 
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not a direct target for β-catenin in normal hepatocytes, its expression is induced during 

hepatic carcinogenesis. 

In conclusion, we found that CCND1 expression is up-regulated in mouse liver 

tumors induced by hMet and β-catenin. Consistent with our observation, over-expression 

of CCND1, but not c-Myc, has been reported in two HCC mouse models involving the 

activation of β-catenin: conditional APC knockout mice and RasV12 and β-catenin 

double conditional transgenic mice [28, 29]. Since CCND1 is an important factor in the 

regulation of cell cycle progression, we hypothesized that CCND1 may be a key mediator 

of β-catenin in promoting hepatic carcinogenesis.  

          



91 

 

Figure 4.2: Cyclin D1 is not a direct target of activated β-catenin in normal 

hepatocytes. (A) Immunofluorescent staining of β-catenin (green) and CCND1(red)  in 

normal liver injected with ∆N90-β-catenin (upper row), and in liver tumor induced by c-

Met and β-catenin (lower row). White arrows indicate ∆N90-β-catenin stably expressed 

cells in normal liver; (B) Western blotting showing the expression of a truncated and 

activated form of β-catenin after transfection of primary mouse hepatocytes with ∆N90-

β-catenin; (C) Real-time RT-PCR analysis of Axin2 and CCND1 expression in control 

and ∆N90-β-catenin transfected primary mouse hepatocytes. 

 

Cyclin D1 cooperates with hMet to induce HCC in mice 

To test test whether CCND1 is a mediator of activated β-catenin signaling during 

hepatic carcinogenesis, we investigated whether over-expression of this cyclin can 

substitute for activated β-catenin and cooperate with hMet to induce HCC in mice. We 

used hydrodynamic transfection to co-express CCND1 and hMet in the mouse liver.  

Histological examination revealed that none of the nine mice injected with hMet/CCND1 

showed any signs of tumor development between 11 to 22 weeks post injection (Fig 4.3).  

Tumor formation was first observed in these mice at 25 weeks post injection. In total, 6 

of the 19 mice injected with CCND1 and hMet developed liver tumors within 29 weeks 

post injection (Fig 4.3). Gross examination of livers from these mice also showed 

multiple small lesions scattered throughout the surface of the liver (Fig. 4.4).  In contrast, 

mice expressing only hMet (n=9) or CCND1 alone (n=10) failed to develop liver cancer 

during this time period (Fig 4.3). The fact that tumors were only observed when CCND1 
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and hMet are co-expressed suggests that over-expression of CCND1 cooperates with 

hMet to promote liver cancer formation. 

We found that co-expression of hMet and ∆N90-β-catenin induces HCC in 12 out 

of 15 mice within 17 weeks post injection (Fig 4.3), much earlier than mice injected with 

CCND1 and hMet.  We also observed that the frequency of tumor development in hMet 

and ∆N90-β-catenin (80%) was higher than that of hMet and CCND1 injected mice 

(32%) (Fig 4.3). Together the data suggest that tumor initiation is likely to be much later 

in hMet/CCND1 injected mice compared with hMet/β-catenin injected mice.   

 

                                

Figure 4.3: Cyclin D1 cooperates with hMet to induce HCC in mice.  Cumulative 

hazard curve comparing the latency and frequency of tumor development in hMet alone, 

CCND1 alone, hMet/CCND1, and hMet/∆N90-β-catenin injected mice. The cumulative 

hazard represents the relative probability of tumor development in each condition.  
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Figure 4.4: Gross images of liver tumors. 

 

Molecular features of liver tumors induced by CCND1/ hMet  

To gain further insight into the molecular features of liver tumors induced by 

hMet/CCND1, we examined tumor samples using histological analysis and quantitative 

RT-PCR. We found up-regulation of liver tumor specific marker α-fetoprotein (AFP) in 

hMet/CCND1 tumor samples (Fig. 4.5C), confirming the neoplastic nature of these cells.  

Histological examination of liver tissue from hMet/CCND1 injected mice revealed that 

the majority of the tumors appeared to be adenoma that compressed the surrounding non-

tumorous liver parenchyma (Fig. 4.5A).  Increased plate thickness and trabecular 

disorganization were rarely observed in these tumors (Fig. 4.5A).  This is distinct from 

tumors found in hMet transgenic mice or mice injected with hMet/∆N90-β-catenin, 
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where a majority of the tumors display features consistent with malignant HCC (Fig. 

4.1B).  Nuclear staining of CCND1 was observed, revealing the presence of CCND1 in 

neoplastic hepatocytes, but rarely in non-tumor liver tissues (Fig. 4.5A). The level of 

CCND1 expression in hMet/CCND1 tumor cells is similar to what we observed in tumors 

from hMet/∆N90-β-catenin injected mice. Over-expression of hMet (with c-terminal V5 

tag) was confirmed by Western blotting using the V5 antibody (Fig. 4.5B); and the 

activation of hMet as illustrated by the high levels of phospho-Met and phospho-Erk in 

hMet/CCND1 tumor cells (Fig. 4.5B). To rule out the possibility that the tumors induced 

by hMet/CCND1 were due to endogenous mutations of β-catenin, we analyzed β-catenin 

and its target gene expression in tumor samples.  We found no evidence of activation of 

β-catenin signaling in tumor cells, as only membrane β-catenin staining was observed 

(Fig. 4.5A), and no up-regulation of β-catenin target genes Axin2 and GS was detected 

by real-time RT-PCR (Fig 4.5C and data not shown).  Altogether, these analyses support 

our hypothesis that hMet and cyclin D1 together promote liver adenoma formation in 

mice. 

Next, we examined the genes involved in cell cycle, apoptosis and cell adhesion 

in CCND1/hMet tumor samples.  We observed an increase in the proliferation of tumor 

cells as indicated by positive staining for the proliferative marker, Ki67 (Fig. 4.5A).  This 

observation is also confirmed by the high expression of cell cycle regulatory genes, 

cyclins B1 and E1, as well as Cdk inhibitor p21Cip1 in the tumors (Fig. 4.5C).  In 

addition, tumor cells expressed high levels of the anti-apoptotic protein, survivin, as well 

as the angiogenic gene, Ang2 (Fig. 4.5C).  Immunostaining revealed that tumor cells are 

positive for the cell-cell adhesion molecule, E-cadherin (data not shown). This 
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observation is confirmed by up-regulation of E-cadherin as indicated by real-time PCR 

analysis (Fig. 4.5C).  While there are striking differences in tumor latency and incidence 

between the hMet/∆N90-β-catenin and hMet/CCND1 injected mice, molecular features 

of both tumors are similar to a certain extent.  For example, elevated expressions of 

cyclins, survivin, Ang2, E-cadherin, and p21Cip1 were observed in all tumor samples 

examined (Fig. 4.5C).  

In conclusion, our study demonstrates that over-expression of CCND1 can 

cooperate with hMet to promote liver cancer formation, supporting the hypothesis that 

CCND1 is a critical downstream signaling molecule of activated β-catenin. However, the 

differences between tumors induced by hMet/CCND1 and hMet/∆N90-β-catenin indicate 

that other factors, in addition to CCND1, may be required to fully transduce the signaling 

generated by aberrant β-catenin. 
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Figure 4.5: Molecular features of liver tumors induced by hMet/CCND1.  (A) 

Immunohistochemical staining of liver tumor tissues from hMet/CCND1 mice: H&E, 

CCND1, β-catenin and Ki67 staining (left to right).  (B) Western blot analyses showing 

the expression of V5 tagged hMet, activation of hMet (phospho-Met) and elevated 

MAPK signaling (phospho-Erk) in hMet/CCND1 tumor cells; (C) Quantitative real time-

PCR analyses of liver tumor markers in normal liver (NT), hMet/CCND1 tumors and 

hMet/∆N90-β-catenin tumor samples. In all cases, the expression in normal liver was set 

to 1 and used to normalize all the other samples. 

 

CCND1 expression is not required for tumor development induced by activated β-

catenin plus hMet 

Since CCND1 expression is induced by hMet and β-catenin in liver tumors, we 

next determined whether the expression of CCND1 is required for activated β-catenin and 

hMet to promote HCC development in vivo.  Towards this aim, we generated CCND1 

knockout mice in the FVB/N background.  These CCND1 null mice show similar 

phenotypes as described in the C57/BL6 background [17, 18].  Liver tissues appeared to 

be normal in these mice.  ∆N90-β-catenin and hMet were co-injected into CCND1+/- and 

CCND1-/- mice, and tumor development was monitored.  Mice were sacrificed if they 

became moribund or if there was noticeable enlargement of their abdomen.   

We found that hMet and ∆N90-β-catenin could induce liver cancer development 

independent of the CCND1 genotype.  In particular, we observed 7 out of 8 CCND1-/- 

mice developed tumors within 11 weeks post injection; 8 out of 10 CCND1+/- mice 
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developed tumors 14 weeks post injection, and 12 out of 15 wild type mice developed 

tumors 17 weeks post injection (Fig. 4.6). Intriguingly, we noticed that the CCND1 gene 

dosage affected the onset and progress of hepatocarcinogenesis: tumors progressed earlier 

with lower CCND1 gene doses, i.e., CCND1-/- mice demonstrated the fastest tumor 

progression, whereas wild type mice showed the longest latency time for tumor 

development (Fig. 4.6).  Tumors from CCND1-/- or CCND1+/- mice are multi-focal and 

scattered around the liver, similar to what has been observed in wild type FVB/N mice 

(Fig. 4.4). 

                            

Figure 4.6: Accelerated tumor development induced by hMet/∆N90-β-catenin in 

cyclin D1 knockout mice.  Cumulative hazard curve comparing the latency and 

frequency of tumor development induced by hMet/∆N90-β-catenin in wildtype, 

CCND1+/- or CCND1-/- mice. The cumulative hazard represents the relative probability of 

tumor development in each condition.  
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Histological analyses revealed tumor lesions from CCND1+/- and CCND1-/- mice 

emerge as hepatocellular carcinoma with cytological atypia and frequent trabecular 

disorganization (Fig. 4.7A and data not shown). This is further verified by high 

expression levels of AFP in these tumor samples (Fig. 4.7D). Ectopic expression of β-

catenin is validated by nuclear and cytoplasmic staining in tumor cells (Fig. 4.7A). 

Expression of hMet in tumor samples is indicated by the presence of the V5 marker. The 

activation of hMet signaling is confirmed by an increase in the expression of phospho-

Met and phospho-Erk (Fig. 4.7C). CCND1 expression was not detected in tumors from 

CCND1-/- mice by immunohistochemical staining or Western blotting (Fig. 4.7A and Fig. 

4.9A).  

  We further assayed the molecular signatures of tumors from different CCND1 

genetic backgrounds.  Increased cell proliferation was detected in tumors from CCND1-/- 

mice, as indicated by positive Ki67 staining (Fig. 4.7A). The over-expression of cyclin 

B1, E1, and Cdk inhibitor p21Cip1 in tumors from CCND1-/- as well as CCND1+/- and 

wildtype mice further verify this observation (Fig. 4.7D).  The anti-apoptotic gene 

survivin is also found to be over-expressed in all tumor samples (Fig. 4.7D). 

We next examined the expression of the cell-cell adhesion molecule, E-cadherin.   

In the normal liver, hepatocytes show weak staining of E-cadherin around the periportal 

area (Fig. 4.7B) [30].   Tumors induced by hMet and β-catenin in wild type mice 

displayed ubiquitous expression of E-cadherin in all tumor cells (Fig. 4.7B).  In contrast, 

there appeared to be a heterogeneous pattern of E-cadherin expression in tumors from 

CCND1-/- mice: while some tumor nodules retained E-cadherin staining, others showed 
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no expression (Fig. 4.7B).  Because loss of E-cadherin has been linked with malignant 

phenotype, our data indicates that tumors from cyclin D1 null mice show moderate 

accelerated tumor growth and increased malignancy.  

 

Figure 4.7: Molecular features of liver tumors induced by hMet/∆N90-β-catenin in 

different Cyclin D1 genetic backgrounds. (A) Immunohistochemical staining of liver 

tumor tissues from hMet/∆N90-β-catenin injected CCND1-/- mice: H&E, β-catenin, 

CCND1, and Ki67 staining (left to right). (B) Immunohistochemical staining of E-

cadherin expression in normal liver, liver tumors from wildtype or CCND1-/-  mice; (C) 

Western blot analyses showing the expression of V5 tagged hMet, activation of hMet 

(phospho-Met),  and elevated MAPK signaling (phospho-Erk) in hMet/∆N90-β-
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catenin;CCND1-/-  tumor cells (D) Quantitative real time-PCR analyses of tumor markers 

in normal liver, liver tumors from wildtype, CCND1+/- or CCND1-/- mice. In all cases, the 

expression in normal liver was set to 1 and used to normalize all the other samples. 

 

A study by Calvisi et. al. demonstrated that mouse liver tumors with β-catenin 

activation have a stable genome  [31]. Consistent with this observation, we found that 

tumors induced by hMet and ∆N90-β-catenin also have a stable genome, with no 

abnormal chromosomal gains or losses (Fig. 4.8 (labeled as Supplementary Figure 4): 

http://cancerres.aacrjournals.org/cgi/content/full/69/1/253/DC1). We examined genomic 

instability in tumor samples from CCND1-/- mice using array based comparative genomic 

hybridization. Similar to what we observed in wildtype mice, liver tumors induced by 

hMet and ∆N90-β-catenin in CCND1-/- mice have no genomic instabilities (Fig. 4.8: see 

link above). The study therefore suggests that the accelerated tumor growth in CCND1-/- 

mice is not due to the increased genomic instability of these tumor samples. 

 

Up-regulation of CCND2 in CCND1 null liver and liver tumor samples 

Our preliminary studies demonstrate that mRNA of all three members of the D-

type cyclin family is expressed in the mouse liver (data not shown). To determine 

whether the loss of CCND1 was compensated by the two other D-type cyclins, we 

assayed for the protein expression of cyclin D2 and D3 in tumor tissues from wildtype, 

CCND1+/- and CCND1-/- mice.   Strikingly we observed that while CCND2 is expressed 
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at very low levels in wildtype tumor samples, its expression is significantly up-regulated 

in tumors from CCND1+/- and CCND1-/- mice (Fig. 4.9A). The expression of CCND3 

remains the same in all tumor samples. We further examined the expression of the D-type 

cyclin partners, Cdk4 and Cdk6, as well as Cdk2, which binds to cyclin E and A. We 

found the expression of Cdk2 and Cdk6 to be independent of tumor genotypes. However, 

the expression of Cdk4, a major signaling partner of CCND1, in CCND1-/- mice tumors is 

significantly decreased by 60% in comparison to tumors from wildtype mice (Fig. 4.9A 

and Fig. 4.10). 

We next determined whether the up-regulation of CCND2 also compensates for 

the loss of CCND1 during normal liver development, or occurs only during 

tumorigenesis. We assayed the expression of CCND1 and CCND2 in normal wildtype 

liver and in the liver of CCND1 null mice. We found that CCND2 expression is increased 

in normal liver samples compared to CCND1+/- and CCND1-/- mice (Fig. 4.8B). The 

results suggest that CCND2 replaces CCND1 function when the CCND1 gene is deleted 

in the liver and the CCND2/Cdk6 complex replaces the CCND1/Cdk4 complex during 

hepatic carcinogenesis. 
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Figure 4.9: Expression in D-type cyclins and Cdks in mouse liver tissues. (A) 

Western blotting analysis of the expression of CCND1, CCND2, CCND3, Cdk2, Cdk4 

and Cdk6 in liver tumor samples with different CCND1 genetic backgrounds. (B) 

Expression of CCND1 and CCND2 in normal liver tissues from mice with different 

CCND1 genetic backgrounds. Actin was used as the loading control. 
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Figure 4.10: Decreased expression of Cdk4 in liver tumors induced by c-Met and β-

catenin from mice with different CCND1 genetic backgrounds. Five more tumors 

samples from CCND1 null mice are shown here in addition to what is shown in Figure 

4.8A; and the numbers at the bottom of the figure are relative ratio of Cdk4 expression 

after normalization. 

 

Discussion 

We found that CCND1 expression is elevated in hMet/β-catenin induced liver 

tumors. However, this cyclin does not appear to be a direct target of activated β-catenin 

in normal mouse hepatocytes, as indicated by our findings and studies from Cadoret A. 

and colleagues [32].  This is in contrast to studies that have shown there to be a 

correlation between the over-expression of CCND1 and β-catenin activation in mouse 

liver tumor models [28, 29, 33]. Zeng G. et. al. recently reported that CCND1 expression 

is decreased in response to RNA-mediated β-catenin knockdown in human HCC cells 

carrying activated β-catenin mutations [34]. Altogether, the data suggest that CCND1 is 

likely to be induced by activated β-catenin during hepatic carcinogenesis. Our 

experiments demonstrate that CCND1 can partially substitute activated β-catenin and 
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cooperate with hMet to induce liver cancer formation in vivo, thus providing additional 

evidence of CCND1 as a target of β-catenin during malignant transformation. 

Although co-expression of CCND1 and hMet can induce liver cancer formation in 

mice, we found that these tumors form at a longer latency and lower frequency as well as 

appear to be more benign in comparison with tumors induced by β-catenin/hMet. These 

observations indicate that other factors, in addition to CCND1, may be required to fully 

transduce the aberrant β-catenin signaling.  The long latency of CCND1/hMet tumors 

suggests that other mutations, albeit unknown to us at this point, may occur during the 

tumorigenic process and cooperate with CCND1 and hMet to promote hepatic 

carcinogenesis. Other targets of β-catenin, Tbx3 [35] and Gpr49 [36], were found to be 

up-regulated in liver tumors induced by hMet/β-catenin (Patil M.A. et al., unpublished 

results). Tbx3, a member of the T-box transcriptional repressor family, has been found be 

over-expressed in melanoma, breast cancer, and ovarian cancer [37-39]. In addition, 

Tbx3 has been shown to be a potent inhibitor of p19Arf and hence, a regulator of the 

p19Arf-MDM2-p53 pathway [40].  Thus, Tbx3 may provide a novel link between 

activated β-catenin and p19Arf tumor suppressor pathways. Gpr49, also known as Lgr5, 

is an orphan G protein-coupled receptor.  Gpr49 has been found to be over-expressed in 

human colon and ovarian tumors and is proven to be a marker for intestinal stem cells 

[41, 42].  Altogether, it would be of great importance to elucidate how Tbx3, Grp49, and 

CCND1 function together and mimic the activity of β-catenin in cooperation with c-Met 

to induce liver cancer. 
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We have shown that, although CCND1 expression is up-regulated in liver cancer 

cells, this cyclin appears to be dispensable for c-Met and β-catenin’s induced liver tumor 

development.  Our study therefore adds to the intricate picture of CCND1 requirement for 

oncogene induced tumor development.  The expression of this cyclin, for instance, is 

required for ErbB2 or Ras induced, but not for Wnt-1 or c-Myc induced mammary 

tumors [19].   In colon cancer models, CCND1 appears to function as a modifier for 

disease severity [20-22].  In addition, loss of CCND1 has been found to reduce Ras 

dependent papilloma development [13].  Unexpectedly, we observed that hMet and 

∆N90-β-catenin induced tumor development was accelerated by the loss of CCND1.  

Tumor cells appeared to be more aggressive, with frequent E-cadherin negative tumors 

present in the HCCs of CCND1-/- mice.  Interestingly, increased breast tumorigenesis has 

also been observed in CCND1–/– mice when they were crossed with mice specifically 

expressing activated β-catenin in the mammary gland [23]. Our study provides additional 

evidence that CCND1 plays divergent roles under different oncogenic signals and in 

diverse cell types.  For each specific oncogenic signal and cell type, one has to assay for 

the tumorigenic activity of the oncogene in a CCND1 null background in order to 

elucidate the requirements of this cyclin in the specific circumstance. 

What are the molecular mechanisms for the accelerated and more aggressive 

phenotype observed in CCND1 knockout mice? One possible clue comes from our 

investigation of the expression of other D-type cyclins and Cdks in the CCND1-/- tumor 

samples.  Increased expression of CCND2 in CCND1+/- and CCND1-/- tumors strongly 

suggests that this cyclin can replace CCND1. In addition, lack of CCND1 seems to 

decrease the Cdk4 protein level, likely through reduced stability of free Cdk4. Whether 
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CCND2/Cdk6 is more efficient in the phosphorylation of Rb than CCND1/Cdk4 during 

liver tumor development warrants further investigation, and may provide functional roles 

for CCND2 in hepatic carcinogenesis. A recent study supports a positive role for CCND2 

in tumorigenesis, where CCND2 transgenic mice are more susceptible to developing skin 

tumors, a characteristic that is not shared by cyclin D1 and D3 transgenic mice generated 

under the same promoter [43, 44]. In addition, D-type cyclins play Cdk-independent roles 

in certain cell types. D-type cyclins, for instance, has been demonstrated to bind to 

nuclear receptors such as androgen, estrogen, and vitamin D receptors, thus regulating the 

expression of several genes in prostate, mammary gland and skin keratinocytes [45, 46]. 

While the interaction of D-type cyclins with nuclear receptors has not been described in 

liver, whether CCND1 acts through this pathway during liver tumorigenesis clearly needs 

to be evaluated. A third possibility is that D-type cyclins play tumor promoting roles in 

cell types other than hepatocytes. That is, D type cyclins may be important in regulating 

tumor immunity or angiogenesis. The more rapid tumor growth in CCND1 null mice may 

be due to the reduced immune response or more robust angiogenesis since CCND1 is 

deleted in all cell types in these mice. This hypothesis can be tested by generating 

hepatocyte specific deletion of CCND1 in mice using the albumin Cre system. If we fail 

to observe this accelerated tumor growth phenotype in these mice, the result will support 

an additional non-hepatocyte role of D type cyclins during HCC pathogenesis.  

It has been speculated that small molecules targeted against CCND1/Cdk4 may be 

useful as therapeutic reagents against human tumors.  However, our study and that by 

Rowlands et al suggest that we need to be cautious about such treatments, since it could 

lead to unfavorable consequences under certain conditions.  For example, CCND1/Cdk4 
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inhibitors may not be suitable for patients who have chronic HBV or HCV infection, as 

these patients are at a greater risk of developing HCC, and loss of CCND1/CDK4 activity 

may accelerate the progression of this malignancy.  
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Chapter 5 

Bmi1 Functions as an Oncogene Independent of Ink4A/Arf 

Repression in Hepatic Carcinogenesis1 

 

Introduction 

Bmi1, a member of the mammalian polycomb group of multimeric transcriptional 

repressors, is involved in the regulation of development, stem cell self-renewal, cell 

cycle, and senescence [1].  Bmi1 was first identified as a c-myc cooperating oncogene in 

murine B-cell lymphomas [2]. Subsequent studies have revealed that Bmi1 is required by 

both normal and leukemic hematopoietic stem cells to maintain their proliferative 

capacity [3, 4]. In addition, Bmi1 has been shown to be important for self-renewal of 

neural stem cells [5], and its expression is essential for the tumorigenicity of MycN 

induced neuroblastoma [6]. Studies have found that Bmi1 induces telomerase activity and 

subsequently immortalizes mammary epithelial cells [7]. Perhaps the most prominent link 

between Bmi1 and tumor development is its inhibition of the Ink4A/Arf locus, which 

results in the regulation of cell senescence and proliferation [8, 9]. 

Deregulation of Bmi1 expression has been reported in multiple tumor types, 

including non-small cell lung carcinoma, colon carcinoma, medulloblastoma, metastatic 

melanoma, and nasopharyngeal carcinoma [10-14]. Up-regulation of Bmi1 in human 
                                                 
1 This chapter was published in a manuscript entitled: Bmi1 functions as an Oncogene Independent of 
Ink4A/Arf  Repression in Hepatic Carcinogenesis; Xu, C., Lee, S.A., Ho, C., Bommi, P., Huang, S., 
Cheung, S.T., Dimri, G.P., Chen, X.; accepted in Molecular Cancer Research; I thank the co-authors, 
Chuan-Rui Xu and Coral Ho,  and all other authors who contributed to this work. 
First co-authors, Susie Lee, Chuan-Rui Xu, and Coral Ho contributed equally to this work. 
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hepatocellular carcinoma (HCC) has also been reported [15, 16]. In a recent study, Chiba 

et al showed that silencing Bmi1 expression decreased the side population (SP) cells in 

HCC cell lines [17]. These SP subpopulation cells are considered to harbor cancer stem 

cell like properties [18]. However, the exact role of Bmi1 during HCC pathogenesis 

remains unclear. There are currently no in vivo models, which show that Bmi1 functions 

as an oncogene and directly contributes to HCC pathogenesis. 

In this article, we describe that Bmi1 is over-expressed in human HCC samples. 

Bmi1 expression is also required for HCC cell proliferation in vitro. Notably, we 

established a novel mouse model for Bmi1 and show that Bmi1 can cooperate with 

activated Ras signaling to promote hepatic carcinogenesis in vivo. However, expression 

analysis suggests that Bmi1 functions independent of its ability to repress Ink4A/Arf 

tumor suppressor genes. Our data therefore provide solid evidence for a functional role of 

Bmi1 in liver cancer pathogenesis. 

 

Materials and Methods 

Human tissue samples and RNA preparation  

Samples of tumor and non-tumor liver tissues were collected from liver resections at The 

University of Hong Kong. Tissues were frozen in liquid nitrogen within 0.5 hour after 

they were resected. Total RNA was extracted using Trizol (Invitrogen). This study was 

approved by the Ethics Committee of the University of Hong Kong and the Internal 

Review Boards from UCSF. 
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Constructs and reagents 

Two shRNA constructs targeting Bmi1: Bmi1/pLKO.1 #1 (TRCN0000020155, 

NM_005180.5-693s1c1) and Bmi1/pLKO.1 #2 (TRCN0000020156, NM_005180.5-

1061s1c1), used to silence Bmi1 expression were obtained from OpenBiosystems. 

Control pLKO.1 (empty vector) or SC/PLKO.1 (with a scrambled sequence) plasmids 

were obtained from Addgene. The hyperactive sleeping beauty construct (pCMV/SB) 

was provided by Dr. Mark Kay of Stanford University; and pCaggs-RasV12 was 

provided by Dr. David Largaespada of University of Minnesota. The pT3-EF1α vector 

containing duplicated inverted repeats (IR) for sleeping beauty mediated integration and 

EF1α promoter (pT3-EF1α) used for hydrodynamic injection was described by Tward A 

et al [45]. Human Bmi1 (with a C-terminal V5 tag) was cloned into pT3-EF1α via the 

Gateway PCR cloning strategy (Invitrogen). All plasmids were purified using the 

Endotoxin free Maxi prep kit (Sigma) before injecting into mice.  

 

Cell culture, lentiviral infection, cell proliferation, BrdU labeling, caspase-3 activity 

and cell cycle assays 

All human HCC cell lines were purchased from ATCC except Huh7, which were kindly 

provided by Dr. Ben Yen of UCSF. The cells are cultured in DMEM plus 10% fetal 

bovine serum. Lentivirus was generated and used to infect HCC cells. Three days post 

infection, cells were expanded and selected with 1µg/ml puromycin for 3 days and 

harvested for protein or RNA analysis. To assay cell proliferation rate, equal number of 

cells were seeded in 6-well plates and counted 3 to 4 days post seeding. Cell cycle 
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analysis was performed by flow cytometry after propidium iodide (PI) staining, and the 

results were analyzed using FlowJo. BrdU labeling was as described [46] and Caspase-3 

activity was measured using Caspase-Glo3/7 Assay kit (Promega). 

 

Hepatocyte isolation, transfection, adenovirus infection, and cell senescence assay 

Primary hepatocyte isolation was performed using standard collagenase perfusion method 

as described [47]. The hepatocytes were transfected with plasmids using Targefect-

Hepatocyte reagents (Targeting Systems) per manufacturer’s instruction. Ad-H-RasV12 

was kindly provided by Dr. Judy Meinkoth of the University of Pennsylvania [48]. 

Adenovirus was amplified and titered by Vector Biolabs and used to infect primary 

hepatocytes at 50 MOI. Hepatocytes were harvested 30 hours post transfection or 

infection. Hepatocyte senescence was determined using senescence β-galactosidase 

staining kit (Cell Signaling Technology). 

 

Mouse hydrodynamic transfection and monitoring 

Wildtype FVB/N mice were used in this study. The hydrodynamic transfection procedure 

are as described previously [45]. The injected mice were monitored weekly and sacrificed 

between 14 to 30 weeks post injection. All mice were housed, fed, and treated in 

accordance with protocols approved by the committee for animal research at the 

University of California, San Francisco. 

 

Histology and immunohistochemistry 

Animals were euthanized and their livers were removed and rinsed in PBS.  Samples 



   

 
 

116

collected from the livers were either frozen in dry ice for RNA and protein extraction or 

fixed overnight in freshly prepared cold 4% paraformaldehyde.  Fixed tissue samples 

were embedded in paraffin.  Five-micron sections were placed on slides and stained with 

hematoxylin and eosin.  Immunohistochemistry was performed as described [28]. 

Antibodies and dilutions were as follows: anti-V5, 1:1000 (Invitrogen); anti-phospho-

ERK, 1:100 (Cell Signalling Technology); anti-PODXL1, 1:200 (Applied Genomics, 

Burlingame, CA); and anti-Ki67, 1:150 (Lab vision). 

  

Preparation of lysates and Western blotting 

Liver tissues or cell lines were lysed in M-PER mammalian protein extraction buffer 

(Pierce) plus proteinase inhibitor cocktail (Roche) and Halt phosphotase inhibitor cocktail 

(Pierce). Protein content of the lysate was quantified using the BCA protein assay 

(Pierce). Western blotting was performed as described [45]. Antibodies were used as 

follows: anti-Bmi1, 1:1000 (Millipore) or 1:1000 (Invitrogen); anti-phospho-ERK, 

1:1000; anti-ERK, 1:1000 (Cell Signaling Technology); anti-actin, 1:1000 (Sigma); anti-

V5, 1:5000 (Invitrogen); anti-NRas, 1:1000; p16, 1:1000; and anti-HA, 1:1000 (Santa 

Cruz Biotechnology, Santa Cruz, CA) 

 

Real-time RT-PCR 

Total RNA was extracted from frozen liver tissues using Trizol (Invitrogen) and digested 

with DNase I to remove any genomic DNA contamination. Sybergreen-based real-time 

RT-PCR was carried out as described [21], and rRNA was used as internal control. 
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Transcript quantification was performed in triplicate for every sample and reported 

relative to rRNA. The primer pairs used are listed in Table 5.1. 

    Forward  Reverse 

rRNA CGG CTA CCA CAT CCA AGG AA-3' GCT GGA ATT ACC GCG GCT-3' 

Bmi1 TGG ACT GAC AAA TGC TGG AGA-3' GAA GAT TGG TGG TGG TTA CCG CTG-3' 

P21 CCT GTC ACT GTC TTG TAC CCT-3' GCG TTT GGA GTG GTA GAA ATC T-3' 

P14 GTT CTT GGT GAC CCT CCG GAT T-3’  ATC AGC ACG AGG GCC ACA G-3’ 

P16 GCC CAA CGC ACC GAA TAG TT -3’      GGG CAG TTG TGG CCC TGT AG-3’ 

Mad2 AGC TAC GGT GAC ATT TCT GCC-3' ATA AAC TGT GGT CCC GAC TCT-3' 

Cdc2 AAC TAC AGG TCA AGT GGT AGC C-3' CTG GAA TCC TGC ATA AGC ACA-3' 

Cdc20 GAC CAC TCC TAG CAA ACC TGG-3' GAG CCG AAG GAT CTT GGC TT-3' 

Bub1 CAC CCC GGA AAA TGT CCT TCA-3' GAG GTC ACT GTT GTA CTC AGC-3' 

H-Ras ACA ACA CCA AGT CTT TTG AGG AC-3’ GCC TGC CGA GAT TCC ACA G-3’ 

H
um

an
 p

rim
er

s 

RASSF1A GGA GAC ACC TGA CCT TTC TCA-3’ CTG TTG ATC TGG GCA TTG TAC T-3’ 

Bmi1 CCA GGG CTT TTC AAA AAT GA-3' GCA TCA CAG TCA TTG CTG CT-3' 

P16 CGG TCG TAC CCC GAT TCA G-3’ GCA CCG TAG AGC AGA AGA G-3’ 

P19 AGA GGA TCT TGA GAA GAG GGC C-3’ GCA GTT CGA ATC TGC ACC G-3’ 

P21 CAC AGC GAT ATC CAG ACA TTC AG-3' CGG AAC AGG TCG GAC ATC AC-3' 

rRNA CGG CTA CCA CAT CCA AGG AA-3' GCT GGA ATT ACC GCG GCT-3' 

E-cadherin TGTGGGTCAGGAAATCACATCTT CCAAATCCGATACGTGATCTTCT 

cyclin D1 CGTGGCCTCTAAGATGAAGGA CCTCGGGCCGGATAGAGTAG 

cyclin E1 TGCCAAGATTGACAAGACTGTGA TCCACGCATGCTGAATTATCA 

Survivin GCCACGCATCCCAGCTT TTTGAAAATACCACTGTCTCCTTCTC 

Ang2 TTAGCACAAAGGATTCGGACAAT TTTTGTGGGTAGTACTGTCCATTCA 

M
ou

se
 p

rim
er

s 

AFP TCTGCTGGCACGCAAGAAG TCGGCAGGTTCTGGAAACTG 

Table 5.1: Primers used for real-time RT-PCR. 

 

Statistical analysis 

The Pearson’s correlation coefficient (R) was used to determine the correlations between 

gene expression values and p-value was determined using SPSS statistical program. 

Student’s t test was used to evaluate statistical significance among experimental groups. 

Values of P < 0.05 were considered to be significant.  
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Results 

Bmi1 is over-expressed in human HCC samples 

In our previous studies, we used genomic approaches, including cDNA 

microarray and array-based comparative genomic hybridization, to characterize 

molecular variations in human HCC [19-21]. We identified 703 genes, which are highly 

expressed in human HCC [21]. One of these up-regulated genes is Bmi1. From this 

microarray study, Bmi1 expression is up-regulated in human HCC compared with non-

tumor liver tissues (p=2×10-6, after Bonferoni correction) (Fig. 5.1A). To verify this 

observation, we performed real-time RT-PCR analysis for Bmi1 expression in an 

independent liver tumor sample set which have not been previously assayed in 

microarray studies. Again, we observed up-regulation of Bmi1 in HCC samples 

(p<0.001, Fig. 5.1B). In two recent studies, the over-expression of Bmi1 in human HCC 

samples was shown at protein levels [15, 16].  

Because p16Ink4A and p14Arf have been considered to be major targets of Bmi1 

during tumor development, we investigated whether there is any correlation between 

Bmi1 and Ink4A/Arf expression in human HCC. On the cDNA microarrays, there was 

one probe corresponding to the COOH-terminal sequences of Ink4A/Arf, which 

hybridized to both p16Ink4A and p14Arf. Our analysis of this microarray data found no 

correlation between Bmi1 and total Ink4A/Arf expression (R=-0.094) (Fig. 5.1C). We 

next assayed the expression of Bmi1, p16Ink4A, and p14Arf individually using real-time 

RT-PCR in 19 human HCC and 4 non-tumor liver tissues. Again, we found no correlation 

between the expression values of Bmi1 and p16Ink4A or p14Arf (Fig. 5.1D and E). 
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Altogether, these data demonstrate that Bmi1 is up-regulated in human HCC, 

suggesting that Bmi1 may play a role in HCC pathogenesis. However, Bmi1 expression 

does not appear to be correlated with the expression of Ink4A/Arf tumor suppressor 

genes in human HCC samples. 

 

   

Figure 5.1: Bmi1 expression and its correlation with Ink4A/Arf expression in 

human HCC samples. (A) Bmi1 expression in non-tumor liver and HCC samples 

assayed by cDNA microarrays; (B) Bmi1 expression in an independent liver tissues set 

assayed by real-time RT-PCR; (C) Correlation between Bmi1 and Ink4A/Arf expression 

in human HCC samples assayed by cDNA microarrays; (D) and (E) Correlation between 

Bmi1 and p14Arf (D) or p16Ink4A (E) expression in human HCC samples assayed using 

real-time RT-PCR. 
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Stable shRNA-mediated knockdown of Bmi1 inhibits cancer cell growth in vitro 

Our expression analysis suggests a potential role for Bmi1 during liver 

tumorigenesis. We therefore decided to study the functional significance of Bmi1 in 

hepatocarcinogenesis. We found that Bmi1 protein is highly expressed in human HCC 

cell lines (data not shown). To investigate whether Bmi1 is required during liver cancer 

development, we stably knocked down its expression using lentiviral shRNA in human 

HCC cell lines. To better study the relationship of Bmi1 expression and genetic 

alternations in human HCCs, we chose three HCC cell lines (SK-Hep1, Huh7, and 

Hep3B) with different genetic variations in α-fetoprotein, p53, p16Ink4A, and p14Arf 

(Table 5.2).   

 

 SK-Hep1 Huh7 Hep3B 
AFP (-) (+) (+) 

p16Ink4A (-) Ink4A/Arf-/-* (-) promoter methylation (+) 
p14Arf (-) Ink4A/Arf-/-* (+) (+) 

p53 WT mutation (Y220C) p53-/- 
Table 5.2: Summary of the HCC cell lines used in the study 

 

We infected these cells with lentivirus encoding empty vector pLKO.1, a vector 

with scrambled shRNA (SC/pLKO.1) or vectors against Bmi1, Bmi1/pLKO.1. Because 

similar results were obtained using pLKO.1 or SC/pLKO.1 as controls (data not shown), 

only the data with pLKO.1 and Bmi/pLKO.1 are shown here. To exclude non-specific 

RNAi-mediated effects, we tested two shRNA constructs which target different regions 

of Bmi1 sequences (Bmi1/pLKO.1 #1 and Bmi1/pLKO.1 #2). We found that both of 

Bmi1/pLKO.1 vectors efficiently silence Bmi1 expression in human HCC cell lines, as 
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confirmed by both real-time RT-PCR and Western blotting (Fig. 5.2, Fig. 5.3A and B). 

Therefore, only data from the Bmi1/pLKO.1 #1 studies are shown.   

                               

                             

 Figure 5.2: Cell growth inhibition in Hep3B cells when Bmi1 knock down was 

validated by a second shRNA construct. 

 

                 

Figure 5.3: Down-regulation of Bmi1 and its effects on its target gene expression 

in human HCC cells. (A) Real-time RT-PCR analysis of Bmi1, p14Arf, p16Ink4A, and 
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p21 in pLKO.1 or Bmi1/pLKO.1 infected HCC cells; (B) Protein expression of Bmi1 and 

p16 in pLKO.1 or Bmi1/pLKO.1 infected HCC cells. Actin was used as loading control. 

 

We found that despite different genetic backgrounds and Ink4A/Arf status, 

silencing of Bmi1 inhibits growth of all three HCC cell lines (Fig. 5.2 and Fig. 5.4A). 

Furthermore, the expression of cell cycle genes, such as Cdc2, Cdc20, and Bub1 [22] are 

significantly down-regulated in Bmi1/pLKO.1 infected HCC cells (Fig. 5.4B and Fig. 

5.5).  In addition, BrdU labeling revealed a decreased proliferative rate (Fig. 5.4C and Fig. 

5.6), whereas activated caspase 3 assay showed a slight increase in apoptosis when Bmi1 

expression is silenced (data not shown). Finally, cell cycle analysis suggests that loss of 

Bmi1 perturbs cell cycle regulation and leads to G2/M accumulation (Fig. 5.4D, Fig. 5.7 

and Table 5.3). There is also an increase of sub-G1 phase cells in Bmi1/pLKO.1 infected 

cells, providing further support of increased cell apoptosis when Bmi1 expression is 

silenced (Fig. 5.4D, Fig. 5.7 and Table 5.3).  

In summary, the studies support that Bmi1 expression is required for in vitro 

growth of human HCC cell lines. 

 



   

 
 

123

 

Figure 5.4: Silencing Bmi1 expression leads to decreased cell growth in human HCC 

cells. (A) Cell growth assays in three HCC cell lines infected with lentivirus encoding 

pLKO.1 or Bmi1/pLKO.1. Cell numbers were counted at day 3 post infection; (B) Down-

regulation of cell cycle genes: Mad2, Cdc2, Cdc20, and Bub1 in Bmi1/pLKO.1 infected 

Huh7 cells; (C) BrdU labeling assays showing a decrease in cell proliferation in 

Bmi1/pLKO.1 infected Hep3B cells; (D) Representative images of cell cycle distribution 

of Hep3B cells infected with pLKO.1 or Bmi1/pLKO.1 measured by PI staining and 

FACS analysis. The percentage of cells in each cell cycle phase is listed on the right 

panel. **: p <0.01; *: p <0.05. 



   

 
 

124

                         

Figure 5.5: Cell cycle regulated genes expression decreased partly in Bmi1 knock 

down Hep3B cells. 

 

                                            
Figure 5.6: BrdU labeling assay showed decreased proliferation activity in Bmi1 

knock down Huh7 cells.  *: p <0.05 

 

 

Figure 5.7:  Bmi1 knock down in SK-Hep1 cells resulted in cell cycle blockages in S 

and G2/M phases. 
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 pLKO.1 Bmi1/pLKO.1 

SubG1 0.86+0.32 1.77+0.27 

G1 83.1+3.64 61.8+1.87 

S 6.63+2.20 20.77+1.00 

G2/M 7.26+0.10 13.47+0.70 
Table 5.3: Cell cycle distribution of SK-Hep1 cells infected with pLKO.1 or 

Bmi1/pLKO.1. 

 

Loss of Bmi1 does not lead to significant increased expression of p16Ink4A or 

p14Arf in HCC cell lines 

One of the major mechanisms of Bmi1-induced tumor development is its function 

as a potent inhibitor of CDKN2A which encodes two major proteins: p16Ink4A and 

p14Arf (p19Arf in mice) [8, 23]. We first determined whether Bmi1 knockdown affects 

the mRNA expression of CDKN2A genes using real-time RT-PCR. SK-Hep1 cells have a 

deletion of Ink4A/Arf locus, whereas Huh7 cells have strong promoter methylation of 

p16Ink4A. Therefore, p16Ink4A expression is virtually undetectable in these two cell 

lines, regardless of whether Bmi1 is down-regulated (Fig. 5.3A). In addition, the loss of 

Bmi1 expression in transfected Hep3B cells does not appear to affect the expression of 

p16Ink4A. Likewise, we found that silencing Bmi1 expression does not lead to up-

regulation of p14Arf in Huh7 and Hep3B cells, whereas p14Arf expression is absent in 

SK-Hep1 cells (Fig. 5.3A). We next assayed p16Ink4A protein expression in these HCC 

cell lines (Fig. 5.3B). Consistent with real-time RT-PCR results, p16Ink4A is 

undetectable in SK-Hep1 and Huh7 cells, whereas there is little change of p16Ink4A 

protein levels in Bmi1/pLKO.1 infected Hep3B cells (Fig. 5.3B).  
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In summary, our data showed that Bmi1 is required for HCC cell proliferation; 

however the effect of Bmi1 in promoting HCC cell growth is independent of Ink4A/Arf 

status. 

 

Overexpression of Bmi1 cooperates with activated Ras to induce HCC in mice 

We next determined whether Bmi1 can function as an oncogene by establishing a 

mouse model. We reasoned that it is unlikely Bmi1 alone is sufficient to induce liver 

cancer formation in vivo. Therefore, we searched for other signaling pathways that may 

be able to cooperate with Bmi1 to promote hepatic carcinogenesis. We chose activated 

Ras as the second signal, based on studies which have shown that Bmi1 is capable of 

cooperating with activated Ras to transform cells in vitro [24, 25]. In addition, 

Ras/MAPK signaling is known to be activated in all human HCC samples [26]. Therefore 

it represents a critical genetic alteration present in human HCC. Furthermore, studies 

from our and other labs have found that activated Ras alone is not sufficient to induce 

HCC formation in mice [27, 28].   

We applied hydrodynamic transfection to stably express Bmi1 (with COOH-

terminal V5 tag) and/or an activated form of N-ras (RasV12) into mouse hepatocytes. 

These animals were then monitored and sacrificed at specific time points or when 

moribund.  We found that whereas over-expression of RasV12 (n=15) or Bmi1 (n=5) 

alone was not sufficient to promote liver tumor development, the co-expression of Bmi1 

and RasV12 induced liver tumors in 78.6% (11/14) of the mice between 15 to 30 weeks 

post injection (Fig. 5.8A). Tumors tend to be multifocal, sometimes with over 100 tumor 

nodules scattered around the entire liver (Fig. 5.8B and data not shown).  
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Histological examination of liver tumor samples induced by Bmi1/RasV12 

showed that tumors consisted of neoplastic cells with frequent trabecular disorganization, 

which are characteristic of HCC (Fig. 5.8D). In most cases, the tumor cells appear to be 

well differentiated. Real-time RT-PCR analysis revealed high expression of HCC specific 

marker α-fetoprotein (AFP) (Fig. 5.8C), further confirming the tumors to be of 

hepatocellular origin.  

We next examined the tumor nodules for expression of injected Bmi1 (with a 

COOH-terminal V5 tag) and RasV12. Using anti-V5 antibody we observed that all tumor 

cells showed positive nuclear staining of Bmi1 (Fig. 5.8D). Sporadic expression of Bmi1 

was also detected in the hepatocytes of surrounding non-tumor liver. RasV12 is indicated 

by elevated protein levels (Fig. 5.8E).  Because activated Ras is a potent inducer of 

MAPK signaling, we investigated the activity of RasV12 by assaying for the presence of 

phospho-ERK. Both western blot and immunohistochemical analyses detected strong 

expression of phospho-ERK in the tumors (Fig. 5.8D & E). 

Altogether, these results support that Bmi1 and RasV12 can cooperate to induce 

HCC in vivo. 
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Figure 5.8: Bmi1 cooperates with activated Ras (RasV12) to promote hepatic 

carcinogenesis in vivo. (A) Tumor development incident curves in mice. The cumulative 

hazard represents the relative probability of tumor development in each condition; (B) 

Representative gross image of liver tumors induced by Bmi1/RasV12. Arrows indicate 

visible tumor nodules; (C) Quantitative RT-PCR analysis of AFP expression in normal 

liver and Bmi1/RasV12 tumor samples; (D) H&E staining of non-tumor liver (NT) and 

HCC (T) induced by Bmi1/RasV12 (top). Immunohistochemical staining with anti-V5 

antibody showing staining of V5-tagged Bmi1 in HCC cells in a tumor nodule, with 

sporadic staining in non-tumor liver tissues (middle). Insets: expanded view showing 

specific nuclear staining of Bmi1 in non-tumor liver or HCC cells. Immunohistochemical 

staining of phospho-ERK in both NT and T samples (bottom); (E) Western blot analysis 

of N-Ras, phospho-ERK, and ERK expression. Actin was used as loading control. 

 

Molecular characterization of Bmi1/RasV12 induced HCC 

We then investigated the molecular features of Bmi1/RasV12 induced tumors in 

order to determine whether these traits resemble phenotypes observed in human HCC. 

We first assayed for cell proliferation in Bmi1/RasV12 tumor samples. Our detection of 

proliferative marker, Ki67, suggested the tumor cells to be highly proliferative (Fig. 

5.9A). We also observed increased expression of cyclin E1 in liver tumor samples, 

whereas there is little variability in the expression of cell cycle regulator, cyclin D1 (Fig. 

5.9B). In addition, we found that these tumors exhibited elevated levels of cell cycle 

inhibitor p21 (Fig. 5.9B), which is likely to be a feedback response to the activated Ras 

signaling. Furthermore, anti-apoptotic marker survivin and cell-cell adhesion marker E-
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cadherin were also found to be up-regulated in liver tumor samples (Fig. 5.9B). The up-

regulation of E-cadherin is consistent with the well-differentiated tumor histology, and is 

frequently observed in certain mouse models of HCCs [29, 30]. The occurrence of 

angiogenesis during liver carcinogenesis can be distinguished by the expression of 

endothelial markers, like PODXL1 [31]. Although PODXL1 is not typically expressed by 

normal liver sinusoidal endothelial cells, this marker is frequently present in the 

endothelial cells of liver tumors [31]. Therefore, we analyzed our samples for PODXL1 

and observed that only endothelial cells within tumor nodules stained positive for this 

marker (Fig. 5.9A). Furthermore, these HCC samples also highly expressed angiogenic 

factor Ang2 (Fig. 5.9B).  

Overall, our data suggests that Bmi1/RasV12 expressing tumors resemble a subset 

of human HCC characterized by the deregulation of factors involved in proliferation, 

apoptosis, and angiogenesis. 
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Figure 5.9: Characterization of liver tumors induced by Bmi1/RasV12. (A) 

Immunohistochemical staining of Ki67 and PODXL1 in non-tumor liver (NT) and tumor 

(T) tissues; (B) Quantitative RT-PCR analysis of genes in two wildtype (WT) liver 

tissues and two Bmi1/Ras liver tumors. In all cases, the expression values of the two 

wildtype samples were averaged, set to 1 and used to normalize liver tumor samples.  
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Up-regulation of p16Ink4A/p19Arf expression in Bmi1/RasV12 induced liver 

tumors 

Bmi1 has been shown to cooperate with RasV12 to transform MEF cells via 

inhibition of Ink4A/Arf locus [24]. We therefore investigated whether this regulation is a 

mechanism by which Bmi1 and activated Ras promote tumorigenesis in vivo. We 

examined the expressions of p16Ink4A and p19Arf in our samples by quantitative RT-

PCR. We have used multiple primers against p16Ink4A and p19ARF, and we found that 

in all cases, both p16Ink4A and p19ARF can only be detected after more than 30 cycles 

of PCR, indicating that p16Ink4A and p19ARF are expressed at very low levels in 

normal liver tissues. In contrast, p16Ink4A expression is up-regulated ~5 fold and p19Arf 

expression is up-regulated ~50 fold in Bmi1/RasV12 tumor samples (Fig. 5.10).  

 

 

Figure 5.10: Up-regulation of p16Ink4A and p19Arf in liver tumor samples 

induced by Bmi1/RasV12. The relative expression of p16Ink4A and p19Arf of two 

wildtype liver tissues (WT) and two tumor samples (T) is shown. 

 

Regulation of Ink4A/Arf expression by RasV12 and Bmi1 in mouse hepatocytes 

The up-regulation of p16Ink4A and p19Arf in Bmi1/RasV12 tumor samples is 

quite surprising because Bmi1 is a known inhibitor of Ink4A/Arf locus. One of the 
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possibilities is that Ras is a potent inducer of p16Ink4A and p19Arf. The up-regulation of 

Ink4A/Arf may be why activated Ras alone is not sufficient to induce HCC formation in 

vivo. It is possible that the partial inhibition of Ras-induced Ink4A/Arf expression by 

Bmi1 is what eventually leads to hepatic carcinogenesis. If this is the case, it is likely that 

Bmi1/RasV12 tumor cells may have somewhat elevated expression of p16Ink4A and 

p19Arf than normal liver. However, this hypothesis is only possible if RasV12 can 

strongly induce p16Ink4A and p19Arf expression in hepatocytes. We therefore 

investigated the regulation of p16Ink4A and p19Arf by RasV12 or Bmi1 in normal 

mouse hepatocytes. 

First, we generated adenovirus encoding activated Ras. Adenoviral infection has 

been shown to be able to transfect 100% of mouse hepatocytes at MOI of 10 [32]. We 

infected mouse primary hepatocytes with either control adenovirus encoding EGFP (AD-

EGFP), or activated Ras (AD-RasV12-HA). Western blot analysis showed the expression 

of RasV12 in infected cells (Fig. 5.11A). Using quantitative RT-PCR, we found that 

p16Ink4A expression is repressed, whereas p19ARF expression remains unchanged in 

primary mouse hepatocytes after AD-RasV12-HA infection (Fig. 5.11A). Next we 

transfected primary mouse hepatocytes with plasmids encoding activated N-Ras 

(RasV12-HA) and/or Bmi1 (Bmi1-V5) using Targefect-Hepatocyte transfection reagents, 

which have a transfection efficiency of 50% for primary hepatocytes. The expression of 

RasV12 and Bmi1 are indicated by western blot analysis (Fig. 5.11B). We found that 

although the expression of p16Ink4A is down-regulated by RasV12 transfection, there is 

very little change in the expression of p19Arf. Bmi1 up-regulates p16Ink4A expression 

and inhibits p19Arf expression in this condition (Fig. 5.11B).  Co-transfection with Bmi1 
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and RasV12 showed similar impact on p16Ink4A while having little effect on p19Arf 

(Fig. 5.11B). Next, we assayed p16Ink4A protein expression in these mouse hepatocytes. 

We found that p16Ink4A protein is undetectable in primary mouse hepatocytes in all 

these conditions (Fig.5.11A).  

 

                   

Figure 5.11:  Regulation of p16Ink4A and p19Arf expression by RasV12 and/or 

Bmi1 in primary mouse hepatocytes. (A) Primary mouse hepatocytes were infected 

with adenovirus encoding EGFP or RasV12-HA. Western blotting shows the expression 

of HA-tagged RasV12 (left), and real-time RT-PCR shows the quantification of 

p16Ink4A and p19Arf expression in adenoviral infected primary hepatocytes (right); (B) 

Primary mouse hepatocytes were transfected with plasmids encoding EGFP, RasV12-HA 

and/or Bmi1-V5. Western blotting shows the expression of HA-tagged RasV12, V5-

tagged Bmi1 and p16Ink4A (left). Arrow shows the ectopically expressed Bmi1-V5 that 

migrates higher than endogenous Bmi1 on gel. IMR90 cell lysate was used as positive 

control of p16Ink4A protein expression. Quantification of p16Ink4A and p19Arf mRNA 
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expression in transfected primary hepatocytes was performed using real-time RT-PCR 

(right). **: p <0.01; *: p <0.05. 

 

Ras has been shown to induce cell senescence in certain cell types [33, 34], but 

the induction of cell senescence in hepatocytes by Ras has not been reported. It is 

possible that Bmi1 cooperates with RasV12 to promote HCC pathogenesis by 

overcoming Ras-mediated induction of senescence. We therefore investigated whether 

RasV12 or Bmi1 regulates cell senescence in primary hepatocytes. We transfected 

primary mouse hepatocytes with EGFP, RasV12, Bmi1, or RasV12 and Bmi1, and 

assayed for cell senescence. We found no evidence that either RasV12 or Bmi1 can 

modulate senescent status in primary hepatocytes (Fig. 5.12 and Table 5.4). 

In summary, our data do not support activation of Ink4A/Arf by Ras or inhibition 

of Ink4A/Arf by Bmi1 overexpression in hepatocytes. The experiments therefore indicate 

that Bmi1 cooperates with RasV12 to promote HCC pathogenesis in an Ink4A/Arf-

independent manner. 

 

                 

Figure 5.12: Ras does not induce senescence in mouse hepatocytes. 
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100 X Area Area1 Area2 Area3 Area4 Average 
GFP 1 3 3 0 1.75 
Ras 1 2 1 0 1.00 
Bmi1 1 1 1 2 1.25 

Ras+Bmi1 2 0 1 1 1.25 
Table 5.4: Statistics of positive stained cells for transfected hepatocytes. 

 

DISCUSSION 

There is increasing evidence supporting Bmi1 as an important oncogene in tumor 

development. Up-regulation of Bmi1 expression has been reported in multiple tumor 

types. Studies also showed that Bmi1 expression is required for in vitro cell proliferation 

in Ewing Sarcoma, lung cancer, and medulloblastoma cells [35-37], whereas over-

expression of Bmi1 enhances cell survival in epidermis [38] and prostate cancer cells 

[39]. Using Bmi1 knockout mice, studies demonstrated that Bmi1 expression is required 

for the tumorigenesis of leukemia and lung cancer in vivo [4, 40]. However, there is still 

little evidence whether Bmi1 overexpression can directly contribute to carcinogenesis, 

especially in solid tumors. Proper mouse models need to be established to address this 

critical question. In our current study, we showed that Bmi1 is over-expressed in human 

HCC samples and required for HCC cell growth in vitro. More importantly, we 

established a novel mouse model which demonstrates that Bmi1 can cooperate with 

activated Ras to promote HCC pathogenesis in mice. Our study therefore provides pivotal 

data supporting Bmi1 as an oncogene and its role in hepatic carcinogenesis.  

In this study, we used activated Ras to mimic the activation of Ras/MAPK 

pathway and in combination with Bmi1 to induce HCC in our mouse model. Although 

there is ubiquitous activation of Ras/MAPK signaling in human HCC, Ras mutations are, 
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in fact, very rare [41, 42]. De-regulation of other factors, including tumor suppressor 

genes Spry2 and RASSF1 as well as over expression of H-Ras, activation of receptor 

tyrosin kinases, such as EGFR and c-Met, have been implicated in human HCC, all of 

which result in up-regulation of this pathway [26]. Therefore, combination of these 

genetic alternations with Bmi1 overexpression in mouse models will provide additional 

in vivo models to mimic human HCC pathogenesis. We assayed the expressions of H-Ras 

and RASSF1A in human HCC samples, and found no correlation between the expression 

of these two genes with Bmi1 expression (Fig. 5.13). Clearly, further experiments will be 

needed to determine whether the expression of other factors involved in activation of 

Ras/MAPK pathways, such as c-Met or epidermal growth factor receptor, are associated 

with up-regulation of Bmi1 expression during HCC pathogenesis.  

 

            

Figure 5.13: H-Ras and RASSF1A expression in HCC samples showed no 

correlation between Bmi1 and H-Ras, as well as Ras inhibitor RASSF1A. 

 

An important implication of our study is that the tumorigenicity of Bmi1 during 

HCC pathogenesis is independent of its ability to repress Ink4A/Arf expression. First, we 

showed there is no correlation between the expressions of Bmi1 and p16Ink4A or p14Arf 
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in human HCC samples. Second, we found that the down-regulation of Bmi1 inhibits 

HCC cell growth independent of Ink4A/Arf status. Finally, we showed that in mouse 

tumor cells induced by Bmi1/RasV12, there is no down-regulation of p16Ink4A or 

p19Arf expression. Consistent with our observation, several recently published reports 

have revealed an Ink4A/Arf-independent role for Bmi1 during tumor pathogenesis. 

Bruggeman et al, for instance, showed that Bmi1 controls mouse glioma development in 

an Ink4a/Arf-independent manner [43]. Bmi1 knockdown significantly inhibits cell 

growth in both wildtype and p16Ink4A null Ewing Sarcoma [35], and medulloblastoma 

cell lines [37]. Thus, although inhibition of Ink4A/Arf tumor suppressor gene expression 

has been widely considered to be the key mechanism of the oncogenic activity of Bmi1, 

more recent data suggest a critical role of an Ink4A/Arf independent mechanism for 

Bmi1 during carcinogenesis. 

Clearly, the next step in the characterization of molecular mechanisms of Bmi1 is 

to identify novel targets and/or pathways regulated by Bmi1 during HCC pathogenesis, 

and investigate how they cooperate with activated Ras/MAPK signaling to induce liver 

cancer formation. Some potential targets of Bmi1 have been identified in human cancer 

cell lines. For example, hTert is thought to be a major target in Bmi1 induced 

immortalization of mammary epithelial cells [7].  NID1, a gene related to cell adhesion 

has been implicated as a Bmi1 target in Ewing Sarcoma cells [35]. Signaling molecules 

including BMP5, TGF-β2, and Notch2 have been found to be regulated by Bmi1 in 

medulloblastoma cell lines [37]. It would be of interest to determine whether the 

expression of these factors is modulated by Bmi1 during HCC pathogenesis. A recent 

study indicated that the loss of Bmi1 results in the increase of reactive oxygen species 
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and subsequent stimulation of the DNA damage response pathway [44]. Activation of the 

DNA damage response pathway has been found to be an important barrier to 

tumorigenesis. In our recent studies, we observed up-regulation of mRNA of p53 and 

ATM genes in Bmi1/RasV12 induced liver tumor samples (Lee SA, unpublished 

observation). Clearly, it would be important to further characterize the expression of 

these genes in tumor samples at protein levels.  Analysis of the regulation of this pathway 

by Bmi1 in liver may identify an additional function for Bmi1 during the development of 

HCC.   
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Chapter 6 

Summary and Conclusions 

  

Signaling pathways are essential to the control of cellular processes, such as 

proliferation and survival. However, abnormal regulation of these signaling mechanisms 

is also characteristic of human cancer. Loss in the control of these pathways is thought to 

be the resulting effects of genetic or epigenetic alterations that arise during 

carcinogenesis. In particular, a range of these aberrations, including β-catenin, c-Met, and 

Ink4A, has been implicated in human HCC (Ch.1). Previous microarray studies from our 

laboratory alone have identified changes in the expression of 113 genes due to loss or 

gain in DNA copy number, yet their roles in liver carcinogenesis are poorly understood 

(Ch.2) [1]. Therefore, the capability of these genetic alterations to promote liver 

tumorigenesis was examined in this dissertation.  

Among these implicated pathways, up-regulation of Ras/MAPK signaling occurs 

in almost all human HCC [2]. Furthermore, stimulation of this pathway by Ras mutations 

in combination with oncogenes, such as β-catenin, has been demonstrated to result in the 

development of liver tumors in vivo [3]. Mutations of Ras are frequent in many cancers, 

including pancreatic carcinoma, yet these aberrations are quite rare in liver cancer, 

suggesting that other components of the pathway may be involved in the over-activation 

of Ras/MAPK signaling. Indeed, our study in Chapter 2 has identified RTK feedback 

inhibitor Spry2 to be down-regulated and deleted in ~40% of human HCC samples. Since 

Spry2 has been demonstrated to repress Ras/MAPK signaling, it is possible that this 
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inhibitor may function as a tumor suppressor during the development of HCC. Spry2 was 

subsequently expressed in HCC cells and analyzed for changes in proliferation. Over-

expression of this inhibitor was found to reduce proliferation in these cells, which 

correlates to another similar finding [4]. These findings suggest the potential of Spry2 as 

a tumor suppressor, yet its role needed to be further evaluated in vivo. 

To this end, a dominant negative form of Spry2 (Spry2Y55F) was generated and 

expressed alone or in combination with a constitutively active form of β-catenin (∆N90-

β-catenin) into the mouse liver by the sleeping beauty transposon and hydrodynamic 

injection system and monitored for tumor progression. While transfection of Spry2Y55F 

or ∆N90-β-catenin did not alter the liver morphology, expression of both targets 

sufficiently induced the formation of liver tumors in ~50% of the injected mice. Further 

analysis revealed proliferation, angiogenesis, as well as, Ras/MAPK signaling to be 

elevated in these tumors. These findings support the role of Spry2 as a tumor suppressor 

during liver carcinogenesis in vivo.  

Although Ras/MAPK signaling is up-regulated in Spry2Y55F/∆N90-β-catenin 

tumors, we did not detect activation of this pathway in Spry2Y55F injected livers (data 

not shown). This observation suggests that since Spry2 functions as a feedback inhibitor, 

it is likely that Ras/MAPK signaling needs to be initially activated by another component 

of the pathway in order for the loss of Spry2 function to prolong the signal. This may be 

the case in our Spry2Y55F/∆N90-β-catenin mouse model because an increase in the 

mRNA expression of RTK EGFR was observed in the tumor samples. It is possible that 

Spry2Y55F may enhance EGFR signaling to promote liver tumor progression in this 
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model. However, the role of this receptor in Spry2Y55F/∆N90-β-catenin induced liver 

tumorigenesis needs to be further examined.  

Our data in Chapter 2 suggest that other factors of the Ras/MAPK pathway could 

potentially synergize with the absence of Spry2 to promote signaling of this pathway 

during hepatocarcinogenesis. Recent findings have identified a correlation between 

activation of RTK c-Met and reduced expression of Spry2 in human HCC (Calvisi et al, 

unpublished data). In addition, Spry2 has been demonstrated to regulate c-Met signaling 

in HCC cells upon exposure to growth factor HGF (Calvisi et al, unpublished data). 

Based on these findings, c-Met over-expression may act in combination with the loss of 

Spry2 to promote liver carcinogenesis. Therefore, the study in Chapter 3 examined the 

relationship between c-Met and Spry2 in liver tumor progression. In order to assess the 

role of both factors in the development of HCC, c-Met and/or Spry2Y55F were injected 

into Ink4A/Arf null mice. Although Spry2Y55F expression did not affect liver 

morphology, over-expression of c-Met resulted in the emergence of pre-neoplastic 

lesions, but not tumors, in the liver. However, the co-expression of Spry2Y55F and c-Met 

induced the formation of liver tumors in 50% of the injected animals. Furthermore, both 

Ras/MAPK and Akt signaling are increased in these tumor samples. These findings 

indicate that although c-Met can induce pre-neoplastic lesions in the liver, the addition of 

Spry2Y55F enhances c-Met signaling and allows for transformation into a malignant 

tumor phenotype.  

Interestingly, although Akt signaling is elevated in Spry2Y55F/c-Met tumors, 

changes in this pathway were not detected in Spry2Y55F/∆N90-β-catenin tumors. 

Furthermore, Spry2 has been demonstrated to inhibit Akt signaling by increasing the 
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expression of inhibitor PTEN, yet no changes in PTEN expression were detected in the 

Spry2Y55F/c-Met tumors [5]. This observation suggests that the mechanisms of Spry2 

repression in Akt signaling may be dependent on cell type. Since Akt signaling is known 

to be induced by c-Met activity, Spry2Y55F may likely be enhancing this effect in the 

Spry2Y55F/c-Met murine model [6]. However, the role of Akt signaling in Spry2Y55F 

and c-Met induced liver tumorigenesis will need to be assessed. 

As these studies have suggested so far, Ras/MAPK signaling plays an important 

role in liver tumor progression, yet a second oncogene is needed in order to fully promote 

the development of HCC. In particular, activated β-catenin mutations were found in c-

Met transgenic mice and subsequently demonstrated to promote hepatocarcingenesis in 

combination with the over-expression of c-Met [7, 8]. Further analysis of c-Met/β-catenin 

tumors revealed up-regulation of CCND1 expression, a downstream target of β-catenin, 

in these samples. Since CCND1 has been demonstrated to induce HCC in vivo, this cell 

cycle regulator may be an important downstream component of c-Met/β-catenin induced 

liver tumorigenesis. The study in Chapter 4, therefore, assessed the relationship between 

CCND1, β-catenin, and c-Met during hepatocarcinogenesis. Co-expression of CCND1 

and c-Met did promote the formation of liver tumors in FVB mice, although at a lower 

frequency and longer latency in comparison to the c-Met/β-catenin model. Closer 

histological analysis of CCND1/c-Met tumors showed the tumors to be adenomas, unlike 

the c-Met/β-catenin tumors, which comprised of HCC. Interestingly, the loss of CCND1 

did not deter, but appears to have accelerated c-Met/β-catenin induced liver 

carcinogenesis in CCND1 null mice. Our data indicates that CCND1 is sufficient, but not 

required for liver tumor progression induced by c-Met and β-catenin.  
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Other downstream targets, in addition to CCND1, may be required to promote β-

catenin signaling during hepatocarcinogenesis. Such factors should be assayed to 

determine if they can stimulate liver tumorigenesis. In addition to the observed 

acceleration in tumor progression, an increase in the expression of CCND2 was also 

detected in c-Met/β-catenin expressing tumors and uninjected normal liver from CCND1 

null mice. Implication of this cell cycle regulator in cancers, such as gastric cancer, 

suggests a role for CCND2 in carcinogenesis [9]. Whether CCND2 is involved in liver 

tumorigenesis needs to be determined.  

The study in Chapter 5 has identified Bmi1 to be up-regulated in human HCC. In 

vitro analysis indicates that induced loss of this polycomb repressor represses HCC cell 

proliferation, which is similar to a previous finding [10]. In addition, co-expression of 

Bmi1 and activated Ras (RasV12) led to liver tumor formation in 78% of the injected 

FVB mice. These observations support the role of Bmi1 as an oncogene in liver 

carcinogenesis. Ink4A and Arf are known targets of Bmi1 during normal cell processes, 

such as proliferation, as well as in cancer [11, 12]. However, we did not observe any 

changes in the expressions of Ink4A or Arf by the loss of Bmi1 in HCC cell lines. 

Interestingly, Ink4A and Arf protein levels were elevated in Bmi1/RasV12 tumor samples. 

Although Ras can induce expressions of both Ink4A and Arf (Chapter 1), transfection of 

RasV12 and/or Bmi1 into isolated mouse hepatocytes did not increase the expressions of 

either target. Taken altogether, our findings indicate that Bmi1 and RasV12 promote 

hepatocarcinogenesis in an Ink4A/Arf independent manner. Identification of additional 

Bmi1 mechanisms will certainly help in understanding how Bmi1 promotes liver tumor 

progression. A recent study suggests that loss of Bmi1 is capable of stimulating the DNA 
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damage response pathway [13]. We also observe elevated mRNA levels of DNA 

response genes p53 and ATM. Further analysis of this pathway may implicate an 

additional function of Bmi1 in the development of HCC. 

The studies in this dissertation have validated clinical findings and identified a set 

of oncogenes and tumor suppressors, when de-regulated, are capable of stimulating liver 

carcinogenesis. Moreover, our findings provide us with a better understanding of the 

signaling systems involved in the development of HCC. Specifically, the implication of 

Spry2 as a tumor suppressor in Chapters 2 and 3 has established a mechanism by which 

Ras/MAPK signaling can be activated in hepatocarcinogenesis. Given that this pathway 

is up-regulated in almost all HCC, further analysis of how Spry2 represses Ras/MAPK 

signaling in the liver may lead to the development of novel therapeutic targets. Studies in 

Chapters 4 and 5 have found oncogenes, CCND1 and Bmi1 to be sufficient in promoting 

liver tumor progression in combination with activated Ras signaling. These findings 

clearly demonstrate that HCC progression is a multistep progress that requires the de-

regulation of more than one gene. However, future studies will need to be performed in 

order to determine the mechanisms of these genetic interactions during the development 

of this disease.  

The method used to generate the mouse models in these studies has allowed us to 

assess the role of clinical relevant genetic alterations during hepatocarcinogenesis in an 

efficient and timely manner. Such animal models could prove to be quite useful in 

therapeutic applications. Drugs designed to target a specific factor or signaling pathway 

can be tested in these models to assess whether inhibition of one or a combination of 

these factors leads to liver tumor regression.  
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In closing, the studies in this dissertation have demonstrated the potential of genes, 

implicated in human HCC, to act as tumor suppressors or oncogenes during liver cancer 

progression and provided us with useful models for future research in the development of 

HCC and/or therapeutics. 
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