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ABSTRACT 

Liver progenitor cells (LPCs) are a subset of cells that contribute to liver regeneration 

following chronic liver damage. In addition to their fundamental role in repair, LPCs 

are a putative cancer stem cell for hepatocellular carcinoma and cholangiocarcinoma. 

The CDKN2A gene encodes the tumour suppressors ARF and INK4A and it has been 

identified as one of the most frequently mutated genes in liver cancers. While clinical 

and rodent studies show associations between CDKN2A silencing and tumour 

progression, the role of CDKN2A in liver carcinogenesis had not been directly assessed. 

This project sought to establish whether loss of ARF and INK4A expression drives LPC 

tumorigenicity. It was hypothesised that the loss or suppression of CDKN2A is a 

critical, early event in the tumorigenic transformation of LPCs.  

The correlation between loss of ARF and INK4A expression and transformation was 

investigated in a panel of transformed LPC lines and their non-transformed precursors. 

Even though INK4A and ARF were observed in most non-transformed cultures, INK4A 

was not detected in the six transformed LPC lines and ARF was reduced in all but one. 

Thus, diminished ARF and INK4A expression was consistently observed during murine 

LPC line transformation.  

To determine whether Cdkn2a loss directly contributes to LPC transformation, four in 

vitro approaches were undertaken. ARF and INK4A were diminished by shRNAs, 

however the shRNAs did not provide sustained depletion of ARF and INK4A long 

enough to observe an effect. To study LPCs in which ARF expression was definitively 

eliminated, embryonic LPC lines were derived from Arf -/- mice. The Arf -/- LPCs 

spontaneously transformed during extended passage and grew tumours when 

transplanted into immune-compromised mice. Although the Ink4a gene remained intact 

in the Arf -/- LPC lines, there was no detectable expression of the Ink4a mRNA or 

INK4A protein. Hence these cells were functionally Cdkn2a-/-. Next, deletions within 

Cdkn2a were induced with CRISPR/Cas9 in an established LPC line from wild type 

mice. Clones with depleted ARF and INK4A expression showed anchorage independent 

growth indicative of a transformed status. Finally, LPCs derived from conditional 

Cdkn2afl/fl mice exhibited characteristics (increased growth rate or anchorage 

independent growth) consistent with transformation following Cre-recombinase 

mediated deletion of Cdkn2a. Collectively, these observations indicated that the loss of 

ARF and INK4A expression enhances the tumorigenic propensity of LPCs in vitro. 
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The delay in transformation following Cdkn2a inactivation suggests the loss of Cdkn2a 

is an initiating event and further alterations are required for carcinogenesis. To identify 

subsequent alterations both non-transformed and transformed Arf -/- LPCs were 

evaluated. In addition to decreased p21, and to a lesser extent, decreased p53, 

transformed Arf -/- LPCs had increased expression of mesenchymal cell markers 

vimentin, SNAIL, and SLUG, with a corresponding decrease of E-cadherin and 

EpCAM abundance. These modifications indicated an epithelial to mesenchymal 

transition (EMT) accompanied transformation. Evidence of an EMT was also observed 

in wild-type LPC lines suggesting this is a consistent alteration associated with LPC 

transformation. 

To verify the significance of Cdkn2a in vivo, livers from constitutive Cdkn2a-/- mice 

were analysed and a preliminary chronic liver injury study was conducted. Cdkn2a-/- 

mice displayed elevated numbers of LPCs and disrupted ductal structure over compared 

to wild-type age-matched controls. Large CD45/F4/80+ foci were also observed in 

Cdkn2a-/- livers with a penetrance of approximately 20%. Cdkn2a-/- mice were 

administered a choline-deficient, ethionine supplemented diet to model chronic liver 

injury and induce a ductular reaction. Interestingly, liver damage was attenuated in the 

Cdkn2a-/- mice as indicated by decreased serum ALT levels, and fewer LPCs and 

inflammatory cells. As the loss of Cdkn2a altered the inflammatory cell milieu and 

introduced confounding factors into the analysis, tumorigenic studies were not 

conducted in constitutive Cdkn2a-/- mice.  

In conclusion, the work presented in this thesis provides a series of compelling evidence 

that the loss of ARF and INK4A enhances the propensity of LPCs to undergo a 

tumorigenic transformation in vitro and may affect liver homeostasis. As the LPC 

remains a strong liver cancer stem cell candidate, identifying this locus as a driver of 

LPC transformation highlights ARF and INK4A as prognostic markers and advocates 

for investigation into treatments that target this pathway. 
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1.1 PRIMARY LIVER CANCER  

Primary liver cancer is the fifth and ninth most prevalent cancer worldwide in men and 

women respectively (1). Unlike other common cancers, the incidence of, and number of 

deaths due to liver cancer continues to rise, making liver cancer the fastest rising cause 

of cancer-related death. The incidence of primary liver cancer has tripled in the USA 

since 1980 (2), quadrupled in the UK since 1970 (3), and is expected to double in 

Australia by 2030 (4). Hepatocellular carcinoma (HCC) accounts for up to 90% of all 

primary liver cancers, followed by cholangiocarcinoma, hepatoblastoma, and 

angiosarcoma (5). Due to the severity of the disease, late stages of diagnosis, and 

limited treatment options, liver cancer is the second highest cause of cancer-related 

death worldwide (1). A better understanding of the liver carcinogenesis process, 

including risk factors, the cell of origin, and the accompanying molecular and cellular 

changes is required to improve detection and the prognosis of liver cancer.  

1.1.1 Liver cancer aetiology  

HCC development often occurs in the context of chronic liver disease, particularly 

when it results in cirrhosis (6). Chronic diseases such as hepatitis B virus (HBV) 

infection, hepatitis C virus (HCV) infection, and aflatoxin (toxic metabolites from 

Asperfillus fungus present in grain foods) exposure are considered to be risk factors for 

HCC development (7). Globally it is estimated that 78% of all HCC cases developed in 

the background of HBV and HCV (8). The high prevalence of HBV as well as aflatoxin 

toxicity in Asia and Sub-Saharan Africa results in the highest incidence of HCC in these 

regions. Metabolic disorders such as obesity and diabetes, are also associated with 

chronic liver diseases, namely non-alcoholic steatohepatitis (NASH) and non-alcoholic 

fatty liver disease (NAFLD). Furthermore, excessive alcohol consumption, 

haemochromatosis, and α1-antitrypsin deficiency are causes of liver cirrhosis and can 

result in HCC (7, 9, 10). The “pandemic” of obese and overweight individuals, as well 

as increased alcohol consumption is expected to cause a surge in the development of 

liver diseases and subsequent HCC development (3, 11). 

Like HCC, cholangiocarcinoma, which is cancer of the biliary epithelial cells, is 

associated with chronic liver disease. Risk factors include infection with liver flukes 

(such as Oposthorchis viverrine and Clonorchis sinensis), chronic HBV and HCV 

infection, cirrhosis, inflammatory bowel disease, alcohol, fatty liver disease, and 

gallstones (reviewed in 12). 
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1.1.2 Chronic liver disease and the origins of liver cancer 

Chronic liver damage causes increased inflammation, fibrosis that becomes cirrhosis in 

severe cases, and oxidative stress, leading to DNA damage and increased cell turnover 

(reviewed in 13, 14). Together, these disrupt the liver microenvironment and create a 

“pro-oncogenic” milieu associated with aberrant DNA methylation and mutations (15, 

16). From these damaged areas, small dysplastic nodules arise that acquire genetic 

alterations before becoming malignant HCCs (14) (Fig. 1.1). The importance of the 

microenvironment in HCC development was highlighted by He and colleagues who 

observed that isolated early dysplastic nodules could only give rise to HCC when 

transplanted into a chronically damaged liver (17).  

During chronic liver injury, patients often exhibit activation of the liver stem cell 

compartment containing liver progenitor cells (LPCs) (18). LPCs are stimulated by 

chronic damage from infection with hepatitis virus or alcoholic liver disease (19-21). 

Furthermore, the number of LPCs in chronically damaged livers has been related to the 

severity of the disease for alcoholic liver disease, HCV, genetic hemochromatosis and 

NASH (22, 23). The association between chronic liver disease, LPC abundance, and 

HCC development makes LPCs a likely candidate to be the cancer stem cell.  

1.2 LIVER PROGENITOR CELLS (LPCs) 

LPCs (a.k.a. hepatic progenitor cells or oval cells in rodents due their ovoid shape) are 

epithelial cells identified by their ovoid shape and scant cytoplasm. In a healthy liver, 

LPCs are predominantly located within the Canals of Hering, the terminal bile ducts of 

the liver, as well as ducts adjacent to the portal vein (24, 25). In this region, LPCs are 

spatially proximal to the two cell types they differentiate into, namely cholangiocytes 

and hepatocytes (21, 26, 27) (Fig. 1.2A). To better study LPCs in liver disease, multiple 

LPC markers have been identified including, but not limited to, CK19, OPN, OV6, 

EpCAM, FOXL1, CD133, CD24, HNF1β, and SOX9, some are described in more 

detail in a recent review (28).  

1.2.1 LPCs and liver regeneration 

Liver regeneration is achieved by two different mechanisms depending on the extent of 

injury and the cell sources. Hepatocytes have a remarkable regenerative capacity and 

repopulate the liver following acute damage such as drug over-dose or trauma (29) (Fig. 

1.2B). Following chronic insult hepatocytes may no longer adequately regenerate the  
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Figure 1.1 Progression of chronic liver disease to liver cancer. 
Chronic liver disease induces inflammation and oxidative stress in response to constant 
regeneration and pro-proliferative signals. Viral proteins can also induce chronic liver damage 
that can lead to fibrosis, cirrhosis, and eventually to the development of hepatocellular 
carcinoma or cholangiocarcinoma. Aberrant mitogenic signals lead to the development of 
hyperplastic nodules that accumulate additional genetic alterations as they divide and progress 
to dysplastic nodules, then early stage carcinomas and ultimately metastatic liver cancers.  
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liver, LPCs proliferate and migrate into the liver parenchyma where they can 

differentiate into hepatocytes or cholangiocytes (19) (Fig. 1.2C). This response is often 

referred to as a (atypical) ductular reaction or LPC response and is frequently observed 

in patients with chronic liver disease. In rodent models, ductular reactions can be 

induced by chronic liver injury models such as the choline-deficient, ethionine-

supplemented (CDE) diet (30, 31), 2-acetylaminofluorene (2-AAF) treatment in 

combination with partial hepatectomy (PHx) (32), 3,5-diethoxycarbonyl-1,4-

dihydrocollidine (DDC) diet (33), and repeated injections with carbon tetrachloride 

(CCl4) (34). These models are frequently used to study the contribution of LPCs in liver 

regeneration. Induced hepatocyte senescence by INK4A overexpression can also cause 

a ductular response (35). The degree of LPC proliferation in response to injury stimulus 

is also dependent on their location: LPCs located within the peripheral ductal 

compartment have a higher proliferative response compared to those adjacent to the 

portal vein (25). 

LPC differentiation into hepatocytes and cholangiocytes has been established in vitro 

(36), and the following studies show this is recapitulated in vivo. Rountree et al. found 

that CD133+ LPCs express hepatocyte or cholangiocyte markers depending on the liver 

injury and the corresponding cell type requiring regeneration (37). A subset of LPCs, 

but not hepatocytes, express the stem cell marker LGR5, which can generate 

hepatocytes and cholangiocytes following damage (38). LGR5+ single cell clones can 

be differentiated into functional hepatocytes and cholangiocytes in vitro and the 

resulting organoids can engraft into fumarylacetoacetate hydrolase (Fah-/-) deficient 

mice, a model of hereditary tyrosinemia. The engraftment of LGR5+ organoids partially 

rescues the fatal phenotype (38). These studies clearly provide evidence of LPC 

bipotentiality in vivo.  

Significant evidence has accumulated implicating a role for LPC differentiation into 

hepatocytes for liver regeneration in severe chronic liver injury. Alison et al. observed 

the formation of new ducts that expressed LPC markers following 2-AAF/PHx 

treatment in rats. After two weeks of recovery these cells resembled hepatocytes 

formulating the hypothesis that LPCs replace the damaged hepatocyte population (32). 

Indeed, ablation of hepatocytes in zebra fish leads to the activation and differentiation 

of biliary cells, including LPCs, to become hepatocytes and repopulate the liver (39). 

The Forbes laboratory reported similar findings following hepatocyte ablation by 

hepatocyte-specific Mdm2 deletion in mice. Mdm2+ LPCs were activated and generated  
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Figure 1.2 LPCs differentiate into cholangiocytes and hepatocytes. 
A) In a healthy liver, liver progenitor cells (LPCs) are dormant in the Canals of Hering between 
the ductile and terminal bile canaliculi. B) Following acute damage, hepatocytes replicate to 
regenerate the damaged tissue. C) In chronic liver disease, hepatocytic regeneration becomes 
exhausted and LPCs proliferate and differentiate into hepatocytes and cholangiocytes. Chronic 
damage can induce the accumulation of fibrosis, disrupting the liver architecture. Continued 
liver injury can give rise to cholangiocarcinoma or Hepatocellular carcinoma (HCC). 
Cholangiocarcinoma is thought to arise from cholangiocytes or LPCs. Similarly, hepatocytes or 
LPCs may become the malignant cell from which HCC arise. 
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both hepatocytes and cholangiocytes (40). Furthermore, CD24+ LPCs isolated from a 

DDC model of chronic liver damage were implanted into Fah-/- mice, and 

differentiated into morphologically mature hepatocytes (41) and LPCs isolated from rats 

following a 2-AAF/PHx treatment similarly engrafted into damaged rat livers (42).  

These observations are not restricted to animal models, as some case studies indicate 

LPC mediated liver regeneration in humans. For example, a patient suffering severe 

hepatitis and mass hepatic necrosis received an auxiliary partial orthotopic liver 

transplant. Regular needle biopsies of the native liver showed LPC proliferation and 

later complete liver regeneration (43). Collectively, these studies implicate LPCs in 

liver regeneration following extreme hepatocyte depletion. 

Recent lineage tracing studies have questioned the role of LPCs in chronic liver disease. 

Espanol-Suñer et al. showed OPN+ labelled LPCs constituted up to 2.45% of 

hepatocytes following a chronic liver injury model (CDE), but not in a healthy liver 

(44). In accordance with these findings, FOXL1+ LPCs repopulated up to 29% of 

damaged hepatocytes following a CDE diet (45), and SOX9+ LPCs differentiated into 

hepatocytes following chronic CCl4 administration, bile duct ligation, or CDE diet 

administration (34). In contrast, SOX9+ LPCs were labelled and traced through CDE, 

DDC, and CCl4 models of chronic liver damage but less than 1% of hepatocytes were 

labelled (46). Similar observations were made of CK19+ labelled LPCs following CDE, 

DDC, alpha-naphthyl-isothiocyanate (ANIT) diet, and CCl4 models of damage (0.58% 

and 0.76%, respectively) (47, 48), and HNF1β+ ductal cells traced in response to bile 

duct ligation, 4,4’-methyene dianiline (MDA), DDC and CDE diet models (between 

0.04-2.12%) (49). Indeed, these studies demonstrate that the hepatocytes alone were 

sufficient to regenerate the hepatocyte compartment. Furthermore, Tarlow et al. 

estimated that hepatocytes could generate 8.7-39.3% of LPCs following a DDC model 

of chronic liver damage (50). Differences in these studies may reflect different labelling 

efficiencies, the labelling technique (ie. Foxl1 may label more LPCs than Opn), the 

model of liver injury as well as the extent the damage. Furthermore, the CDE diet 

model resulted in the highest number of labelled hepatocytes from LPCs (44). Shin et 

al. have suggested that mice need to lose more than 14% of body weight which reflects 

the threshold of liver damage on the CDE diet to observe significant LPC to hepatocyte 

differentiation (45).  
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While the role of LPCs in a chronically diseased liver remains contentious, LPCs are 

essential for liver regeneration following a CDE diet (45). Ablation of the FOXL1+ 

LPC population and their decedents prevented the resolution of steatosis induced by the 

CDE diet, even though hepatocytes were proliferating after the cessation of the diet 

(45). This raises the question that if LPCs are not directly contributing to the 

regeneration of the hepatocyte population, then what is their role in liver regeneration? 

It has been suggested that LPCs may be involved in creating new ducts to allow biliary 

drainage from the damaged hepatocytes (49). Regardless of the role of LPCs in 

regeneration, their persistence within damaged liver is correlated with the development 

of HCC. 

1.2.2 LPCs and liver cancer  

As described above, LPCs are more numerous in chronic liver diseases, a predisposing 

factor for most liver cancers, making LPCs a cancer cell of origin. Approximately 50% 

of HCCs express LPC markers such as CK7, CK19, EpCAM, or AFP and their 

detection is often a sign of poor prognosis regardless of aetiology (51, 52). In fact, HCC 

can be clearly segregated into two subsets; those that express immature liver markers, 

EpCAM+ and AFP+, and an alternative EpCAM- AFP- subtype (53). EpCAM+ HCCs 

show an expression profile consistent with LPCs, are more proliferative and have worse 

prognostic outcomes compared to EpCAM- HCCs (54). Early dysplastic foci in patients 

with cirrhosis display a mixture of LPCs and immature hepatocytes supporting a role 

for LPCs in hepatocarcinogenesis (55). The Apohomo mouse model of β-catenin induced 

liver cancer showed activation of LPC in precancerous stages (56). More recently, a 

correlation has been shown between the extent of the ductular reaction and HCC tumour 

size (57). These observations support the hypothesis that LPCs may be the cancer stem 

cell from which HCCs are derived (reviewed 58) (Fig. 1.2C). 

The frequent incidence of ductular reactions in patients with both HCC and 

cholangiocarcinoma supports the hypothesis that LPCs are the cancer stem cells and are 

capable of differentiation into multiple types of cancer (59). Further evidence 

supporting LPC involvement in HCC is the rare combination of HCC and 

cholangiocarcinoma, called hepatocellular cholangiocarcinoma, which consists of 

hepatocytic and biliary epithelial phenotypes (60). All cells in these tumours stained 

positively for an LPC marker, OV6. LPCs have also been implicated as the cell of 

origin in cholangiocarcinomas, cancer of the LPC’s alternate lineage (reviewed in 12) 

(Fig. 1.2C). 
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The tumorigenic potential of LPCs was first shown in LPCs derived from mice deficient 

for tumour suppressor p53 (Trp53-/- mice) which demonstrated indications of a 

tumorigenic transformation in vitro and when transplanted into immune-compromised 

mice (61). Hepatocytes, as well as LPCs, isolated from Trp53-/- mice gave rise to 

tumours with the LPC-derived tumours derived displaying features of HCC and 

cholangiocarcinoma (62). Similarly, murine LPCs, hepatoblasts, and adult hepatocytes 

with oncogenic H-Ras and SV40 large T antigen expression also have the capacity to 

form tumours in immune-compromised mice (63). A seminal study by Shachaf et al. 

showed that liver specific overexpression of onco-protein MYC resulted in liver 

tumours. Following MYC inactivation tumours regressed and differentiated into 

hepatocytes and cholangiocytes suggesting the bipotent LPC was the cancer cell of 

origin (64). 

Lineage tracing experiments have also been used to characterise the HCC cancer stem 

cell. The Kaestner laboratory labelled hepatocytes or LPCs and subjected the mice to 

HCC-inducing models, diethylnitrosamine (DEN)/CCl4 and DEN/3,3’,5,5’-tetrachloro-

1,4-bis(pyridyloxy)benzene. Tumour nodules positively labeled in the mice with 

marked hepatocytes but not the LPC model suggesting that these hepatoxins lead to 

adenomas and carcinomas derived from hepatocytes that de-differentiate to express 

LPC markers (65). These results were reinforced by the lack of labeled HCCs from 

HNF1β labelled biliary cells following a DEN model of HCC (49). However, these 

studies did not use the CDE diet model or other chronic, LPC activating models that 

leads to LPC differentiation into hepatocytes (44). Only one laboratory has used a long 

term CDE model to trace cells to HCCs in three mice. The four resulting HCCs from 

OPN+ LPCs were not labelled indicating they were not derived from LPCs, nor were 

tumours observed following DEN or DEN+CCl4, DEN+CDE, and DEN+DDC liver 

injury regimes (66). Instead, tumours arose from labelled hepatocytes following similar 

treatments, including tumours with high expression of progenitor markers suggesting 

the resulting HCC hepatocytes dedifferentiated to acquire progenitor-like features. 

Periportal precursor hepatocytes, which express low levels of LPCs markers have 

recently been identified. These cells replace the damaged hepatocytes following chronic 

administration of CCl4, but neither these cells, nor LPCs, form HCCs in steatosis HCC 

models (67). The data generated by these early HCC lineage tracing studies implicate 

hepatocytes rather than LPCs as the cancer stem cell, however many of these studies 
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lack chronic liver injury models such as the CDE diet that more closely mimics the slow 

progression of liver cancer in patients. 

These models had other limitations. First, only 32% to 85% of CK19 cells were labeled 

(49, 65), suggesting insufficient labelling of LPCs in some experiments. Furthermore, 

the livers may not have been damaged adequately to ablate hepatocyte-mediated 

regeneration to optimally activate the LPC response. The injury model is also an 

important consideration: whether the hepatotoxin used is truly relevant to HCC chronic 

liver damage aetiologies in patients. Perhaps a model that activates LPCs in response to 

hepatocytic senescence rather than necrosis would affect outcomes. Future studies into 

the cell of origin will be critical to determine whether HCCs arise from dedifferentiated 

hepatocytes or LPCs, or both.  

The discrepancy between LPC prevalence in patient biopsies and rodent models may 

suggest that LPCs have different functions in the different species. The LPC niche also 

appears to extend further into the hepatic lobule in humans than rodents suggesting they 

may differ in their contribution to liver regeneration in different species (24, 68). 

Finally, while de-differentiated hepatocytes may be the cancer stem cell of some, if not 

most HCCs, it does not preclude that LPCs can transform to create a cancer stem cell 

population which hepatocytes are derived from nor that LPCs may be the cancer stem 

cell in HCCs that arise from only some aetiologies.  

1.3 MOLECULAR CHANGES ASSOCIATED WITH HCC 

In addition to understanding the cell of origin, it is critical to understand the underlying 

genetic lesions leading to tumorigenesis. Cancer is proposed to arise from normal cells 

that have developed advantageous genetic mutations or epigenetic alterations (69). An 

estimated three to eight alterations are required to malignantly transform human cells 

(70, 71), although fewer mutations are required for murine cell transformation (72). On 

average 40 genomic aberrations are detected in each HCC and hence more extensive 

investigations into the mutations which are driving HCC progression are needed to 

better understand its molecular basis (10).  

Recent genomic and epigenetic studies have identified common pathways frequently 

affected in HCC. Oncogenic pathways include the WNT/β-catenin, RAS/MAPK 

pathways, Hippo signalling, Telomerase, NOTCH, and chromatin remodelling 

mechanisms (73, 74). The tumour suppressor p53/cell cycle control pathway including 

CDKN2A is also commonly inactivated. The pathways affected are dependent on 
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aetiology, for example aflatoxin exposure is associated with a mutation in the Ser249 of 

p53 (75). The p53/ARF, RB/INK4A and WNT/β-catenin pathways are commonly 

affected regardless of the predisposing chronic liver disease (76). In 2015, Schulze et al. 

published results of whole-exome sequencing performed on 243 HCC samples that 

identified 11 pathways with frequently mutated genes including CTNNB1 (β-catenin), 

TP53 (p53), and TERT (Telomerase) (77). In this study the CDKN2A locus was mutated 

or deleted in 9% of HCCs making it the most frequently deleted gene. These 

observations are supported by a second genomic study that found a similar frequency of 

CDKN2A inactivation by deletion, mutation or methylation (78). In addition to genomic 

alterations, the CDKN2A gene is one of the most differentially methylated genes in 

HCCs (79, 80). Collectively, these data suggest that expression of the CDKN2A locus is 

important in preventing hepatocarcinogenesis.  

1.4 THE CDKN2A LOCUS 

The Cyclin dependent kinase inhibitor 2a (CDKN2A in humans and Cdkn2a in rodents) 

locus encodes two distinct tumour suppressor proteins, INK4A and an alternate reading 

frame (ARF). Ink4a is composed of exon 1α, exon 2, and exon 3 which all contribute to 

the primary sequence. The Arf transcript is transcribed from exon 1β, exon 2, and exon 

3, however only exon 1β and exon 2 are translated (81) (Figure 1.3). Due to different 

start codons and different reading frames of exon 2, ARF and INK4A do not share any 

protein sequence identity. This arrangement of two distinct proteins from common 

exons is unique and it is the only instance of such an organisation in the mammalian 

genome (82). 

CDKN2A is located at chromosome 9p21 in humans and on chromosome 4 in mice and 

is part of the INK4/ARF locus. In addition to CDKN2A, the INK4/ARF locus also 

encodes p15INK4B (henceforth INK4B), encoded by CDKN2B and a long non-coding 

RNA, Antisense Noncoding RNA in the INK4/ARF Locus (ANRIL). INK4B performs 

similar functions to INK4A in its absence (83). ANRIL is thought to provide a molecular 

scaffold for epigenetic silencing of the INK4/ARF locus (reviewed in 84), and is 

frequently associated with cardiovascular disease and diabetes (85). The focus of the 

work presented in this thesis is on ARF and INK4A.  

1.4.1 ARF 

Murine p19ARF has 169 amino acids while in humans, p14ARF contains 132 amino acid 

residues and they share 49% sequence identity (86). Both mouse and human ARF are  
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Figure 1.3 The CDKN2A Locus. 
The CDKN2A locus is composed of four exons and encodes two distinct proteins, p14ARF in 
humans or p19ARF in mice (ARF, red) and p16INK4A (INK4A, blue). INK4A is encoded by exon 
1α, 2, and 3. ARF is translated from by an alternate first exon 1β, and exon 2 resulting in an 
alternate reading frame of CDKN2A, producing a protein that shares no identity with INK4A. 
ARF and INK4A are transcribed from individual promoters. 
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Figure 1.4 Roles of ARF 
A) ARF is primarily located within the nucleolus where it binds to nucleophosmin (NPM). B) 
MDM2 ubiquitinates p53 causing its export from the nucleus and subsequent degradation. ARF 
binds to MDM2 and translocates it to the nucleolus, allowing p53 to activate transcription of its 
target genes. C) ARF interacts and sequesters other transcription factors (T.F.*) including c-
MYC, E2F, FOXM1, and CTBP2, preventing these factors from interacting with the DNA and 
activating transcription of their target genes. D) In addition to sequestering its binding partners 
to the nucleolus, ARF can interact with SUMO E2 conjugating enzyme, UBC9, and facilitate 
their SUMOylation. Within the nucleolus, ARF can inhibit ribosomal RNA (rRNA) processing 
by inhibiting the endoribonuclease activity of NPM (E), or by preventing the nucleolar 
translocation of RNA polymerase 1 transcription termination factor (TTF-1) (F). G) 
Topoisomerase (TOPO) loosens the DNA to aid in transcription. ARF can bind to genes 
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encoding rRNA to enhance TOPO’s ability to induce DNA breaks, leading to cell cycle arrest. 
H) Small mitochondrial ARF (smARF) is located primarily in the mitochondria where it 
interacts with p32. Accumulation of smARF within the mitochondria disrupts the mitochondrial 
membrane potential, leading to mitochondrial autophagy. I) Cytoplasmic ARF prevents 
BCL2/BCLXL from interacting with Beclin1. The release of Beclin1 induces autophagy within 
the cell independently of p53. 

 

composed of 20% arginine residues but are predominantly hydrophobic, suggesting that 

ARF needs to interact with other molecules to be structured at physiological pH (87). 

ARF is thought to promiscuously bind many targets (reviewed extensively in 88), and is 

predominantly located in the nucleolus where it is stabilised by binding to 

nucleophosmin (NPM) (89) (Fig. 1.4A). The tumour suppressor activity of ARF was 

first noted with respect to the potent tumour suppressor, p53. Encoded by TP53 in 

humans or Trp53 in mice, p53 is a transcription factor activated in response to DNA 

damage, hypoxia, or cell cycle abnormalities.  

Active p53 can induce cell cycle inhibitors, DNA repair enzymes, and apoptotic agents 

(reviewed in 90). p53 also activates a negative feedback loop through one of its target 

genes, MDM2. MDM2 contains an intrinsic E3 ubiquitin ligase which adds a single 

ubiquitin to p53 resulting in its relocation to the cytoplasm and subsequent proteasomal 

degradation (91-93). ARF indirectly stabilises p53 by interacting with MDM2, 

inhibiting its enzymatic domain, and relocating it to the nucleolus, thus preventing 

MDM2 stimulated p53 degradation (94-97) (Fig. 1.4B). Similarly, ARF represses ARF-

BP1, which ubiquitinates p53 in the absence of MDM2 (98). 

ARF has p53-independent tumour suppressor functions. These roles predominantly 

involve ARF sequestering pro-proliferation/proto-oncogenic transcription factors to the 

nucleolus thereby inhibiting their ability to bind DNA. For example, ARF sequesters 

the transcription factor FOXM1 to the nucleolus, inhibiting FOXM1 from activating 

transcription of genes required for cell cycling (99). ARF interacts with the amino 

terminal of c-MYC (100), E2Fs (101), CTBP2 (102), and NF-κB (103) (Fig. 1.4C). 

E2Fs are involved in cell cycle progression, CTBP2 stimulates cell migration and 

epithelial-to-mesenchymal transition (EMT), whereas NF-κB and c-MYC have wide-

ranging roles including pro-mitotic or apoptotic affects. In addition to sequestering its 

binding partners to the nucleolus, ARF facilitates their SUMOylation through 

interactions with SUMO E2 conjugating enzyme, UBC9 (104) (Fig. 1.4D). Small 

ubiquitin-like modifiers (SUMOs) can effect protein function by tagging the proteins 
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for degradation or conversely, preventing ubiquitination, blocking protein-interaction 

domains, altering conformation, or cellular location (reviewed in 105). ARF 

SUMOylation targets include MDM2, E2F (104), NPM (106), and HIV-1 trans-

activating regulatory protein (107). Although the effects of SUMOylation on ARF’s 

binding targets are unknown, it has been suggested that SUMOylation is critical for 

ARF’s p53-independent tumour suppressor abilities (106).  

The location of ARF in the nucleolus suggests that it may contribute to ribosomal RNA 

modifications before ribonucleoprotein assembly. Sugimoto et al. observed ARF 

inhibited the processing of the 47/45S and 32S ribosomal RNA (rRNA) precursors 

independently of p53 (108). This activity may occur through NPM as ARF inhibits its 

endoribonuclease activity (109) (Fig 1.4E). ARF also inhibits the RNA polymerase 1 

transcription termination factor, TTF-1, which is necessary for transcription and 

processing of rRNA, by covering its nucleolar localisation domain and preventing it 

from interacting with NPM as well as rRNA (110) (Fig 1.4F). ARF interacts directly 

with the chromatin of ribosomal DNA to increase TOPO1’s ability to loosen the DNA 

and induce breaks in it to stimulate cell cycle arrest (111). These functions of ARF 

provide a link between cell cycle progression and ribosome biogenesis. 

The discovery of a truncated ARF protein (accounting for 1-5% of the total ARF 

protein) implicated an additional tumour suppressive role for ARF. This unstable 

isoform is translated from an internal methionine within the ARF transcript then 

localises to the mitochondria where it interacts with and is stabilised by p32 (also 

known as gC1qR) (112) (Fig 1.4G). This truncated isoform is thus referred to as small 

mitochondrial ARF (smARF) (113). The smARF protein lacks the N-terminal residues 

required for nucleolar localisation and interaction with MDM2, NPM, and rRNA 

processors (113). Accumulation of smARF disrupts the mitochondrial membrane 

potential independently of p53, BCL-2, and BCl-XL and induces degradation of 

mitochondria, in a process known as mitochondrial autophagy (113).  

Autophagy or “self-eating” is the process where cytosolic or membrane-bound 

components fuse with the lysosome to recycle amino acids and generate ATP during 

metabolic stress. Autophagy impedes the initiation of tumours and is therefore 

considered a “tumour suppressive” pathway (reviewed in 114). There is some debate 

regarding the putative role of full length ARF in autophagy. It has been suggested that 

smARF induces autophagy of the mitochondria, whereas full length ARF can induce 
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cellular autophagy (115). Whether ARF-induced autophagy is independent of p53, 

which activates autophagic pathways in response to cellular stress, is unclear (reviewed 

in 116). Multiple laboratories have shown cytoplasmic but not nuclear or nucleolar ARF 

can induce autophagy by interacting with BCL-XL triggering BCL-XL to release 

autophagic inducing Beclin-1 (117, 118).  

The numerous functions of ARF in controlling cellular growth emphasise its importance 

in maintaining cell homeostasis and preventing cell transformation. 

1.4.2 INK4A 

INK4A (p16INK4A) is an ankyrin-repeat protein that inhibits CDK 4 and 6 (119). For the 

cell cycle progression from G1 to S phase, Cyclin D1 must associate with and activate 

CDK4/6 (Fig. 1.5A). CDK4/6 subsequently hyperphosphorylates RB (and other pocket 

protein family members p107 and p130), allowing it to release the E2F transcription 

factors (reviewed in 120, 121). E2Fs are then available to activate transcription of genes 

involved in G1 to S phase transition (reviewed in 122). INK4A inhibits CDK4/6 activity 

by preventing cyclin D1 from binding CDK4/6. In turn, RB remains 

hypophosphoryated and bound to E2F preventing cell cycle progression (121, 123). As 

a negative regulator of cell cycle progression, INK4A is intimately associated with 

senescence and apoptosis in the context of development, differentiation, and cancer 

(reviewed in 124).  

While INK4A is predominantly known as an inhibitor of CDK4/6, INK4A also has RB-

independent functions. INK4A mediates the inhibition of VEGF, a factor critical for 

angiogenesis (125). Mechanistically, INK4A complexes with and inhibits the 

transcriptional activator HIF1α thereby preventing transcription of VEGF (126) (Fig. 

1.5B). Although mostly found in the nucleus, cytoplasmic INK4A disrupts RAS-JNK-c-

Jun signalling following ultraviolet irradiation by binding to JNK 1/3 thereby blocking 

JNK’s ability to phosphorylate c-Jun as part of activation of the AP-1 transcription 

complex (127) (Fig. 1.5C). The levels of reactive oxygen species (ROS) were decreased 

following induction of INK4A in fibroblasts independently of RB, suggesting that 

INK4A may regulate intracellular oxidative stress through JNK3 inhibition, however 

the mechanism remains unknown (128). Ectopic levels of INK4A localised to the 

cytoplasm also induced cell migration in murine HCC cells and HepG2 cells 

independently of CDK4 and CDK6 through Cdc42 GTPase and Rho-GTP signalling 

(129) (Fig. 1.5D), suggesting a pro-tumorigenic role of INK4A. These CDK4/6-  
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Figure 1.5 Roles of INK4A 
A) Following activation by Cyclin D, CDK4/6 phosphorylates RB causing RB to release the 
E2F transcription factor. E2F activates transcription of genes necessary for cell cycle 
progression. INK4A inhibits CDK4/6 interaction with Cyclin D, thus preventing RB from 
releasing E2F. B) HIF1α activates transcription of VEGF. INK4A binds to HIF1α and prevents 
it from interacting with its target genes including VEGF. C) INK4A accumulation within the 
cytosol can be induced by ultra violet (UV) irradiation. Cytoplasmic INK4A prevents JNK1/3 
from phosphorylating c-Jun which is necessary for c-Jun to dimerise with a Fos family protein 
to form a AP1 complex, translocate to the nucleus and activate transcription of target genes. D) 
Cytoplasmic INK4A accumulation leads to enhanced cell migration through Cdc45 
GTPase/Rho-GTP signaling although the exact mechanism is unknown.
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independent functions indicate INK4A may have additional roles in cell homeostasis 

and transformation that are yet to be elucidated. 

 

1.4.3 Regulation of ARF and INK4A 

As ARF and INK4A can inhibit cell division and induce senescence their cellular 

abundance is tightly regulated. The regulation of ARF and INK4A is multifaceted and 

controlled by their transcriptional activation and rapid degradation. While broad, this is 

not an exhaustive review of the regulation of these two tumour suppressor proteins and 

is intended to focus on more recent advances in the field. The following reviews 

provide a more detailed analysis (88, 130, 131). 

1.4.3.1 Transcriptional regulation 

Expression of ARF and INK4A is coordinated primarily through epigenetic regulators 

and differentially regulated by their individual promoters (132). Transcription of 

CDKN2A is induced by sustained expression of mitogenic factors, reflecting the 

importance of ARF and INK4A as tumour suppressors mitigating uncontrolled cell 

growth. For example, overexpression of MYC activates ARF and INK4A transcription 

(133-136) (Fig. 1.6). Similarly, RAS signalling promotes transcription of ARF and 

INK4A through various effectors such as DMP1, ETS2, or activating protein (AP1) 

complexes (137-141). The combination of Jun and Fos family proteins that compose the 

AP1 complex, controls whether ARF or INK4A are activated or repressed (138, 141) 

(Fig. 1.6). ARF transcription is also activated by additional oncogenic signals including 

E2F (101, 142), and adenovirus E1A (143). For example, ARF can be induced through 

the Poly (ADP-ribose) polymerase 1 (PARP1) signalling pathway in an E2F-dependent 

manner to limit proliferation following DNA damage (144). Alternatively, pro-

proliferative T-box protein, TBX3, suppresses ARF activation (145). Regulation is 

carefully monitored by feedback mechanisms in these pathway, for instance, ARF is 

activated in by MYC and E2F, two transcription factors it inhibits. Conversely, p53, 

which is stabilised by ARF, inhibits ARF transcription (146), and ARF indirectly leads 

to increased abundance of CDC6, a global repressor of the CDKN2A locus (147). 

In addition to mitogenic signalling, INK4A is induced to limit cell cycle progression and 

stimulate senescence in response to aging and damage. High cellular concentrations of 

ROS activate INK4A transcription through p38SAPK (SAPK) signalling (128). 

Transcription factors commonly associated with senescence ETS1/2, and E47, also 
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activate INK4A transcription (139, 148), and are antagonised by ID1 (148, 149). 

Circadian clock PERIOD proteins complex with transcription factor NONO to stimulate 

INK4A expression to regulate cell proliferation at defined times (150). Pathways critical 

in development and proliferation such as β-catenin and Hedgehog signalling inhibit 

activation of INK4A through the effector proteins WNT and GLI2, respectively (151, 

152). 

Epigenetic modifications also play a central role in the regulation of the CDKN2A locus. 

Transcription of the GC-rich CDKN2A locus is frequently inhibited by methylation of 

CpG islands within the promoters and exons by DNA methyltransferase (153-155). 

Polycomb group proteins such as BMI1 and EZH1 form Polycomb repressive 

complexes that can interact with the CDKN2A locus using the antisense lncRNA ANRIL 

as a tether to methylate and/or ubiquitinate histones and suppress CDKN2A 

transcription (156-161). These complexes can also be recruited to repress the entire 

INK4/ARF locus through CDC6, which binds to a conserved DNA element that doubles 

as a replication origin downstream of CDKN2B (162) (Fig. 1.6). Alternatively, 

transcription factors including ZFP277, homeobox proteins, and p53 aid in the 

recruitment of polycomb proteins and histone deacetylases to suppress transcription of 

the locus (163-165). Transcription can also be epigenetically activated, namely by 

histone acetyltransferases including p300/CBP (166), and histone lysine 

demethyltransferases such as JMJD3 (167).  

Recently microRNAs (miRs) have emerged as regulators of ARF and INK4A 

abundance. For example, miR-24 silences ARF and INK4A by binding to the 3’- 

untranslated region to prevent their translation (168, 169).  

1.4.3.2 Degradation and post-translational modifications 

ARF, INK4A, and smARF have relatively short half-lives to prevent accumulation and 

unnecessary cell cycle arrest in normal cells (146, 170, 171). Despite not having lysine 

residues (murine ARF has one), human ARF and INK4A are subject to N-terminal 

amine ubiquitination or acetylation and can be degraded by REGγ. This proteasome 

activator also degrades other cell cycle inhibitors including p21CIP1 and p27KIP1 (172-

174). ARF is also targeted by proteasome-mediated degradation by the ubiquitin ligase 

for ARF (ULF) (175). ULF activity is blocked when ARF is in complex with c-Myc, 

NPM, or nucleostemin (NS), a nucleolar GTPase involved in pre-RNA processing (175, 

176). Although MDM2 was not originally thought to affect ARF degradation (172),  
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Figure 1.6 Transcriptional Regulation of ARF and INK4A. 
CDKN2A is part of the INK4/ARF locus, which also encodes INK4B and Antisense Noncoding 
RNA in the INK4/ARF Locus (ANRIL). Transcription of the INK4/ARF locus is regulated by 
transcriptional and epigenetic activators (green) and repressors (purple). ARF is activated by 
E1A, E2F, activating protein complex (AP1) containing c-JUN, β-catenin signalling through 
WNT, MYC, Poly ADP ribose polymerase (PARP1) and RAS signalling through effector 
cyclin D-interacting Myb-like protein (DMP1). Transcription of INK4A is induced by ETS1 and 
2, AP1 complexes when JUNB, PERIOD proteins complexed with non-POU domain-
containing octamer binding protein (NONO), RAS and p38 stress-activated protein kinase 
(SAPK). p53 and T-box transcription factor 3 (TBX3) repress transcription of ARF, AP1 
complexes containing c-JUN, WNT, ID1, Hedgehog (Hh) signalling effector, GLI2, and MYC 
inhibit INK4A transcription.  
Cell division cycle 6 (CDC6) binds to the regulatory domain of the INK4/ARF locus and 
recruits epigenetic repressors. Epigenetic regulators including histone acetyltransferases 
p300/CBP, and histone lysine demethyltransferase jumonji domin containing 3 (JMJD3) 
activate transcription of the INK4/ARF locus. DNA methyltransferases (DNMT), ZBP-89 in 
conjunction with histone deacetylase 3 (HDAC3), and Polycomb Repressive Complexes (PRCs) 
with BMI1 and EZH2 tighten chromatin resulting in repressed transcription. 
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overexpression of MDM2 leads to ARF degradation by facilitating an interaction 

between ARF and the proteasome (177). The half-life of smARF is approximately 6-

fold less than full length ARF and it is targeted for proteasomal degradation until it is 

through oxidative stress response pathways although the specific mechanism is 

unknown (178). Knowledge of the regulation of ARF, INK4A, and smARF is still 

accumulating, demonstrating the complex and intricate measures adopted by cells to 

maintain the optimal levels of these potent tumour suppressors.  

1.4.4 ARF and INK4A in aging and cancer 

The expression of ARF and INK4A increases in aging tissues as the number of 

senescent cells increases. In mice, the average abundance of Arf and Ink4a mRNA 

increased 3.5 - and 3-fold, respectively in 28-months, compared to three-month-old 

mice (179), with expression of Ink4a increasing exponentially (180). Enhanced 

abundance of INK4A and ARF with age is thought to be due to relaxed suppression by 

CDKN2A transcriptional repressors including β-catenin, GLI2, TBX3, and BMI1 (152, 

181), as well as enhanced ROS and senescence-promoting pathways (163). 

Correspondingly, BubR1H/H mice used to model premature aging, that also lacked Ink4a 

showed increased longevity and reduced muscle decay. Interestingly, these Ink4a-

deficient BubR1H/H mice also developed malignancies, including sarcomas, lung, and 

liver cancers (182). Further highlighting the importance of the CDKN2A locus, a meta-

analysis of 372 genome-wide association studies identified single nucleotide 

polymorphisms in the INK4/ARF locus that were significantly enriched in age-

associated diseases, including cancer (85).  

The tumour-suppressive functions of ARF and INK4A are further demonstrated by their 

frequent loss in malignancies. ARF expression is ablated in over 20% of colorectal, 

gastric, and oesophageal cancers (183). The loss of ARF is primarily attributed to 

hypermethylation of CpG dinucleotide islands within the ARF promoter preventing its 

transcription (146). Perturbations to INK4A are second only to p53; approximately 50% 

of cancers have decreased INK4A expression primarily due to homozygous deletions, 

loss of heterozygousity, or promoter methylation (184). Melanoma and pancreatic 

cancer are most commonly associated with the loss of INK4A (120). Mice deficient in 

Arf and/or Ink4a are prone to cancer development within 6 to 12 months of age (122, 

185-187). Consequently, mice with a transgenic third copy of Arf and Ink4a (“super 

Ink4a/Arf") are more resistant to tumour development following exposure to various 

carcinogens (188).  
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Intriguingly, senescence is intimately related to cancer formation. In response to 

oncogenic signalling in pre-cancerous neoplasms, cells may activate a stress response; 

termed ‘oncogene induced senescence’, to suppress tumour formation. Both ARF and 

INK4A can be activated in pre-cancerous legions to perform this function (189, 190). In 

support of this, a mouse model with Ink4a promoter-driven luciferase expression, 

indicates that Ink4a is activated in pre-cancerous neoplastic growths (180). Similar 

observations were made with ARFGFP/GFP;Eμ-Myc mice (Myc expression is driven by the 

Ig heavy-chain promoter to model Burkitt’s lymphoma), which showed activation of 

ARF in early malignancies (191). In summary, ARF and INK4A abundance increases in 

tissues as they age, preventing tissue renewal. ARF and INK4A are activated to prevent 

uncontrolled growth and induce senescence in neoplasms and if lost, the neoplasms can 

become malignancies.  

1.5 ARF AND INK4A IN THE LIVER 

1.5.1 CDKN2A in liver homeostasis 

ARF and INK4A are expressed at low levels in fetal liver, and their abundance 

increases with age (192). Krishnamurthty et al. observed a 29.4-fold increase of Ink4a 

mRNA in aged mice relative to young mice. Arf transcript abundance was also 

enhanced by 2-fold (179). Therefore, the induction of ARF and INK4A suggest an 

increase of senescent cells in older livers. As such, hepatocytes from aged mice with 

increased ARF and INK4A expression are less capable of liver regeneration than cells 

extracted from younger mice (193). Increased INK4A expression is also associated with 

hepatocyte polyploidy in aging mice (193).  

Chronic liver damage can also lead to accumulation of ARF and INK4A. INK4A 

expression is often enhanced in patients with liver cirrhosis thought to be due to 

enhanced ROS (194). Similarly, Chen et al. show that Arf and Ink4a transcript 

abundances are increased 81- and 5-fold respectively in rats with cholangiofibrosis and 

persistent metaplasia induced by Furan treatment (195). This ARF and INK4A 

induction may also be part of the wound healing response to limit injury exacerbation. 

For example, stellate cells expressed senescent markers including INK4A following 

CCl4 treatment along the fibrotic scar. Cdkn2a-/- mice subjected to the same treatment 

showed less senescence and increased fibrosis relative to wild-type mice suggesting 

activated stellate cells continued to produce fibrotic material in an unchecked manner 

(196). Hepatocytes express INK4A in response to mitogenic signalling and undergo 
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oncogene induced senescence, in part to secrete cyto- and chemokines to stimulate their 

clearance by immune cells (189). Therefore, increased expression of senescent markers 

such as INK4A and ARF in the liver are frequently observed in response to chronic 

injury as well as aging.  

1.5.2 CDKN2A alterations in primary liver cancer 

As described in section 1.3, the CDKN2A locus is one of the most frequently deleted 

and methylated genes in HCCs. A sizeable number of clinical studies have assessed the 

expression CDKN2A in patients with HCC. Some of these are outlined in Table 1.1 

along with more recent studies. Whole exome sequencing of 243 HCCs revealed that 

CDKN2A was the most frequently deleted gene and it was mutated or deleted in 9% of 

HCCs (77). This rate was increased to 61% in a study conducted in South Korea (197); 

however, it was only 5.9% in a cohort of Spanish patients (198). Loss of 

heterozygousity (LOH) is also observed in tumours as well as the surrounding tissue 

(197-199), indicating alterations to CDKN2A are early events in transformation. These 

associations led to the inclusion of microsatellites surrounding the CDKN2A locus in a 

panel of markers including p53, MYC, PTEN, and APC, used to accurately assess the 

likelihood of HCC recurrence following a liver transplant (200).  

Although deletions in CDKN2A are common in HCC, perhaps of greater importance is 

the frequency of hypermethylation of the CDKN2A locus. ARF is significantly 

hypermethylated in HCC tissue relative to adjacent normal tissue (201), although less 

frequently than INK4A. This observation was validated by a meta-analysis of 630 HCC 

cases that confirmed the correlation between ARF methylation and HCC (202). 

Methylation of ARF was also detected in patients with cirrhosis, although it was a more 

common occurrence in HCC tissue (203), and in patients with hepatitis infections than 

those not infected (201). Methylation of ARF was also closely related to ethnicity, with 

methylation in Chinese patients more closely associated with hepatocarcinogenesis than 

Western patients. However, differences in methylation may also be due to different 

aetiologies (203).  

Hypermethylation of the CDKN2A locus corresponds with decreased INK4A mRNA 

abundance and undetectable INK4A protein by immunohistochemistry (204, 205). A 

meta-analysis, based upon 744 cases including some of the studies described in Table 

1.1 concluded that INK4A methylation was significantly increased in patients with HCC 

(206). Cirrhotic livers also displayed increased INK4A methylation compared to 
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corresponding normal livers, although not to the extent observed in HCCs (154, 203, 

206-209). CDKN2A methylation was more common in patients infected with HBV and 

HCV (154, 201, 205, 210, 211), so much so that the level of infection correlated with 

the degree of INK4A methylation (208, 210). Mechanistically, the HBV and HCV core 

proteins mediate INK4A promoter hypermethylation to suppress INK4A-mediated 

cellular/oxidative senescence (212-214), and trigger carcinogenesis (reviewed in 215). 

Ko et al. found a correlation between INK4A methylation and poor prognosis in patients 

with HCC (216). However, no association with clinicopathological characteristics or 

prognosis were observed in another cohort of patients studied (198). 

Collectively, these studies indicate a strong correlation between loss or decreased 

expression of ARF and/or INK4A and HCC. It has also been suggested that patterns of 

methylation are correlated with the rate of HCC development, i.e., higher levels of 

methylation lead to expedited HCC development (217). Similarly, cell lines derived 

from six Korean liver cancer patients with INK4A methylation were treated with the 

non-specific DNA demethylase, 5-azacytidine, resulting in reactivation of INK4A 

transcription, cell cycle arrest and in some cases, terminal differentiation (218). The rate 

of CDKN2A deletion varies and may be due to specific geographical locales. For 

example, Korean studies report higher levels of deletions than studies conducted in 

Taiwan and Japan (219). Other factors including aetiology, as well as sensitivity of 

detection method may account for differences in reported methylation and deletion 

frequencies (219). 

Alterations of CDKN2A are observed in other types of liver cancer including 

cholangiocarcinoma, although at lower frequencies. Mutations in the INK4A promoter 

and first exon were observed in 50% of patients with primary sclerosing cholangitis 

(PSC), a chronic inflammatory condition that predisposes patients to 

cholangiocarcinoma. The frequency of promoter mutations increased in patients with 

PSC-associated cholangiocarcinoma (220). LOH of the CDKN2A locus was observed in 

62% of cholangiocarcinoma cases. Furthermore, ARF and INK4A were hypermethylated 

in 40% and 28% of these cases respectively (221). However, a study that utilised mass 

spectrometry to assess mutations determined that CDKN2A and TP53 were mutated in 

less than 5% of cases analysed (222). Like HCC, differences in CDKN2A alterations 

may be associated with different aetiologies. Additionally, technological advancements 

have enhanced the sensitivity of the detection methods (219).   
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Table 1.1 Comprehensive list of Cdkn2a methylation in patients with HCC 

Country 
Sample 

Description Method Results (INK4A) Results (ARF) Reference 

Australia 
and 

South 
Africa 

Aus: 37 HCC, 
SA: 21/24 
HBV+ and 
Aflatoxin 

LOH, MSP and 
DNA 

sequencing 

LOH: CDKN2A 83% 
(SA) and 59% (Aus) 
Methylated: 25% SA 

and 32% Aus 

Methylation: 37% SA 
and 46% Aus 

(199) 

China 
44 HCC, 54 

HBV 

Bisulfite 
conversion 
sequencing 

Methylated: 
HCC: 70.5% 

HVB+HCC: 96.6% 
CL: 36.6%, 

HVB+ CL: 93.3% 
Noncancerous: 4/44 

- (211) 

China 20 HCC 
Northern blot, 

MSP 

mRNA decreased in 
60% HCC 

Methylated: 23% HCC 
More methylation in CL 

than normal/fibrotic 

- (207)* 

China 
88 HCC, 30 
from HBV 

patients 
MSP Methylated in 70.5% 

Methylated: 
HCC: 34.1%, 
HBV: 93% 

(201) 

China 87 HCC 
Pyrosequencing, 

RT-PCR 
- 

Methylated: 
HCC: 43.56+-3% 
Adjacent tissue: 
20.50+-0.67% 

(223) 

China 
23 HVB-

associated HCC 

qPCR for 
infection level 

and MSP 

Methylated: 48% HCC 
17% Adj. 

- (208) 

Hong 
Kong 

48 HCC, HVB+ 
(45/48 cases 

studied) 

MSP, DNA 
sequencing, 

LOH 

Methylated: HCC: 
62.5% Adj. normal 

tissue: 12.5% 
HCC: Del. 10.4%, 

Mut. 6.3% 

- (224)* 

Italy 

33 HCC with 
cirrhosis, 60 

with HVC, 18 
with HVB 

MSRD and 
MSP 

Methylated: 
HCC: 82%, CL: 39% 

Methylated: 
HCC: 35%, 

CL: 18% 
(203) 

Japan 
50 HCCs and 
corresponding 

normal 

MSP, qPCR and 
IHC 

Methylated: HCC: 58% 
CL: 15%, 

Normal/fibrotic: 0%, 
HCC: 42% protein by 

IHC 

- (154) 

Japan 
60 HCC (18% 
HVB+, 73% 

HVC+) 
IHC, MSP 

IHC: 48.3% HCC 
INK4A- 

Methylated: 82.7% 
HCC 

Mut. Or Del.: 6.7% 

- (205) 

Korea 

20 HCC (12 
with cirrhosis, 

13 HBV, 
1 HCV) 

Genomic PCR 
and MSP 

Del. in 30% 
Methylated in 35% 

Deleted in 20% (204) 

Korea 

265 patients 
surgical 

resection (no 
HVC) 

MSP Methylated in 67% 
Methylated in 

6% 
(216) 

South 
Korea 

41 primary 
HCC 

Multiplex PCR 
HCC LOH 51% 

HBV+HCC: del. 61% 
- (197) 

South 
Korea 

24% HCC all 
HBV positive 

Microdissected 
DN and CN 
surrounds 

HCCs, MSP 

Methylated: CN: 62.5% 
DN: 70.2% 

HCC from within DN: 
83.3% 

- (210) 

Spain 
30 patients (67 
HCC nodules) 

MSP 

Methylated: 56.7% 
23 patients had multiple 

nodules that did not 
have the same 

methylation patterns 

Methylated in 43.3% 
 

(225) 

Spain 
117 HCC 

tumour nodules, 
LOH, single 

strand 
LOH: HCC: 27.3%, 
10% non-tumour, 

Methylated: 
HCC: 41.9% 

(225)  
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110 adj. normal conformation 
polymorphism, 

CR, MSP 

Homozygous del. 5.9% 
HCC, 

Mut: 3.4% HCC 

Non-tumour: 19.1% 

Not 
specified 

34 HCC, 34 CL MSP 
Methylated: 

HCC: 76%, CL: 24% 
- (209) 

* - included in meta-analysis studies, Adj. - Adjacent, Aus - Australia, CL - cirrhotic liver, CN - 
cirrhotic nodule, del - deletion, DN - dysplastic nodule, HCC - Hepatocellular carcinoma, HVB 
- Hepatitis virus B, HVC - Hepatitis virus C, LOH - Loss of heterozygosity, MSP - Methylation 
specific PCR, MSRD - Methylation specific restriction digest, mut - mutation, SA - South 
Africa. 

 

Fewer studies have assessed the methylation of the CDKN2A in other liver cancers. Of 

25 benign epithelial cell adenomas, ARF and INK4A hypermethylation were observed in 

three (12%) and six (24%) cases, respectively (226). ARF was expressed in normal and 

tumour tissue of 14 patients with hepatoblastoma (227). Conversely, INK4A was not 

detected in either tissue, perhaps because it has yet to be enhanced by aging in the 

patients with this childhood cancer.  

These clinical observations are reflected in rodent studies, which also show that the loss 

of Ink4a or Arf expression frequently occurs in the early development of liver cancers. 

In rats, TAA/DEN models of carcinogenesis revealed Ink4a mRNA is expressed in 

fibrotic and cirrhotic liver but Cdkn2a became hypermethylated in early foci and the 

resulting tumours did not express Ink4a (228, 229). The hypermethylation of Ink4a was 

also observed in neoplastic foci induced by DEN treatment in conjunction with tumour 

promoting agents fenbendazole or PB in rats and mice (229, 230), and rats treated with 

a tobacco carcinogen; 4-methylnitrosamine-1-(3-pyridly)-1-butanine (231). INK4A 

protein was also not detected in precancerous lesions and tumours resulting in the 

Apohomo mouse model of β-catenin induced liver cancer (56). LOH of chromosome 4 at 

the Cdkn2a locus was observed in 21.6% of HCC resulting from c-MYC (232). 

Furthermore, mice that overexpress Ink4a in the hepatocytes were treated with 

hepatotoxin nodularin to induce large foci of pre-neoplastic cells. These foci did not 

express Ink4a suggesting that Ink4a is silenced early in the carcinogenesis process (35). 

Collectively, these data lead to the hypothesis that neoplastic legions must overcome 

induced senescence which can be achieved by suppression of the Cdkn2a locus. This 

hypothesis is supported by the observation that intrahepatic delivery of plasmids 

encoding oncogenic Nras induces neoplastic hepatocytes that undergo oncogene 

induced senescence and are cleared by immune cells (189) (Fig. 1.7). When Nras 

expressing plasmids were injected into Arf -/- mice, invasive HCCs were observed more 
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rapidly than in wild-type mice (189) suggesting that the lack of Arf eliminated a growth 

inhibitory step. Similarly, Brown Norway rats, a strain thought to be genetically 

resistant to HCC, developed more pre-neoplastic foci, which overexpress Ink4a but 

fewer progressed to HCCs when exposed to an AAF regime compared to non-resistant 

strains (233) (Fig. 1.7).  

Few studies have directly evaluated the role of Arf or Ink4a in the hepatocarcinogenesis 

process. Systemic Arf -/- and Ink4a-/- mice suffer early generation of cancers including 

sarcomas, lymphomas, and melanomas (185-187), complicating the study of liver 

cancer causation. Studies assessing the role of ARF and INK4A in liver carcinogenesis 

have been undertaken in conjunction with an oncogene, loss of another tumour 

suppressor, and/or liver injury model. For example, over expression of oncogene 

FOXM1b in Arf -/- mice expedited HCC development following DEN/PB treatment, 

increased fibrosis, and induced more metastatic tumours than mice with overexpressed 

FOXM1b or Arf -/- alone (234). A peptide that mimics the 26th-44th residues of ARF, 

sequestered FOXM1b in the nucleolus, inhibited its function and decreased the size of 

HCC tumours clearly demonstrating ARF’s tumour suppressive properties in 

hepatocarcinogenesis (234, 235). Additionally, a polyoma virus middle T antigen model 

of HCC in Albumin-Cre; Trp53fl/fl mice has been used to model metastatic HCC (236). 

The loss of Cdkn2a in this model accelerates tumour development and enhanced 

metastases. Similarly, ARF knock down in murine HCC cell lines increased cell 

invasion in vitro (237). Collectively, these studies suggest that the loss of Cdkn2a 

expedites hepatocarcinogenesis in conjunction with other pathways, but the individual 

impact of ARF and INK4A was not assessed.  

The p53 and RB pathways, regulated by ARF and INK4A, are clearly implicated in 

liver carcinogenesis. Mice with liver specific deletion of Rb and its family members 

(p107 and p130) developed HCC within three to four months of Cre recombinase 

induction (238). Similarly, HCC-like liver tumours were observed in liver specific 

Trp53-/- mice at 14-20 months of age without addition of a carcinogenic regime (62). 

The Jacks laboratory also observed that the deletion of Trp53 and Pten by 

CRISPR/Cas9 delivered through tail vein injection gave rise to cholangiocarcinomas 

after three months (239). The liver specific deletion of both Trp53 and Rb significantly 

accelerated tumorigenesis following DDC diet administration than the deletion of either 

gene alone (240). The tumours from the Trp53-/-;Rb-/- mice were also undifferentiated 

whereas the single knock out animals grew well differentiated HCCs.  
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Figure 1.7 Cells lose ARF and INK4A to overcome oncogene-induced senescence to 
develop HCC. 
Following chronic injury, hepatic cells acquire traits to aid in the regeneration of the liver. 
Dysregulated regeneration leads to hyperplastic nodules. However, the mitogenic signalling 
simulates expression of cell cycle regulators, including ARF and INK4A, to promote oncogene-
induced senescence. If cells can suppress ARF and INK4A abundance and overcome the 
oncogene induced senescence, the hypertrophic cells can continue cycling and acquire more 
mutations resulting in dysplastic nodules. The nodules continue to grow and acquire additional 
mutations leading to early stage carcinomas and eventually HCC or CC.   
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Many of these models also show indications that the tumours arising from Cdkn2a 

tumour suppressor pathways were derived from LPCs. Early stage foci arising in 

Rbfl/fl;p107-/-;p130fl/fl mice consisted of small, ovoid cells that expressed the LPC marker 

SOX9 (238). Analysis of the resulting HCC’s transcriptomes revealed the Rbfl/fl tumours 

associated most closely with clinical HCCs with INK4A methylation. Furthermore, 

tumours arising in Albumin-Cre; Trp53fl/fl;Cdkn2afl/fl mice treated with polyoma virus 

middle T antigen developed tumours with features of HCC, cholangiocarcinomas and 

hepatocellular cholangiocarcinomas, suggestive of a LPC cancer stem cell (237). 

Finally, mice that overexpression of INK4A in hepatocytes resulted in a ductular 

response. Following nodularin treatment, mice develop neoplastic foci that do no 

express Ink4a suggesting that Ink4a has been silenced and/or these foci originate from 

the LPCs (35).  

Clinical observation as well as mouse models indicate silencing of CDKN2A as a 

common modification in liver carcinogenesis. Limited animal models highlight that 

alterations in the p53/ARF and RB/INK4A pathways are associated with expedited liver 

cancer development, often with an enhanced metastasis. These results predict that ARF 

has a significant role in suppressing hepatocarcinogenesis, particularly HCCs derived 

from LPCs. Therefore, alterations of the Cdkn2a locus which would affect both the p53 

and RB pathways may be more detrimental than removing Trp53 and Rb alone. 

1.5.3 CDKN2A and LPCs 

Knowledge regarding the role of CDKN2A in LPCs is limited. In vivo, INK4A was 

more highly expressed in the proliferating, ductular epithelial cells (likely LPCs), than 

surrounding tissue (199). Isolated embryonic LPCs (hepatoblasts) as well as adult 

hepatocytes expressed Arf and Ink4a (241, 242). Interestingly, ARF and INK4A may 

have a putative role in LPC differentiation. Bmi1-/- LPCs with enhanced Arf and Ink4a 

abundance, expressed fewer bipotent cell markers (CK7+ and Albumin+) compared to 

wild-type LPCs (158). Furthermore, the TBX3 suppresses Arf transcription to enhance 

hepatocytic differentiation in cultured embryonic LPCs (145). De-repression of Arf not 

only decreased LPC proliferation but also enhanced differentiation along the 

cholangiocyte lineage (145). Therefore, the suppression of the CDKN2A locus may 

result in altered differentiation potential of these cells. 

While the findings described in Section 1.5.2 suggest that HCCs with altered ARF and 

INK4A pathways may be derived from LPCs, few have studied the role of CDKN2A in 
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LPC tumorigenesis. Inhibition of Arf and Ink4a increased hepatoblast proliferation 

(242), and Bmi-/- LPCs with a 2.8-3.1-fold increase in Arf and Ink4a mRNA expression, 

respectively, resulting in reduced LPC propagation (158, 243). Although silencing ARF 

and INK4A confers a proliferative advantage to LPCs, the loss of Cdkn2a expression 

does not immediately lead to tumorigenic LPCs. For example, primary Cdkn2a-/- LPCs 

do not form tumours in immune-compromised mice (158, 244). However, whether the 

loss of Cdkn2a contributes to or accelerates the tumorigenic transformation of these 

cells has not been evaluated. 

1.6 THESIS RATIONALE 

The aforementioned studies provide a rationale for the role of LPCs, INK4A and ARF 

in hepatocarcinogenesis. It is well established that sustained liver damage leads to 

chronic inflammation, ROS, and proliferation of LPCs to aid in tissue regeneration. To 

mitigate excessive proliferation, LPCs and/or hepatocytes will upregulate INK4A and 

ARF, consistent with their increased expression in cirrhotic liver (194). Senescent 

hepatocytes induce a ductular response (35, 40, 45). Some hepatocytes and/or LPCs 

may form pre-neoplastic nodules and mitogenic signalling in response to continued 

liver damage may lead to further activation of INK4A and ARF to induce senescence. 

For the nodules to develop into tumours, the cells must overcome senescence and 

suppress INK4A and ARF. This rationale suggests that the loss of INK4A and ARF is 

an early event required for liver cancer development. While significant work has 

addressed the role of p53 and RB in hepatic carcinogenesis, the contribution of INK4A 

and ARF has not been directly determined. Furthermore, the cancer stem cell in 

hepatocarcinogenesis remains contentious with two main contenders: the hepatocyte 

and the LPC. As ARF and INK4A are involved in LPC proliferation and differentiation, 

and their effect on the tumorigenic transformation of LPCs is relatively unknown, it is 

of interest to directly establish their contribution to the tumorigenic transformation of 

this putative cancer stem cell.  

The aim of the research described in this thesis was to assess the contribution of ARF 

and INK4A in mitigating LPC transformation. It was hypothesised that the suppression 

of CDKN2A is a critical, early event that directly contributes to the tumorigenic 

transformation of LPCs. Furthermore, it was hypothesised that the absence of Cdkn2a 

would lead to increased LPC proliferation in response to a chronic liver injury model 

and expedite tumorigenesis. 
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1.7 THESIS OUTLINE 

This thesis assessed whether the Cdkn2a locus plays a causal role in the tumorigenic 

transformation of LPCs. The expression of p53, ARF, and INK4A was first examined in 

a panel of non-transformed and transformed LPC lines in Chapter 3 to establish a 

correlation between LPC transformation and Cdkn2a loss.  

Next, the role of ARF and INK4A in LPC transformation was directly tested in multiple 

in vitro models in Chapter 4. Short hairpin RNAs (shRNA) were used to reduce ARF 

and INK4A expression in established non-transformed LPC lines. Indications of a 

tumorigenic transformation including anchorage independent growth in semi-solid agar 

were then monitored. To assess this with an additional approach, LPCs were derived 

from Arf -/- mice and cultured to assess their propensity to transform. CRISPR/Cas9 

genome editing was also used eliminate ARF/INK4A expression from an established 

wild-type LPC line, to evaluate the effects on cell growth and transformation. Finally, 

LPC lines were derived from Cdkn2afl/fl (conditional Cdkn2a-/-) mouse embryos to 

directly compare their propensity to transform. These experiments afforded us the 

opportunity to compare the transformed cells to their non-transformed precursors and 

identify additional molecular changes involved in LPC transformation. 

In Chapter 5, the role of Cdkn2a in LPCs in vivo was investigated in preliminary studies 

to determine the appropriateness of a long term, tumorigenesis CDE diet in Cdkn2a-/- 

mice. First, the liver architecture of 9, 13 and 20-week-old Cdkn2a-/- and wild type mice 

was characterised. Finally, a pilot study was conducted using a refined CDE diet model 

to assess the response of Cdkn2a-/- mice to a chronic liver injury model.  

The data presented herein addresses the contribution of Cdkn2a locus to murine LPC 

transformation.
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2.1 MATERIALS 

2.1.1 Cell lines 

The cell lines used in experiments presented in this thesis and their source are detailed 

in Table 2.1.  

Table 2.1 Cell lines used for the experiments presented in this thesis 

Cell Line Description 

LPC Lines  

PIL 2 and PIL 4 Derived from p53-/- mice described in (61). 

BMOL 1 (BMOL) 
Derived from C57Bl/6 mice following a CDE diet regime as described in 
(245). Transformed cells were derived from BMOL 1 by Dr. Jasmin Low 
and Matthew Jellicoe (246). 

BMOL 2 
Derived from C57Bl/6 mice following a CDE diet regime by Prof. George 
Yeoh and transformed by Adam Passman as described (246) 

BMOL TAT 
Derived from TAT-GRE-lacZ mice following a CDE diet regime as 
described in (245). 

BMOL 3 Derived by Ken Woo, Adam Passman and Prof. George Yeoh (247). 

BMEL AEGFP 
Derived from mouse embryos containing a chicken actin-EGFP construct 
described in (248, 249) by Prof. George Yeoh (250). 

BMEL TAT 
Derived from TAT-GRE-lacZ mouse embryos as described in (27) by Prof. 
George Yeoh at the Pasteur Institute. 

BMEL Arf GFP/GFP 
(referred to as Arf -/-) 

Embryos from Arf GFP/GFP mice (191) provided by Prof. David Vaux (The 
Walter and Eliza Hall Institute (WEHI), Parkville, VIC) and derived by 
Prof. George Yeoh. 

BMEL Cdkn2afl/fl 
(referred to as CKO) 

Embryos from Cdkn2afl/fl provided by Dr. Raelene Endersby (Telethon Kids 
Institute, WA) and LPCs derived by Prof. George Yeoh. 

Non-LPC Lines  

HEK293T Obtained from Prof. David Vaux (WEHI). 

Conditional Cdkn2a-/- 
MEF 

Embryos provided by Dr. Raelene Endersby (Telethon Kids Institute, WA) 
and MEFs derived and immortalised by Dr. Bernard Callus and Robyn 
Strauss. 

AEGFP - actin enhanced green fluorescent protein, BMEL - bipotential murine embryonic liver, BMOL - 
bipotential murine oval liver, CDE - choline-deficient ethionine supplemented diet, GFP - green 
fluorescent protein, HEK - human embryonic kidney, LacZ - β-galactosidase, MEF - mouse embryonic 
fibroblasts, PIL- p53 immortalised liver, TAT - tyrosine aminotransferase, GRE - glucocorticoid response 
elements 
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2.1.2 Chemicals and Antibodies 

All chemicals used for the experiments presented in this thesis were LR grade or better. 

Antibodies used for Western blots, immunofluorescence and immunohistochemistry 

protein analysis are listed in Table 2.2.  

2.1.3 Plasmids 

Mouse embryonic fibroblasts (MEFs) were immortalised with the pFU-SV40-largeT 

lentiviral vector. Cre recombinase was expressed by 4-hydroxytamoxifen (4HT)-

inducible lentiviral vectors pF-5xUAS-CreR-SV40puro or pF-5xUAS-mERCreR-

SV40puro. Alternatively, constitutive Cre recombinase expression was achieved with 

the lentiviral vector pFU-CreR-Sv40puro provided by James Vince (WEHI). Control 

(sch202) and Cdkn2a shRNA constructs were purchased from Sigma-Aldrich (Sigma, 

Castle Hill, NSW) and are detailed in Table 2.3 Sigma-Aldrich MISSION shRNAs used 

for knockdown of Arf/Ink4a. The px260-U6-DR-BB-DR-Cbh-NL-hSpCas0-NLS-H1-

shorttracr-PGK-puro and pX459-pSpCas9(BB)-2A-puro V2.0 plasmids were purchased 

from Addgene (Plasmid numbers 42229 and 62988, respectively, Cambridge, USA) and 

used for CRISPR/Cas9 experiments.  

2.2 MAMMALIAN CELL CULTURE 

2.2.1 Cell line establishment: Liver Progenitor Cells 

Bipotential murine oval liver (BMOL) LPCs were isolated from adult mice following a 

CDE Diet (detailed in 2.5.1). 

LPCs were also isolated from E14.5 mouse livers. These cell lines were called 

bipotential murine embryonic liver cells (BMELs). Livers were extracted from fetuses 

with care to remove all connective tissue. The liver was then dissociated with a pipette 

tip in warm balanced salt solution with calcium (BSS, Sigma Cat. H2387). An equal 

volume of 1.2 mg/mL collagenase H (Gibco, Thermo Fisher, Scoresby, VIC, Cat. 

17103-011) in BSS was added and incubated at 37°C for 20 minutes (min) with regular 

mixing. Collagenase was diluted by the addition of cold BSS and the dissociated liver 

cells were pelleted by centrifugation at 300g for 5 min at 4°C. Cells were washed with 

Williams’ E medium (WEM; Sigma W4125) supplemented with 10% (v/v) Fetal Bovine 

Serum (FBS; Life Technologies 16000-044) and disaggregated by pipetting. Cells were 

pelleted once more, resuspended in WEM with 10% (v/v) FBS and counted. 
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Table 2.2 Table of Antibodies 

Antibody Name (clone if 
applicable) 

Host species 
and type 

Supplier and 
catalogue number* 

Application and 
working dilution 

Primary Antibodies    

Anti-Cytokeratin, Wide Spectrum 
Screening (PANCK) Rabbit pAb Dako, Z0622 IF 1:400, IHC 1:400 

B220/CD45R (RA3-6B2) Rat mAb BD, 550286 IHC 1:50 

E-Cadherin (24E10) Rabbit mAb CST, 3195 WB 1:1000, IF 1:100 

EpCAM Rabbit pAb Abnova, ab71916 WB 1:1000, IF 1:100-
200 

HNF4α Goat pAb Santa Cruz, sc-6556 IF 1:400 

Ly6G (1A8) Rat mAb BD, 551459 IHC 1:50 

p16INK4A Rabbit pAb Santa Cruz, sc-1207 WB 1:3000 

p16INK4A (F-12) Mouse mAb Santa Cruz, sc-1661 IHC 1:1000 

p19ARF (5-C3) Rat mAb Abcam, ab26696 WB 1:500-1000 

p21 Rabbit pAb Santa Cruz, sc-397 WB 1:500 

p53 (1C12) Mouse mAb CST, 2524 WB 1:1000 

SLUG (C19G7) Rabbit mAb CST, 9585 WB 1:500 

SNAIL (C15D3) Rabbit mAb CST, 3879 WB 1:500 

vimentin (280618) Rat mAb R&D Systems®, 
MAB2105 IF 1:100 

β-Actin (AC-15) Mouse mAb Sigma, A1978 WB 1:20 000 

Secondary Antibodies    

AF594 anti-mouse Goat pAb Invitrogen, A11005 IF 1:200-400 

AF594 anti-rat Goat pAB Invitrogen, A11007 IF 1:200-400 

AF488 anti-goat Rabbit pAb Invitrogen, A11078 IF 1:200-400 

AF488 anti-rabbit Goat pAb Invitrogen, A11008 IF 1:200-400 

Biotinylated anti-rat Rabbit pAb Dako, E0467 IHC 1:100 

HRP anti-mouse Sheep pAb GE Life Sciences, 
NA9310 WB 1:5000 

HRP anti-rabbit Donkey pAb GE Life Sciences, 
NA9340 WB 1:5000 

HRP anti-rat Goat pAb GE Life Sciences, 
NA9350 

WB 1:5000, IHC 1:50-
80 

AF - Alexa Fluor, GAPDH - Glyceraldehyde 3-phosphate dehydrogenase, HNF4α - Hepatocyte 
nuclear factor 4 alpha, HRP - Horse Radish Peroxidase, IF - Immunofluorescence, IHC - 
Immunohistochemistry, mAb - monoclonal antibody, PANCK - Pan cytokeratin, pAb - 
polyclonal antibody, WB - Western blot. 
*Supplier information: Abcam - Sapphire Bioscience, Waterloo, NSW, Abnova - VWR 
Internation, PTY, Ltd., Tingalpa, QLD, Becton Dickinson Biosciences (BD) - North Ryde, 
NSW, Cell Signalling Technology® (CST) - Genesearch, Arundel, QLD, DAKO - 
Campbellfireld, VIC, GE Healthcare (GE) - Rydalmere, NSW, Invitrogen - Life Technologies, 
Mulgrave VIC, R&D Systems® - In Vitro Technologies Pty Ltd., Noble Park, VIC, Santa Cruz - 
Millennium Science, Mulgrave, VIC, Sigma - Castle Hill, NSW.   
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Table 2.3 Sigma-Aldrich MISSION shRNAs used for knockdown of Arf/Ink4a 

Number 
TRC 

number 
Sequence (5’-3’) 

SHC202 
TRC2pLKP.5-puro Non-

Mammalian Control 
- 

CCG GCA ACA AGA TGA AGA GCA CCA ACT CGA GTT 
GGT GCT CTT CAT CTT GTT GTT TTT 

1 0000231225 
CCG GTT GAG GCT AGA GAG GAT CTT GCT CGA GCA 

AGA TCC TCT CTA GCC TCA ATT TTT G 

2 0000231228 
CCG GTC CCA AGA GCA GAG CTA AAT CCT CGA GGA 

TTT AGC TCT GCT CTT GGG ATT TTT G 

3 0000362666 
CCG GTC TTG GTG AAG TTC GTG CGA TCT CGA GAT 

CGC ACG AAC TTC ACC AAG ATT TTT G 

4 0000257162 
CCG GCG CTCT GGC TTT CGT GAA CAT CTC GAG ATG 

TTC ACG AAA GCC AGA GCG TTT TTG 

5 0000077815 
CCG GGT GAA CAT GTT GTT GAG GCT ACT CGA GTA 

GCC TCA ACA ACA TGT TCA CTT TTT G 

 

LPC lines were established by the “plate and wait” method (27). Approximately 

150,000 cells were plated into 3 mL of WEM with growth supplements (2.5 μg/mL 

Fungizone (amphotericin B) (Life Technologies Cat. 15290-018), 48.4 μg/mL Penicillin 

(Calbiochem, Merck, Frenchs Forest, NSW, Cat. 5161), 675 μg/mL Streptomycin (Life 

Technologies Cat. 11860-038), 2 mM glutamine (Sigma Cat. G8540), 20 ng/mL EGF 

(Corning®, VWR International Pty, Ltd., Cat. FAL354001), 30 ng/mL IGF-II (GroPep 

Bioreagents, Thebarton, SA, Cat. OU001) and 0.25 U/mL Humulin R (Eli Lilly and 

Company, UWA Campus Pharmacy, Nedlands, WA) and 10% (v/v) FBS into a 60 mm 

culture dish coated with Collagen I (Sigma Cat. CC3867). Immune cells and debris 

were removed by washing the cultures with BSS 4 hours (h) after plating. Cultures were 

maintained within high-efficiency particulate air (HEPA) filtered incubator at 37°C, 5% 

(v/v) CO2 and 95% humidity for 3-6 months or until epithelial colonies formed that 

were then sub-cultured to form the immortalised cell lines. 

Conditional Cdkn2a-/- LPC lines were initially subcultured and maintained in WEM 

with growth supplements. The cultures displayed a mixed population of fibroblastic and 

epithelial cells (Appendix A.1). During this process the Clevers laboratory published a 

method to isolate human LPCs, including modifications to the supplemented WEM 

including 10% (v/v) FBS and 10 mM nicotinamide (Sigma Cat. N5535), 1.25 mM N-

Acetylcysteine (Sigma Cat. A9165), 25 ng/mL recombinant human hepatocyte growth 

factor (HGF; Peprotech, NJ, USA, Cat. 100-39), 0.5 μM CHIR99021 (Sigma Cat. 

SML1045), 10 μM forskolin (Sigma Cat. F3917) and 5 μM A83.01 (Sigma Cat. 

SML0788) (251). Some CKO cultures were maintained in this “Clevers’ medium” to 
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favour retention of epithelial characteristics compared to the more fibroblastic 

phenotype observed in cultured maintained in Williams’ medium (Appendix A.1).  

2.2.2 Cell line establishment: Mouse Embryonic Fibroblasts 

MEFs were generated from E14.5 embryos. The liver was removed to isolate LPCs (see 

2.2.1), and the head was removed to prevent neuronal cell contamination. The 

remaining tissue was dispersed by pushing it through a 70 μm cell filter mesh. The filter 

was washed with FMA medium (10% (v/v) FBS, 500 μL β-mercaptoethanol, 270 μM 

L-asparagine, 2 mM L-glutamine (Life Technologies Cat. 25030), and 50 U/mL 

penicillin G with 50 μg/mL streptomycin (Life Technologies Cat. 15070) in Dulbecco’s 

Modified Eagle medium (DMEM; Sigma Cat. D6046) to maximize cell yield. The cells 

were then plated in T75 culture flasks coated with 0.1% gelatine and were grown in 

FMA medium within a high efficiency particulate arrestance (HEPA) filtered incubator 

at 37°C, 10% (v/v) CO2 and 95% humidity. MEFs were immortalised by infection with 

SV40 large T lentivirus as described in 2.2.7.  

2.2.3 Growth and maintenance of cell lines 

For long-term maintenance, LPC lines were cultured in WEM with growth supplements 

and 5% (v/v) FBS except conditional Cdkn2a LPCs which were maintained in Clevers’ 

medium, in 5% (v/v) CO2 at 37°C, and 95% humidity. Both MEF and human embryonic 

kidney (HEK) 293T (henceforth referred to as 293T) cell lines were cultured in 10% 

(v/v) CO2, 37°C and 95% humidity. MEFs were cultured in FMA medium while 293Ts 

were cultured in DME supplemented with 10% (v/v) FBS, 2 mM L-glutamine (Life 

Technologies Cat. 25030), and 50 U/mL penicillin G with 50 μg/mL streptomycin. 

Medium was replaced every 2-4 d.  

Cells were passaged when they approached 70-90% confluence (approximately every 4-

7 d). LPCs and MEFs were washed with BSS without calcium, then Trypsin-EDTA (50 

mg/L Trypsin- 20 mg/L EDTA; Gibco Cat. 15400-054). 293Ts were resuspended 

mechanically. Cells were replated at approximately 10% confluence or 4,000 cell/cm2 

for extended LPC transformation experiments or 25% of cells were replated for CKO 

LPCs. Cell pellets were prepared following trypsinisation. Resuspended cells were 

centrifuged at 300g for 5 min at room temperature (RT). Medium was aspirated and 

washed with phosphate buffered saline (PBS; 137 mM NaCl, 2.7 mM KCl, 4.3 mM 

Na2HPO4, 1.47 mM KH2PO4, pH 7.4) and centrifuged once more. The supernatant was 

removed and cells were snap frozen in liquid nitrogen. 
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LPC stocks were cryopreserved in 50% FBS, 40% WEM and 10% dimethyl sulfoxide 

(DMSO; Sigma Cat. D8418). MEF and 293T stocks were frozen in 90% FBS with 10% 

DMSO. All cells were passaged at least once before they were used for experimental 

purposes.  

2.2.4 LPC differentiation 

LPCs were differentiated into hepatocytes following the 10:10 protocol described in 

(245). Briefly, LPCs were cultured on Collagen type I coated dishes for 10 d in regular 

growth medium until confluence. The cells were then cultured in WEM with 

differentiation supplements (2.5 μg/mL Fungizone, 48.8 μg/mL penicillin, 675 μg/mL 

streptomycin, 2 mM glutamine, 10% FBS, 6.25 μg/mL ITS (insulin, transferin, selenious 

acid; BD Biosciences Cat. 354351), 20 ng/mL EGF, 10 mM nicotinamide and 10-7 M 

dexamethasone (Sigma Cat. D2915)) for a further 10 d.  

LPCs were differentiated along the cholangiocytic lineage by growing cells in 35 mm 

dished coated with 500 μL MatrigelTM (BD Biosciences Cat. 354234) for 10 d in WEM 

with growth supplements. Medium was changed every 2-3 d for all differentiation 

experiments.  

2.2.5 Semi-solid agar assay 

Anchorage independent growth, was assessed by the ability of LPCs to form colonies in 

semi-solid agar. LPCs (10,000 cells/60 mm dish) were suspended in 0.4% (w/v) agar 

(Technical Agar, Difco, BD Biosciences Cat. 281230) in WEM with growth 

supplements and plated on top of a feeder layer containing 0.8% (w/v) agar with 10% 

(v/v) FBS in WEM. Agar cultures were maintained at 37°C with 5% CO2 and 95% 

humidity. Agars were replenished with 1 mL WEM containing growth supplements 

weekly. Colony formation was monitored weekly and recorded with an inverted phase 

microscope (Eclipse TS100, Nikon) and a TYP376788 dissecting microscope (Wild 

Heerbrugg) for 21 d.  

2.2.6 Cellavista proliferation assay 

Cell cultures were passaged, diluted to 104 cells/mL, and 200 μL aliquots were pipetted 

into a 96-well plate. The following day the plate of cells was placed into the Cellavista 

Analyzer (Innovatis, Roche Diagnostics, Germany) to determine the percentage of the 

wells covered by cell. Recordings were taken approximately every 12 h for a week or 

until cells reached 100% confluence.  
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Cell doubling times were calculated by fitting the cell confluencies over the duration of 

the experiment to an exponential growth curve with the equation y = a egx (R2 > 0.96, a: 

constant; g: growth rate) using GraphPad Prism® V5 software. Cell doubling time was 

calculated from the log phase of growth (doubling time = ln(2) / g) as described in 

(252). Proliferation assays were repeated a minimum of three times with six 

experimental replicates of each cell line.  

2.2.7 Lentivirus preparation and infection 

Lentivirus was generated in 293Ts. Sub-confluent 10 cm dishes of 293Ts were 

transfected with 0.6 μg viral construct with 1 μg pCMV-δR8.2 and 0.4 μg pVSV-G 

lentiviral packaging constructs using Effectene Transfection Reagent (QIAgen Cat. 

301427) according to the manufacturer’s instructions. Virus was harvested from the 

medium 48 h after transfection and filtered through 0.22 μm filters (Millex®GR, Merck 

Millipore). Virus was mixed with 4 μg/mL polybrene (Sigma Cat. 108689) and 

immediately applied to cells previously plated into 6 well plates, or stored at -80°C. 

After the addition of the viral supernatant, cells were centrifuged at 1 146g for 90 min at 

RT (Eppendorf centrifuge 5810R). The viral supernatant was removed and replaced 

with medium. The following day selection began with hygromycin B (100-500 μg/mL, 

Roche Cat. 10843555001) and/or puromycin (1-5 μg/mL, Sigma Cat. P7255). 

2.2.8 Transient transfection of LPCs 

LPCs were passaged and plated at ~30% confluency a day prior to transient transfection 

in 6-well dishes. DNA (2 μg) was diluted in WEM without supplements, mixed with 

ViaFectTM Transfection Reagent (Promega Cat. E4981) and incubated for 15 min at RT 

before addition to the cells. Transfection efficiency was monitored in a parallel culture 

transfected with GFP after 24 or 48 h. Puromycin (1.5 μg/mL) selection began 48 h 

after transfection.  

2.2.9 Single cell cloning 

Cells were passaged, counted, diluted to 2.5 cell/mL by serial dilution and dispensed 

into 96 well cell culture plates (200 μL/well). Once colonies formed, cells were 

transferred to 24 well plates and then expanded in 6 well plates.  

2.2.10 Chemical treatment of cells 

LPCs were treated with 0.25 to 2 μg/mL Cisplatin (cis-Diamminedichloroplatinum (II), 

provided by Fremantle Hospital) for 48 h. For demethylation experiments, LPCs were 

treated with 4 μm 5-azacytidine (Sigma Cat. A2385, ≥ 98%) or 4 mM sodium butyrate 
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(Sigma Cat. BS807, ≥ 98%) in 0.1% (v/v) DMSO for 72 h. Expression of inducible 

plasmids was stimulated by the addition of 100 nM 4-HT (Sigma Cat. H7904) prepared 

in ethanol. 

2.3 MOLECULAR BIOLOGY 

2.3.1 Genomic DNA extraction 

Cells pellets were resuspended in 500 μL Genomic Lysis Buffer (100 mM Tris.HCl (pH 

8.5), 5 mM EDTA (pH 8.0), 0.5% SDS, 200 mM NaCl, 500 μg/mL Proteinase K (New 

England Biolabs Inc. Cat. P8107S) and incubated shaking over night at 55˚C in a 

Thermomix Comfort (Eppendorf). The lysates were centrifuged for 10 min at 16,000g 

to pellet cell debris. The supernatant was transferred into a new tube and DNA was 

precipitated by the addition of 500 μL isopropanol and centrifuged briefly. The DNA 

pellet was washed with 500 μL of 70% (v/v) ethanol and resuspended in 100 μL TE 

buffer (10 mM Tris (pH 8.0), 1 mM EDTA). Genomic DNA was quantified using a 

NanoDrop 2000 spectrophotometer (Thermo Scientific) with the DNA-50 setting in the 

NanoDrop 2000 v1.5 program before storage at 4˚C. 

2.3.2 RNA extraction 

RNA was isolated with QIAzol® Lysis Reagent (QIAGEN Pty Ltd, Doncaster, Victoria 

Cat. 79306) according to the manufacturer’s recommendations. Briefly, samples were 

incubated in 1 mL of QIAzol® Lysis Reagent at RT for 5 min before 200 μL chloroform 

was added. Proteins and genomic DNA were separated from the RNA by centrifugation 

at 12,000g for 15 min at 4°C. The upper aqueous, RNA containing phase was 

transferred to a new microfuge tube and 500 μL isopropanol was added, vortexed and 

incubated at -20°C for at least 1 h. After centrifugation at 12,000g for 15 min at 4°C, 

the RNA pellet was washed with 75% ethanol and centrifuged once again at 7,500 g for 

15 min at 4°C. The pellet was air dried and resuspended in 50 μL of diethyl-

pyrocarbonate (DEPC)-treated water. 

RNA was quantified using a NanoDrop 2000 spectrophotometer (Thermo Scientific) 

with the RNA-40 setting in the NanoDrop 2000 v1.5 program and RNA integrity was 

confirmed by agarose gel electrophoresis (See 2.3.5). If required, RNA was further 

purified or concentrated by sodium acetate precipitation. RNA was stored at -80°C. 
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2.3.3 Reverse transcription 

Complementary DNA (cDNA) was synthesized from 2 μg of total RNA with the Tetro 

cDNA synthesis kit (Bioline, Alexandria, Australia, Cat. 65050) using a modified 

protocol. RNA was denatured at 65°C for 5 min and placed on ice for 5 min. During 

this time, 5.75 μL containing 6.52 μM random hexamers (Invitrogen Cat. P/N51709) 

and 1.74 mM dNTPs (Bioline Cat. 39028) in DEPC-treated water was added and 

incubated with the RNA at 25°C for 10 min. Reverse transcription reactions were made 

up to 20 μL by the addition of 1x RT buffer, 10 μM oligo dTs (Integrated DNA 

Technologies Pte. Ltd., Singapore, Cat. 51-01-15-09), 20 U RiboSafe RNase Inhibitor 

(Bioline Cat. 65027), 200 U Tetro Reverse Transcriptase in DEPC-treated water. cDNA 

synthesis was facilitated by incubation at 45°C for 1 h then terminated by incubation at 

85°C for 5 min. cDNA was stored at -20°C. A no reverse transcriptase (no RT) control 

was also prepared to confirm no genomic contamination.  

2.3.4 Polymerase chain reaction 

A master mix was prepared for polymerase chain reactions (PCRs) containing 0.2 μM 

of forward and reverse primers (See Table 2.4 for primer sequences), 0.2 mM dNTPs, 

1.5 mM MgCl2 (Bioline Cat. 21043), and 0.01 U/μL BIOTAQTM DNA Polymerase 

(Bioline Cat. 21043) in 1x NH4 Reaction Buffer (Bioline Cat. 21043). For genomic 

PCRs 5% (v/v) DMSO was added. Either 50 ng of genomic DNA, 2 μL of cDNA 

diluted 1/10, or 1 μL of extracted plasmid DNA was added as template in 20 μL 

reactions. Non-template controls (NTCs), in addition to no RT for RT-PCRs, were 

prepared in parallel.  

PCRs were performed in an iCycler Thermo Cycler (Bio-Rad). Cycling conditions were 

optimised for each reaction. Generally, samples were initially denatured at 95°C for 3 

min then cycled through denaturation at 95°C for 20-45 s, annealing at 55-63°C for 20-

45 s and extension at 72°C for 30-60 s steps 20-40 times before a final 5 min extension. 

PCR amplicons were resolved on agarose gels (See 2.3.5) and an amplicon from each 

primer pair was sequenced (See 2.3.6).  

A high fidelity Pfu DNA Polymerase (Promega, Sydney, NSW, Cat. M7741) was used 

for PCRs that were subsequently cloned.  

2.3.5 Agarose gel electrophoresis 

Amplified PCR fragments were resolved on 1-3% agarose gels depending on amplicon 

size. Restriction digest reactions and RNA were separated on 1% (w/v) agarose gels. 
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Samples were mixed with 6x DNA Loading Buffer (0.03% (w/v) xylene cyanol FF, 

0.4% (w/v) Orange G, 30% (v/v) glycerol in ddH2O) and loaded into agarose gels 

prepared in TAE buffer (40 mM Tris, 20 mM acetic acid, 1 mM EDTA pH 8.0) with 0.3 

μg/mL ethidium bromide. DNA ladders (Hyperladder I, Hyperladder II, or Hyperladder 

V all from Bioline Alexandria, Australia Cat. 33053, 33054 and 33032 respectively) 

were resolved in parallel with the amplicons or digested fragments. Following 

electrophoresis at 80-100 V for 30-90 min, gels were visualised under UV light with a 

ChemiDocTM XRS System (Bio-Rad). 

2.3.6 Sequencing 

Cloned plasmids and PCR products were all sequence verified by Sanger sequencing 

carried out by AGRF (Nedlands, WA).  

2.3.7 Quantitative PCR 

Target gene transcript abundance was measured by quantitative PCR (qPCR) with 

SensiFASTTM SYBER® No-ROX master mix (Bioline Cat. BIO-98002) according to 

the manufacturer’s instructions. Briefly, 15 μL reactions were prepared with 1x 

SensiFAST TM mastermix, 400 nM intron-spanning primers (Table 2.4) and 2 μL of 

cDNA diluted 1/10. Non template controls, no reverse transcriptase controls, and 

standards were run in parallel. Reactions were performed in a BioRad CFX96 Real-

Time PCR Detection System in which samples were initially denatured at 95°C for 2 

min then incubated at 95°C for 5 s then at the specified annealing/extension temperate 

(see Table 2.4 for primer specific temperatures) for 15 s. Following 50 cycles, reactions 

were gradually heated to generate a melt curve.  

A five point standard curve was made from a pool of cDNA serially diluted from 1/2 to 

1/20,000. Reaction efficiency was determined from the standard curve. The relative 

transcript abundance of each sample was determined based on the Cq using CXF 

ManagerTM software (Ver 2.0, BioRad) and normalised to expression of the 

housekeeper, Taf4a. Reactions were optimised for each primer pair to ensure reaction 

efficiency was between 90 and 110%. All reactions were run in duplicate or triplicate 

and qPCR experiments were repeated a minimum of three times.  
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Table 2.4 List of Primer Sequences 

Target Primer Sequence 
Annealing 

Temp/ 
Conditions 

Amplicon 
Length 

Genomic PCR primers   
Mm Cdkn2a Exon 

1α 
NC_000070.6 

Fwd: 5’-GAA TCT CCG CGA GGA AAG CGA A-3’ 
Rev: 5’-CGC GGT ACG ACC GAA AGA GT-3’ 

61°C 162 bp 

Mm Cdkn2a Exon 
1β 

NC_000070.6 

Fwd: 5’-CAG GTT CTT GGT CAC TGT GAG GA -3’ 
Rev: 5’-GGA TTC CGG TGC GGC CCT CTT-3’ 

61°C 174 bp 

Mm Cdkn2a Exon 
2 

NC_000070.6 

Fwd: 5‘-GCA ACG TTC ACG TAG CAG CTC TT -3’ 
Rev: 5’ -GAG CGT GTC CAG GAA GCC TT  -3’ 

61°C 119bp 

Mm Cdkn2a 
ΔExon 2,3 

NC_000070.6 

Fwd: 5‘-TCC CCT CTT TTA GTT TGG AA -3’ 
Rev: 5’- CC CCA CCC TGA GAT CTT GT -3’ 

57°C 

WT: 4897 
Cre 

deleted: 
543bp 

Mm Cdkn2a Exon 
3 

NC_000070.6 

Fwd: 5’-CTA GCA AAG GGG GTT GGA GG -3’ 
Rev: 5’-GCC AAC AGG ATC GGG TAG AG -3’ 

57°C 618 pb 

Mm Gapdh 
NC_000072.6 

Fwd: 5’-TGT TCC TAC CCC CAA TGT GT -3’ 
Rev: 5’-TGT GAG GGA GAT GCT CAG TG -3’ 

57°C 398 bp 

RT-PCR or qPCR primers   
Mm Afp 

NM_007423.4 
Fwd: 5’-TCG TAT TCC AAC AGG AGG -3’ 
Rev: 5’-AGG CTT TTG CTT CAC CAG -3’ 

58˚C 174 bp 

Mm Arf 
NM_009877.2 

Fwd: 5’-GGG TTT TCT TGG TGA AGT TC-3’ 
Rev: 5’-TTG CCC ATC ATC ATC ACC T-3’ 

60°C 146 bp 

Mm Bmi1 
NM_007552.4 

Fwd: 5’-TCT TTG ATC AGA GCA GAT TGG A-3’ 
Rev: 5’-TTC TCA AGT GCA TCA CAG TCA TT-3’ 

59°C 114 bp 

Mm Epcam 
NM_008532.2 

Fwd: 5’-CAG CAA AAT ATG AGA AGG CTG A-3’ 
Rev: 5’-CCA GGT TTA TAC ATC TGC AGT CC-3’ 

59°C 145 bp 

Mm Gapdh 
NM_001289726.1 

Fwd: 5’-TGT TCC TAC CCC CAA TGT GT -3’ 
Rev: 5’-TGT GAG GGA GAT RGC TCA GTG -3’ 

57˚C 398 bp 

Mm Hnf1b 
NM_009330.2 

Fwd: 5’-CAG CCA GTC GGT TTT ACA GC -3’ 
Rev: 5’-TCC TCC CGA CAC TGT GAT CT -3’ 

61°C 100 bp 

Mm Ink4a 
NM_001040654.1 

Fwd: 5’-TCT GGA GCA GCA TGG AGT C-3’ 
Rev: 5’-TTG CCC ATC ATC ATC ACC T-3’ 

60˚C 185 bp 

Mm Muc1 
NM_013605.2 

Fwd: 5’-CTG TTC ACC ACC ACC ATG AC -3’ 
Rev: 5’-CTT GGA AGG GCA AGA AAA CC -3’ 

59°C 92 bp 

Mm Slug (Snai2) 
NM_011415.2 

Fwd: 5’-CTT GTG TCT GCA CGA CCT GT -3’ 
Rev: 5’-CTT CAC ATC CCG AGT GGG TTT -3’ 

58˚C 207 bp 

Mm Sox9 
NM_011448.4 

Fwd: 5’-GAA GCT GGC AGA CCA GTA CC -3’ 
Rev: 5’-GGT CTC TTC TCG CTC TCG TTC -3’ 

60˚C 96 bp 

Mm Taf4a 
NM_001081092.1 

Fwd: 5’-CCA CAG CAG ATC CAA CTG AA-3’ 
Rev: 5’-GGT AAC ACG GTG GGT TTC AC-3’ 

60°C 62 bp 

Mm Zeb1 
NM_011546.2 

Fwd: 5’-AGG TGA TCC AGC CAA ACG -3’ 
Rev: 5’-GGT GGC GTG GAG TCA GAG -3’ 

61°C 100 bp 

Cre recombinase 

Fwd: 5’-GCA TTA CCG GTC GAT GCA ACG AGT 
GAT GAG -3’ 

Rev: 5’-GAG TGA ACG AAC CTG GTC GAA ATC 
AGT GCG -3’ 

58°C 408 bp 

bp -  base pairs, Fwd - forward primer, Mm- Mus musculus, PCR - polymerase chain reaction, 
qPCR - quantitative PCR, Rev - reverse primer, RT-PCR - reverse transcription PCR, WT - 
wild-type.  
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2.3.8 Cloning: CRISPR 

The pX260 and pX459 vectors contain two, tandem Bbs1 restriction sites to aid in the 

insertion of the guide fragments. Guides were designed as specified in 2.3.9 to Exon 2 

and 3 of Cdkn2a and Luciferase. Forward and reverse guide sequences were diluted to 

20 μM in 1 x NEB buffer 2 (New England Biolabs® Inc.), annealed by heating at 95°C 

for 5 min then gradually lowering to room temperature (~1°C/min) then ligated into 

CRISPR vectors using methods described below.  

2.3.9 In silico CRISPR design 

CRISPR guides were designed with the CRISPR Design Tool developed by Feng 

Zhang (crispr.mit.edu). This bioinformatics software scans a given genomic DNA 

sequence for potential guide targets adjacent to the protospacer adjacent motif (PAM) 

5’-NGG-3’. Potential guides were then analysed against a selected genome, in this case 

Mus musculus, for off target binding and given a score from zero-100% to indicate the 

sequence uniqueness and on-target efficacy using the algorithm described in Hsu et al. 

(253). Guide sequences are listed in Table 2.5 with their efficacy scores. Overhangs 

required for cloning were added to the guide sequences and the resulting 

oligonucleotides were ordered from Sigma.  

2.3.10 Restriction enzyme digest 

Restriction enzyme digests were performed per the manufacturer’s instructions. 

Typically, 20 μL reactions were prepared with 1 μg of plasmid DNA, 1x enzyme 

buffer, 100 μg/mL BSA if required, and 10 U of enzyme. Reactions were incubated at 

37°C for 30 min to 2 h. Enzymes were manufactured by New England Biolabs® Inc. 

supplied by Genesearch Pty. Ltd. Following restriction enzyme digestion, fragments 

were separated on a 1% (w/v) agarose gel (2.3.5), and visualised with a Dark Reader 

transilluminator (Clare Chemical Research, CO, USA, Cat. DR-46B). Vector fragments 

used for cloning were excised from the gel and purified using the Wizard® SV Gel and 

PCR Clean-Up System (Promega, Alexandria, NSW, Cat. A9285) per the 

manufacturer’s instructions. 
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Table 2.5 Guide RNA Sequences 

Guide Sequence Score* 
Off Targets 

(Within 
Exons) 

pX260   

Cdkn2a 1 
Fwd: 5’- GGT GCA CGA CGC AGC GCG GGA AGG CTT 

CCT-3’ 
95 35 (17) 

Cdkn2a 2 
Fwd: 5’-CCT GGA CAC GCT GGT GGT GCT GCA CGG 

GTC-3’ 
85 148 (36) 

Cdkn2a 3 
Fwd: 5‘-TGC TCA ACT ACG GTG CAG ATT CGA ACT 

GCG-3’ 
94 33 (8) 

Luciferase 
Fwd: 5’-AAG ACC TGC CAC GCC CGC GTC GAA GAT 

GTT -3’ 
98 4 (1) 

pX459   

Cdkn2a 1 Fwd: 5’- GGG GTC GCC TGC CGC TCG ACT -3’ 96 31 (17) 

Cdkn2a 2 Fwd: 5’- GGG AAC GTC GCC CAG ACC GAC -3’ 97 11 (4) 

Cdkn2a 3 Fwd: 5’- GGC GAT ATT TGC GTT CCG C -3’ 98-100 17 (3) 

* The quality score reflects the specificity of the guide, as determined by the number of off-
target sites it is predicted to bind to. Guide RNAs and their scores were predicted by CRISPR 
Design Tool, Zhang lab, MIT for pX260, and CRISPR Design Tool, Off Spotter, and DNA2.0 
for pX459. 

 

2.3.11 Ligation and transformation 

Ligation reactions (10 μL) were performed with T4 DNA Ligase (1 U; New England 

BioLabs Cat. M0202S), in ligation buffer (New England BioLabs Cat. B0202S). Vector 

plasmid and insert were mixed at 1:1 or 1:3 molar ratios. Reactions were incubated for 

1-3 h at 16°C. The ligation reaction was added to 100 μL of DH10β competent cells 

and incubated on ice for 3 min. Cells were then transferred to a 37°C water bath for 5 

min before they were returned to ice for a further 3 min. Transformed cells were then 

spread onto LB-agar plates containing 100 μg/mL ampicillin (Sigma Cat. A9518) and 

incubated overnight at 37°C. 

2.3.12 Plasmid DNA extraction  

Single colonies were selected and grown in 2 mL of LB broth containing the 

appropriate antibiotic, commonly 100 μg/mL ampicillin, at 37°C shaking at 200 rpm for 

~16 h. Plasmids were extracted using an alkaline lysis method. Cultures (~1 mL) were 

pelleted by centrifugation at 16,000g for 5 min. The pellet was resuspended in 100 μL 

ice cold P1 solution (50 mM glucose, 15 mM Tris-HCl, 10 mM EDTA, pH 8.0) before 
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200 μL of P2 solution (0.2 M NaOH, 1% (w/v) SDS) was added to lyse bacteria. Once 

mixed by rapid inversion, 150 μL of P3 solution (5 M KCH3CO2, 11.5% (v/v) glacial 

acetic acid) was added. Bacterial DNA was pelleted by centrifugation at 16,000g for 5 

min and the supernatant transferred to a new microfuge tube. Plasmid DNA was 

precipitated by the addition of 2 volumes of absolute ethanol and pelleted by 

centrifugation at 16,000g for 5 min. The plasmid DNA was washed in 70% (v/v) 

ethanol and centrifuged at 16,000g for 2 min. Once all ethanol was removed, the 

plasmid DNA was resuspended in 50 μL TE buffer (10 mM Tris, 1 mM EDTA, pH 8.0) 

supplemented with 10 μg DNase-free RNase A (Roche Cat. 11119915001) and 

incubated at 37°C for 1 h. 

For larger scale plasmid DNA preparations, bacteria were cultured in 50 to 100 mL of 

LB broth with the appropriate antibiotic at a 37°C with mixing at 200 rpm for ~16 h. 

Plasmids were isolated using the QIAGEN HiSpeed® Plasmid Midi-Kit (Cat. 12643) 

was used according to the manufacturer’s instructions. Plasmid DNA used for 

transfections were all prepared using this method. 

2.4 PROTEIN ANALYSIS  

2.4.1 Protein extraction 

Cells were lysed in DISC Lysis Buffer (150 mM NaCl, 2 nM EDTA, 1% (v/v) Triton-

X, 10% (v/v) glycerol, 20 mM Tris pH 7.0; approximately 50 μL/106 cells) containing 

Complete Protease Inhibitors Cocktail (Roche Diagnostics, Cat. 1836153) on ice for 30 

min with mixing by inversion every 10 min. The lysate was clarified by centrifugation 

at 16,000 g for 10 min at 4˚C and stored at -80˚C. 

2.4.2 Bradford assay 

Protein lysates were diluted 1/10 with MQ water. Standards ranging 0-1 mg/mL were 

prepared from bovine serum albumin (BSA; Sigma Cat. A7906) diluted in MQ water. 

Aliquots (10 μL) of the standards and diluted lysates were loaded into a clear 96 well 

plate and mixed with 200 μL Protein Assay Dye Reagent Concentrate (Bio-Rad 

Laboratories Cat. 500-0006) diluted 1/5 with MQ water. Standards were loaded in 

triplicate and diluted lysates were loaded in duplicate. The absorbance was measured on 

a FLUOstar OPTIMA (BMG Labtech, GmbH) at 595 nm. A standard curve was 

generated by plotting protein concentration against absorbance.  
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2.4.3 Western blotting 

Protein lysates (30-50 μg total protein) were boiled at 95°C in sample buffer [10% 

(w/v) SDS, 50% (v/v) glycerol, 5% (v/v) β-mercaptoethanol, 0.3125M Tris (pH 6.8), 

0.1% (w/v) bromophenol blue] for 5 min prior to Sodium Dodecyl Sulfate - 

Polyacrylamide Gel Electrophoresis (SDS-PAGE). Samples and Precision Plus 

ProteinTM Standards (Bio-Rad Laboratories) were loaded into wells within a 4% 

stacking gel (4% Acrylamide/Bisacrylamide (37.5:1, Bio-Rad Cat. 161-0158) 0.1% 

SDS, 0.37 M Tris, pH 6.8) atop a resolving gel (ranging 8-14% 

Acrylamide/Bisacrylamide depending on the protein of interest, 0.1% SDS, 0.37 M 

Tris, pH 8.8). Gels were electrophoresed in running buffer (25 mM Tris, 192 mM 

glycine, 0.1% SDS, pH 8.3) at 80-110 V for 60 to 120 min.  

Separated proteins were transferred to an AmershamTM ProtranTM nitrocellulose 

membrane (GE Healthcare and Life Sciences, Rydalmere, NSW Cat. 10600018) with 

the Mini Trans-Blot® Electrophoretic Transfer Cell (Bio-Rad Laboratories) in transfer 

buffer [0.025 M Tris, 0.19 M glycine, 20% (v/v) methanol] at 110 V for 45 min at 4°C. 

The success of the transfer was monitored by Ponceau S stain [0.1% (w/v) Ponceau S 

(BDH Laboratory Supplies, Poole, England, Cat. 440832H), 5% (v/v) acetic acid]. The 

Ponceau S stain was removed by washing membranes in dH2O, then Tris-buffered 

saline and Tween-20 (TBST, 50 mM Tris (pH 7.5), 150 mM NaCl, 0.1% (v/v) Tween 

20), before membranes were blocked in 5% (w/v) skim milk powder (Diploma, 

FonterraTM Foodservices) in TBST for 1 h.  

Membranes were incubated with primary antibody (See Table 2.2) in 5% (w/v) skim 

milk powder in TBST overnight at 4˚C. The following day, membranes were washed 

four times in TBST for 10 min before incubation with the appropriate HRP-conjugated 

secondary antibody (Table 2.2) diluted in 5% (w/v) skim milk powder in TBST for 1 h 

at RT. Blots were then washed in TBST for 10 min, four more times. ImmobilonTM 

Western Chemiluminescent HRP Substrate (Millipore, Billerica, USA Cat. 

WBKLS0500) detection reagent was freshly prepared by mixing 1 mL HRP Substrate 

Peroxide Solution, 1 mL HRP Substrate Luminol Reagent and 3 mL water. Once mixed, 

the HRP substrate was incubated with the membrane for 5 min at RT. 

Chemiluminescence was detected using Amersham Hyperfilm (GE Cat. 28-9068) and 

developed using Kodak GBK developer and Fixer (Henry Schein Halas, Perth, WA Cat. 

KD-4037180/4037214). Exposure time varied (5 s to 10 min) depending on antibody.  
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2.4.4 Densitometry 

Images were analysed with ImageJ. The mean grey value was measured in a set-size 

area around each band on the blot. Background (the average of the measurements taken 

above and below the band) was subtracted from the band of interest. This was repeated 

for each band. Intensities were normalised to one band on the blot for comparison.  

2.4.5 Immunofluorescence 

Cells were grown on 13 mm diameter Menzel-Gläser coverslips coated with Collagen 

type I. Alternatively, cells were cytocentrifuged onto positively charged microscopy 

slides following trysinisation at 1,000 rpm for 5 min with a Cytospin 4 

(ThermoShandon). Following fixation with acetone/methanol (1:1) for 2 min or 4% 

(v/v) formaldehyde in PBS for 15 min, the cells were blocked in 5% (w/v) BSA, 0.3% 

(v/v) Triton X-100 in PBS for 1 h. Primary antibody diluted in 1% (w/v) BSA, 0.3% 

(v/v) Triton X-100 in PBS was applied over night at 4°C. Dilutions were antibody 

specific and are listed in Table 2.2. The following day, samples were washed in PBS 

three times for 5 min and incubated in corresponding secondary antibody (Table 2.2 ) in 

darkness for 1 h at RT. Samples were washed in PBS and incubated in 25 ng/mL 4’,6-

diamidino-2-phenylindole (DAPI; Fluka, Sigma) for 6 min. After three more washes in 

PBS for 5 min, samples were mounted onto slides or coverslips with Gelvatol mounting 

medium (10.5% (v/v) polyvinyl alcohol, 21% (v/v) glycerol, 53% (v/v) 0.2 M Tris pH 

8.5, 0.1% (w/v) sodium azide). Cells were visualised using an Olympus IX71 

fluorescent microscope. 

2.5 ANIMAL PROCEDURES 

2.5.1 Immune-compromised mouse assay 

The tumorigenicity of the LPC lines was assessed by nude mouse assay. BALB/c-

Foxn1nu/nu (nude or immune-compromised) mice were supplied from the Animal 

Resource Centre and housed in individually ventilated cages (4-5 mice per cage) within 

a temperature-controlled room with alternating 12 h light and 12 h dark cycles. Mice 

were given normal laboratory chow and drinking water ad libitum and were 

acclimatized for a week prior to cell injections.  

LPC lines were harvested at 50-70% confluence by trypsinisation and washed in WEM. 

An aliquot of 106 cells was pelleted by centrifugation at 300g for 5 min and resuspended 

in 50 μL of WEM. Cells were injected subcutaneously into the right flank of the mice 

using a 20G 3.5-inch Monojet 220 spinal needle (Sherwood Medical Industries, MO, 
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USA). Mice were observed for tumour formation at least triweekly for 100 d. Mice 

were culled by cervical dislocation before tumours exceed a maximum dimension of 1 

cm (usually between 0.7-0.9 cm). All animal procedures were overseen by the Animal 

Ethics Committee of The University of Western Australia and complied with guidelines 

specified by the National Health and Medical Research Council of Australia. 

2.5.2 Choline-deficient, ethionine supplemented diet 

The strength of the CDE diet used in experiments described in this thesis was reduced 

from the original 100% CDE formulation (MP Biosciences, Seven Hills, NSW, 

Australia, Cat. 0296021410) to 67% (w/w) by mixing with control (choline-sufficient) 

chow (MP Biosciences Cat. 0296041210). Control and 100% (w/w) CDE diet were 

ground into a powder in a food processor and reconstituted with sterile tap water (10 ml 

per 100 g chow). Reconstituted CDE diet was frozen at -20°C and portions were thawed 

and stored at 4°C before use.  

Male C57Bl/J mice were supplied by the Animal Resource Centre (Murdoch, WA, 

Australia) and housed in filter lid cages. Cdkn2a-/- male mice and age matched wild-type 

(C57Bl/J) mice were provided by Dr. Matthew McCormack (WEHI) and housed in 

individually ventilated cages. Mice (4-5 mice per cage) were housed within a 

temperature-controlled room with alternating 12 h light and 12 h dark cycles. 

Mice were fed standard mouse chow for 3 d, then control chow for a further 3-5 d 

before the CDE diet. Mice were monitored daily during acclimatization. Mice were 

monitored and weighed twice daily for the first 7 d of CDE diet or until all had 

recovered to within 5% of their weight (measured at the commencement of the CDE 

diet). Chow was replaced daily, and cages and water replaced biweekly for the duration 

of the experiment. All animal procedures were overseen by the Animal Ethics 

Committee of The University of Western Australia and complied with guidelines 

specified by the National Health and Medical Research Council of Australia. 

2.5.3 Blood and tissue collection 

Mice were anaesthetised with Avertin (600 μg/g body weight; Sigma, Sydney, NSW, 

Australia, Cat. T48402). The abdominal cavity was exposed and a blunted 29G 

perfusion needle was inserted into the hepatic portal vein. Prior to perfusion, blood 

(approximately 800 μL) was removed by cardiac puncture. The liver was perfused with 

sterile PBS warmed to 37°C at a rate of 5 mL/min until cleared of blood. The liver was 

then removed and tissue samples were snap frozen or fixed in 10% (v/v) buffered 
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formalin (10% (v/v) formaldehyde (37-40%), 33 mM NaH2PO4, 45 mM Na2HPO4) for 

24 h. Blood was left to clot at RT then centrifuged at 60 000g for 10 min. Serum was 

removed, aliquoted and snap frozen.  

2.5.4 Alanine aminotransferase assay 

Serum (25 μL) was mixed with 100 μL of alanine aminotransferase (ALT) substrate 

(90.2 M DL-alanine (Hopkins and Williams Ltd., Swansea, U.K. Cat. 113400) and 1.8 

mM α-Ketoglutaric acid (Sigma Cat. 75890) in PBS pH 7.5) for 1 h at 37°C with gentle 

mixing. Colour was developed by the addition of 100 μL of 200 μg/mL of 2,4-

dinitrophenylhydrazine (Sigma Cat. D199303) in 1 M HCl. The reaction was stopped 

after 20 min by the addition of 1 mL 0.4 M NaOH. Samples were run in parallel with 

sodium pyruvate (Sigma Cat. P5280) standards (0 to 0.6 mM in PBS pH 7.5) to 

generate a standard curve. 

2.5.5 Tissue for analysis 

Liver tissue from Cdkn2a-/- mice was provided by Dr. Matthew McCormack (WEHI). 

Wild-type, age-matched tissue was provided by Dr. James Vince (WEHI). Livers were 

harvested from mice and snap frozen for RNA analysis or fixed in 10% (v/v) buffered 

formalin before shipping to UWA.  

2.6 HISTOLOGY 

2.6.1 Paraffin sample preparation 

Tissue was fixed in 10% (v/v) buffered formalin for 12-24 h then processed in 70% 

ethanol, 90% ethanol, three washes in 100% ethanol, each for 2 h, then two washes of 

toluene and three washes of wax each for 1 h at CELLCentral (School of Anatomy, 

Physiology and Human Biology, UWA). Sections were then embedded into paraffin 

blocks. Tissue sections (4 μm) were cut with a wax microtome, floated in a water bath 

and mounted onto positively charged microscopy slides. Slides were baked for 3 h at 

65°C or overnight at 45°C prior to staining.  

2.6.2 Removal of wax from paraffin sections 

Slides were dewaxed by three washes of xylene for 5 min each, then three washes of 

absolute ethanol for 2 min. Sections were rehydrated by sequential immersion in 70% 

(v/v) ethanol, 50% (v/v) ethanol for 2 min followed by a wash in ddH2O for 10 min.  
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2.6.3 Haematoxylin and eosin staining 

Following dewaxing, slides were submerged in Harris’ Haematoxylin (Amber 

Scientific, Midvale, WA Cat. HH-1L) for approximately 20 s and washed thoroughly. 

Excess haematoxylin was removed by dipping in acid alcohol (0.3% (v/v) HCl in 70% 

(v/v) ethanol). After washing, slides were submerged in Scott’s Tap Water (23.8 mM 

sodium bicarbonate, 166.2 mM magnesium sulphate in ddH2O at pH 8.0) for 3 min to 

blue the haematoxylin stain. Sections were counterstained with Eosin Y (Sigma Cat. 

HT110132) by submerging for 10 s. Slides were washed in water and mounted (2.6.5).  

2.6.4 Sirius red staining 

Collagen fibres were detected by Sirius red staining. Following wax removal, slides 

were submerged in 0.1% sirius red (Gurr Cat. 34149) in saturated picric acid (2,4,6-

trinitrophenol; AnalAR 10192) for 1 h at RT. Slides were then washed in 0.01 M HCl 

for 1 min at RT before slides were washed and mounted (2.6.5).  

2.6.5 Dehydration and mounting 

Sections were dehydrated by a sequence of 70% (v/v) ethanol, three changes of absolute 

ethanol, followed by three changes of xylene for 1 min each. Slides were coverslipped 

with DePeX Mounting Medium (Gurr®, VWR Cat. 361252B).  

2.6.6 Immunohistochemical staining  

Slides were equilibrated in TBS (50 mM Tris (pH 7.5), 150 mM NaCl) before antigen 

retrieval. Antigen retrieval procedure varied according to the antibody as specified in 

Table 2.6. 

For enzymatic antigen retrieval, sections were covered with 40 μg/mL of proteinase K 

(DAKO Cat. S3004 or Boehringer Mannheim Gmbh Cat. 1413783) as specified in 

Table 2.6), diluted in 0.05 M Tris-HCl (pH 7.5) and incubated at RT for 6 min. For heat 

induced antigen retrieval, slides were submerged in citrate antigen retrieval solution (10 

mM sodium citrate (pH 6.0), 0.05% (v/v) Tween20) and heated in a microwave at high 

power until the solution began to boil (approximately 20-30 s) then incubated in a 95°C 

water bath for a further 20-40 min. Following antigen retrieval, slides were transferred 

to TBS and washed at RT for 5 min with agitation. All subsequent wash steps were for 

5 min at RT with agitation unless otherwise specified. 

Sections were treated with 3% (v/v) H2O2 in PBS for 10 min at RT to inactivate 

endogenous peroxidases and washed. Endogenous biotin was blocked to prevent non-
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specific background with the Biotin-Blocking System (Dako, Campbellfield, Victoria, 

Cat. X0590) by applying the Biotin and Avadin solution to sections for 10 min each. 

Slides were washed then blocked in Protein Block Serum-Free (Dako Cat. X0909) for 

30 min at RT. Sections were incubated in primary antibody diluted in Antibody Diluent 

(Dako Cat. S2020) overnight at 4˚C as specified in Table 2.2.  

The following day slides were washed. Depending on the antibody, one of three 

different techniques were employed to detect binding (Table 2.6). For the LSAB®2 

System HRP (Dako Cat. K0675) method sections were incubated in Biotinylated Link 

Universal (diluted 1:2 in TBS) for 30 min at RT, washed for 5 min before incubation in 

Streptavidin-HRP reagent (diluted 1:2 in TBS) for 30 min at RT. Alternatively, sections 

were incubated in HRP-conjugated secondary antibody (diluted 1/50 in Antibody 

Diluent) for 1 h at RT. For the third detection method, sections were incubated in 

biotin-conjugated secondary antibody (1/200 in Antibody Diluent) for 1 h at RT and 

washed before incubation in Streptavidin-HRP solution (from the LSAB®2 System HRP 

kit, diluted 1/3 in TBS) for 30 min at RT. 

Sections were washed before antigen binding was visualised with Liquid DAB+ 

Substrate Chromogen System (Dako Cat. K3468) diluted per the manufacturer’s 

instructions and applied directly to the section. The reaction was monitored by 

microscopy and terminated by immersion in ddH2O. IHC sections were counter stained 

with haematoxylin and mounted as detailed in 2.6.3 and 2.6.5. 

2.6.7 Immunohistochemical analysis and quantitation 

Slides were digitalised using the Aperio Scanscope Digital Slide Scanner XT (Leica 

Biosystems, Nussloch, GmbH) at 40x magnification. Images were viewed and analysed 

with Aperio ImageScope Ver 12.1.0.5029 (Leica Biosystems). CD45, F4/80, and Sirius 

Red Staining was quantified using the “Positive Pixel Count v.1” algorithm and shown 

to the positive pixels determined the percentage of the total pixels (positivity). For more 

accurate quantitation, the edges of the tissue and major lumens were excluded from 

analysis, and the parameters of the algorithm were adjusted for each antibody to best 

detect positive pixels from background.  

Due to differences in nuclear size between cell types (ie. hepatocyte relative to 

neutrophil), or low numbers of positive cells, Ki67, PANCK, B220. Ly6G, and F4/80 

staining was quantified by selecting 5-10 (as specified) random fields of view and 

manually counting the number of positive cells in ImageJ with the Cell Counter plugin.  
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Table 2.6 Antibody-specific antigen retrieval and detection methods for 
immunohistochemistry 

Antibody Dilution 
Antigen Retrieval 

Method 
Secondary Antibody/ Detection 

Method (Dilution) 

B220 1/50 - 
Biotin-conjugated rabbit anti-rat 
IgG (1/100 in Antibody Diluent) 

CD45 1/10 
HEIR with sodium citrate 

pH 6.0 
HRP-conjugated goat anti-rat IgG 

(1/50; NA9350) 

F4/80 1/25 Proteinase K for 6 min 
HRP-conjugated goat anti-rat IgG 

(1/50; NA9350) 

Ki67 1/100 
HEIR with sodium citrate 

pH 6.0 
LSAB®+ (1/5 in TBS) 

Ly6G 1/50 
Dako Proteinase K for 8 

min 
Biotin-conjugated rabbit anti-rat 
IgG (1/100 in Antibody Diluent) 

PANCK 1/400 
Dako Proteinase K for 6 

min 
LSAB®+ (1/20 in TBS) 

HIER - Heat-induced epitope retrieval, HRP - Horse radish peroxidase, LSAB - Labelled 
Streptavidin-Biotin, TSB - Tris Buffered Saline. 

 
 
2.7 STATISTICAL ANALYSIS 

Statistical significance was determined by a Student’s t-test or one-way analysis of 

variance (ANOVA) where applicable. GraphPad Prism® Ver 4.0b was used for all 

statistical analysis. Where differences were observed but were not statically significant 

due to limited sample numbers, “trend” will be used. Statistically different observations 

will be noted as “significant.” 
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3.1 INTRODUCTION 

The LPC is a putative cancer stem cell from which HCCs and cholangiocarcinomas 

develop (reviewed in Chapter 1.2). Considerable effort has gone into elucidating the 

mechanisms that promote their tumorigenic transformation, including contributions by 

our laboratory. Dumble et al. observed that mice deficient in the gene encoding p53 

(Trp53-/-) had enhanced LPC proliferation following CDE diet implementation. LPC 

lines isolated from Trp53-/- mice were susceptible to spontaneous transformation; three 

out of five Trp53-/- LPC lines (PIL) formed tumours in immune-compromised mice 

(61). These observations demonstrate the tumorigenic potential of LPCs, and implicate 

p53 dysregulation in their transformation.  

The tumour suppressor p53 is commonly dysregulated in liver cancers (73, 74, 76, 77). 

Like CDKN2A, the frequency of TP53 mutation varies by geographical area, most likely 

due to differing aetiologies and susceptibility factors (reviewed in 254). Further 

evidence for the involvement of p53 in the progression of liver cancer is highlighted by 

murine models (62, 239, 255). Mice with liver-specific deletion of Trp53 developed 

liver tumours after 14-20 months in absence of liver injury or carcinogen, and the 

resulting tumours were positive for LPC markers CK19 and A6 (62). Alterations 

induced by CRISPR/Cas9 in combination with Pten induced liver tumours after three 

months that were positive for CK19 and reminiscent of cholangiocarcinoma (239). 

Moreover, Zender and colleagues developed a model of liver carcinogenesis by over-

expressing various oncogenes (MYC, YAP, or RAS) in embryonic Trp53-/- LPCs that 

formed tumours when transplanted into mice (255). Tumour development was delayed 

in LPC lines heterozygous for Trp53, implicating p53 loss as an important step for LPC 

transformation and liver carcinogenesis. 

In addition to cellular changes and mutations that directly affect p53, CDKN2A deletion 

or epigenetic silencing can negatively regulate p53 via ARF. As reviewed in Section 

1.5.2 expression of ARF and INK4A is frequently decreased in HCCs due to 

hypermethylation, deletion, and occasionally mutation. Deregulation of CDKN2A was 

also observed in liver cancer cell lines, with homozygous or heterozygous deletions of 

Cdkn2a reported in 24 of 25 murine HCC cell lines (256). This was not observed in the 

primary HCC cells from these mice. As described in Section 1.5.2 several, groups have 

observed CDKN2A gene alterations including methylation during the progression from 

neoplasm to tumours in rodent models of liver cancer (35, 56, 228-232). Furthermore, 

the loss of chromosome 4 or allelic imbalance of the microsatellites surrounding 
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Cdkn2a were observed in three out of six hepatocyte-like epithelial cell lines derived 

from CH3 mice which spontaneously develop HCCs (244). Together these findings 

suggest that the loss of Cdkn2a is a common phenomenon in liver epithelial cells, 

including LPCs, and occurs early in liver carcinogenesis.  

To better understand the tumorigenic transformation of LPCs, murine adult (BMOL) 

and embryonic (BMEL) LPC lines were derived in our laboratory and transformed by 

long-term culture or selection in semi-solid agar (detailed in Table 2.1). This panel 

offers the opportunity to study LPC transformation including defining the molecular 

lesions that occur as a consequence of continuous passage in culture, which may mimic 

the extensive proliferation LPCs undergo in response to chronic liver disease. This 

model provides access to non-transformed precursor cells that can be directly compared 

to LPCs after transformation, allowing more meaningful characterisation of the changes 

associated with cancer progression.  

Using this model p53, ARF, and INK4A expression was examined to determine 

whether their abundance was affected by transformation of multiple LPC lines. It was 

hypothesised that p53, ARF, and INK4A abundance would decrease or be undetectable 

in transformed LPCs relative to their non-transformed precursors. 

Aims: The specific aims of this study were to: 

1) Establish whether p53 abundance is consistently reduced in transformed LPCs, 

2) Assess the expression of ARF and INK4A in non-transformed and transformed 

LPCs, 

3) Determine whether ARF and INK4A loss is consistent across a panel of 

transformed LPC lines,  

4) Ascertain whether tumours derived from ARF/INK4A expressing LPC lines 

have reduced ARF and INK4A abundance.  
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3.2 RESULTS 

3.2.1 p53 abundance is decreased but response to DNA damage is unaffected 

in transformed BMOL1 cells 

Given p53 is a potent tumour suppressor, it was hypothesised that diminished p53 

expression may induce LPC transformation. Three independently transformed LPC 

lines derived from the non-transformed BMOL1 cell line were grown in semi-solid agar 

for two weeks to confirm their transformed status. Colonies were consistently observed 

in all three independent transformed lines but were absent for the non-transformed 

precursors (Fig. 3.1A).  

The tumorigenicity of BMOL1 TA was confirmed by immune-compromised mouse 

assay by laboratory members in 2009. Tumours were observed in mice injected with TA 

but not in mice transplanted with non-transformed cells 90 days after injection. The TB 

and TC lines were tested and the non-transformed cells were reassessed in immune-

compromised mice, in 2015. As expected, tumours were evident in mice injected with 

TB and TC lines (Table 3.1). Surprisingly, the non-transformed cells formed slow-

growing tumours that became apparent 17 d after the tumours for TB and TC were 

detected (Table 3.1). Despite forming tumours in mice, the non-transformed BMOL1 

cells, did not grow colonies in semi-solid agar highlighting clear differences between 

them and the transformed cells. Thus the non-transformed and transformed BMOL1 

cells were used to elucidate subsequent molecular alterations associated with LPC 

transformation.  

To better understand the role of p53 in LPC transformation, the abundance of p53 was 

assessed by Western blot (Fig. 3.1B). Consistent with the hypothesis, p53 abundance 

was reduced in the TA, TB, and TC lines compared to the non-transformed line (Fig. 

3.1B). Considering the reduced abundance, it was significant to establish whether Trp53 

was able to respond to DNA damage in the transformed cells. TA and TB lines were 

treated doses between 0.25 and 2 μg/mL of cisplatin for 48 h (Fig. 3.1C and D). 

Cisplatin induces DNA damage resulting in the stabilisation of p53 which can then 

activate transcription of genes involved in DNA repair, growth arrest or apoptosis 

(reviewed in 257). In both TA and TB, the abundance of p53 increased with cisplatin 

dosage similar to the response observed in non-transformed cells (Appendix B.1) 

indicating the p53 response to DNA-damage was unaffected by transformation.  
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Figure 3.1 p53 expression is decreased, but still responsive to cisplatin treatment in 
transformed BMOL1 lines.  
A) Non-transformed (NT) BMOL1 and three transformed cell lines derived from it (TA, TB, and 
TC) were assayed in semi-solid agar. Scale bar represents 1mm. B) Lysates prepared from these 
cells were separated by SDS-PAGE and immunoblotted for p53 and β-actin. Size markers are 
shown in kDa. BMOL1 TA (C) and TB (D) were treated with cisplatin for 48 h at the indicated 
concentrations and assayed for p53 abundance as described in (A). Assays were done in 
duplicate andWestern blots shown in C and D were performed by Joanne Van Vuuren. 
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Table 3.1 Tumour formation of adult LPC lines in immune-compromised mice  
 

Cell Line Tumour formation Initial detection (d)* Tumour removal (d)* 

BMOL1 NT 2/4 31, 46 100, 100 

BMOL1 TB 1/1 11 26 

BMOL1 TC 1/1 14 36 

BMOL2 NT 0/2 - - 

BMOL2 T 2/2 47, 63 100, 100 

BMOL-TAT NT 0/2 - - 

BMOL-TAT T 0/2 - - 

BMOL3 0/2 - - 

 
* Tumour formation indicates the number of mice that grew tumours within 100 days. Initial 
detection is the day that a tumour was first detected. Tumours were removed when they reached 
a size of 7 mm across the longest path.  
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Together, these results demonstrate that transformed LPCs have reduced p53 abundance 

but p53 remained inducible in response to cisplatin-induced DNA damage.  

3.2.2 The Cdkn2a locus is deleted in transformed BMOL1 cells 

To account for the decreased abundance of p53 transformed cells, the regulation of p53 

was investigated. The tumour suppressor, ARF, encoded by Cdkn2a (Fig. 3.2A), 

stabilises p53 by inhibiting MDM2 and thus blocks p53 degradation (94, 95, 97). It was 

hypothesised that the decreased p53 abundance in the transformed BMOL1 cell lines 

may be due to reduced ARF stabilisation. Whilst clearly visible in non-transformed 

cells, ARF was not detected in the transformed BMOL1 lines (Fig 3.2B). To determine 

whether this was due to transcriptional down-regulation, RT-PCR was performed on the 

non-transformed and transformed samples (Fig. 3.2C). Arf was amplified from cDNA 

prepared from non-transformed but not from TA, TB, or TC suggesting that transformed 

cells do not express ARF due to suppressed transcription (Fig. 3.2C). 

Genomic DNA was extracted to determine whether the Arf gene was deleted. The first 

exon of Arf (exon 1β) was amplified from the non-transformed precursors but could not 

be detected in TA, TB, or TC (Fig. 3.2D). These results indicate that a deletion occurred 

within the Arf gene/locus in transformed cells, thus preventing ARF expression. 

In addition to Arf, the Cdkn2a locus encodes INK4A (Fig. 3.2A). The unique 

arrangement of this locus warranted assessment of INK4A abundance in the 

transformed cells. Western blot analysis revealed INK4A was present in the non-

transformed cells but was ablated in the transformed cells (Fig. 3.2B). Like Arf, Ink4a 

could not be amplified from cDNA from the transformed cells (Fig. 3.2C). PCR of the 

genomic DNA indicated that the deletion causing the disruption in Arf expression also 

spans the first Ink4a coding exon (exon 1α) (Fig. 3.2D). These results indicate that the 

BMOL1 cell lines acquired a deletion within the Cdkn2a locus during transformation 

that resulted in ARF and INK4A ablation.   
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Figure 3.2 Arf and Ink4a are deleted in transformed BMOL1 cells.  
A) Schematic illustration of the Cdkn2a locus encoding two proteins, ARF (red) and INK4A 
(blue). Although the proteins share exon 2 and 3, they have distinct first exons, exons 1β and 
1α. B) Protein lysates were prepared from three transformed (TA, TB, and TC) and the non-
transformed (NT) BMOL1 from which they were derived. Lysates were separated by SDS-
PAGE and immunoblotted for ARF, INK4A, and β-actin. Size markers are shown in kDa. C) 
cDNA was synthesised from total RNA extracted from the same lines and used as a template for 
RT-PCR to amplify Arf, Ink4a, and Gapdh. Amplicons (146, 185, and 437 bp, respectively) 
were resolved by agarose gel electrophoresis. D) Genomic DNA was isolated and used as a 
template to amplify exons (Ex) 1β, 1α, and Gapdh. Products (174, 162, and 437 bp) were 
separated on agarose gels. Blot and gel images shown are a representative of n = 3 experiments. 
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3.2.3 INK4A expression is consistently lost in transformed LPC lines 

To determine whether decreased p53 expression, and/or deletion of the Cdkn2a locus 

were consistent genetic alterations across other transformed LPC lines, a panel of non-

transformed and transformed LPC lines was assembled. The transformation status of the 

LPC lines was verified by semi-solid agar assay and cell lines were designated non-

transformed or transformed accordingly (Fig. 3.3). BMOL2 and BMOL-TAT cell lines 

had non-transformed and transformed counterparts whereas BMOL3 and embryonic 

LPC line (BMEL-AEGFP) both remained as single cells when cultured in semi-solid 

agar even after 20 and 35 passages, respectively, and was designated non-transformed 

(Fig 3.3). The BMEL-TAT cell line grew colonies in semi-solid agar even at low 

passage number and is therefore designated transformed with no non-transformed 

precursor (Fig. 3.3).  

The tumorigenicity of the adult LPC lines was assessed by the ability to grow tumours 

when injected into immune-compromised mice. Tumours were observed for the 

transformed BMOL2 cell line whereas tumour growth was not evident in mice injected 

with the non-transformed BMOL3, BMOL2, BMOL-TAT cell lines (Table 3.1) 

Unexpectedly, the transformed line, BMOL-TAT, failed to produce tumours in mice 

(Table 3.1). BMEL-AEGFP at a similar passage to that used in this study had been 

previously assayed and did not give rise to tumours within 90 days. The BMEL-TAT 

line was not assessed. 

Expression of p53, ARF, and INK4A protein and mRNA, as well as the status of the 

Cdkn2a locus were examined in the panel of non-transformed and transformed LPCs. In 

contrast to previous observations, both ARF and p53 were enhanced in the transformed 

BMOL2 cell line compared to their non-transformed counterpart. However, consistent 

with BMOL1, INK4A abundance was decreased in transformed BMOL2 cells (Fig. 

3.4A). RT-PCR corroborated these observations (Fig. 3.4B). Like in BMOL1 cell line, 

ARF and p53 abundance was decreased in transformed BMOL-TAT cells. Interestingly, 

although INK4A protein was not detected in either non-transformed or transformed 

BMOL-TAT cells (Fig. 3.4A), Ink4a transcript was detected in both cell lines (Fig. 

3.4B).  
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Figure 3.3 Transformation status of LPC lines determined by semi-solid agar assay.  
BMOL2 non-transformed (NT) and transformed (T), BMOL-TAT NT and T, BMOL3, BMEL-
AEGFP and BMEL-TAT cell lines were cultured in semi-solid agar. Photomicrographs were 
recorded with a dissecting microscope after 14 d. Scale bars represent 1 mm. Cell lines that did 
not produce colonies are designated NT (left) and cell lines that grew colonies are T (right). An 
empty space indicates where a NT or T counterpart was unavailable. 
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Although the BMOL3 and the two embryonic LPC lines (BMEL-AEGFP and BMEL-

TAT) did not have a transformed or non-transformed counterpart, p53, ARF, and 

INK4A were still examined in these cell lines. Non-transformed line, BMOL3, 

expressed both ARF and p53 but did not express INK4A protein, nor Ink4a transcript 

(Fig. 3.4A and B). The non-transformed BMEL-AEGFP line expressed ARF, INK4A, 

and p53 protein, whereas only p53 was detected in transformed BMEL-TAT cells. The 

absence of INK4A expression in the BMEL-TAT cells can be explained by a deletion in 

Ink4a exon 1α (Fig. 3.4C). In contrast, none of the assessed cell lines showed a deletion 

in Arf exon 1β suggesting epigenetic silencing may prevent its transcription in BMEL-

TAT cells. It should be noted that the abundance of p53, ARF, and INK4A was not 

significantly altered by cell density (Appendix B.2) suggesting that any differences in 

expression levels are indeed inherent properties of the cell line studied. 

A summary of the status of p53, ARF and INK4A expression is presented in Table 3.2. 

Though no single protein was consistently altered following LPC transformation the 

loss of INK4A, ARF, and decreased p53 expression can be related to the ability of LPC 

lines to grow colonies in semi-solid agar as well as to form tumours upon 

transplantation into immune-compromised mice. 
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Figure 3.4 INK4A is frequently down-regulated in transformed LPCs.  
A) Lysates were prepared from non-transformed (NT) and transformed (T), BMOL2, BMOL-
TAT, BMOL3, BMEL-AEGFP (BMEL-A) and BMEL-TAT cell lines. Lysates were separated 
by SDS-PAGE and immunoblotted for p53, ARF, INK4a, and β-actin. Size markers are 
indicated in kDa. B) Total RNA was isolated from the panel of LPCs and used to synthesise 
cDNA. RT-PCR specific for Arf, Ink4a, and Gapdh was performed and amplicons (146, 185, 
and 437 bp, respectively) were resolved by agarose gel electrophoresis. C) Genomic DNA was 
isolated and used as a template for Exon 1β, Exon 1α, and Gapdh PCR. Products (174, 162, and 
437 bp) were separated on agarose gels. Blot and gel images shown are a representative of n = 2 
experiments.
  

A

B

BMOL 2
NT T

75

50

20

15

15

20

35

ARF

INK4A

p53

-actin

BMOL-TAT
NT T BM

OL3
 (N

T)

BM
EL-

A (N
T)

BM
EL-

TA
T (T

)

Gapdh

Ink4a

Arf

BMOL-TAT

NT TNTC

BMOL 2

NT TNRT BM
OL3

 (N
T)

BM
EL-

A (N
T)

BM
EL-

TA
T (T

)

C

NTC

BMOL-TAT

Ex 1

Ex 1

Gapdh

BMOL 2

NT T NT T BM
OL3

 (N
T)

BM
EL-

A  (
NT)

BM
EL-

TA
T (T

)



Chapter 3: ARF and INK4A are reduced in transformed LPCs 

  66 

 

 
 
 
 
 
 
 
 
Table 3.2 Summary of p53, ARF, and INK4A expression in non-transformed and 
transformed LPC lines 

Cell Line 
Colonies in 
semi-solid 

agar? 

Tumours in 
immune-

compromised 
mouse? 

Loss of p53? Loss of ARF? Loss of INK4A? 

BMOL1 NT N Y* (50%) N N N 
BMOL1 TA Y Y < Y Y 
BMOL1 TB Y Y < Y Y 
BMOL1 TC Y Y < Y Y 
BMOL2 NT N N N N N 
BMOL2 T Y Y  >  > Y 

BMOL-TAT NT N N N N Y# 
BMOL-TAT T Y N < < Y# 

BMOL3 N N N N Y 
BMEL-AEGFP N N N N N 

BMEL-TAT Y NA N Y Y 

N - no (green), NA - not assessed (white), Y - yes (red), < - decrease (yellow), > - increase 
(yellow) 
* Cell line was assayed in immune-compromised mice twice and gave inconsistent results. No 
tumours were observed in 2/2 mice assayed in 2009 but 2/2 mice grew tumours when reassessed 
in 2014 (See Table 3.2). 
# Protein not detected by Western blot but mRNA was amplified by RT-PCR 
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3.2.4 INK4A expression is decreased in tumours that develop in immune-

compromised mice 

The absence of colonies when cultured in semi-solid agar and a delayed tumour 

formation in mice suggests non-transformed BMOL1 cells accumulated further 

molecular changes in the immune-compromised mice. To address whether ARF and/or 

INK4A were decreased in LPC-derived tumours, Western blots were performed on 

tumour lysates, and compared to lysates prepared from cells two passages prior to 

injection. Transformed BMOL2 cells were also assessed because they expressed ARF 

prior to tumour formation. ARF abundance was decreased in both BMOL1 tumours, 

although more notably in the tumour from mouse 2 (M2) relative to the cells prior to 

injection (BI) (Fig. 3.5). ARF was reduced in the transformed BMOL2 mouse 1 (M1) 

tumour relative to in vitro cells, but was increased in the tumour cells from the second 

mouse (Fig. 3.5, M2). INK4A was decreased in both tumours arising from non-

transformed BMOL1 cells compared to the parental cultures, and was not detected in 

the transformed BMOL2 cell line nor the two resulting tumours. These observations 

suggest a correlation between decreased INK4A, and ARF expression with tumorigenic 

progression of LPCs.  

 

 

 

Figure 3.5 INK4A is decreased in tumours from immune-compromised mice relative to 
their in vitro precursors.  
BMOL1 NT and BMOL2 T cells were injected subcutaneously into immune-compromised mice 
and tumour formation was monitored. Resultant tumours were excised after 100 d. Lysates were 
prepared from mouse 1 tumour (M1) and mouse 2 tumour (M2) as well as the cell lines two 
passages before injection (BI). Lysate from an Arf -/- LPC line was included as a negative 
control. Lysates were separated by SDS-PAGE and immunoblotted for ARF, INK4A, and β-
actin. Size markers are indicated in kDa. Blot shown is a representative of n = 1 experiment. 
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3.3 DISCUSSION 

A panel of non-transformed and transformed LPC lines was used to assess molecular 

changes associated with their tumorigenic transformation. The majority of transformed 

LPC lines studied showed decreased p53 signifying that dysregulation of the p53 

pathway may contribute to LPC transformation. However, p53 was detectable and could 

be induced in transformed BMOL1 cells in response to DNA damage. Thus, the 

presence and responsiveness of p53 in transformed LPCs suggests that decreased p53 

abundance is not the critical driver of LPC transformation but it may result from other 

alterations. 

Down regulation of p53 in many of the transformed LPC lines led to the investigation 

of ARF, which indirectly stabilises p53 abundance by inhibition of p53-ubiquitin ligase, 

MDM2. Accordingly, ARF protein was expressed in non-transformed lines and was 

diminished in all of the transformed LPC lines assessed except the transformed BMOL2 

line (Table 3.2). As expected, decreased p53 expression correlated with diminished 

ARF abundance suggesting that p53 reduction may be the result of decreased ARF 

levels.  

Paradoxically p53 and ARF abundance was increased in the BMOL2 cell line following 

transformation. One explanation for this may be a loss of function mutation which 

commonly result in increased p53 abundance (reviewed in 258). The cellular abundance 

of p53 is carefully regulated by a negative feedback pathway involving MDM2. In 

addition to activating MDM2 transcription, p53 also inhibits transcription of ARF (146). 

Hence, a loss of function mutation affecting p53 DNA binding activity would prevent 

this negative regulatory pathway and negate the transcriptional repression of Arf leading 

to increased cellular abundance of p53 and ARF. In support of this, a colleague within 

the laboratory performed RNAseq on these cells lines and reported a mutation within 

the DNA binding domain of p53 in the transformed BMOL2 cell line (A Passman, 

personal communication).  

Aside from the BMOL2 cells, mutations were not detected in the Trp53 transcripts by 

RNAseq (A Passman, personal communication). Alterations of p53 levels in the other 

cell lines could be a result of pre- or post-transcriptional modifications as the regulation 

of p53 is complex and involves phosphorylation, acetylation, sumoylation and 

neddylation of the protein in response to cellular stress (reviewed in 259). For example, 

DNA damage repair kinases AMT and Chk1/2 phosphorylate p53 at serine residues to 
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prevent MDM2-mediated degradation allowing for p53 accumulation within the cells to 

induce a response (260). Analysis of these modifications in addition to p53 abundance 

could be considered in the future work. The function of p53 should also be investigated 

by assessing it’s ability to active transcription of target genes and by the abundance of 

downstream targets including cell cycle regulators p21 and PTEN and pro-apoptotic 

proteins BAX and PUMA (259, 261).  

 

Unlike p53 and ARF, which were detected in all non-transformed cell lines, INK4A 

protein was not detected in two of the non-transformed LPC lines: BMOL-TAT NT and 

BMOL3. Ink4a transcript could be amplified from the BMOL-TAT NT suggesting that 

the INK4A protein abundance was either below the limit of detection, or INK4A was 

subject to post-transcriptional silencing modifications. The loss of ARF and/or INK4A 

can occur during the immortalisation of primary cultures into cell lines (262). As 

BMOL3 did not express INK4A even at low passages, it is possible that inactivation of 

Ink4a was associated with immortalisation of this cell line. Aside from these two lines, 

INK4A protein was abundant in all other non-transformed LPC lines.  

INK4A protein was not detected in any of the transformed LPC lines and Ink4a 

transcript was scarcely detectable in the transformed BMOL-TAT line and could not be 

amplified from any of the other transformed LPC lines. These data suggest that the 

INK4A loss was associated with a cell line’s ability to grow colonies in semi-solid agar 

(Table 3.2). Additionally, INK4A was not detected in tumours arising from LPC lines 

injected into immune-compromised mice. Given the limited number of tumours 

analysed, further experiments are required to validate this observation. Therefore, 

INK4A may be more relevant to LPC transformation than either ARF and/or p53 which 

were still detectable in several transformed LPC lines.  

Genomic- and RT-PCR provided insight into the mechanism responsible for the altered 

abundance of ARF and INK4A in the transformed LPC lines. Large deletions that 

prevented PCR amplification were observed in four of the transformed LPC lines. The 

consistency of the deletion in the three transformed BMOL1 lines suggests that the 

deletion was an early modification that occurred before transformed cells were clonally 

selected from semi-solid agar. For the remaining cell lines, ARF and INK4A protein 

abundance correlated with transcript abundance. This observation indicates that the 

decreased or depleted expression was due to epigenetic silencing, or small mutations or 

deletions, which is in accordance with clinical observations that CDKN2A is commonly 
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deleted or methylated in HCC (77, 80). Bisulfite sequencing should be utilised to assess 

whether small deletions or point mutations occurred, or whether methylation is 

responsible for silencing transcription in the transformed LPC lines.  

Discrepancies were observed between the in vitro semi-solid agar and in vivo immune-

compromised mice tests for tumorigenic capacity. The BMOL-TAT line that formed 

colonies in semi-solid agar, failed to grow tumours in immune-compromised mice. 

Conversely, the non-transformed BMOL1 line that did not grow colonies in semi-solid 

agar, but gave rise to tumours in immune-compromised mice. While it is difficult to 

reconcile these two conflicting results, it is possible that the BMOL1 cells acquired 

additional mutations following continued culture; especially given that the spontaneous 

immortalisation of murine epithelial cells induces genetic instability promoting 

additional mutations in vitro (263). Furthermore, transcriptomic analysis on cell lines 

derived from HCCs as well as primary cells estimated that the cell lines acquired 

random mutations within exons at a rate of 0.5 mutations per passage (264). The delay 

in tumour development suggests that non-transformed BMOL1 cells may have acquired 

additional modifications in vivo before they could form tumours. In line with this, the 

transformed BMOL-TAT lines may have acquired mutations allowing for anchorage 

independent growth but still required further modifications before they were 

tumorigenic. These data suggest that different molecular mechanisms contribute to 

growth in semi-solid agar and to tumours in immune-compromised mice and could lead 

to discrepancies between the two assays. While in vitro methods are beneficial to give 

indications of transformation status, these observations emphasise the need to test the 

tumorigenic capacity of the cells in vitro using the gold standard immune-compromised 

mouse model. Both ARF and INK4A were decreased in most of the tumours arising 

from the non-transformed BMOL1 cells further supporting the hypothesis that 

decreased or loss of ARF and INK4A abundance is important for the tumorigenic 

transformation of LPCs. 

The absence of ARF and/or INK4A in transformed LPCs removes two critical tumour 

suppressors that monitor mitogenic signals and prevent uncontrolled cell proliferation. 

This would confer LPCs deficient in ARF and/or INK4A with a proliferative advantage 

and contribute to their tumorigenic transformation. Given their role in inducing 

replicative senescence, the loss of ARF and/or INK4A has been implicated in the 

immortalisation of cultured cells (262). In fact, Arf-deficient hepatocytes are immortal 

(265). The diminution of ARF and/or INK4A in the transformed LPC lines may 
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therefore be associated with the immortalisation process of the cell lines rather than 

their transformation. However, in these studies the non-transformed LPC lines had been 

immortalised by the “plate and wait” method and retained expression of ARF and 

INK4A. Therefore, reduction of ARF and/or INK4A expression is more likely 

associated with the transformation of the cells. This observation is in accordance with 

findings that the region of chromosome 4 containing Cdkn2a was the most commonly 

deleted region in spontaneously transformed murine epithelial cells (263).  

In summary, p53, ARF, and INK4A were consistently decreased or absent in the 

transformed LPC lines, with exception of transformed BMOL2 cells that had a mutation 

within Trp53. The reliability of this observation is strengthened as all of the LPC lines 

assayed were generated from different mice and independently transformed. The 

reduction of p53 abundance may be due to limited ARF stabilisation, and the consistent 

reduction of ARF and INK4A emphasises the importance of the Cdkn2a locus in 

maintaining murine LPCs in a non-tumorigenic state. However, future experiments 

should be performed to assess the direct contribution of ARF and INK4A depletion to 

the tumorigenic transformation of LPCs. 
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4.1 INTRODUCTION 

The previous chapter established that a reduction or loss of ARF and INK4A 

accompanies LPC transformation. While consistent with clinical studies and mouse 

models (Section 1.5.2), the association between reduced ARF and/or INK4A and 

transformation does not prove causality. Expression of ARF and INK4A is increased in 

primary cell cultures, including cells isolated from liver, to induce senescence (185, 

241, 242). Thus, ARF and/or INK4A depletion may be an early hallmark in the 

establishment of immortalised cell lines in vitro. Alternatively, the loss of these tumour 

suppressors may be a bystander event from genomic instability prevalent in cell cultures 

undergoing a tumorigenic transformation. In fact, the Cdkn2a locus is the most deleted 

chromosomal region of in vitro transformed cells (263). Therefore, it is necessary to 

establish the contribution of Cdkn2a silencing in LPC transformation. 

Studies assessing the absence of ARF and INK4A in LPCs are usually performed in 

conjunction with an oncogene. For example, removal of Arf transcriptional repressor, 

TBX3, increased ARF abundance and which limited the LPC’s proliferation (145). In 

another study, inhibition of Cdkn2a by a MEK inhibitor, PD0325901, enhanced 

proliferation of hepatoblasts (242) while also reducing the abundance of p21 and p15 

cell cycle regulators. Polycomb proteins BMI1 and EZH2 induce LPC proliferation by 

their ability to suppress expression of the Cdkn2a locus, and proliferation of Bmi-/- 

embryonic LPCs was restricted (158, 266, 267). In line with this, LPCs from Cdkn2a-/- 

embryos had increased proliferative capacity compared to wild-type controls and could 

evade culture induced senescence (158). These studies reinforce the hypothesis that the 

loss of this locus affects LPC proliferation. 

Although the loss of ARF and INK4A enhances the growth potential of LPCs, it does 

not immediately cause tumorigenesis. Miyasaka et al. observed that liver epithelial cells 

with homozygous deletion of Cdkn2a did not give rise to tumours in immune-

compromised mice (244). Neither did primary embryonic LPCs isolated from Cdkn2a-/- 

mice (158). Similarly, hepatocytes (LPCs were not studied) isolated from Arf -/- mice 

were immortal but not tumorigenic (265). Tumours were observed in Cdkn2a-/- 

embryonic LPCs when BMI1 was overexpressed (158). These observations are in 

accordance with the hallmarks of cancer that state cancer progression requires multiple 

hits affecting different pathways (268), thus depletion of ARF and INK4A may 

predispose the LPCs to transformation.  
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However, whether the loss of Cdkn2a accelerates LPC transformation remains unclear. 

In the previous chapter, the consistent depletion of INK4A and ARF was observed in 

tumorigenic LPC lines. This correlation suggests that the loss of these tumour 

suppressors may play a critical role in hepatocarcinogenesis. The objective of this 

chapter was to address whether the loss of the proteins encoded by the Cdkn2a locus 

directly affected the propensity of LPCs to transform. It was hypothesised that loss of 

ARF and INK4A expression would accelerate the spontaneous transformation of the 

LPCs relative to wild-type cells.  

Aims: The aims of this chapter were to: 

1) Assess whether depletion of ARF and INK4A accelerates the spontaneous 

tumorigenic transformation of LPCs by the following approaches: 

a. Reduce ARF and INK4A abundance in non-transformed LPCs with 

shRNAs, 

b. Isolate LPCs from Arf -/- mice,  

c. Use CRISPR/Cas9 to delete a portion of the Cdkn2a locus in an 

established LPC line, 

d. Generate Cdkn2a-/- and Cdkn2a+/+ LPCs from conditional Cdkn2afl/fl 

mice.  

2) Determine additional molecular/signalling changes associated with Arf -/- LPC 

transformation that may contribute to LPC transformation.   
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4.2  RESULTS 

4.2.1 In vitro models of ARF and/or INK4A knock down in LPCs 

To assess causality of ARF and INK4A loss in LPC transformation, four in vitro models 

were developed to eliminate ARF and/or INK4A expression. The deficient LPC lines 

were then monitored for their ability to transform. 

4.2.1.1 shRNA does not maintain effective depletion of ARF/INK4A  

First, shRNA was utilised to ablate ARF and/or INK4A abundance in non-transformed 

LPCs. BMEL-AEGFP (BMEL) cells were infected with lentiviruses bearing shRNAs 

targeting Arf and/or Ink4a mRNAs, or a non-specific control (sch). Following selection, 

four shRNA constructs (1-4) showed ARF reduction (Fig. 4.1A). Of the five shRNAs 

tested, only shRNA2 diminished INK4A expression. As expected, the sch control did 

not affect ARF or INK4A abundance relative to parental (P), non-infected cell lines.  

Following selection, cells were passaged four times and assessed for their ability to 

grow in semi-solid agar as an indicator of transformation status (p17). Colonies were 

apparent for the positive control (transformed BMOL1) but were not observed for the 

parental, sch- or shRNA-expressing cells (Fig. 4.1B). Western blot for ARF and INK4A 

two passages later (p19) revealed that expression of ARF and INK4A had partially 

recovered in all affected cell lines (Fig. 4.1C). To assess whether stable ARF and 

INK4A depletion could be achieved a separate adult LPC line, non-transformed 

BMOL1, was infected with the same shRNA constructs. Although initial Western blots 

indicated reduced expression with shRNA constructs 1-4 (Fig. Appendix C.1), the 

shRNAs did not show a sustained ablation of ARF or INK4A levels apart from 

shRNA2, which diminished their abundance, and shRNA4 which reduced ARF 

expression (Fig. 4.1D).  

Several of the shRNA constructs decreased ARF and/or INK4A expression, however, 

the effect was not maintained with passage. Rather than test additional shRNA 

constructs, we explored alternate approaches to irreversibly delete Cdkn2a.  
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Figure 4.1 shRNA depletion of ARF and/or INK4A in LPCs is not sustained during cell 
passaging. 
A) The non-transformed BMEL-AEGFP (BMEL) was infected with lentiviruses containing 
shRNAs targeting Arf/Ink4a or a scrambled control (sch). Following selection, infected, and 
parental (P) cells were harvested, lysated and used for immunoblotting for ARF, INK4A, and β-
actin. Size markers are indicated in kDa. B) Infected (sch and shRNA1-5) and P BMEL cells 
were assayed in semi-solid agar. Transformed (T) BMOL1 cells were a positive control. 
Photomicrographs were recorded with a dissecting microscope after 14 d. Scale bars represent 1 
mm. C) Lysates were prepared from shRNA-infected and P BMEL cells two passages later and 
ARF and INK4A abundance was assessed. D) Non-transformed BMOL1 cells were infected 
with the sch and shRNA1-5, selected, passaged four times, and used for immunoblotting as 
described in A. Western blots were performed in duplicate.   
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4.2.1.2 Arf -/- LPC lines spontaneously transform in culture  

Next, LPC lines were generated from ArfGFP/GFP mice (henceforth referred to as Arf -/- 

mice). Although INK4A expression was expected to be unaffected (191), INK4A was 

not detected in these cells at any passage due to DNA methylation (Appendix C.2). The 

cells expressed LPC markers (Fig. C.2), and could be differentiated into hepatocytes 

and cholangiocytes (Fig. C.3) and were therefore classified as LPCs.  

The ability of the Arf -/- LPCs to grow in semi-solid agar was assessed every 4-5 

passages until passage 30, and approximately every 10 passages thereafter. Initially, the 

Arf -/- LPCs remained single cells indicating a non-transformed status (Fig. 4.2A). After 

20 passages Arf -/- A and B formed small colonies, and after 30 passages numerous large 

colonies were observed (Fig. 4.2A) at which point these cells were deemed to be 

transformed. The Arf -/- C line was slower to transform, growing large colonies after 65 

passages (Fig. 4.5A). Transformed Arf -/- C cells, along with the non-transformed low 

passage (p16, NTL) and non-transformed high passage (p59, NTH) Arf -/- C cells (Fig. 

4.5A), were further characterised. 

Following transformation, the Arf -/- A and C cells had a decreased population doubling 

time (Fig. 4.2B). Although reduced, the doubling time of the transformed Arf -/- B cells 

was not significant relative to the non-transformed cells (p = 0.12). Interestingly, the 

low and high passage non-transformed Arf -/- C cells had identical growth rates, but 

significantly differed from the transformed Arf -/- C cells. This suggests that increased 

proliferation rates reflect the transformation status of the cells rather than the time in 

culture per se. 

To test for tumorigenicity, the Arf -/- LPCs were transplanted into immune-compromised 

mice. Both the Arf -/- A and B transformed cells grew visible tumours between 17-20 d, 

coincident with the PIL2 positive control cell line (61) (Table 4.1). Arf -/- C transformed 

cells formed a tumour in one of two mice injected after 59 d. Tumours were detected in 

mice transplanted with the non-transformed Arf -/- A cells 47 and 69 d after injection, 27 

d after detection of transformed Arf -/- A tumours. As anticipated, tumours were not 

detected in the negative control cell line (PIL4) nor the non-transformed Arf -/- B and Cs 

after 100 days.  

Collectively, these data show that Arf -/- LPCs undergo spontaneous transformation with 

continual passaging. Furthermore, the transformed Arf -/- LPCs (and non-transformed 

Arf -/- A LPCs) produced tumours in immune-compromised mice.   
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Figure 4.2 Arf -/- LPCs transform in culture. 
A) Arf -/- LPC lines were assayed in semi-solid agar every four to five passages. 
Photomicrographs were recorded with a dissecting microscope after 14 d and scale bars 
represent 1 mm. Images are shown for passage number (p) as indicated. B) The cell doubling 
time of non-transformed (NT), NT low passage (NTL), NT high passage (NTH), and transformed 
(T) Arf -/- LPC lines were determined using a Cellavista Analyzer and plotted as mean ± S.E.M 
(n = 3). Statistical significance was determined by a Student’s t-test (* p < 0.05, ** p < 0.01). 
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Table 4.1 Tumour growth of Arf -/- in immune-compromised mice after 100 days 

Cell Line Tumour formation* Initial detection (d)# Tumour removal (d)^ 

Arf -/- A p17 (NT) 2/2 47, 69 64, 100 

Arf -/- A p60 (T) 2/2 17, 20 25, 32 

Arf -/- B p16 (NT) 0/2 - - 

Arf -/- B p59 (T) 2/2 18, 19 41, 25 

Arf -/- C p16 (NTL) 0/2 - - 

Arf -/- C p59 (NTH) 0/2 - - 

Arf -/- C p66 (T) 1/2 59 64 

PIL4 p29 (NT) 0/2 - - 

PIL2 p28 (T) 2/2 15, 19 48, 25 

* Tumour formation indicates the number of mice that grew tumours within 100 days.  
# Initial detection day is the day that a tumour was first recorded.  
^ Tumours were removed when they were 7 mm or more across the greatest length.  
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4.2.1.3 Cdkn2a deletion using CRISPR/Cas9 induces transformed 

characteristics in BMOL1 cells 

To assess whether Cdkn2a loss affected LPC transformation in an established LPC line, 

ARF and INK4A were ablated using CRISPR/Cas9. Guide RNAs were designed to 

target Cas9 to the shared exon 2 (Fig. 4.3A). A negative control guide was designed to 

target Luciferase (not present in the cells). Non-transformed BMOL1 cells were 

transiently transfected with pX260 plasmids containing guide sequences, selected, and 

single-cell cloned. Cloned cell lines were screened for ARF and INK4A depletion by 

Western blot. Of the 24 clones screened, only one (number 3) showed complete 

depletion of ARF and INK4A, hereafter referred to as M1 (Appendix C.3 and Fig. 

4.3B). PCR with genomic DNA and subsequent Sanger sequencing indicated a 254 bp 

deletion in at the 5’ end of exon 2, 6 bases 3’ to the PAM sequence (Fig. C.5) A further 

24 clones were screened but Cdkn2a disruption was not observed (data not shown). 

Two clones with unaffected ARF and INK4A expression and no alterations to the 

Cdkn2a locus, numbers 1 and 16, henceforth control 1 and 2 (C1 and C2) were included 

in further experiments. The cells transfected with the Luciferase plasmid (luc) were not 

single cell cloned following selection and showed diminished ARF and INK4A 

expression compared to the parental cells (Fig. 4.3B). 

The M1, C1, and C2 clones were assessed for transformation status. Cell lines were 

assayed in semi-solid agar three passages after they were single cell cloned and every 

line gave rise to small colonies (Fig. C.6). Cellavista analysis of the growth rates 

indicated there was no significant difference between M1 and C1 or C2 clones (Fig. 

4.3C) but M1, C1, and C2 proliferated faster than the non-clonal parental and luc lines.  

After five more passages the cells were reassessed in semi-solid agar. Small colonies 

were observed for all samples but were more numerous (1.8-3.6 fold) and notably larger 

(at least 2.2-fold) in the C1 and M1 lines (Fig. 4.3D). Expression of ARF and INK4A 

was reanalysed by Western blot at this stage. As expected, M1 remained null for ARF 

and INK4A. The C1 and luc control cells had decreased INK4A abundance. ARF was 

detected at varying abundance in all control cell lines (Fig. 4.3E). In summary, the M1 

cell line and the control C1 cells with depleted INK4A expression grew colonies in 

semi-solid agar after eight passages. 
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Figure 4.3 Diminished INK4A expression in CRISPR/Cas9 knockout cells and controls 
correlates with colony formation in semi-solid agar. 
A) Guide RNAs were designed to direct Cas9 (green) to exon 2. Non-transformed BMOL1 cells 
were transiently transfected with guides and Cas9, selected, and single cell clones were isolated. 
B) Lysates were prepared from Arf -/- LPCs, parental (P) non-transformed BMOL1 cells, 
BMOL1 cells transfected with a luciferase-targeting construct (luc), and three BMOL1 clones 
transfected with Cdkn2a-targeting constructs; controls C1 and C2, and mutant clone M1. Cell 
lysates were resolved by SDS-PAGE and immunoblotted for ARF, INK4A, and β-actin. Size 
markers are shown in kDa. C) Doubling times were determined and are plotted as mean ± SEM 
(n = 2). D) Eight passages after transfection the cells were grown in semi-solid agar. 
Photomicrographs were recorded with a dissecting microscope after 14 d and scale bars 
represent 1 mm. C) Protein lysates from these cells were immunoblotted as described in B. 
Western blots were performed in duplicate.   
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A second CRISPR/Cas9 experiment was undertaken in collaboration with Katherine 

Audsley, an Honours student utilising an improved CRISPR plasmid. The pX459 

plasmid combines the guide RNA, tracrRNA and Cas9 for more efficient cellular 

assembly (269), uses shorter guide RNA sequences to enhance specificity (270), and is 

approximately 2 kb smaller to improve transfection efficiency. Guide RNAs were 

designed to target exon 2, cloned into a pX459 vector, and individually transfected into 

low passage non-transformed BMOL1 cells. Following selection, clones were assessed 

for ARF and INK4A depletion. Three clones for each guide with the lowest ARF and 

INK4A abundance were selected for further experimentation. All Guide 1 clones 

showed depletion of ARF and INK4A (Fig. 4.4A). Sequencing of exon 2 revealed all 

Guide 1 clones had a mass insertion (between 200 - 400 bp, depending on the clone) 

that would render non-functional proteins. ARF was not detected in the three clones 

transfected with the Guide 2 plasmid although a truncated and elongated INK4A were 

observed in clone A and clone B, respectively (Fig. 4.4A). Guide 2 induced a 1 bp 

deletion in clone A and a 1 bp insertion into clone B and C resulting in frame shift 

mutations. ARF and INK4A were detected in all Guide 3 clones, however elongated 

INK4A proteins were detected in clone C. A 1 bp insertion was detected in all Guide 3 

clones.  

The clones were assayed in semi-solid agar ten passages following transfection (p19). 

Colony growth was observed in all Guide 1 and 2 clones (Fig. 4.4B). Small colonies 

were apparent in the Guide 3 clone C cells but were not observed for the other Guide 3 

cells nor the parental cell line. In addition to growth in semi-solid agar, Guide 1 clones 

A and C, and Guide 2 clone C doubled significantly faster compared to the parental 

controls (Fig. 4.4C). Guide 1 clone B and Guide 2 clone B also followed this trend but 

were not significantly different (p = 0.06 and 0.08, respectively). Increased proliferation 

was not observed in the Guide 2 clone A or the Guide 3 clones. 

Collectively these data indicate that CRISPR/Cas9 can effectively delete portions of the 

Cdkn2a locus to eliminate ARF and INK4A expression. Different guides and 

CRISPR/Cas9 plasmids resulted in varied deletion efficiencies and effects on 

transformation assays (summarised in Table 4.2). The clones with reduced or depleted 

ARF and/or INK4A showed more indications of undergoing a tumorigenic 

transformation compared to cells with unaffected ARF/INK4A expression. 
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Figure 4.4 CRISPR/Cas9 mediated Cdkn2a deletion enhances LPC transformation. 
Non-transformed BMOL1 cells were individually transfected with CRISPR/Cas9 pX459 
plasmid containing guide sequences specific to Cdkn2a exon 2, selected, and single cell cloned. 
A) Lysates from three clones for each guide sequence and the parental cells were resolved by 
SDS-PAGE, transferred to membrane, and immunoblotted for ARF, INK4A, and β-actin. Size 
markers are shown in kDa. B) Clones and parental cells were grown in semi-solid agar for two 
weeks before being imaged with a dissecting microscope. Scale bar indicates 1 mm. C) 
Proliferation rates were determined using a Cellavista Analyzer. Doubling time is plotted as 
mean ± SEM (n = 3) for each cell line. Statistical significance was determined by a Student’s t-
test (* p < 0.05, ** p < 0.01). Western blots were performed in duplicate. 

 
 
 
 
 
Table 4.2 Summary of CRISPR/Cas9 results 

Guide Clone 
DNA 

Mutation 
ARF Not 
Detected 

INK4A Not 
Detected 

Colonies in 
semi-solid 

agar?? 

Faster 
proliferation? 

pX260 
luc  N N < Y N 

Cdkn2a C1 N N Y Y N 
 C2 N N N < N 
 M1 Mass deletion Y Y Y N 

pX459 

Guide 1 

A 
mass 

insertion 
Y Y Y Y 

B 
mass 

insertion Y Y Y N 

C 
mass 

insertion 
Y Y Y Y 

Guide 2 
A 1 bp del. Y Y Y N 
B 1 bp insert. Y Truncated Y N 
C 1 bp insert. Y Elongated Y Y 

Guide 3 
A 1 bp del. N N N N 
B 1 bp insert. N N N N 
C 1 bp insert.  N Elongated Y N 

bp - basepair, del. - deletion, insert. - insertion, Y - yes (red), < - decrease or modified (yellow).  
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4.2.1.4 Cdkn2a-/- LPCs display features of transformed cells 

The final approach utilised LPC lines derived from conditional Cdkn2a knock out 

(CKO, Cdkn2afl/fl) mouse embryos. Once LPC lines were established and characterised 

(Appendix C.4), they were stably transduced with lentivirus constitutively expressing 

Cre recombinase to induce recombination at the loxP sites flanking exons 2 and 3, or 

GFP (Fig. 4.5A). The method of Cre recombinase delivery was first optimised in 

Cdkn2afl/fl MEFs (Appendix C.5). 

Deletion of exons 2 and 3 was confirmed by PCR using primers that span exon 2 and 3 

(ΔExon2,3), which is too large to amplify if the locus is intact using standard PCR 

conditions (Fig. 4.5A, green arrows). All CKO Cre lines amplified a ΔExon2,3 product 

(Fig. 4.5B). Furthermore, exon 2 amplicon was apparent in all P and GFP lines but not 

in the CKO A and C Cre cells. A faint band was detected in the CKO B Cre cells 

suggesting some cells retained an intact Cdkn2a locus. Selection of the CKO B lines 

was repeated after which no exon 2 band was detected (Fig. 4.5C) and RT-PCR verified 

that Arf and Ink4a mRNA were not present in the CKO B Cre cells (Fig. 4.5D). Western 

blotting of the CKO lines demonstrated the absence of ARF and INK4A protein in the 

Cre-infected cells (Fig. 4.5E). The BMEL-AEGFP (BMEL) line, which has an intact 

Cdkn2a locus, was also infected with GFP and Cre. The infection did not alter ARF or 

INK4A abundance in the cell line (Fig. 4.5E). 

CKO cell doubling times were determined five passages post infection. Infection with 

GFP did not alter cell doubling times in any of the CKO lines (Fig. 4.6). Furthermore, 

no variances in proliferation rates were observed in infected BMEL cells suggesting that 

any difference in CKO-Cre doubling times could be attributed to the deletion of Cdkn2a 

exons 2 and 3. The CKO B cell line proliferated significantly faster (~10 h) when 

compared to the parental and GFP-infected cells (Fig. 4.6). Similarly, CKO A-Cre cells 

doubled marginally faster (~2 h) compared to the parental and GFP-infected cells but 

neither difference was significant (p = 0.16 and p = 0.06, respectively). No effect was 

observed in the CKO C cells.  

The Cdkn2a-/- LPCs were grown in semi-solid agar three passages after infection but no 

colony growth was observed (Fig. C.11). After seven passages, cells were assessed and 

colonies were apparent for the CKO C Cre line but not the corresponding CKO C 

parental or GFP-infected cells (Fig. 4.7). Colonies were not observed in any of the CKO 

A or B, or BMEL-AEGFP cells after ten passages (Fig. 4.7).  
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Figure 4.5 Induction of Cre recombinase in conditional Cdkn2a-/- LPCs removes exons 2/3 
and abrogates ARF and INK4A expression. 
A) LoxP sites flank shared exons 2 and 3 in Cdkn2afl/fl mice. Cre recombinase (Cre) deletes 
exons 2 and 3. Primers were designed to amplify a product (543 bp) when this region is deleted 
(Δexon 2,3, green arrows, 4,897 bp without deletion). B) Conditional Cdkn2a knock out (CKO) 
LPC lines were infected with lentiviruses bearing GFP or Cre constucts. Genomic DNA was 
extracted from the parental (P) and infected cell lines PCR for exons 1β (174 bp), 1α (162 bp), 2 
(119 bp) and Δexon 2,3. Amplicons were resolved by agarose gel electrophoresis. C) CKO B 
cells were selected with puromycin for an additional week and PCRs on genomic DNA were 
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repeated. D) RT-PCRs specific for Arf (146 bp), Ink4a (185 bp), and Gapdh (437 bp). E) 
Protein lysates were separated by SDS-PAGE and immunoblotted for ARF, INK4A, and β-
actin. Size markers are indicated in kDa. Blot and gel images shown are a representative of n = 
3 experiments. 
 

 

 

 

 

 

Figure 4.6 CKO B displays accelerated growth following Cre-recombinase deletion of the 
Cdkn2a locus. 
Cell doubling time of parental (P), GFP- and Cre-recombinase (Cre)-infected Cdkn2afl/fl LPCs 
and BMEL-AEGFP (BMEL) were determined using a Cellavista Analyzer are plotted as mean 
± S.E.M (n = 3). Statistical significance was determined by a Student’s t-test (*** p < 0.001). 
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In summary, Cdkn2a deletion caused CKO B to proliferate more quickly and CKO C to 

grow independently of anchorage. The third line, CKO A, did not display either of these 

characteristics of tumorigenic transformation. 

 

 

 

 

Figure 4.7 CKO C form colonies in semi-solid agar following exon 2 and 3 deletion. 
Cdkn2afl/fl (CKO) A, B, and C LPCs and BMEL-AEGFP (BMEL) cell lines were infected with 
lentivirus bearing constitutive GFP or Cre-recombinase (Cre) vectors. Infected and parental (P) 
cell lines were passaged 10, 10, and 7 times for A, B, and C, respectively and grown in semi-
solid agar. Images were taken after 14 d. Scale bars represent 1 mm.  
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4.2.2 Additional changes associated with LPC transformation 

The non-transformed and transformed Arf -/- LPCs afforded the opportunity to 

investigate subsequent events in LPC transformation. The inclusion of non-transformed 

(NTH) Arf -/- C cells allowed for differentiation of alterations associated with cell 

transformation from those resulting from extended passaging.  

4.2.2.1 Abundance of p21 is decreased in transformed Arf -/- LPCs 

As described in Chapter 3, the p53 pathway is implicated in HCC development and was 

reduced in five out of six transformed LPC lines (Fig. 3.1 and 3.4). To determine 

whether this is consistent in transformed Arf -/- LPCs the abundance of p53 was assessed 

by Western blot (Fig. 4.8A). Quantitation showed expression was decreased following 

transformation, but not significantly in Arf -/- A or C lines (p = 0.16, 0.28, and 0.19) (Fig. 

4.8B). In contrast abundance of p53 effector, p21, was markedly decreased in Arf -/- A 

and C line. This trend was observed in the transformed Arf -/- B cells but was not 

significantly different (p = 0.09) (Fig. 4.8C).  
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Figure 4.8 p21 and p53 abundance are decreased in transformed Arf -/- LPCs. 
A) Protein lysates prepared from non-transformed (NT) and transformed (T) Arf -/- LPC lines 
were separated by SDS-PAGE and immunoblotted for p53, p21 and β-actin. Size markers are 
shown in kDa. Mean ± S.E.M band intensity for p53 (B) and p21 (C) relative to β-actin are 
shown normalised to Arf -/- A NT (n = 3). Statistical significance was determined by Student’s t-
test (* p < 0.05, ** p < 0.01, *** p < 0.001). 
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4.2.2.2 Transformed Arf -/- LPCs undergo an epithelial to mesenchymal-like 

transition 

Transformed Arf -/- LPCs were smaller with less cytoplasm and fewer cell-cell junctions 

(Fig. 4.9A). The epithelial characteristics were investigated to account for this 

morphological change. E-cadherin was detected by immunofluorescence in the high 

passage non-transformed Arf -/- C cells (Fig. 4.9A) and low passage non-transformed 

Arf -/- LPCs (Fig. C.3), but was not observed in the transformed cell lines (Fig. 4.9B). 

The lack of E-cadherin staining corresponded with an increased expression of 

mesenchymal marker, vimentin, in all transformed Arf -/- LPC lines (Fig. 4.9C).  

Expression of epithelial to mesenchymal transition (EMT) drivers Zeb1 and Snail1 were 

analysed by qPCR. Zeb1 was increased 1.8 to 7-fold and Snail1 was enhanced 2.6- to 

8.2-fold in the transformed cells (Fig. 4.9D). This difference was not significantly. Arf -/- 

LPC transformation (Fig. 4.9D). Neither Zeb1 nor Snail1 were significantly different 

between in the transformed and the non-transformed low or high passage Arf -/- C cells 

(Zeb1 p = 0.27 and 0.06, Snail1 p = 0.12 and 0.10 for low and high passage, 

respectively). Elevated Snail1 mRNA correlated with increased SNAIL protein 

abundance in the transformed cells (Fig. 4.9E). SNAIL family member, SLUG, was 

also upregulated in the transformed Arf -/- A and B cells. A discernible difference in 

SLUG abundance was not apparent between the non-transformed and transformed Arf -/- 

Cs. Consistent with findings, and in support of immunofluorescent data, the epithelial 

markers, E-cadherin and EpCAM, both decreased with transformation (Fig. 4.9E). Non-

transformed, high passage Arf -/- Cs retained epithelial markers without acquiring 

mesenchymal features despite being passaged over 60 times. These observations 

suggest that an EMT occurred synchronously with the transformation of Arf -/- LPCs and 

was not caused by long term culture alone.  

To assess if an EMT was specific to the Arf -/- LPCs, wild-type BMOL1 LPCs were 

examined. Increased vimentin staining was observed in all transformed BMOL1 cells 

(Fig. 4.10A). Western blot analysis revealed that E-cadherin expression decreased and 

SLUG increased in all transformed BMOL1 lines (Fig. 4.10B). EpCAM levels were 

unchanged (Fig. 4.10B). These observations suggest that BMOL1 cells begin to adopt a 

less epithelial, more mesenchymal phenotype following transformation. In conclusion, 

both Arf -/- and wild-type BMOL1 LPC lines appear to undergo an EMT during 

transformation.   
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Figure 4.9 Arf -/- LPCs undergo an epithelial to mesenchymal transition concurrent with 
transformation. 
A) Representative phase contrast images of non-transformed (NT) and transformed (T) Arf -/- A 
LPCs. NT and T Arf -/- LPC lines including low (NTL) and high (NTH) passage non-transformed 
Arf -/- Cs were stained for E-cadherin (E-Cad) (B) or vimentin (Vim) (C) and counterstained 
with DAPI. Scale bars represent 50 µm D) Snail1 and Zeb1 transcript abundance relative to 
housekeeper Taf4a were measured using qPCR and plotted as mean ± S.E.M (n = 3). Statistical 
significance was determined by Student’s t-test (* p < 0.05). E) Lysates from Arf -/- LPC lines 
were separated by SDS-PAGE and immunoblotted for E-cadherin, EpCAM, SNAIL, SLUG and 
β-actin. Western blot performed in duplicate. Size markers are indicated in kDa. 

 
 

 

Figure 4.10 BMOL1 cells display signs of an epithelial to mesenchymal transition with 
transformation. 
A) Non-transformed (NT) and transformed (TA, TB, and TC) BMOL1 cells were 
immunofluorescently stained for vimentin (Vim). Nuclei were counterstained with DAPI. Scale 
bars represent 50 µm. Samples were stained with Alex Fluor-594 secondary antibody alone as a 
negative control, with a representative image of BMOL TA is shown. B) Lysates were prepared, 
separated by SDS-PAGE, and immunoblotted for E-cadherin, EpCAM, SLUG, and β-actin. 
Western blot represents n = 2 experiment. Size markers are indicated in kDa. 
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4.3 DISCUSSION 

The aim of this chapter was to provide evidence that the loss of the Cdkn2a locus is not 

consequential but directly contributes to the tumorigenic transformation of LPCs. Four 

different approaches were used to directly assess this contribution. Although each 

approach had strengths and limitations, collectively they provide compelling evidence 

that the loss of ARF and INK4A increases the propensity of LPCs to transform. 

First, shRNAs were utilised to ablate ARF and/or INK4A expression. The shRNAs 

tested did not effectively silence INK4A or maintain depletion of ARF with passaging. 

The resultant shRNA-expressing LPCs did not grow colonies in semi-solid agar (Fig. 

4.1). These data suggest that temporary reduction of ARF alone is not sufficient for 

LPC transformation. Consistent with data presented in Chapter 3, sustained INK4A 

depletion may be required for the tumorigenic transformation of LPCs, or 

accompanying molecular alterations (in addition to ARF loss) may be required. To 

avoid the limitations of using shRNA, subsequent experiments permanently eliminated 

ARF and INK4A expression to definitively assess their contribution to LPC 

transformation.  

LPC lines derived from Arf -/- embryos underwent a spontaneous tumorigenic 

transformation during extended passage. Although the number of samples was limited 

(n = 2), all transformed Arf -/- LPC lines demonstrated the capacity to form tumours 

(Table 4.1) and revealed a stronger correlation than was observed with the Trp53-/- 

LPCs; only three out of the five Trp53-/- LPC lines (PIL) formed tumours in immune-

compromised mice (61). The transformed Arf -/- C line took longer to progress to 

tumorigenicity compared to the other Arf -/- LPC lines. This may reflect the delay in their 

ability to grow colonies in semi-solid agar as well as the expression of fewer EMT 

markers (Fig. 4.9), suggesting the transformed Arf -/- C cells may not have progressed as 

rapidly as its Arf -/- A and B counterparts. Surprisingly, tumours arose in mice 

transplanted with the non-transformed Arf -/- A LPCs. These were observed later than the 

transformed Arf -/- A LPCs suggesting that the lower passage Arf -/- A LPCs were not as 

advanced in the transformation/tumorigenic scale and may have acquired additional 

tumorigenic alterations following transplantation, however, more robust data is required 

to definitively assess the correlation between transformation status in vitro and the 

speed of tumour growth in vivo. Furthermore, the variability in cell transformation (i.e. 

time and phenotype) between the different cell lines was expected since they are 

independent lines and display individual molecular signatures.  
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The tumorigenic transformation of the Arf -/- LPCs is noteworthy. Other laboratories 

have indicated wild type embryonic LPC lines derived by this method do not transform 

in culture (36). In our laboratory, embryonic LPC lines which express ARF and INK4A, 

such as BMEL-AEGFP and the Cdkn2afl/fl parental lines have been passaged 33 and 18 

times, respectively, without displaying any characteristics of transformation. Growth of 

colonies, albeit small, at passage 21 in the Arf -/- A and B is therefore remarkable (Fig. 

4.2). While a direct comparison between these lines is not strictly appropriate as the cell 

lines were derived and passaged at different times, these data suggest that Arf -/- LPCs 

have an enhanced propensity to transform. It should be noted that Ink4a was methylated 

in these cells, therefore, the potentially expedited transformation of the Arf -/- LPCs 

cannot be attributed to Arf loss alone.  

To unequivocally assess the contribution of ARF and INK4A, subsequent strategies 

removed the Cdkn2a locus from established LPC lines to circumvent any confounding 

effects associated with immortalisation. CRISPR/Cas9 was used to induce DNA breaks 

in the Cdkn2a locus. Initially, the efficiency of genome editing was low, with a single 

clone that showed a large deletion affecting both ARF and INK4A abundance. This 

clone, and control clone C1, that had reduced INK4A abundance, displayed increased 

anchorage independent growth (Fig. 4.3). Although these observations may be due to 

the absence of INK4A and ARF expression, they could also be the result of off-target 

effects. To rule this out, whole genome sequencing should be performed on these lines 

and the parental controls.  

To reproduce these findings, CRISPR/Cas9 experiments were carried out with an 

improved plasmid and multiple clones with altered ARF and/or INK4A expression were 

generated. The difference in deletion efficiency between the clones is not unexpected, 

as guide sequences as well as placement within the gene can have varied cutting 

efficiencies (271, 272). Guide 1 completely ablated ARF and INK4A expression and the 

resultant clones grew colonies in semi-solid agar (Fig. 4.4). Similarly, ARF was not 

detected and INK4A was altered or not detected in the Guide 2 clones which produced 

colonies in semi-solid agar. Guide 3 clones expressed ARF and INK4A, albeit altered, 

and showed limited or no signs of growth in agar nor accelerated proliferation. These 

results indicate that loss of ARF/INK4A drives BMOL1 transformation. As two 

independent guide sequences gave similar outcomes, namely clones with diminished 

ARF and INK4A expression that were transformed, gives confidence that the two 
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events are related. Ultimately, whole genome sequencing would definitively confirm off 

targets affects were not accountable for these observations.  

While promising, the presented data also highlight some potential issues of 

CRISPR/Cas9 for tumorigenic studies. In the initial experiment the clonal cell lines 

proliferated faster relative to the non-clonal parental and luciferase controls suggesting 

that the most robust, and potentially tumorigenic cells may have been selected during 

single cell cloning. This was not evident in the second CRISPR/Cas9 experiment; 

different guides were more effective at expediting proliferation suggesting that 

reproducibility with various clones and guides is essential. Future experiments should 

utilise the second improved CRISPR/Cas9 plasmid potentially including a lentivirus 

delivery method for more efficient targeting (273). With this improved system, 

CRISPR/Cas9 could be used to knock out Ink4a alone to assess its contribution to LPC 

transformation without the confounding effects of ARF depletion. It would also be 

significant to remove Arf alone to see whether INK4A abundance is also affected, as 

observed in the Arf -/- LPCs. Furthermore, this technology could be readily applied to 

human LPC lines to determine whether these are species specific observations. 

The final approach utilised LPC lines derived from Cdkn2afl/fl embryos. Immortalisation 

processes were controlled for by removing Cdkn2a after the cell lines were generated. 

The Cdkn2afl/fl LPC lines did not express all LPC markers, notably, the CKO C line 

expressed fewer epithelial markers compared to the other cell lines (Fig. C.7). 

Importantly, the three CKO cells could differentiate into both hepatocytes and 

cholangiocytes (Fig. C.7), adding support that these cells lines reflect LPC-like cells, 

and could be used for further analysis.  

Following Cre-mediated deletion of exons 2 and 3, CKO C grew colonies in semi-solid 

agar but showed no change in cell doubling time. Conversely, CKO B showed an 

enhanced proliferation rate though it did not grow colonies in semi-solid agar (Fig. 4.5 

and 4.6), suggesting growth rate and anchorage independent growth are distinct 

pathways. Unexpectedly, not all Cdkn2a-/- cells (CRISPR or CKO) displayed 

accelerated growth rates. This may be due to compensatory pathways during selection 

for Cdkn2a-/- cells or the immortalisation process as previous studies, including work by 

Chiba et al., assessed primary cultures (158). 
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Due to time constraints, the conditional LPCs were only passaged ten times. As the    

Arf -/- LPCs showed characteristics of transformation after 20 passages previously, the 

CKO lines should be passaged at least as many times to determine whether they 

transform, and whether this occurs faster in the Cdkn2a-/- LPCs. Although not 

reproducible across all three individual cell lines, the deletion of Cdkn2a following Cre 

expression conferred characteristics of transformation that were not observed for control 

lines, suggesting the loss of ARF and INK4A may prime cells to acquire additional 

aberrations to enhance transformation and tumorigenicity. 

Taken together, these results indicate that while loss of Cdkn2a enhances the propensity 

of LPCs to transform, its deletion alone does not immediately transform the cells. This 

observation is consistent with those made by Chiba et al. who observed that primary 

Cdkn2a-/- LPCs did not form tumours in immune-compromised mice (158). 

Tumorigenicity was observed in conjunction with overexpression of an oncogene such 

as BMI1, suggesting that the loss of Cdkn2a-/- might prime LPCs but additional 

modifications are required for complete transformation (Fig. 4.11).  

The Arf -/- and CKO cell lines used to assess the contributions of to LPC transformation 

were derived from embryonic livers. These embryonic LPCs are also referred to as 

hepatoblasts and generate both hepatocytes and cholangiocytes of the developing liver 

(27, 36), however it remains unclear as to which type of cell they become in adult livers 

(i.e. hybrid periportal hepatocytes, peripheral or portal vein adjacent LPCs) and how 

they are relatable to adult LPCs (274). Questions remain over whether the tumorigenic 

potential of these embryonic LPCs is equivalent to that of adult LPCs. In models of 

pancreatic cancer development, pre- and post-natal models show different sensitivities 

to tumorigenesis as well as different origin cell types (275), however equivalent studies 

for the liver have not been reported. The experiments presented here demonstrate the 

causal role of Cdkn2a in both embryonic (Arf -/- and CKO lines) and adult (CRISPR-

induced deletions) LPC models. 

Additional molecular changes involved in tumorigenic transformation were investigated 

with the pairs of non-transformed and transformed Arf -/- LPC cells. Several pathways 

associated with hepatocarcinogenesis including Hippo signalling, and Telomerase were 

assessed however no obvious differences in these pathways were observed (Appendix 

C.6 and C.7). Consistent with the wild-type LPC lines analysed in Chapter 3, p53 was 

reduced in two of the three transformed LPC lines (Fig. 4.8). Even more significantly 
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correlated was the p53 effector, p21, which was significantly decreased in the 

transformed lines. Of note, p21 is not solely regulated by p53 but also by other 

signalling pathways including AKT1, and TGFβ  (reviewed in 276), which could 

account for discrepancies between p53 and p21 expression. p21 induces cell cycle arrest 

by preventing the phosphorylation of CDKs as well as inhibiting proliferating cell 

nuclear antigen (PCNA), which among other roles is essential for S phase progression 

(reviewed in 277). Accordingly, reduced p21 abundance corresponded with accelerated 

Arf -/- LPCs proliferation (Fig. 4.8 and 4.2). A similar observation was made that 

increased p21 abundance was correlated with decreased proliferation in a model of 

HCC (278). Additionally, p21 expression in HCCs has been associated with increased 

survival of patients with HCC following resections (279). It is therefore plausible that 

p21 abundance decreases with LPC transformation.  

The most obvious modification during Arf -/- LPC transformation was the EMT (Fig. 

4.9). During an EMT, epithelial cells undergo cytoskeletal modification causing the loss 

of polarity and disassociation with the basement membrane. The cell then adopts a 

mesenchymal phenotype that is associated with the ability to migrate and invade extra-

cellular matrix. LPC-transformation associated EMT is not specific to Arf -/- or BMOL1 

LPCs as LPC-derived tumours had a more EMT phenotype than tumours derived from 

adult hepatocytes in immune-compromised mice (63). Although the role of EMT in 

liver regeneration and fibrosis is controversial (reviewed in 280), HCCs with an EMT 

phenotype, including increased expression of SNAIL, were associated with poorer 

prognoses and increased metastases (281-284).  

The EMT may be associated with ARF and INK4A depletion. HCCs arising in 

Foxm1b-Tg;Arf -/- mice displayed a more EMT phenotype including activated AKT-

SNAIL signalling compared with Foxm1b-Tg mice (234). An increased number of 

metastases, thought to be due to enhanced Snail transcript abundance, were observed for 

HCCs developed in Trp53fl/fl;Arf/Ink4afl/fl mice (237). Investigation into the mechanism 

found ARF inhibits CTBP2, which can drive EMT and increase the cell’s invasive 

capacity (102). The absence of INK4A may also contribute to EMT. INK4A prevents 

HIF1α from activating transcription of VEGF (126), and may inhibit other HIF1α 

targets such as EMT-driver Snail, SIP1, and Twist (281). Since the EMT appears to be a 

relatively late change in HCC progression (285) it is possible that loss of Cdkn2a is an 

early event in the progression to cancer that leads to further changes including EMT 

(Fig. 4.11). 
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To identify additional molecular changes that occur after tumorigenic transformation of 

the Arf -/- cells, future work could utilise high throughput techniques such as microarray 

or RNAseq. Although this would not identify differences in protein abundance, it could 

provide insight into signalling pathways that have been affected. It may be possible to 

distinguish alterations associated with long-term culture that do not directly cause 

transformation in the high passage, non-transformed Arf -/- C line. Once transformed, the 

conditional Cdkn2a-/- lines could also be assayed to confirm that changes observed with 

Arf -/- transformation are consistent. Furthermore, high throughput transcriptomics could 

assess the cells as they are passaged to determine the chronology of acquired 

modifications as they transform. 

The work presented in this chapter addresses the effects of ARF and INK4A loss on the 

tumorigenic potential of LPCs, however, these genes also affect the ability of LPCs to 

differentiate along the hepatocytic or cholangiocytic lineages (145, 158). The Arf -/- and 

parental CKO LPCs showed the ability to differentiate into both cell types (Appendix 

C.4). However, the Arf -/- LPCs appeared to favour hepatocyte differentiation, where as 

the wild-type parental CKO LPCs showed increased differentiation toward the 

cholangiocyte lineage, although experiments to directly compare their differentiation 

were not conducted. Long-term suppression of Cdkn2a may affect how the cells 

differentiate (242), and the effect on LPC bipotentiality could be investigated by 

comparing the Cdkn2a+/+ and Cdkn2a-/- cells to determine whether they show a 

preference for one lineage. Further research could investigate whether the removal of 

Cdkn2a affects the ability of LPCs to regenerate an injured liver. 

Together with the data presented in Chapter 3, these results provide compelling 

evidence that the loss of Cdkn2a is driver in LPC transformation. Loss of ARF and 

INK4A primes LPCs to acquire additional alterations leading to their transformation 

(Fig. 4.11). Naturally, there are limitations to using in vitro models of tumorigenesis as 

the cells are being subjected to artificial growth conditions. Future work should address 

the role of ARF and INK4A in LPC transformation in vivo. 
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Figure 4.11 Loss of ARF/INK4A initiates LPCs for transformation. 
The loss of ARF and INK4A results in an “initiated” LPC that may then be subjected to 
additional molecular alterations such as epithelial to mesenchymal transition (EMT) or the loss 
of p21. The acquisition of further molecular changes leads to the formation of a transformed 
LPC.  
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5.1 INTRODUCTION 

As previously described, expression of the Cdkn2a locus is frequently extinguished or 

diminished in primary liver tumours (Section 1.5.2). Treatment with liver carcinogens 

(DEN in conjunction with TAA, fenbendazole, or PB) induced hypermethylation of 

Ink4a in both mouse and rat models (229, 230). Tumours produced in rats following a 

methionine reduced, choline and folic acid deficient diet all showed indications of Ink4a 

methylation (286), and deletions within the locus were common in liver adenomas 

induced by Woodchuck hepatitis virus (232). Similarly, Cdkn2a was methylated in 

tumours induced by the tobacco carcinogen nitrosamine 4-methylnitrosamine-1-(3-

pyridyl)-1-butanone (231). These observations suggest that disruptions to the Cdkn2a 

locus may initiate and/or promote the development of liver cancers.  

The potency of ARF and INK4A as tumour suppressors is demonstrated by the early 

development of cancers in deficient mice. Arf -/- mice spontaneously develop sarcomas 

and lymphomas within 6 months (185, 186), and Ink4a-/- mice develop predominantly 

lymphomas, sarcomas and melanomas within their first year (187). Similarly, 

methylation of Ink4a by a cis-acting regulatory element expedited tumorigenicity in 

mice (287). However, liver cancers are rarely reported in these mice as most succumb to 

other malignancies first; with one study indicating that 5% of Ink4a-/- mice developed 

HCC (182). To specifically address the contribution of Cdkn2a to liver carcinogenesis, 

a liver specific deletion injury model is required.  

Few studies have directly addressed the role of ARF and INK4A in HCC development. 

Park et al. examined the role of FOXM1B in hepatocarcinogenesis in Arf -/- mice since 

ARF inhibits FOXM1B’s ability to act as a transcriptional activator. Transgenic (Tg) 

FoxM1b; Arf -/- mice developed aggressive, metastatic tumours and showed increased 

fibrosis following DEN/PB treatment whereas Arf -/- and Tg FoxM1b mice developed 

HCCs with no indications of fibrosis (234). Tumorigenesis was also accelerated in Arf -/- 

mice following intrahepatic delivery of plasmids containing Nras as the infected Arf -/- 

cells would not undergo oncogene induced senescence and secrete chemokines 

triggering their clearance by immune cells (189). Finally, Arf -/- mice develop liver 

haemangiosarcomas, cancer of the endothelial cells, more rapidly than Arf +/+ and Arf +/- 

following exposure to urethane (288). In accordance with in vitro results, these studies 

clearly indicate that an absence of ARF promotes liver carcinogenesis.  
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To our knowledge, Ink4a or Cdkn2a-/- mice have not been used to model HCC 

development although overexpression models have been analysed. Brown Norway rats, 

up regulate INK4A and are resistant to HCC development (233). Overexpression of 

INK4A in hepatocytes led to increased hepatocyte senescence and LPC proliferation, 

presumably to compensate for the hepatocytes’ inability to divide. Tumours developed 

in these mice when treated with the hepatotoxin, nodularin, did not express Ink4a (35). 

Cdkn2a-/- mice were more susceptible to liver damage and accumulated more fibrotic 

tissue in a CCl4 hepatic fibrosis model (196). These observations suggest that INK4A 

and ARF confer some degree of tumour prevention that needs to be overcome to enable 

cancer development.  

In vitro experiments described in Chapters 3 and 4 show that the loss of ARF and 

INK4A facilitates LPC transformation. These models suggest that elimination of this 

locus is an initiating event, and would enhance hepatocarcinogenesis. To test this 

hypothesis, we utilised Cdkn2a-/- mice and exposed them to the CDE diet chronic liver 

injury model, which closely follows the progression to HCC in humans with an etiology 

related to obesity. Short term (2-3 weeks) CDE diet administration induces 

steatohepatitis, an inflammatory response, and a ductular response (30, 31, 247), 

including LPC to hepatocyte differentiation (44). Long term (6-12 months) CDE diet 

administration leads to chronic liver injury and the development of hepatocellular 

carcinomas (289, 290). A preliminary CDE diet study was trialled to assess the LPC 

response of the Cdkn2a-/- mice before undertaking a long-term study. 

Previous work from our laboratory found mice deficient in Trp53 had twice as many 

LPCs and enhanced numbers of proliferating cells compared to wild-type animals 

following administration of the CDE diet (61). These mice also had increased LPCs 

surrounding the portal veins even in the absence of a liver injury model (George Yeoh, 

personal communication). As ARF stabilises p53, and INK4A regulates cell cycle 

progression, it was hypothesised that Cdkn2a-/- mice would also have increased numbers 

of LPCs and enhanced LPC response to the CDE diet.  

A preliminary analysis of Cdkn2a-/- mice and their response to the CDE diet was crucial 

to determine the suitability of this model for long term, tumorigenic studies.  This was 

even more important given the roles of ARF and INK4A in immune modulation 

including macrophage activation and polarisation (291-293). Serrano et al. reported 

increased red and white pulp reminiscent of extramedullary heamatopoesis in the livers 
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of 6 month old Cdkn2a-/- mice (122). Additionally, Cdkn2a-/- mice develop histiocytic 

sarcomas within their livers (294, 295). Given the role of immune cells in LPC 

activation and chronic liver injury (reviewed in 296), it is pertinent to assess whether 

constitutive Cdkn2a-/- mice were an appropriate model for chronic liver injury studies.  

Aims: The aims of this chapter were to: 

1) Assess whether Cdkn2a-/- mice have increased LPC numbers, 

2) Determine if Cdkn2a-/- mice have an enhanced LPC response to CDE diet 

induced liver injury compared to wild-type animals.  
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5.2 RESULTS 

5.2.1 A subset of Cdkn2a-/- mice display an unusual liver phenotype 

Livers from Cdkn2a-/- and wild-type mice were analysed at 9, 13, and 20 weeks of age. 

PANCK+ LPCs were only detected in the periportal regions in both the Cdkn2a-/- and 

aged-matched wild-type controls (Fig. 5.1A). The number of PANCK positive cells per 

duct were increased by 1.1 to 1.2-fold in the Cdkn2a-/- mice (Fig. 5.1B). These 

differences were significant at 9 and 13 weeks but not at 20 weeks (p = 0.11). Defined 

lumens were observed in the ductules surrounding the portal triads of the wild-type 

mice and these were not as pronounced in the Cdkn2a-/- mice. The number of ductules 

with lumens per portal triad was quantified and found to be significantly decreased (0.6-

fold) in 13 week mice. This trend was also observed in 20 week Cdkn2a mice (p = 

0.06). 

Analysis of the liver histology revealed basophilic foci adjacent to portal veins and 

within the parenchyma of some Cdkn2a-/- mice. Immunohistochemistry confirmed these 

foci comprised of CD45+ immune cells (Fig. 5.2A). Quantitation of CD45 positively 

stained pixels indicated that although a subset of Cdkn2a-/- mice had increased CD45 

staining, many Cdkn2a-/- mice did not have enhanced CD45+ populations relative to 

age-matched controls (Fig. 5.2B). To determine whether Cdkn2a-/- mice had more 

CD45+ cell accumulations, foci containing more than ten CD45+ cells were counted 

and measured (Fig. 5.2C). Variation was observed between Cdkn2a-/- mice; where a 

given subset had more foci, others subsets did not display an enrichment of CD45+ foci 

over the wild-type age-matched mice. The foci ranged from 240 to 698,314 μm2 and 

were similar in average size between the wild-type controls and Cdkn2a-/- (Fig. 5.2D). 

Due to large variation between animals, particularly the Cdkn2a-/- mice, significant 

differences were not observed.  

To better characterise the immune cells within the foci, liver sections were stained with 

F4/80 (macrophages), Ly6G (neutrophils), and B220 (lymphocytes) (Fig. 5.3, 5.4, 5.5). 

All three markers were detected within the foci, although F4/80 macrophages were the 

predominant cell type. F4/80+ macrophages were also detected throughout the liver as 

well as within the foci (Fig. 5.3A). Consistent with previous observations, the 

abundance of macrophages varied between Cdkn2a-/- mice; some Cdkn2a-/- mice were  
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Figure 5.1 Cdkn2a-/- mice have increased numbers of PANCK+ cells. 
A) Livers were isolated from 9, 13, and 20 week old wild-type (WT) and Cdkn2a-/- (KO) mice 
and immunohistochemistry was carried out to detect PANCK+ cells. Scale bars represent 50 
µm. B) PANCK+ cells were counted for 10 portal triads and are plotted as the mean ± SEM. C) 
The number of ductules with a defined lumen were counted per portal triad and are plotted as 
the mean ± SEM. Statistical significance was determined by Students’ t-test (* p < 0.05). 
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Figure 5.2 A subset of Cdkn2a-/- mice display foci of CD45+ immune cells. 
A) Immune cells were detected if liver sections from 9, 13, and 20 week old wild-type (WT) 
and Cdkn2a-/- mice by CD45 immunohistochemistry. Scale bars represent 100 µm. B) Slides 
were digitised and the percent of CD45+ positive pixels was determined using ImageScope. 
Foci were determined as ten or more adjacent CD45+ cells. The number of foci per mm2 (C) 
and the size of the foci (D) were determined. Data for each individual animal as well as the 
mean ± SEM are plotted.  
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not different to the wild-type controls whereas others displayed an accumulation of 

F4/80+ cells (Fig. 5.3A). To validate the observed discrepancy between wild-type 

controls and Cdkn2a-/- mice, F4/80+ cells were quantitated by counting positive cells 

within five fields of view (Fig. 5.3B) and by determining the percentage of positively 

stained pixels (Fig. 5.3C). Taken together, both methods indicated that while several 

Cdkn2a-/- mice of all ages had increased macrophages, others were indistinguishable 

from the wild-type controls. 

Similar observations were made for hepatic neutrophils and lymphocytes stained with 

Ly6G and B220, respectively (Fig. 5.4 and 5.5). Ly6G+ neutrophils were observed 

within the CD45+ foci as well as being dispersed throughout the liver parenchyma (Fig. 

5.4A). The majority of Cdkn2a-/- mice had enhanced numbers of Ly6G+ cells whose 

abundance increased as a function of age (Fig. 5.4B). B220+ cells were also observed in 

some foci and dispersed throughout the liver tissue of both Cdkn2a-/- and wild-type mice 

(Fig. 5.5A). Quantification the B220+ cells further revealed that the number of 

lymphocytes was only increased in a subset of Cdkn2a-/- livers relative to the wild-type 

livers at any age (Fig. 5.5B). However, the differences between wild-type and Cdkn2a-/- 

livers were not statistically significant.  

Krizhanovsky et al. observed increased fibrotic deposits following chronic CCl4 

treatment in the Cdkn2a-/- mice (196). Collagen fibers were detected by Sirius Red 

staining to determine whether Cdkn2a-/- mice had increased fibrosis even in the absence 

of liver injury. However, significant differences were not observed between the wild-

type and Cdkn2a-/- mice (Fig. 5.6).  

In summary, the Cdkn2a-/- mice had an increased population of LPCs with altered ductal 

formations relative to wild-type mice. Additionally, some livers from Cdkn2a-/- mice 

had large foci of CD45+ immune cells comprised of F4/80+ macrophages, Ly6G+ 

neutrophils, and B220+ lymphocytes. However, this phenotype was not consistent 

across all Cdkn2a-/- mice examined in this study. 
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Figure 5.3 F4/80+ macrophages are more abundant in a subset of Cdkn2a-/- livers. 
A) Livers were isolated from 9, 13, and 20 week old wild-type (WT) and Cdkn2a-/- mice. 
Sections were stained for F4/80 by immunohistochemistry. Scale bars represent 100 µm. B) 
F4/80+ cells were counted for 5 fields of view (FOV). C) The percentage of pixels positively 
stained for F4/80 was determined using ImageScope analysis. Data for individual mice are 
plotted as well as the mean ± SEM. 
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Figure 5.4 Cdkn2a-/- mice had elevated numbers of Ly6G+ neutrophils. 
A) Livers were isolated from 9, 13, and 20 week old wild-type (WT) and Cdkn2a-/- mice and 
immunohistochemistry was performed to detect Ly6G+ cells. Scale bars represent 100 µm. B) 
Ly6G+ cells were counted for 10 fields of view (FOV) and are plotted as the mean ± SEM.  
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Figure 5.5 B220+ lymphocytes are more abundant in a subset of Cdkn2a-/- livers. 
A) Livers were isolated from 9, 13, and 20 week old wild-type (WT) and Cdkn2a-/- mice and 
immunohistochemistry was performed to detect B220+ cells. Scale bars represent 100 µm. B) 
B220+ cells were counted for 10 fields of view (FOV) and are plotted as the mean ± SEM.  
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Figure 5.6 Cdkn2a-/- mice did not have increased fibrosis. 
A) Livers were isolated from 9, 13, and 20 week old wild-type (WT) and Cdkn2a-/- mice were 
stained with Sirius red. Scale bars represent 100 µm. B) The percentage of pixels positively 
stained for Sirius red was determined using ImageScope. Data for individual mice are plotted as 
well as the mean ± SEM. 
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5.2.2 Cdkn2a-/- mice have an attenuated response to the CDE liver injury 

model 

Cdkn2a-/- were administered the CDE diet injury model to assess whether they are more 

susceptible to liver damage. Due to animal welfare concerns relating to weight loss, the 

original murine CDE diet model (31) was modified and optimised to minimise animal 

morbidity and mortality. These experiments were undertaken in collaboration with other 

members of our laboratory and it has been published (Passman, Strauss and 

McSpadden, 2015, Appendix D.1). The milder 67% CDE diet was chosen for this study 

as access to Cdkn2a-/- mice was limited and their response to the diet was unknown. 

Wild-type and Cdkn2a-/- mice were maintained on the 67% CDE diet for 14 d as 

previous studies demonstrated this was sufficient to induce a substantial LPC and 

inflammatory cell response occurred at this time point (297). A second group of wild-

type mice were fed the control diet. Due to the limited availability of Cdkn2a-/- mice, it 

was not possible to include a control diet group.  

5.2.2.1 Cdkn2a-/- mice are less susceptible to CDE diet induced weight loss and 
liver injury 

Weight loss in the first 10 d is a common effect of the CDE diet. The degree of weight 

loss correlates with LPC activation and differentiation into hepatocytes (45). Mice were 

6 weeks old and ranged between 19.0 and 22.1 g at the commencement of the CDE diet 

(Fig. 5.7). Although the Cdkn2a-/- mice lost more weight during the first 3 d on the 

experiment, they recovered sooner and exceeded their starting weight after 4 d (Fig. 

5.7). Wild-type CDE mice did not return to their starting weight until 6 d and wild-type 

control fed mice gained weight for the duration of the experiment. The Cdkn2a-/- CDE 

mice appeared to gain weight more quickly after their initial weight loss. Weight gain in 

the Cdkn2a-/- CDE mice increased approximately 1.4-fold faster than the wild-type mice 

fed either the control or CDE diets in the last 8 d of the experiment (after all mice 

recovered from CDE induced weight-loss).  

The extent of liver damage induced by the CDE diet was assessed by serum alanine 

aminotransferase (ALT) activity. Serum ALT levels were significantly elevated by 1.5-

fold in wild-type CDE diet mice compared to Cdkn2a-/- CDE mice and 1.7-fold 

compared to wild-type controls (Fig. 5.8). ALT activity in Cdkn2a-/- CDE mice was not 

significantly altered relative to wild-type fed the control diet.  
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Figure 5.7 Initial weight loss and subsequent weight gain was more rapid in Cdkn2a-/- mice 
compared to wild-type mice fed the 67% CDE diet. 
Wild-type (WT) and Cdkn2a-/- male mice were acclimatised for 5 d and then fed a 67% CDE 
diet or control (Con) diet for 2 weeks as indicated. Mean body weights ± SEM are plotted (n = 4 
for WT Con and Cdkn2a-/- CDE, n = 5 for WT CDE). The dashed line indicates the initial 
administration of the diet at day 0.  
 

 

 

 

Figure 5.8 Serum ALT activity was greater in wild-type CDE mice compared to Cdkn2a-/- 
CDE mice and wild-type control fed mice.  
Serum ALT activity was measured from wild-type (WT) and Cdkn2a-/- mice fed a 67% CDE or 
control diet for two weeks. Assays were performed in triplicate and individual data is plotted 
(circles) with the mean ± SEM. Significance was determined by ANOVA with a Bonferroni 
post-test (* p < 0.05, ** p < 0.01).  
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5.2.2.2 The CDE diet induced ductular reaction was attenuated in Cdkn2a-/- 
mice 

Histology indicated disrupted liver architecture following CDE diet administration in 

both wild-type and Cdkn2a-/- mice (Fig. 5.9A). Basophilic cells were observed in both 

the wild-type and Cdkn2a-/- CDE mice predominantly in the periportal regions and 

extended towards the central vein (Fig. 5.9A, arrow). The number of PANCK positive 

cells per portal triad was increased 2.5-fold in the wild-type mice after CDE diet 

administration (Fig. 5.9B), and 2-fold in Cdkn2a-/- CDE diet mice compared to wild-

type control diet mice. There was no difference between the Cdkn2a-/- and wild-type 

CDE diet mice (p = 0.43). 

CD45+ inflammatory cells were increased 2.1-fold in wild-type livers following CDE 

diet administration (Fig. 5.9A and C). The Cdkn2a-/- CDE mice had 1.95-fold more 

CD45 staining compared to the wild-type control fed mice, which was less than the 

wild-type CDE animals, although neither of these differences were statistically 

significant.  

Proliferating cells identified by Ki67 immunohistochemistry, were observed around the 

portal triad as well as in the parenchyma (Fig. 5.9A). The number of proliferating 

Ki67+ cells was 2-fold greater in wild-type CDE mice compared to control diet mice. 

Cdkn2a-/- CDE mice also had 1.8-fold more Ki67+ cells compared to the wild-type 

control mice, still less than the wild-type CDE mice. Although trends were observed, 

these differences were not statistically significant (Fig. 5.9D). Proliferating hepatocytes 

were observed in all groups (Fig. 5.9D, arrowhead). 

It has been suggested that expression of p21 in hepatocytes is a requirement for an LPC 

response (45). Abundance of p21 was assessed by Western blot (Fig. 5.10A) and was 

enhanced 6.69- and 3.31-fold in the wild-type CDE liver lystates compared to the wild-

type control diet and Cdkn2a-/- CDE mice, respectively (Fig. 5.10B). It should be noted 

significant animal to animal variation was observed within the groups of mice.  

Liver fibrosis identified by Sirius Red staining, was primarily observed around the 

vascular and portal triads in all livers analysed (Fig. 5.12A). Sirius red staining was 

enhanced in some wild-type and Cdkn2a-/- CDE mice compared to the wild-type control 

fed mice, however significant differences were not observed between any of the 

experimental groups (Fig. 5.11B).  
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Figure 5.9 CDE diet administration induced a mild ductular reaction in wild-type and 
Cdkn2a-/- mice. 
A) Wild-type (WT) mice were fed a control (Con) diet and WT and Cdkn2a-/- mice were fed a 
67% CDE (CDE) diet for 14 d. Representative images of tissue stained with haematoxylin and 
eosin (H&E), Pan-cytokeratin (PANCK), CD45, and Ki67. Scale bars indicate 100 µm. B) 
PANCK+ cells per portal triad were counted for 10 portal triads. C) CD45 positively stained 
pixels was quantified using ImageScope. D) Ki67+ cells was quantified from 7 fields of view 
(FOV). Data is plotted as the mean for individual animals with the mean ± S.E.M. Significance 
was determined by ANOVA (* p < 0.05). 

 

 
 
 

 
Figure 5.10 p21 in induced in wild-type but not Cdkn2a-/- mice administered a CDE diet. 
A) Lysates from wild-type (WT) mice were fed a control (Con) diet and WT and Cdkn2a-/- mice 
were fed a 67% CDE (CDE) diet for two weeks were resolved by SDS-PAGE, transferred to 
membrane, and immunoblotted for p21, and β-actin. Size markers are indicated in kDa. Lysate 
from non-transformed Arf -/- A cells was included as a positive (+ve) control and assays were 
performed in duplicate. B) Mean band intensity for p21 relative to β-actin was determined and 
plotted for individual animals with the mean ± S.E.M.  
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Collectively, these observations indicate the Cdkn2a-/- mice experienced less CDE diet-

induced damage evidenced by reduced serum ALT activity and p21 accumulation. The 

Cdkn2a-/- mice tended to have marginally reduced PANCK+ staining suggesting the 

ductular response was dampened in these mice. CD45+ and Ki67+ also tended to be 

reduced in the Cdkn2a-/- mice. Due to small sample size and animal-to animal variation 

these findings were not statistically significant.   

 
 
 
 

 

Figure 5.11 Fibrosis was not significantly altered in WT or Cdkn2a-/- mice after 2 weeks of 
67% CDE diet administration. 
A) Liver tissue from wild-type (WT) control diet (Con), WT CDE diet and Cdkn2a-/- CDE diet 
mice was stained of Sirius Red and representative images are shown. Scale bar represents 100 
µm. B) The percentage of positively stained pixels was quantified using ImageScope and 
plotted as individual data (circles) and mean ± S.E.M.  
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5.3 DISCUSSION 

The work presented in this chapter revealed that Cdkn2a-/- mice tended to have more 

LPCs and/or cholangiocytes and altered ductal structures. A subset of Cdkn2a-/- mice 

had an altered immune phenotype. Surprisingly, the Cdkn2a-/- mice had a reduced LPC 

response to the CDE diet. These observations were mainly trends as the small sample 

size and large animal-to-animal variation prevented achievement of statistical 

significance.  

Cdkn2a-/- livers had elevated numbers of LPCs and/or cholangiocytes even without 

injury. This could be explained by increased proliferation or altered differentiation. 

Ki67+ proliferating cells were rarely detected in uninjured Cdkn2a-/- or wild-type mice 

(data not shown). Alternatively, LPC differentiation may have been affected. The 

Cdkn2a-/- mice displayed unusual ductal formation with fewer defined lumens also 

known as pseudo-ducts. Overexpression of ARF decreased LPC proliferation while 

increasing cholangiocyte differentiation (145). This corresponds with the observation 

that cholangiocytes do not proliferate when arranging into ductal structures (298). 

Therefore, ARF, and perhaps INK4A, may be involved in proper ductal alignment 

(reviewed in 299). The increased number of PANCK+ cells may in fact be disordered 

ductal plate cells. Interrogation of the proliferative status of these cells (Ki67+/TUNEL 

assay) as well as co-staining with an LPC specific marker such as A6 or PANCK and 

cholangiocyte marker MUC1 or hepatocyte marker HNF4α to assess LPC 

differentiation. Alternatively, the LPCs may be responding to altered paracrine 

signalling from the modified inflammatory milieu (i.e. increased macrophages suppress 

cholangiocyte differentiation through NOTCH signalling (300)).  

Perhaps the most striking phenotype observed in a subset of the Cdkn2a-/- livers were 

large foci of CD45+ inflammatory cells. Foci of immune infiltrates including B-cells 

and macrophages are commonly observed in the livers of aged mice (24 months) or 

mice with chronic inflammation (301). As foci were predominantly F4/80+ there are 

two main explanations for their presence: extramedullary hematopoeisis or histiocytic 

sarcomas. Extramedullary hematopoiesis occurs to compensate for erythropoiesis when 

the bone marrow and normally presents as F4/80+ macrophages surrounded by 

erythroblasts as round or elliptical foci (302). Serrano et al. observed white and red pulp 

indicative of extramedullary hematopoeisis in the livers of six month old Cdkn2a-/- mice 

(122). Alternatively, Cdkn2a-/- mice in an inbred background are prone to hematopoietic 

malignancies including periportal metastatic lymphoma cells with infiltrating 
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macrophages or tumour nodules called histiocytic sarcomas (294, 295). Similar nodules 

were observed in the spleens and livers of transgenic K-Ras;Arf -/- mice (303). Histology 

suggests that some of the foci matched the description extramedullary haematopeotic 

foci whereas other were predominantly F4/80+ cells more indicative of histiocytic 

sarcomas (Fig. 5.3 20 wk and 9 wk, respectively). To identify their role in 

haematopoiesis the foci could be co-stained with ER-HR3 (302), or CD11b to identify 

them as infiltrating monocyte derived macrophages (MDMs) from which histiocytic 

sarcomas are thought to be derived (304).  

The foci also contained neutrophils and B lymphocytes. Neutrophils are recruited to the 

liver following damage by cytokines secreted by resident macrophages, Kupffer cells, 

and lymphocytes (reviewed in 305). The elevated abundance of Ly6G+ neutrophils in 

most Cdkn2a-/- mice, suggests increased damage in these livers to signal their 

recruitment. Similarly, B220+ lymphocytes are recruited to the liver following injury. 

Although some Cdkn2a-/- mice had enhanced B cell populations, differences were not 

seen in most Cdkn2a-/- mice. Neutrophils and B cells are known to secrete LPC 

mitogens, however, a significant correlation between their abundance and the number of 

PANCK+ cells was not observed (data not shown). Increased fibrosis was not observed 

in the Cdkn2a-/- mice.  

Additional experiments to assess the immune cell populations could more precisely 

characterise these phenotypes. This would require additional tissues (i.e. spleens, sera, 

and bone marrow) that were not collected at this time to address why the phenotype was 

only observed in a subset of mice. Due to the low penetrance (approximately 20%), 

further characterisation should use a larger cohort of mice. The presence of large 

immune cell foci in some Cdkn2a-/- mice along with the large animal to animal variation 

suggested that they may not be the ideal model to study liver carcinogenesis, however, a 

pilot CDE study was still performed.  

To our knowledge Cdkn2a-/- mice have not previously been administered a CDE diet. 

Due to a delay with their transportation, wild-type and Cdkn2a-/- mice were older and 

heavier than optimal for CDE diet administration resulting in limited weight-loss and no 

morbidity indicators. Although the CDE diet induced liver damage in both the wild-type 

and Cdkn2a-/- mice, as indicated by ALT activity and histology (Fig. 5.8 and 5.9A), the 

injury was limited. Proliferating hepatocytes were observed in both wild-type and 

Cdkn2a-/- CDE mice (Fig. 5.9A). LPCs are maximally activated when hepatocyte 
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proliferation is compromised and this likely explains the minimal LPC response in both 

wild-type and Cdkn2a-/- mice compared to previous studies undertaken by our 

laboratory (31, 247).  

Although damage was minimised in both groups, the trend of this study was that 

Cdkn2a-/- mice were more resistant to CDE diet-mediated liver injury. This could be 

explained by two mechanisms. Firstly, Cdkn2a-/- hepatocytes were less injured as 

evidenced by the reduced ALT activity (Fig. 5.8), and less senescence was induced as 

indicated by limited p21 induction in many of the Cdkn2a-/- mice (Fig. 5.10). Induction 

of p21 in hepatocytes is required for LPC differentiation into hepatocytes (45). As 

overexpression of INK4A in hepatocytes induces a ductular reaction (35), it is possible 

that INK4A deficient hepatocytes are less responsive to cell cycle arrest (Fig. 5.12A). 

To confirm this theory, immunohistochemistry for p21 would determine whether 

senescent cells in the wild type CDE diet mice are in fact hepatocytes. Furthermore, 

TUNEL staining or Caspase3 for damaged cells would also be informative to compare 

the extent of damage between the two groups. The wild-type CDE mice also had more 

Ki67+ proliferating cells, it could be informative to know which cells are affected i.e. 

hepatocytes or LPCs are regenerating the liver. 

Secondly, the decreased response of the Cdkn2a-/- mice may involve altered immune 

cell modulation. Following activation by damage-associated molecular patterns released 

from injured hepatocytes, Kupffer cells recruit MDMs and leading to an inflammatory 

response cascade. MDMs directly stimulate LPC proliferation or activate lymphocytes 

and neutrophils that secrete cytokines to induce the ductular reaction (306, 307). 

However, Arf -/- and Ink4a-/- MDMs secrete fewer inflammatory cytokines including IL-6 

and TNF (291-293). This altered macrophage response could result in less liver damage 

and LPC activation, and favour remodelling (reviewed in 308) (Fig. 5.12B). CD45 

staining was reduced in the Cdkn2a-/- livers indicating a reduced inflammatory response 

(Fig. 5.9A and C), however, Sirius Red staining was not increased in the Cdkn2a-/- livers 

suggesting less remodelling was occurring at this time point (Fig. 5.11). Control diet 

Cdkn2a-/- livers will need to be analysed to verify these observations. Characterisation 

of macrophage polarity and analysis of the liver chemokines and cytokines would 

address this theory. Thus hepatocyte evasion of cell cycle arrest/resistance to, or the 

modulation of the inflammatory response, or a combination of both could explain the 

attenuated LPC response of the Cdkn2a-/- mice to the CDE diet.   
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Figure 5.12 Possible mechanisms for the attenuated LPC response in Cdkn2a-/-mice.  
A) Induction of chronic liver injury by CDE diet administration damages hepatocytes leading to 
cell cycle arrest as evidenced by increased p21 abundance. As hepatocytes are unable to 
proliferate and adequate regenerate the liver, the resident stem cell population, LPCs proliferate 
and differentiate to replenish the damaged tissue. In the Cdkn2a-/- mice, the hepatocytes do not 
enter cell cycle arrest and p21 is not induced. Hepatocytes continue to divide and can regenerate 
the liver leading to a milder/no LPC activation. B) Damaged hepatocytes release damage-
associated molecular patterns (DAMPs) which cause Kupffer cells to recruite monocyte-derived 
macrophages (MDMs) to liver. In wild-type mice, MDMs favour a M1 pro-inflammatory 
phenotype which triggers an inflammatory response and activated LPC proliferation. MDMs 
from Cdkn2a-/- favour an M2 anti-inflammatory response, leading to limited inflammation and 
LPC activation. 

 

The Cdkn2a-/- mice gained weight faster than wild-type CDE or control fed mice (Fig. 5. 

7). GWA studies have associated the INK4/ARF locus (9p21) with metabolic diseases 

including cardiovascular disease and type 2 diabetes (309, 310), which is thought to 

occur through macrophage modulation (reviewed in 311). However, mice with INK4A 

depleted MDMs did not show increased obesity following a high fat diet regime (312), 

nor was INK4A expression induced following a high-fat diet (313), suggesting ARF 

may more directly affect weight gain. The difference in weight gain indicates the 

Cdkn2a-/- mice may have an altered metabolism in response to the high-fat, high-sugar 

CDE diet and this could be a future area for study. However, this should be also 

assessed in control diet Cdkn2a-/- mice also demonstrated similar weight increases. 

Characterisation of unchallenged Cdkn2a-/- mice indicated elevated LPC numbers and 

immune cells in some animals. Thus differences in response between wild-type and 

Cdkn2a-/- mice may be even greater than observed using the wild-type control diet. 
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Future experiments should include a Cdkn2a-/- control diet group to verify these 

inferences. The CDE diet experiments could be repeated with a larger cohort and 

include a Cdkn2a-/- control group, however a power analysis based upon the LPC 

response indicated that 71 mice would be required per group to see significant 

differences. The 75% CDE potency could be trailed to induce more damage in the 

Cdkn2a-/- mice and confirm whether they are truly less susceptible to damage. Finally, 

different lengths of administration would determine whether the Cdkn2a-/- mice 

continue to gain weight more quickly than controls and to track the response of the 

immune cells with time to evaluate the cell types responsible for the diminished 

response.  

There are many different cell types affected by constitutive Cdkn2a deletion to consider 

in a chronic liver injury scenario. While Cdkn2a-/- mice may develop liver cancers at an 

accelerated rate, the identity of the cell of origin would be unclear: whether it is a 

hepatocyte that has avoided senescence or an LPC. Given the interplay between the 

inflammatory cells, stellate cells, and LPC proliferation, results may be inconclusive 

whether an altered inflammatory cell response would be creating a microenvironment 

more conducive to tumour formation or whether the deletion was initiating cells to 

become tumorigenic. For these reasons, a long term CDE diet in a constitutive Cdkn2a-/- 

model was not undertaken. Instead, a liver specific deletion, such as the one described 

by Chen et al. where hepatocyte-specific deletion of Trp53 give rise to HCCs (237) 

could be pursued. An LPC-specific deletion using a Cre-recombinase transgene driven 

by Ck19, or Hnf1b (used for lineage tracing studies) would determine whether Cdkn2a 

deletion is specifically underpinning the tumorigenicity of the LPCs. Although lineage 

tracing experiments using LPC-specific drivers, including Hnf1b, have not labelled 

tumours (49), the models of hepatic injury have been limited and conclusive data from a 

chronic damage model, such as the CDE diet, is still required. Therefore, the loss of this 

tumour suppressor gene in LPCs with the addition of a chronic liver injury model may 

lead to LPC derived tumours. Alternatively, an in vivo CRISPR approach could delete 

Cdkn2a from a population of LPCs and their tumorigenicity followed with and without 

a liver injury. These models would also more accurately recapitulate what is observed in 

humans, as CDKN2A germ line mutations are rare (or more commonly associated with 

melanoma, breast or pancreatic cancer) and only arise in tumorigenic tissue (314). 
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6.1 SUMMARY OF FINDINGS 

Since its discovery, the CDKN2A locus and its unique configuration encoding two 

distinct tumour suppressors, has been of interest to cancer researchers. While several 

clinical and rodent studies associate dysregulated CDKN2A to HCC and 

cholangiocarcinoma, few have assessed whether its loss is directly involved in 

hepatocarcinogenesis or if Cdkn2a silencing is a bystander effect. The LPC’s role as a 

cancer stem cell in hepatocarcinogenesis remains contentious, but it remains a putative 

cancer stem cell given the significant evidence of their tumorigenic potential. This 

project aimed to extend the correlation between Cdkn2a silencing and liver cancer by 

directly demonstrating causality in the LPC.  

Not only is Cdkn2a consistently suppressed during LPC transformation (Chapter 3), the 

loss of the locus enhanced the propensity of ARF/INK4A deficient cells to transform in 

culture (Chapter 4). Arf -/- LPCs transformed more rapidly than previously generated 

wild-type LPC lines but side-by-side comparisons between wild-type and Cdkn2a 

deficient or mutated cells confirmed ARF and INK4A mitigate LPC transformation. 

The delay in transformation of the ARF/INK4A deficient LPCs suggests that 

subsequent alterations are also required. These results support the hypothesis that the 

suppression of CDKN2A is a critical, early event that directly contributes to the 

tumorigenic transformation of LPCs in murine LPC lines.  

Translation of this hypothesis in vivo was not definitive. Although unchallenged 

Cdkn2a-/- mice have enhanced LPC numbers, they experienced less liver damage and a 

reduced LPC response following administration of a CDE diet, potentially due to the 

altered inflammatory milieu (Chapter 5). Thus, the hypothesis that the absence of 

Cdkn2a would lead to increased LPC proliferation in response to a chronic liver injury 

model and expedite tumorigenesis could not be adequately assessed with constitutive 

Cdkn2a-/- mice available for this study. 

6.2 DISCUSSION 

The data presented in this thesis afforded several significant insights with these key 

observations. 

6.2.1 Diminished ARF and INK4A abundance frequently accompanies LPC 

transformation 

In vitro studies presented in Chapter 3 utilised a unique model of non-transformed and 

transformed LPC lines to identify differences that may underlie LPC tumorigenesis. 
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p53, which has previously been linked to LPC transformation (61), was frequently 

diminished in transformed LPC lines but could be induced by DNA damage suggesting 

that ARF was not stabilising p53’s abundance. Indeed, ARF and INK4A expression was 

consistently reduced and often completely abolished by Cdkn2a deletion or 

transcriptional silencing in LPC transformation. These findings in vitro reflect 

observations made in clinical and rodent liver tumours (reviewed in Section 1.5.2), and 

demonstrate the significance of Cdkn2a to LPCs specifically.  

Interestingly, INK4A depletion most closely associated with transformation as ARF and 

p53 showed increased expression in one cell line. This too corroborates with clinical 

studies that often observe higher frequency of INK4A methylation than ARF 

methylation (199, 201, 203, 216, 225). INK4A, therefore, may be the more important 

inhibitor of tumorigenesis or may be inhibited earlier in carcinogenesis. Already 

CDKN2A deletion has been included in a panel to accurately predict prognostic 

outcomes of HCC patients (200), but the data presented here suggest that loss of INK4A 

expression or INK4A methylation may be a more specific indicator.  

The correlation between in vitro data in Chapter 3 and clinical data provides confidence 

that the model used is an accurate reflection of the carcinogenic processes, in spite of its 

obvious limitations. This system affords the advantage of including a non-transformed 

precursor to identify molecular alterations directly associated with transformation, not 

just immortalisation. This is particularly relevant to Cdkn2a as it has been suggested 

that it is often suppressed following cell immortalisation (185, 315). Thus, these data 

imply that the loss of Cdkn2a is associated with LPC transformation and not just cell 

line immortalisation. Furthermore, the consistency of the in vitro observations with 

clinical observations supports the LPC cancer stem cell model, however extensive 

characterisation of the cell lines and primary patient samples is needed to confirm this.  

6.2.2 The loss of ARF and INK4A enhances the propensity of LPCs to 

transform 

Unlike previous work that assessed the tumorigenicity of primary Cdkn2a-/- LPCs (158, 

244), the studies performed here analysed extended culture of the Arf -/- and Cdkn2a-/- 

LPCs. The models used were also innovative for studying Cdkn2a in this cell type. 

Specifically, CRISPR/Cas9 approaches were novel and successfully depleted ARF and 

INK4A abundance following optimisation. The CRISPR/Cas9 approaches, as well as 

the Cdkn2afl/fl LPC lines ablated and/or diminished ARF and INK4A in established cell 
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lines and assessed the contribution of Cdkn2a without confounding factors involved in 

cell immortalisation. The resultant Cdkn2a-/-, and Arf -/- LPCs transformed with extended 

passage without overexpression of specific oncogenes to drive tumorigenicity (158). 

This recapitulates a situation more akin to the progression of cancer in vivo. Control cell 

lines that maintained ARF and INK4A expression showed fewer or no indications of 

transformation (Chapter 4), clearly implicating Cdkn2a suppression in LPC 

transformation. The reproducibility of these findings across multiple embryonic and 

adult LPC models further emphasises the involvement of Cdkn2a. Rodent studies with 

affected Cdkn2a or downstream pathways resulted in tumours with characteristics to 

suggest they were derived from LPCs i.e. tumours were reminiscent of HCC, 

cholangiocarcinoma, and combined HCC-cholangiocarcinoma (237) or appeared to be 

derived from SOX9+ ductal cells (238). Therefore, the loss of CDKN2A may be a 

pathway frequently affected in HCCs, and cholangiocarcinomas, derived from LPCs.  

The depletion of ARF and INK4A did not immediately cause cells to adopt a 

transformed phenotype, but implicate Cdkn2a suppression as an early, if not initiating 

event in LPC transformation. This model is supported by the frequent methylation of 

ARF and INK4A in cirrhotic liver (203, 210) and pre-cancerous neoplastic foci (35, 56, 

229, 230). As ARF and INK4A regulate potential oncogenes including CDK4/6, 

FOXM1B, c-MYC, E2F etc., (reviewed in Sections 1.4.1 and 1.4.2) diminished 

ARF/INK4A expression leaves oncogenic signals unchecked. However, activation/over 

expression of these oncogenes is still required to induce a transformed phenotype.  

Alterations, such as an EMT, and decreased p21 abundance were identified in this 

project, and reflect clinical observations. The finding that an EMT occurs 

synchronously with transformation in absence of Cdkn2a is reinforced by the increased 

metastasis observed in Arf -/- or Cdkn2a-/- liver tumours (234, 237). The loss of ARF 

inhibition of transcriptional repressor CTBP2, a known EMT inducer is thought to be 

the mechanism for such a transformation (102). INK4A may also be involved through 

regulation of HIF1α (126). LPCs in particular have been associated with EMT 

occurring during cancer progression further implicating the loss of Cdkn2a, and 

subsequent alterations potentially involved with it, in the tumorigenic transformation of 

LPCs (63).  

The contribution of Cdkn2a loss to these pathways could be assessed using the CKO or 

CRISPR LPCs that have corresponding wild-type cells. These cells therefore offer a 
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mechanism to delineate alterations due to the absence of Cdkn2a before and after 

transformation. Of particular interest are pathways regulated by ARF or INK4A 

including FOXM1B, MYC, and E2F, as well as autophagic pathways, that are directly 

implicated in HCC development (316, 317). Application of high-throughput screening 

techniques (e.g. RNAseq) using such a system would provide better analysis of these 

pathways as well as the identification of novel mechanisms involved in LPC 

transformation following Cdkn2a inactivation. Ultimately, investigation into subsequent 

alterations could result in a map of progression for LPC tumorigenesis, similar to 

colorectal cancer progression (318) that could be tailored to different underlying 

aetiologies. 

Collectively, these findings formulate the model that ARF and INK4A expression 

maintains healthy, non-transformed LPCs (Fig. 6.1). The consistency of Cdkn2a loss in 

the LPC lines, along with the enhanced propensity of LPCs to transform following its 

removal, implicates loss of Cdkn2a as an initiating event in LPC transformation. The 

removal of this checkpoint allows the cells to continue accumulate further molecular 

lesions leads to transformed LPCs (Fig. 6.1).  

6.2.3 The Cdkn2a locus may be involved in LPC homeostasis 

Minor alterations were observed in Cdkn2a-/- LPCs in vivo that is suggestive of a role in 

LPC homeostasis in addition to mitigating tumorigenesis. For example, the number of 

LPCs or cholangiocytes per portal triad was slightly increased in Cdkn2a-/- mice. 

Although this may have been a feature of enhanced LPC proliferation, increased 

proliferation was not always observed following Cdkn2a removal in vitro suggesting 

compensatory pathways, such as p21 expression may be activated. Reduced p21 

expression correlated with Arf -/- LPC proliferation (Chapter 3), may also need to be 

altered to significantly accelerate LPC growth. Alternatively, the increased number of 

LPCs may be due to the altered immune milieu in the Cdkn2a-/- livers, or distorted 

differentiation pathways.  

Altered ductal structures or pseudoducts, were also observed in the Cdkn2a-/- mice. This 

trend was consistent with reports that ARF is involved in LPC differentiation. TBX3 

down-regulated ARF expression leading to increased hepatocyte differentiation and 

decreased proliferation and cholangiocyte differentiation (145), potentially implicating 

ARF in LPC organisation for ductal formation (299). Conversely, induced hepatocytes 

(iHeps) could be derived from tail fibroblasts from Arf -/- but not wild-type mice  



Chapter 6: General Discussion 

  129 

 

 

 

Figure 6.1 Loss of ARF and INK4A is an initiating event in the tumorigenic 
transformation of LPCs.  
In vitro ARF and INK4A are expressed in non-transformed LPCs. Following ARF and INK4A 
loss, LPCs become initiated and accumulate addition alterations and become transformed. In 
vivo, ARF and INK4A expressing LPCs lead to normal liver regeneration. Extrapolation of in 
vitro data suggests that LPCs with depleted ARF and INK4A abundance leads to altered liver 
regeneration, including formation of pseudoducts. Following chronic damage, additional 
modifications accumulate in these cells which form liver cancers.  
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suggesting ARF hinders hepatocyte differentiation (319). In this study both LPC lines 

with and without ARF and/or INK4A expression could be differentiated into both 

hepatocytes and cholangiocytes in vitro. The level of Cdkn2a expression may affect the 

ability and extent of LPC differentiation and proliferation. Confirmation would require 

a comparison with appropriate wild type LPCs. This role of ARF may have tumorigenic 

implications and explain why HCCs with ARF over expression showed a poorly 

differentiated phenotype, as ARF may have inhibited hepatic differentiation (320).  

6.2.4 Constitutive Cdkn2a-/- mice may introduce confounding factors into 

tumorigenic studies 

Although Cdkn2a-/- mice had subtly enhanced LPC numbers, they unexpectedly did not 

show increased activation in response to the CDE diet. Furthermore, the Cdkn2a-/- mice 

displayed fewer indicators of liver damage that could be explained by many factors 

such as hepatocyte resistance to damage or, more likely given the immune foci in 

Cdkn2a-/- livers, an altered immune response. The immune response is paramount in 

chronic liver injury and LPC activation (297, 321). The involvement of macrophage 

recruitment in damage and repair is further emphasised when their induction is inhibited 

(306, 322). INK4A affects bone-marrow derived macrophage development and Ink4a-/- 

and Arf -/- macrophages have M2/altered polarisation leading to an anti-inflammatory, 

more remodelling phenotype (291-293). Thus, abnormal responses of Cdkn2a-/- mice to 

chronic liver injury may be a result of macrophage modification. For example, the 

enhanced stellate cell activation and fibrosis observed in the livers following CCl4 

administration in the Cdkn2a-/- mice by Krizhanovsky et al., may also be due to 

increased M2 polarised macrophages in addition to limited senescence within the 

stellate cells as hypothesised (196). While this does not invalidate these observations, or 

other tumorigenic studies performed in Arf -/- mice, the results presented in this thesis 

indicate that constitutive Cdkn2a-/- mice may introduce confounding factors in chronic 

livery injury studies.  

As germ line mutations within the CDKN2A are rare in HCC (323), constitutive knock 

out models do not accurately recapitulate the human condition, particularly in 

conditions involving so many different cell types. Significant animal-to-animal 

variation was also observed in these mice requiring large cohorts making experiments 

with them unfeasible. Instead, future tumorigenic studies should consider cell/liver-

specific knock out such as an Alb-Cre;Cdkn2afl/fl similar to the Alb-Cre;Rbfl/fl;Trp53fl/fl 

mice (240). Alternatively, CRISPR/Cas9 could target Cdkn2a in LPCs and follow their 



Chapter 6: General Discussion 

  131 

progression similar to the Trp53/Pten CRISPR model of cholangiocarcinoma (239). 

These would reproduce spontaneous mutations observed in human carcinogenesis. 

Based upon the results presented in this thesis it would be predicted that LPC specific 

deletion of Cdkn2a would alter liver regeneration following chronic injury and expedite 

carcinogenesis (Fig. 6.1). 

6.2.5 Future Directions  

While the work described in this thesis provides strong evidence for the role in LPC 

transformation and liver homeostasis, there are many possibilities that could be 

explored further. To begin with, this study utilized murine LPC models as non-

transformed human LPC lines were difficult to maintain in culture. However, the 

Clevers laboratory has recently improved the culture conditions to enable establishment 

of snon-transformed human LPC lines (251). Given our observation that loss of 

CDKN2A in murine LPC models leads to transformation, targeted disruption of 

CDKN2A in human LPC lines using CRISPR/Cas9 should also be carried out. 

Furthermore, future work should also target ARF or INK4A individually to determine 

their relative contributions in both murine and human LPC models.  

In addition to human LPCs, attention should be paid to the type of LPC being cultured. 

Lineage tracing studies have identified further sub-types of LPCs: peripheral and portal 

vein-adjacent (25), as well as hybrid periportal hepatocytes (67) that are involved in 

liver regeneration. Moving forward, it will be valuable to assess the tumorigenic 

potential of each LPC/hepatocyte type, to determine what cell type cultured LPCs most 

closely represent. Furthermore, with the development of three dimensional tissue 

cultures and organoid growth continued culture of hepatocytes may also become a 

possibility (324). It would be of interest to determine whether these hepatocytes 

transform with continuous culture, and whether they undergo similar molecular changes 

as the LPC sub-types in vitro. Differences between the tumorigenic potential and 

affected molecular pathways may provide more insight into the different stratifications 

of HCCs to determine whether loss of ARF and INK4A is consistent across different 

cancer stem cell type. This variety in cultures may also lead to better in vitro models to 

develop specific treatments to each HCC-subtype.  

The experiments presented in this thesis provide convincing evidence for the direct 

involvement of ARF and/or INK4A loss if the tumorigenic transformation of LPCs. 

Thus, it is relevant to consider the appropriateness of ARF and INK4A abundance as 
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prognostic biomarkers. For example, the loss of ARF and INK4A expression in 

neoplastic nodules may indicate more aggressive treatment is required, or the presence 

of ARF and INK4A null LPCs on the borders of resected tissue may indicate the patient 

has an increased chance of recurrence. The correlation between ARF/INK4A expression 

in LPCs in patient biopsies and patient survival could be analysed to assess the 

relevance of these tumour suppressors in HCC progression.  

Additionally, the frequency of ARF and/or INK4A loss and direct contribution to 

tumorigenesis also suggests they may be useful therapeutic targets. For example, it was 

possible to restore INK4A transcription with the non-specific DNA demethylase, 5-

azacytidine (Chapter 4). In line with this observation, 5-azacytidine treatment of cell 

lines derived from six liver tumours resulted in cell cycle arrest and in some cases, 

terminal differentiation (218). As 5-azacytidine is a global demethylase, a myriad of 

other sites may have been affected necessitating a more direct investigation of INK4A 

rescue in transformed cells. Future studies may look to repurpose dCas9 for targeted 

demethylation of INK4A promoter elements, a technique successfully applied to target 

MyoD in mice (325), and confirm INK4A re-expression reversed tumorigenic growth. 

Alternatively, the introduction of a peptide based upon ARF amino acids 26-44 limited 

HCC proliferation, angiogenesis, and increased apoptosis in a DEN/PB HCC model in 

FOXM1B overexpressing mice (235). As these studies have highlighted ARF and 

INK4A mitigate LPC transformation, treatments affecting these pathways may be 

applicable to HCC. Accordingly, a clinical trial for CDK4/6 inhibitor PD0332991 

recently began recruiting HCC patients (326). 

While the data presented here emphasise the importance of the Cdkn2a locus in 

preventing tumorigenesis, it is critical to consider the role of ARF and INK4A 

accumulation in cellular senescence during aging and chronic liver injury. As discussed 

in Section 1.5.2, Arf and Ink4a transcript abundance increases in fibrotic and cirrhotic 

murine livers as part of the oncogene induced senescence pathway (228), as well as 

with age (179). This may not be a coincidence, as cellular senescence can be related to 

fibrosis and cirrhosis (reviewed in327), and also correlates with INK4A abundance 

(328). As the accumulation of senescent cells is associated with increased fibrosis, 

inflammation, and ROS (327), as well as decreased regenerative potential (193), the 

potential benefits of removing these senescent cells should be considered. Future work 

might look to directly examine removing senescent cells using the p16-trimodality 

reporter fusion protein (p16-3MR) transgenic mouse model. This heterozygous mouse 
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model contains wild-type Cdkn2a and a reporter fusion protein (a synthetic Renilla 

luciferase, monomeric red fluorescent protein, and truncated herpes simplex virus 1 

thymidine kinase) under the control of the Ink4a promoter. The INK4A+ senescent cells 

could be tracked and cleared by exposure to ganciclovir, which is a substrate for the 

herpes simplex virus 1 thymidine kinase, producing a toxic DNA chain terminator that 

leads to fragmentation of mitochondrial DNA and cell apoptosis (329). Exposing these 

mice to a long-term chronic liver injury model and a subset to ganciclovir, would 

provide insight into the role of senescence during initial injury, repair, disease 

progression, and neoplasm formation. Taken together, these experiments could could 

determine whether the clearance of senescent cells aids liver regeneration, prevents 

fibrotic deposits, and protects against hepatocarcinogenesis offering a potential, 

alternative mechanism for ARF and INK4A in carcinogenesis.   

6.3 CONCLUSIONS 

The work presented in this thesis definitively demonstrations that the deletion of 

Cdkn2a or its silencing is a key initiating event leading to LPC transformation in murine 

in vitro models. Further studies are required to accurately assess its contribution in vivo. 

The loss of Cdkn2a alone is not sufficient to transform LPCs and other pathways are 

modified to achieve transformation. As cancer is an accumulation of multiple alterations 

this is not surprising. With the knowledge that it is not a bystander affect, INK4A and 

ARF have potential roles as prognostic markers and mimetics could be used 

therapeutically.  
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A.1  Cdkn2afl/fl liver cells maintain a more epithelial morphology when cultured in 

Clevers’ medium 

 

Figure A.1 Cdkn2afl/fl  liver cells maintain a more epithelial morphology when cultured in 
Clevers’ medium. 
Cells were isolated from Conditional Cdkn2afl/fl (CKO) embryonic livers and LPCs were 
derived by the “plate and wait” method. Phase contrast images of Cdkn2afl/fl maintained in 
William’s E medium (left) and a modified medium developed by the Clevers’ laboratory called 
“Clevers’ medium” (right). Scale bars represent 100 µm. 
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B.1  Cisplatin treatment increases p53 abundance in non-transformed BMOL1 

cells  

Figure B.1 Cisplatin treatment increases p53 abundance in non-transformed BMOL1 
cells.  
Non-transformed (NT) BMOL1 cells were treated with 0, 0.25, 0.5, 1, 1.5 or 2 µg/mL of 
cisplatin for 48 h. Protein lysates were separated by SDS-PAGE and immunoblotted for p53 and 
β-actin. Western blot is representative of n = 2 experiments. Size markers are shown in kDa. 
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B.2  Cell density does not affect p53, ARF, or INK4A abundance in BMOL cells. 

 

 

Figure B.2 Cell density does not affect p53, ARF, or INK4A abundance in BMOL cells. 
Non-transformed BMOL cells were cultured to increasing densities (A-E). F) Cell lysates were 
prepared from the cells shown in A-E and immunoblotted for p53, ARF, INK4A, and β-actin. 
Western blots were performed in duplicate and size markers are indicated in kDa. 
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C.1  shRNA initially depleted ARF and/or INK4A in BMOL1 cells 

 

Figure C.1 shRNA initially depleted ARF and/or INK4A in BMOL1 cells. 
Non-transformed BMOL1 cells were infected with lentiviruses containing shRNAs targeting 
Arf/Ink4a or a scrambled control (sch). Following puromycin selection, infected and parental 
(P) cells were harvested, lysed and immunoblotted for ARF, INK4A, and β-actin as indicated. 
Western blots were performed in duplicate and size markers are indicated in kDa. 
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C.2  Characterisation of Arf -/- LPCs  

Three cell lines were generated from E14 Arf -/- mouse embryonic livers and were 

designated as Arf -/- A, B, and C. The Arf -/- mouse has a GFP cassette replacing the Arf 

specific exon 1β, to remove Arf without affecting Ink4a (191) (Fig. C.2A). PCR 

genotyping confirmed the absence of the Arf specific exon 1β (Fig. C.2B), and ARF 

protein was not detected by Western blot in Arf -/- cells (Fig. C.2C). Despite Arf -/- LPCs 

retaining the Ink4a gene (Fig. C.2B), INK4A protein was not detected by Western blot 

in any of the Arf -/- cell lines at passage 5 (Fig. C.2C) or after extended culture (Fig. 

C.2D). Arf -/- A cells were treated with DNA demethylase inhibitor 5-azacytidine, or 

HDAC inhibitor sodium butyrate to assess whether INK4A expression was suppressed 

by DNA hypermethylation. Treatment with 5-azacytidine but not sodium butyrate 

restored INK4A expression (Fig. C.2E). Thus, hypermethylation of Ink4a rendered the 

Arf -/- cells Cdkn2a deficient.  

To establish that the Arf -/- liver cell lines were LPCs, they were stained for LPC 

markers. All Arf -/- cell lines expressed the epithelial markers cytokeratin 19 (CK19), E-

cadherin (Ecad), and EpCAM (Fig. C.3A). Additional LPC markers Afp, EpCAM, 

Hnf1β, and Sox9 were detected by RT-PCR (Fig. 4.3B).  

The ability to differentiate into hepatocytes and cholangiocytes is a defining 

characteristic of LPCs (26, 27). Hepatocyte transcription factor, HNF4α, was dispersed 

throughout the nucleus and cytosol of the cells maintained in growth medium (WEM 

with growth supplements) (Fig. C.4A). Following hepatocytic differentiation, HNF4α 

staining was enhanced and predominantly nuclear. Cholangiocyte differentiation of   

Arf -/- lines was apparent after 10 d culture in MatrigelTM when cells became elongated 

and formed small ductular structures (Fig. C.4B). Accordingly, the cholangiocyte-

specific marker Muc1 (330), was increased 5- and 5.6-fold in Arf -/- B and C cells 

respectively. This trend was also observed for the Arf -/- A, however these results were 

not significant (p = 0.5464). Collectively, these data indicated that Arf -/- cells expressed 

a range of LPC markers and behaved as LPCs in vitro and Ink4a is silenced.  
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Figure C.2 Cell lines established from Arf -/- embryonic livers do not express ARF or 
INK4A. 
A) Schematic of the Cdkn2a locus in wild-type cells showing exons encoding Arf (red) and 
Ink4a (blue). ArfGFP/GFP (Arf -/-) cells have a GFP-neomycin (N) cassette replacing the coding 
sequence of Arf-specific exon 1β. B) Genomic DNA was extracted from non-transformed 
BMEL-AEGFP (BMEL) and Arf -/- cell lines A, B, and C, and amplified by PCR using primers 
specific to exons 1β (174 bp), and 1α (162 bp) of Cdkn2a, and Gapdh (437 bp). Protein lysates 
were prepared from the Arf -/- cells at passage (p) 5 (C), at p13 (low) or p57 or higher (high) (D). 
Cell lysates were then resolved by SDS-PAGE, transferred to membrane and immunoblotted for 
ARF, INK4A, and β-actin. E) Arf -/- A cells were treated with 4 µM 5-azacytidine (5-aza), 4 mM 
sodium butyrate (Na But) or 0.1% DMSO vehicle control for 72 h. Protein lysates were 
prepared and used for immunoblotting as described in C. Non-transformed BMEL and BMOL1 
cells were included as positive controls. Western blots were performed in duplicate and size 
markers are indicated in kDa. 
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Figure C.3 Cell lines established from Arf -/- embryonic livers express LPC markers. 
Cells were isolated from the livers of E14 Arf -/- mice and immortalised. A) The Arf -/- lines were 
grown on collagen-coated coverslips, fixed, and stained for LPC markers CK19, E-cadherin 
(Ecad), and EpCAM. Negative controls were stained with Alex Fluor-594 and -488 secondary 
antibodies alone. Representative images are of Arf -/- A and Arf -/- B. Nuclei were counter stained 
with DAPI. Scale bars represent 100 µm. B) Transcript abundance of LPC markers Afp (174 
bp), Epcam (145 bp), Hnf1β (100 bp), and Sox9 (96 bp) was assessed by RT-PCR and 
amplicons were resolved by gel electrophoresis. Gapdh (437 bp) was used as a loading control. 
Non-template (NTC) and no reverse transcriptase enzyme (NRT) were included as negative 
controls.  
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Figure C.4 Arf -/- LPCs differentiate into hepatocytes and cholangiocytes.  
A) Proliferating or differentiated Arf -/- cells were stained for HNF4α and counterstained with 
DAPI. Alexa Fluor-488 secondary antibody alone represented by differentiated Arf -/- B cells. 
Scale bars represent 50 µm. B) Arf -/- cells were grown in MatrigelTM for 10 d Scale bars 
represent 100 µm. C) Abundance of biliary marker Muc1, relative to housekeeper Taf4a, was 
determined by qPCR in Arf -/-. Mean ± S.E.M is plotted (n = 3). Statistical significance was 
determined by a Student’s t-test (* p < 0.05, ** p < 0.01).  
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C.3  Selection and characterisation of CRISPR/Cas9 clones 

 

Figure C.5 CRISPR/Cas9 single-cell clones were screened for INK4A and ARF reduction. 
Non-transformed BMOL were transfected with CRISPR/Cas9 (pX260) constructs with guide 
RNA sequences targeting Cdkn2a or luciferase. Following selection with puromycin, Cdkn2a 
CRISPR/Cas9 cultures were single cell cloned. Clones were expanded, harvested, and lysed. 
Cell lysates were resolved by SDS-PAGE, and immunoblotted for INK4A (A), or ARF (B), and 
β-actin. Blots were overexposed to detect low levels of INK4A. Lysate prepared from Arf -/- 
cells was included as a negative control. * indicates where the enhanced chemiluminescence 
reagent burnt through the membrane. Size markers are indicated in kDa.  
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Figure C.6 CRISPR/Cas9 induced a 254 bp deletion in Cdkn2a. 
A) Genomic DNA was purified from parental (P) non-transformed BMOL1 cells, BMOL1 cells 
transfected with a luciferase-targeting construct (luc), and three BMOL1 clones transfected with 
Cdkn2a-targeting constructs; controls C1 and C2, and mutant clone M1, and used as a template 
for PCR using specific primers against exon (Ex) 1β, 1α, 2, and 3 of Cdkn2a. B) Primers were 
re-designed to span exon 2 and genomic PCR was repeated. Amplicons were resolved on an 
agarose gel, purified, and Sanger sequenced. A schematic of sequence alignment to exon 2 
(purple) is shown where blue illustrates aligned sequences and red indicates a deletion, with the 
relative location of the CRISPR/Cas9 guide RNAs are indicated by the arrows.  

 
 
 

 
 

Figure C.7 Small colonies were observed in CRISPR/Cas9 clones and controls three 
passages after clonal selection. 
Parental (P) non-transformed BMOL1 cells, BMOL1 cells transfected with a luciferase-
targeting construct (luc), and three BMOL1 clones transfected with Cdkn2a-targeting 
constructs; controls C1 and C2, and mutant clone M1 were grown in semi-solid agar three 
passages after single cell cloning. Photomicrographs were recorded with a dissecting 
microscope after 14 d. Scale bars represent 1 mm. 
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C.4  Characterisation of Conditional Cdkn2a-/- LPCs 

Following derivation of the Cdkn2a-/- cells the expression of LPC markers was assessed 

and compared to the non-transformed BMOL1 control cells. All CKO cells stained 

positively for EpCAM and wide spectrum cytokeratin marker PANCK (Fig. C.8). CKO 

A and B, but not CKO C, were decorated with the LPC marker CD24. E-cadherin and 

CK19 were barely detected on the CKO cells whereas the mesenchymal marker, 

vimentin, was observed in all cell lines including the non-transformed BMOL1 bonafide 

LPC control.  

The CKO lines were differentiated along the hepatocyte and cholangiocyte lineages to 

demonstrate their bipotentiality. Immunocytochemistry indicated cytoplasmic and 

nuclear HNF4α staining in proliferating CKO cells (Fig. C.9A). Following hepatocytic 

differentiation, HNF4α was marginally more abundant and localised predominantly to 

the nucleus as indicated by the DAPI overlay (Fig. C.9A).  

Indications of cholangiocyte differentiation, including the formation of ductular 

structures, were observed in all CKO lines after 10 d growth in MatrigelTM (Fig. C.9B). 

Accordingly, Muc1 mRNA abundance was increased in the CKO lines between 2.5-3.6 

fold (Fig. C.9C). In conclusion, although the CKO cells do not express all LPC markers, 

they are capable of differentiation into hepatocytes and cholangiocytes thus these cells 

were deemed as LPC-like for future experiments. 
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Figure C.8 Cell lines established from Cdkn2afl/fl embryonic livers express LPC markers. 
Cells were isolated from the livers of E14 Cdkn2afl/fl mice and immortalised by the “plate and 
wait” method. Derived parental cell lines CKO A, B and C were mounted on microscopy slides 
by cytocentrifugation, fixed, and stained for CD24, CK19, E-cadherin (Ecad), EpCAM, Pan 
cytokeratin (PANCK), and vimentin (Vim) as indicated. Non-transformed BMOL1 cells were 
the positive control. Negative controls were stained with Alex Fluor-594 and -488 secondary 
antibodies alone. Representative images of CKO A and B are shown. Nuclei were counter 
stained with DAPI. Scale bars represent 50 µm.  



Appendix C 

  176  

 
Figure C.9 Cdkn2afl/fl LPCs can differentiate into hepatocytes and cholangiocytes.  
A) Conditional Cdkn2afl/fl knock out (CKO) A, B, and C cells were grown in proliferation 
medium or differentiated and immunofluorescently stained for HNF4α and DAPI. 
Representative images of Alex Fluor-488 secondary antibody alone for CKO B is shown. Scale 
bars represent 50 µm. B) CKO cells were cultured in MatrigelTM for 10 d and imaged. Scale 
bars represent 100 µm. C) Expression of biliary marker, Muc1 relative to Taf4a, was 
determined by qPCR following growth in medium or Matrigel and plotted as mean ± S.E.M (n 
= 3). Statistical significance was determined by a Student’s t-test (* p < 0.05). 
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C.5  Optimisation of Cre recombinase delivery in Cdkn2afl/fl MEFs  

The delivery method of Cre recombinase into Cdkn2afl/fl cells was optimised in 

immortalised MEFs before it was applied to LPCs. An inducible system was first 

trialled. Cells were infected with lentiviruses bearing constitutively expressed Gev16 

and either GFP, Cre, or mouse estrogen receptor (mER)-Cre driven by the GAL4 

upstream activating sequences (5xUAS). When 4-hydroxy tamoxifen (4HT) is present, 

it binds to Gev16 causing Gev16 to translocate to the nucleus and interact with the 

5xUAS promoter to initiate transcription of the desired construct (Fig. C.10A). The 

mER-Cre is more tightly controlled as it has been modified to have a mutated ligand 

binding domain at the C-terminus of the Cre. When 4HT is absent from the cells, the 

mER-Cre complexes with Hsp90 in the cytoplasm. When 4HT is present, the mER-Cre 

translocates to the nucleus where it can interact with the loxP sites and initiate a 

recombination event.  

Genomic DNA was extracted from the MEFs to confirm the deletion of exon 2 and 3 by 

PCR. The unaffected exon 1β and 1α were amplified from all samples (Fig. C.10B). An 

amplicon specific to exon 2 was observed in the parental and iGFP cells in the presence 

and absence of 4HT. The exon 2 amplicon was barely detectable in the iCre and imER-

Cre MEFs regardless of the addition of 4HT. Primers were designed to either side of the 

loxP sites to amplify a product following the deletion of exon 2 and 3. This deletion 

product, ΔExon2,3, was observed in the iCre and imER-Cre MEFs following 4HT 

treatment. However this product was also amplified from the iCre and imER-Cre MEFs 

without 4HT addition suggesting that some recombination of the site was occurring.  

RT-PCR analysis of these samples indicates that Cre-recombinase was expressed in the 

treated and untreated iCre and imER-Cre MEFs. Similarly, although GFP expression 

was significantly enhanced in the iGFP MEFs following treatment with 4HT, GFP was 

detected in the untreated iGFP MEFs (Fig. C.10D). These observations indicate some 

unintended activation of the inducible Gal4 promoter has occurred causing Cre 

recombinase expression, enough to induce a deletion of exon 2 and 3.  

While an inducible system minimises non-specific affects of infection and site of 

Cre/GFP integration into the genome, low levels or leaky expression had undesirable 

results. Therefore, the constitutively expressed Cre recombinase were trialled.  
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Figure C.10 Inducible Cre recombinase stimulates recombination in the absence of 4-
hydroxtamoxifen. 
A) Gev16 transcription factor (TF) is constitutively expressed and located in the cytosol. When 
bound to 4-hydroxytamoxifen (4HT), Gev16 translocates into the nucleus when it can bind to 
the GAL4 upstream activating sequences (5xUAS) promoter and activate transcription of Cre-
recombinase (Cre) or GFP. B) Two immortalised Cdkn2afl/fl MEF cell lines stably expressing 
4HT-inducible (i) GFP, Cre or mouse estrogen receptor (mER-Cre) were treated with (+) or 
without (-) 100 nM 4HT for 48 hours and harvested. Genomic DNA was extracted from 
parental (P), and infected cells, and used as a template for PCRs specific for exon1β, exon 1α, 
exon 2 and the exon 2,3 deletion product (Δexon 2,3). C) RNA was extracted from the iGFP, 
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iCre and imER-Cre MEFs following treatment with or without 4HT. cDNA was synthesised 
and used as a template for RT-PCRs targeting Cre and Gapdh transcripts. A no template control 
(NTC) was run in parallel for all PCRs and no reverse transcriptase (NRT) control was also 
included for RT-PCRs. D) GFP expression was observed in untreated and 4HT-treated iGFP 
MEFs by phase and fluorescent microscopy. Scale bar represents 200 µm.  

 
 

Two Cdkn2afl/fl MEF lines were infected with lentiviruses bearing Cre recombinase or 

GFP under transcriptional control of the constitutive pFU promoter. Following 

puromycin selection, the cells were screened for exon 2 and 3 deletion. Exon 1β and 1α 

were amplified from all samples. Exon 2 was detected in the parental (P) and GFP -

infected cells but was not amplified in the MEFs infected with constitutive (pFU) Cre 

recombinase (Fig. C.11A) Additionally, the ΔExon2,3 deletion product was only 

amplified in the Cre cells. Western blots were performed to assess ARF and INK4A 

expression in the infected MEFs (Fig. C.11B). ARF and INK4A were abundant in the 

parental and GFP-infected MEFs as well as the BMEL positive control but were not 

observed in the constitutive-Cre infected MEF cell lines. The constitutive expression of 

Cre caused specific deletion of Cdkn2a. Therefore this constitutive method of Cre 

recombinase delivery was used for subsequent LPC experiments. 
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Figure C.11 Constitutive expression of Cre recombinase induces loss of ARF and INK4A 
expression in Cdkn2afl/fl MEFs. 
Two immortalised Cdkn2afl/fl MEF lines were infected with lentiviruses bearing constitutive 
(pFU)- GFP or Cre-recombinase (Cre) plasmids. A) Genomic DNA was extracted from parental 
(P), and infected cells, and used as a template for PCR using primers specific for exon1β, exon 
1α, exon 2 and the exon 2,3 deletion product (Δexon 2,3). A no template control (NTC) was run 
in parallel. B) Cell lysates were prepared and resolved by SDS-PAGE, transferred to membrane 
and immunoblotted for ARF, INK4A, and β-actin. BMEL and Arf -/- cells were included as 
positive and negative controls. Western blots represent n = 1 experiment and size markers are 
indicated in kDa.
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C.6  Conditional knock out LPCs do not initially form colonies in semi-solid agar 

 

Figure C.12 Conditional knock out LPCs do not initially form colonies in semi-solid agar.  
Conditional knock out (CKO) LPC lines were infected with GFP or Cre recombinase (Cre), 
selected and assayed in semi-solid agar. Agar cultures were examined for the presence of 
colonies and images were recorded after 21 d with a dissecting microscope. A transformed 
BMOL line, BMOL T, was used as positive control. Scale bars represent 1 mm.  
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C.7  Abundance of Hippo signalling pathway components were not consistently 

altered in transformed Arf -/- LPCs. 

 

 
Figure C.13 Abundance of Hippo signalling pathway componenets were not consistently 
altered in transformed Arf -/- LPCs. 
Non-transformed and transformed Arf -/- A and B, and low and high passage non-transformed 
LPCs were harvested, and lysed. Cell lysates were resolved by SDS-PAGE, transferred to 
membrane and immunoblotted for YAP, TAZ, LATS1, LATS2, and β-actin. Western blots were 
performed in duplicate. 

 
 
C.8  Telomerase abundance was not consistently altered in transformed Arf -/- LPCs 

 
Figure C.14 Tert abundance was not consistently altered in transformed Arf -/- LPCs. 
Total RNA isolated from non-transformed (NT), NT low passage (NTL), NT high passage 
(NTH), and transformed (T) Arf -/- and BMOL1 LPC lines. cDNA was synthesised and used as a 
template for RT-PCRs targeting Tert, Tep1, c-Myc, and Gapdh transcripts. Amplicons were 
separated by gel electrophoresis. A no template control (NTC) and a no reverse transcriptase 
(NoRT) were run in parallel for all PCRs. Assays were performed in duplicate. 
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D.1  A modified choline-deficient, ethionine supplemented diet reduces morbidity 

and retains a liver progenitor cell response in mice 

  

RESOURCE ARTICLE

A modified choline-deficient, ethionine-supplemented diet
reduces morbidity and retains a liver progenitor cell response
in mice
Adam M. Passman1,2,*, Robyn P. Strauss1,2,*, Sarah B. McSpadden1,2,*, Megan L. Finch-Edmondson1,2,
Ken H. Woo1,2, Luke A. Diepeveen2, Roslyn London1,2, Bernard A. Callus1,3 and George C. Yeoh1,2,‡

ABSTRACT
The choline-deficient, ethionine-supplemented (CDE) dietary model
induces chronic liver damage, and stimulates liver progenitor cell
(LPC)-mediated repair. Long-term CDE administration leads to
hepatocellular carcinoma in rodents and lineage-tracing studies
show that LPCs differentiate into functional hepatocytes in this
model. The CDE diet was first modified for mice by our laboratory by
separately administering choline-deficient chow and ethionine in the
drinking water (CD+E diet). Although this CD+E diet is widely used,
concerns with variability in weight loss, morbidity, mortality and LPC
response have been raised by researchers who have adopted this
model. We propose that these inconsistencies are due to differential
consumption of chow and ethionine in the drinking water, and that
incorporating ethionine in the choline-deficient chow, and altering the
strength, will achieve better outcomes. Therefore, C57Bl/6 mice, 5
and 6 weeks of age, were fed an all-inclusive CDE diet of various
strengths (67% to 100%) for 3 weeks. The LPC response was
quantitated and cell lines were derived.We found that animal survival,
LPC response and liver damage are correlated with CDE diet
strength. The 67% and 75%CDE diet administered tomice older than
5 weeks and greater than 18 g provides a consistent and acceptable
level of animal welfare and induces a substantial LPC response,
permitting their isolation and establishment of cell lines. This study
shows that an all-inclusive CDE diet for mice reproducibly induces an
LPC response conducive to in vivo studies and isolation, whilst
minimizing morbidity and mortality.

KEY WORDS: Ductular reaction, Hepatic stem cell,
Hepatocarcinogenesis, Fatty liver, Regeneration

INTRODUCTION
The CDE (choline-deficient, ethionine-supplemented) diet is a
physiologically relevant model of liver disease because it mimics
the human condition of chronic fatty liver disease. This model
mirrors other liver pathologies such as alcoholic liver disease
and viral hepatitis, in which inflammation is invariably present and

cells known as LPCs (liver progenitor cells), or hepatic progenitor
cells, are observed (Libbrecht and Roskams, 2002). Short-term
application results in steatosis, inflammation and LPC proliferation,
followed by fibrosis, cirrhosis and hepatocellular carcinoma (HCC)
in long-term studies (Knight et al., 2000; Davies et al., 2006; Ochoa-
Callejero et al., 2013). The time to development of HCC in mice fed
this diet is protracted, thereby mimicking the extended development
period of HCC in humans.

The degree towhich LPCs contribute to liver regeneration remains
contentious. Recently, a range of lineage-tracing strategies and
dietary models (including the CDE diet) have been used to assess
whether LPCs differentiate in vivo into hepatocytes. Some studies
(Rodrigo-Torres et al., 2014; Schaub et al., 2014;Tarlowet al., 2014a,
b; Yanger et al., 2014) have concluded that there is little evidence to
support LPCs as a source of hepatocytes. Others report that the CDE
diet is the only liver-injury model in which LPCs differentiate into
substantial numbers of hepatocytes, thereby contributing to hepatic
regeneration (Espanol-Suner et al., 2012; Affo and Sancho-Bru,
2014; Shin et al., 2015). These conflicting results exemplify the need
for a defined, reproducible CDE dietary protocol. The CDE diet was
originally used in rats (Shinozuka et al., 1978; Shin et al., 2015), and it
was later modified for mice by our laboratory (Akhurst et al., 2001).
This modification involved administering choline-deficient chow
with ethionine-supplementation in drinking water and was
designated the CD+E diet.

The decade since this publication has seen an increase in
awareness regarding ethical animal research and commensurate
tightening of regulatory compliance guidelines. Our protocol
(Akhurst et al., 2001) no longer satisfied our institution’s
guidelines. Our laboratory has also received numerous
communications from researchers experiencing difficulties using
this protocol. Major concerns included body weight loss in excess of
20% and morbidity (including hunching caused by abdominal pain,
and decreased movement and grooming). In many instances, welfare
concerns resulted in premature culling necessitating increased animal
usage in anticipation of animal loss. Apart from ethical concerns,
therewas substantial animal-to-animal variation in theLPC response.

Akhurst et al. uncoupled the choline deficiency from the
ethionine supplementation so that each component could be
altered independently to better suit different strains of mice and
the duration of treatment (Akhurst et al., 2001). However, this
approach introduces variability because chow and ethionine intake
can vary between animals. Additionally, the age and weight of the
mice could influence their nutritional habits. We hypothesize that
this combination of factors is a major source of the adverse effects
observed in some mice. We propose that varied consumption,
particularly during the first week of diet administration, when mice
are experiencing the most severe effects of the diet, leads to a wideReceived 17 June 2015; Accepted 19 October 2015
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range of animal conditions and LPC responses. In this study, we use
an all-inclusive CDE diet with ethionine incorporated in choline-
deficient chow, which ensures that the choline deficiency is linked
with ethionine supplementation. We varied the strength of the diet
by mixing it with control chow. These were tested with detailed
recording of the initial age and weight of mice, to establish a
protocol that achieves an optimal balance between the LPC response
and animal welfare, characterized by low morbidity, acceptable
weight loss and high survival rates.

RESULTS
Survival depends on CDE strength, and mouse age and
weight
Apreliminary studywas conducted using a 100%CDEdiet.Mice fed
the 100%CDEdiet displayed considerablemorbidity andwere culled
within 3 to 5 days on ethical grounds. Consequently, reduced strength
CDE diets (67%, 70% and 75%) were trialed. In the first experiment,

5-week-old mice, ranging from 13.90 g to 17.86 g (average 15.97 g)
weight, were fed CDE diets. Despite the reduced strength, manymice
did not tolerate the diet, displaying signs of morbidity and body
weight loss in excess of 18%, necessitating euthanasia during the first
week. Survival rates for the 67% and 75% CDE diets were 71% and
43%, respectively (Table 1). The 70% CDE diet yielded the same
survival outcomes as the 75% CDE diet (data not shown).

Scrutiny of the data indicated that mice requiring intervening
euthanasia had significantly lower starting weights (15.19 g)
compared to mice that survived the 3-week experiment (16.44 g,
P<0.001). To improve the survival rate, a second experiment
utilized mice which were both older than 5 weeks and heavier
(≥18 g). These were placed on only the 67% and 75% CDE diets.
Survival rates increased to 90% and 60% for the 67% and 75%CDE
diets, respectively (Table 1). Subsequent data presented are derived
from this experiment.

Both dietary strengths cause transient morbidity and weight
loss
Animal morbidity and weight loss were monitored to determine
which strength of CDE diet minimized adverse animal welfare
impact. Several mice from both CDE groups displayed signs of
discomfort, including slight hunching and slowed movement; other
outward signs of distress were rare. Animals on the control chow
never showed signs of discomfort or distress and all received a score
of zero. Mice fed the 67% and 75% CDE diets had an average score
of 0.17±0.10 and 0.31±0.19 points per day, respectively, although
this difference was not statistically significant. Typically, mice in
both CDE groups experienced the greatest morbidity scores and
weight loss during the first week on the diet (Fig. S1). None of these
mice accumulated a morbidity score to warrant intervening
euthanasia and all preliminary culls were solely due to body
weight loss. By day 10, all CDE mice had returned to control-level
morbidity scores. The majority of these mice began regaining
weight after day 6 and their weights were not significantly different
from control mice at the conclusion of the experiment (Fig. S1).

Liver damage increases with dietary strength
After 3 weeks, serum alanine transferase (ALT) activity was
significantly lower (P<0.05) for mice on the 67%CDEdiet (86.4 U/l)
compared with those on the 75% CDE diet (275.3 U/l; Fig. 1).
Unlike ALT activity for mice on the 75% CDE diet (P<0.01), ALT
activities for mice on the 67% CDE diet were not significantly
different from control mice (Fig. 1). Serum γ-glutamyltransferase
(GGT), a marker of biliary cell necrosis (Leonard et al., 1984), was

RESOURCE IMPACT

Background
The choline-deficient, ethionine-supplemented (CDE) diet is a well-
established tool for studying liver disease because it induces a liver
progenitor cell (LPC) response (to repair damaged liver) and closely
recapitulates disease progression in humans. With short-term
administration, the diet leads to fatty liver in rodents, and long-term
administration eventually causes liver cancer. Originally used in rats, the
Yeoh laboratory adapted and modified this diet for application in mice.
This modification involved administering choline-deficient chow with
ethionine supplementation in drinking water and was designated the
CD+E diet. Since that time, there has been an increased awareness of
ethics in animal research and, given that the diet can result in body
weight loss and morbidity, it has become increasingly difficult to gain
approval for its use as a model. Experimentally, there has also been
substantial animal-to-animal variation in the LPC response. Combined,
these factors necessitated furthermodification of the CD+E diet for use in
mice.

Results
In this study, the authors modified the CD+E diet to include ethionine in
the chow. The resulting modification was designated the CDE diet. The
CDE diet was tested, using a range of strengths, for any effects on
mortality, morbidity, liver damage and LPC response. The 67% and 75%
CDE diet strengths had considerably favorable morbidity and mortality
outcomes compared to a 100%CDE diet. Of the 67% and 75% diets, the
former was associated with a lower level of liver damage and a more
subdued LPC response. Despite this, the 67% CDE diet was sufficient
for the isolation of LPCs and derivation of a cell line. The cell line that was
established expressed the marker proteins EpCAM, E-cadherin and
CK19, and was able to differentiate into more mature hepatic cell types,
thus demonstrating the hallmark characteristic of LPCs.

Implications and future directions
The ability of LPCs to expand and differentiate means that they have
potential as a form of cellular therapy for the treatment of liver disease.
However, their association with diseased liver necessitates further
research to ensure their safety. Themodifiedmodel reported in this study
ensures the reliable continuation of the CDE diet within the context of
tightening ethical guidelines. Applied at a strength of 67%, the CDE diet
described here reproducibly induces an LPC response conducive to
in vivo studies of liver disease and establishment of LPCs, whilst
minimizing morbidity and mortality in test animals. This work is
particularly important in light of the growing global obesity epidemic
and associated liver disease, which demand the development of new
models and tools for the scrutiny of underlying mechanisms and
candidate therapies.

Table 1. Animal welfare outcomes with respect to CDE diet strength,
starting age and weight

Experiment

Age and
starting weight
(mean±s.d.)

Percentage
requiring intervening
euthanasia

Maximum weight loss
(mean±s.d.; %)*

Experiment 1:
67%
CDE

5 weeks,
16.47±0.94 g

29 (2/7) 15.22±1.12 (n=5)

75%
CDE

5 weeks,
15.38±1.37 g

57 (4/7) 12.04±1.05 (n=3)

Experiment 2:
67%
CDE

6 weeks,
18.20±0.50 g

10 (1/10) 12.21±1.23 (n=9)

75%
CDE

6 weeks,
19.09±0.67 g

40 (4/10) 14.80±1.07 (n=6)

*Maximum weight loss was calculated only from the mice that completed the
3-week protocol.
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not significantly altered in mice receiving the CDE diet (Fig. S2).
The possibility of damage to other organs was also evaluated.
Pancreatic damage was assessed because CDE dietary regimes have

been used as models for pancreatitis (Lombardi et al., 1975; Ida
et al., 2010; Wang et al., 2010). We found a statistically significant
decrease in serum amylase activity in mice that received the CDE
diet (Fig. S3A). Hematoxylin and eosin staining of CDE pancreas
showed no evidence of inflammatory infiltrates (Fig. S3B,C).
Damage to any other organ that was exposed in the abdominal and
pelvic cavities was not evident upon visual inspection.

LPC response increases with dietary strength
In the livers of control mice, pan-cytokeratin-positive (PanCK+)
LPCs were only observed periportally (Fig. 2A). Livers from mice
fed 67% (Fig. 2B) or 75% (Fig. 2C) CDE diets showed enhanced
PanCK+ cell populations that had migrated into the parenchyma,
typical of the LPC or ductular response observed in CD+E diet mice
(Tirnitz-Parker et al., 2007). PanCK positivity was significantly
lower (P<0.01) in the livers of mice on the 67% CDE diet compared
to the 75% CDE diet (Fig. 2D). Both dietary regimes increased
PanCK staining over 300-fold compared to controls. Abundance of
LPC marker proteins E-cadherin, CD-133, M2PK and EpCAMwas
increased in the livers of the 67% and 75%CDE-diet mice compared
to controls (Fig. 2E). As expected, CD45+ inflammatory cells were

Fig. 2. LPC and inflammatory responses correlate with dietary strength. Liver sections from mice fed the control (A), 67% (B) and 75% (C) CDE diets for
3 weeks were stained for PanCK. Scale bars: 100 μm. Insets are magnified threefold. (D) The percentage of PanCK+ pixels (PanCK positivity) was determined
and is shown as mean±s.e.m. Significance was determined by ANOVA (**P<0.01, ***P<0.001). (E) Protein lysates from the livers of mice on each diet were
immunoblotted for E-cadherin, CD133, M2PK and EpCAM. GAPDH and β-actin were used as loading controls. (F-H) Liver sections from mice fed the control (F),
67% (G) and 75% (H) CDE diets for 3 weeks were stained for CD45 (red), PanCK (green) and counterstained with DAPI. Insets are magnified threefold.

Fig. 1. Serum ALT activity correlates with dietary strength. Serum ALT
levels were analyzed from mice fed control, or a 67% or 75% CDE diet and are
presented as mean±s.e.m. Significance was determined by one-way ANOVA
(*P<0.05, **P<0.01).
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detected in all livers but their numbers were elevated in the 67% and
75% CDE samples compared with controls (Fig. 2F-H).

LPCs can be established from CDE mice
Typically, the CD+E diet substantially increases LPC numbers,
permitting the generation of cell lines. To verify whether LPC lines
could be established from CDE-fed mice, a putative LPC line was
generated from a 67% CDE-fed mouse. The cell line, bipotential
murine oval liver 3 (BMOL3), expressed the LPCmarkers epithelial
cell adhesion molecule (EpCAM), epithelial cadherin (E-cadherin)
and cytokeratin 19 (CK19) (Fig. 3A-C,E-G), and did not express
the mesenchymal marker vimentin (Fig. 3D,H). BMOL3’s
bipotentiality toward the hepatocyte and cholangiocytes lineages
was confirmed. Nuclear hepatocyte nuclear factor 4 alpha (HNF4α)
staining was observed in proliferating and differentiated LPCs
(Fig. 4A-D). Differentiation along the hepatocyte lineage induced
expression of the mature-hepatocyte markers Alb (albumin) and Tat
(tyrosine aminotransferase). A commensurate decrease in Afp (alpha
fetoprotein) transcript abundance was observed (Fig. 4E). Ductal
structures (Fig. 5A,B) were detected and Hnf1b (hepatocyte nuclear
factor 1 homeobox B) expression was upregulated (Fig. 5C) when
differentiated along the cholangiocyte lineage.

DISCUSSION
Given the stringent ethical framework governing animal
experiments, we propose that the CDE protocol described here is
superior to the previously described CD+E protocol (Akhurst et al.,
2001). The strength of an all-inclusive CDE diet can be finely tuned
by altering the ratio of CDE chow to control chow. This affords more
consistent outcomes for LPC response and animal welfare.
Furthermore, because the CDE components are not consumed
separately as in the CD+E protocol, animals receive the same dosage
of ethionine relative to choline deficiency throughout the

experiment, thereby reducing animal-to-animal variation. Despite
the inclusion of ethionine in the chow, there was no evidence of
reduced palatability:mice inCDEgroups consumed similar amounts
of food per day to those in control groups (data not shown).

Of the reduced strengths tested, the 67% CDE diet resulted in
greater animal survival, lowermorbidity scores and less liver damage.
Serum ALT activity, which served as a measure of hepatocytic
damage, was not significantly elevated in the 67% CDEmice relative
to controls at the conclusion of the 3-week protocol. Interestingly,
ALT activity levels in the 75% CDE mice remained significantly
elevated at 3 weeks. This prolonged liver damage is undoubtedly the
reason that the LPC response was greater in the 75% CDE mice, and
they had relatively poorer welfare outcomes. The possibility that
biliary injury was responsible for the LPC response was investigated
by analyzing serumGGTactivity. Activities fromCDEmicewere not
significantly different from controls. Finally, our results indicate that
morbidity as a result of damage to other organs is unlikely, because all
other organs appeared normal by visual inspection, no pancreatic
inflammation was observed, and serum amylase was in fact
significantly lower in CDE specimens. Combined, the data support
the view that the LPC response and morbidity is a consequence of
damage to the liver, more specifically, the hepatocytes.

In addition to dietary strength and composition, starting weight
and/or age of the mice might have played a role in the success of the
CDE diet. Starting mice on the CDE diet when they weighed more
than 18 g reduced mortality. Age might also be a contributing factor
because the heavier mice were also older. Similarly, Lombardi et al.
found that young mice (4.3 weeks) have lower survival rates than
adult mice (10 weeks) on the CDE diet (Lombardi and Rao, 1975).
We recommend that it is important to evaluate animal welfare by
applying a morbidity score that encompasses multiple parameters
rather than a single measure such as weight loss to more accurately
reflect the health of the animals.

Fig. 3. Cell lines derived from mice fed a CDE diet express LPC markers. The LPC line, BMOL3, was derived from a mouse fed a 67% CDE diet.
Immunofluorescence was used to detect known LPC markers [EpCAM (A,E), E-cadherin (B,F) and CK19 (C,G)] and mesenchymal marker vimentin (D,H).
Representative images are shown without (A-D) and with (E-H) DAPI staining. Control staining with either Alexa-Fluor-488 goat-anti-rabbit or -594 goat-anti-rat
alone are shown (I,J). Scale bars: 100 μm.
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Our findings lead us to recommend the 67% CDE diet for the
majority of CDE experiments because this strength maximizes
animal survival and induces a sufficient LPC response to permit
their isolation and cell-line derivation. The 67% CDE diet might be
more suited for mouse strains that are highly sensitive to the CDE
diet, including the BALB/c strain (Knight et al., 2007). In a lineage-
tracing study using the CDE diet, Shin et al. proposed that mice
required at least 14% weight loss to achieve in vivo differentiation of
LPCs to hepatocytes (Shin et al., 2015). Higher levels of liver
damage were commensurate with the 14% weight-loss threshold,
suggesting that a substantial degree of liver damage is required for
LPC differentiation into hepatocytes in vivo. With this in mind, a
75% CDE diet might be more appropriate for lineage-tracing
studies, because mice on this strength achieve ALT levels similar to

those seen by Shin and colleagues (2015). Furthermore, we
speculate that substantial liver damage, weight loss greater than
14%, and a substantial LPC response might be required for the
development of HCC from the LPC niche. Ultimately, the choice of
which diet to use will depend on the specific circumstances and the
aims of the study. The all-inclusive CDE diet affords researchers the
flexibility to administer a diet that consistently induces a robust LPC
response whilst minimizing negative impacts on the animals.

MATERIALS AND METHODS
Animals and diet administration
Diluted chow (75%, 70% or 67%) was prepared by combining 100% CDE
(MP Biosciences, Seven Hills, NSW, Australia, Cat. 0296021410) with
control (choline-sufficient) chow (MP Biosciences, Cat. 0296041210).
Chows were ground into powder and recombined as necessary using 10 ml
sterile tap water per 100 g chow. Recombined chow was stored at 4°C for up
to a week or at −20°C for up to a month.

C57Bl6/J male mice (4- to 5-weeks old or 14-16 g) were supplied by the
Animal Resource Centre (Murdoch, WA, Australia). Mice were housed 4-5
mice per cage in filter lid cages within a temperature-controlled room with
alternating 12 h light and 12 h dark cycles. Mice were fed, ad libitum,
standard chow for 2 days then switched to control chow for 3-5 days before
administration of the CDE diet for 3 weeks.

Cages and bedding (fine aspen) were changed twice a week. Chow was
replaced daily and drinking water was replaced weekly. All animal
procedures were approved by the University of Western Australia
(UWA)’s Animal Ethics Committee and compliant with National Health
and Medical Research Council (NHMRC; Australia) guidelines.

Animal monitoring
Mice were monitored daily before CDE administration, then twice daily
until mice recovered to within 5% of their CDE day-0 weight, and daily
thereafter. Mice were weighed and observed. Morbidity points were
allocated depending on the severity of the symptoms observed (Table S1).
Weight loss was calculated based on CDE day-0 weight. According to UWA
Animal Ethics Committee stipulations, a mouse was culled if deemed it
would exceed 20% weight loss, or if a morbidity score of 3 or above was
attained.

Tissue and blood collection
Mice were anesthetized with Avertin (Sigma, Sydney, NSW, Australia, Cat.
T48402; 600 μg/g body weight). The abdominal cavity was exposed and a
perfusion needle was inserted into the hepatic portal vein. Blood was
collected by cardiac puncture directly after perfusion-needle insertion.
Blood was allowed to coagulate then centrifuged at 16,000 g for 10 min at
4°C to separate serum. The liver was perfused with 37°C sterile phosphate
buffered saline (PBS, pH 7.4) at a rate of 5 ml/min until cleared of blood.
Livers were snap-frozen for protein extraction, or fixed for 24 h at room
temperature (RT) in 10% buffered formalin before embedding in paraffin.

Serum alanine transferase (ALT), γ-glutamyltransferase (GGT)
and amylase assays
ALT assays were performed commercially by PathWest Laboratory
Medicine (Nedlands, Western Australia) using the Activated Alanine
Aminotransferase assay (Abbott Diagnostics, North Ryde, NSW, Australia,
Cat. 8L92) per the manufacturer’s instructions. Serum GGT and amylase
assays were performed as per the manufacturer’s instructions (Sigma,
Sydney, NSW, Australia, Cat. MAK090 and MAK009, respectively).

LPC culture
LPCs were isolated from mice as outlined previously (Tirnitz-Parker et al.,
2007). Cell lines were established using the ‘plate and wait’ method
described previously (Strick-Marchand and Weiss, 2002). LPCs were
cultured in Williams’ E Medium (WEM; Sigma, W4125) containing
supplements [2.5 μg/ml Fungizone (Life Technologies, Melbourne, VIC,
Australia, Cat. 15290-018), 48.4 μg/ml Penicillin (MerckMillipore, Kilsyth,

Fig. 4. BMOL3 LPCs can differentiate towards the hepatocyte lineage.
BMOL3 cells were treated to differentiate them towards hepatocytes.
Proliferating (A,C,E) and differentiated (B,D,F) LPCs were stained for HNF4α
(A,B). Images are shown without (A,B) and with (C,D) DAPI staining. Control
staining with Alexa-Fluor-488 rabbit-anti-goat alone is shown (E,F). Scale bars:
50 μm. RT-PCR was used to determine abundance of the hepatocyte markers
Afp, Alb, Hnf4α and Tat. Gapdh was used as a loading control. Non-template
(NTC) and no reverse transcriptase enzyme (NRT) were included as controls.
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VIC, Australia, Cat. 5161), 675 μg/ml Streptomycin (Life Technologies,
Cat. 11860-038), 2 mM Glutamine (Sigma, Cat. G8540), 5% fetal bovine
serum (Life Technologies, Cat.16000-044), 20 ng/ml epidermal growth
factor (In Vitro Technologies, Nobel Park North, VIC, Australia, Cat.
FAL354001), 30 ng/ml insulin-like growth factor-II (GroPep Bioreagents,
Thebarton, SA, Australia, Cat. OU001) and 0.25 U/ml Humulin R (Eli Lilly
and Company, West Ryde, NSW, Australia supplied through the UWA
Pharmacy)]. The 10:10 protocol was used to induce hepatic differentiation
as described (Tirnitz-Parker et al., 2007). For cholangiocyte differentiation,
LPCs were grown in Matrigel™ (In Vitro Technologies, Cat. 354234) for
10 days in WEM with supplements. Once established, cell lines were tested
for mycoplasma and murine hepatitis virus contamination by PathWest, and
certified pathogen-free. Cells were also confirmed to be of Mus musculus
origin by PCR amplification of mouse-specific cytochrome c oxidase I,
mitochondrial (Cox1; Fwd: 5′-AGTACAGCAGCGGGAGCATGC-3′,
Rev: 5′-TTGAGGAGGACCGTGAAGCCG-3′).

Immunohistochemistry and LPC quantification
Formalin-fixed sections (4 μm) were dewaxed and rehydrated. Antigen
retrieval was performed with Proteinase K (Dako, North Sydney, NSW,
Australia, Cat. K0690; 40 μg/ml in Tris buffered saline) for 5 min. Sections
were treated with 3% H2O2 for 10 min followed by Serum-Free Protein
Block (Dako, Cat. X0909). Wide-spectrum cytokeratin (PanCK; Dako,
Z0622; 1:400) polyclonal antibody was applied overnight at 4°C. Staining
was detected with LSAB+ (Dako, Cat. K0690) and visualized with DAB+
substrate (Dako, Cat. K0690) per the manufacturer’s instructions. Slides
were counterstained with hematoxylin, dehydrated and mounted. Slides
were scanned at 40× magnification using the Aperio Scanscope XT and
software (Vista, CA, USA) for viewing and quantitation. The edges of the
tissue, bile ducts and lumens were excluded from analysis. Parameters of
the ‘Positive Pixel Count v9.1’ algorithm were adjusted to calculate the
number of stained pixels as a percentage of total pixels within the section
(positivity).

Immunofluorescence
Frozen liver sections (7 μm)were stainedwith anti-PanCKandanti-CD45 (BD
Pharmingen, Cat. 550539). Anti-EpCAM (Sapphire Bioscience, Waterloo,
NSW, Australia, Cat. ab71916), anti-E-cadherin (Genesearch, Arundel, QLD,
Australia, Cat. 3195S), anti-CK19 (TROMA III, a gift fromRolf Kemler at the
Max-Planck Institute), anti-vimentin (BioScientific, Sydney, NSW, Australia,
Cat. MAB2105) and anti-HNF4α (hepatocyte nuclear factor 4 alpha; Thermo
Fisher Scientific, Scoresby, VIC, Cat. SCZSC-6556) antibodies were used to
stain cultured LPCs. Samples were fixed in acetone-methanol (v/v, 1:1),
washed in PBS, blocked in 5% bovine serum albumin (BSA) in PBS for
30 min and incubated with primary antibody (1:200 in 1% BSA/PBS)
overnight at 4°C. Samples were washed and incubated with either Alexa-
Fluor-488 goat anti-rabbit IgG, 594 goat-anti-rat IgG or 488 rabbit anti-goat
IgG secondary antibody (Life Technologies, Cat. A11008, A11007 and
A11078, respectively; 1:200 in 1% BSA/PBS) for 1 h at RT. Samples were
stained with DAPI, washed and mounted with Gelvatol medium as described
previously (Finch et al., 2015). Fluorescencewas imagedwith an IX2-ILL100
Inverted Microscope (Olympus, Macquarie Park, Australia).

Western blotting
Tissues were homogenized before being lysed and immunoblotted
as described (Finch et al., 2015). Antibodies used were: anti-E-cadherin
(Genesearch; 1:5000), anti-EpCAM (Sapphire Biosciences; 1:1000), anti-
M2PK (Genesearch, Cat. 3198S; 1:1000), anti-CD133 (Sapphire
Bioscience, Cat. PAB12663; 1:1000), anti-β-actin (Sigma, Cat. A1978;
1:50,000) or anti-GAPDH (Genesearch, 5174; 1:18,000), and anti-rabbit or
anti-mouse HRP-linked secondary antibodies (VWR International,
Murarrie, QLD, Australia, Cat. NA9340, NA9310, 1:5000).

RNA isolation and PCR
RNA was isolated with QIAzol Lysis Reagent (QIAGEN, Chadstone, VIC
Australia, Cat. 79306) according to the manufacturer’s instructions. cDNA
was synthesized from 2 μg of total RNAwith the Tetro cDNA Synthesis Kit
(Bioline, Alexandria, NSW, Australia, Cat. 65050). PCR was performed
with DNA polymerase (Bioline, Cat. 21040). The following primer pairs
were used to specifically amplify alpha fetoprotein (Afp; Fwd: 5′-TCGT-
ATTCCAACAGGAGG-3′, Rev: 5′-AGGCTTTTGCTTCACCAG-3′),
albumin (Alb; Fwd: 5′-CTTAAACCGATGGGCGATCTCACT-3′, Rev:
5′-CCCCACTAGCCTCTGGCAAAAT-3′), glyceraldehyde 3-phosphate
dehydrogenase (Gapdh; Fwd: 5′-TGTTCCTACCCCCAATGTGT-3′,
Rev: 5′-TGTGAGGGAGATRGCTCAGTG-3′), hepatocyte nuclear factor
homeobox 1B (Hnf1b; Fwd: 5′-CAGCCAGTCGGTTTTACAGC-3′, Rev:
5′-TCCTCCCGACACTGTGATCT-3′), Hnf4α (Fwd: 5′-CAGCAATGG-
ACAGATGTGTGA-3′, Rev: 5′-TGGTGATGGCTGTGGAGTC-3′) and
tyrosine aminotransferase (Tat; Fwd: 5′-GGGTTGTCTGCCATTCCT-3′,
Rev: 5′-TTCTGGGAAGTGCTCCATCT-3′). Primers were synthesized by
Geneworks (Hindmarsh, SA, Australia). PCR amplicons were separated on
agarose gels and visualized using a ChemiDoc XRS (Bio-Rad). All PCR
products were verified by sequencing for authenticity.

Statistical analyses
Data is presented as the mean±s.e.m. Statistical significance was determined
using a Student’s t-test or one-way ANOVA with Bonferroni’s multiple
comparison post-test using GraphPad Prism® Ver. 4.0b.
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differentiated cells (C). Gapdh was used as a loading control. Non-template (NTC) and no reverse transcriptase enzyme (NRT) controls were also included.
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a b s t r a c t

The yes-associated protein (YAP) is a key effector of the mammalian Hippo signaling pathway. YAP has
eight known alternately spliced isoforms and these are widely expressed across multiple tissues. Variable
effects have been ascribed to different YAP isoforms by inducing their expression in cells, but whether
these differences are due to variability in the transcriptional potency of individual YAP isoforms has not
been addressed. Indeed a systematic comparison of the transcriptional potencies of YAP isoforms has not
been done. To address this, using overexpression and transcriptional reporter analyses we investigated
the transcriptional activities of several human YAP isoforms and determined the effects of the splice
variant insertions within the transactivation domain on its transcriptional potency. Utilising full-length
coding sequence constructs we determined that the number of WW domains and disruption of the
leucine zipper motif within YAP’s transactivation domain both contribute to transcriptional activity.
Notably, disruption of YAP’s leucine zipper had a greater effect on transcriptional activity than the ab-
sence of the second WW domain. Using GAL4-YAP transcriptional activation domain fusion proteins we
found that disruption of the leucine zipper significantly decreased YAP’s transcriptional activity in sev-
eral cell lines. Our data indicates that expression of different YAP isoforms with varying transcriptional
potencies may enable fine control of Hippo pathway signaling. Furthermore the specific isoform being
utilised should be taken into consideration when interpreting published data or when designing ex-
periments to ascribe YAP’s function.
& 2016 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Yes-associated protein (YAP) is a transcriptional co-activator [1]
that functions as an effector for the mammalian Hippo signaling
pathway [2–5]. YAP promotes growth and cell survival by reg-
ulating genes involved in proliferation including cyclin D1 [6],
survivin [2], connective tissue growth factor [7], and amphiregulin
[8]. YAP interacts with many proteins via several protein-interac-
tion domains to facilitate nuclear localisation, DNA-binding, and

recruitment of transcription factors (reviewed in [9]).
The human YAP1 gene comprises nine exons, generating at

least eight alternatively spliced isoforms, all of which are detect-
able as mRNA in several human tissues [10]. The YAP protein
comprises multiple domains that enable binding to a variety of
proteins. Exons 1–3 encode the N-terminal region including the
TEAD-binding and first WW domains, whereas YAP’s second WW
domain, which is only present in hYAP1-2 isoforms (Fig. 1), is
encoded by exon 4. Since YAP does not harbour an intrinsic DNA-
binding domain it relies on association with DNA-binding tran-
scription factors to co-activate target genes. TEAD proteins (1–4)
are the major DNA-binding factors for YAP, associating with YAP
via its TEAD-binding domain [11,12]. However several other fac-
tors have been identified that utilise YAP’s WW domains for
binding e.g., p73 [13] and ErbB-4 [14].

As a co-activator of transcription, YAP must localize to the
nucleus and recruit general transcription factors to activate gene
expression. The C-terminal region of YAP, rich in serine, threonine
and acidic amino acids, acts as a strong transcription activation

Contents lists available at ScienceDirect

journal homepage: www.elsevier.com/locate/bbrep

Biochemistry and Biophysics Reports

http://dx.doi.org/10.1016/j.bbrep.2016.02.015
2405-5808/& 2016 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Abbreviations: YAP, yes-associated protein; TAD, transcriptional activation do-
main; hYAP:, human YAP; aa:, Amino acid; mYAP:, mouse YAP; WT, wild-type; Con,
control; EV, empty vector

n Correspondence to: Mechanobiology Institute, T-Lab, National University of
Singapore, #10-01 5A Engineering Drive 1, 117411, Singapore.

E-mail addresses: phsmlf@nus.edu.sg (M.L. Finch-Edmondson),
Robyn.Strauss@research.uwa.edu.au (R.P. Strauss),
Joshua.Clayton@research.uwa.edu.au (J.S. Clayton),
George.Yeoh@uwa.edu.au (G.C. Yeoh), Bernard.Callus@uwa.edu.au (B.A. Callus).

Biochemistry and Biophysics Reports 6 (2016) 24–31



Appendix D 

  193  

domain (TAD) reminiscent of herpesvirus VP16 [1]. YAP does not
possess a traditional nuclear localisation signal, thus relies on as-
sociation with other proteins via its PDZ-binding motif to mediate
nuclear localisation [15,16]. YAP’s C-terminal TAD and PDZ-binding
motifs are encoded by exons 5–9.

Exon 5 has an alternate splice donor site, generating an ex-
tended transcript (exon 5B) encoding an additional four amino
acids (VRPQ), whereas exon 6 specifies an additional 16 amino
acids (AMRNINPSTANSPKCQ). Exons 5B and 6, which either alone
or in combination are present in six out of eight human YAP
(hYAP) isoforms, insert within the leucine zipper motif (also
known as the coiled-coil motif) in YAP’s TAD to generate the β, γ,
and δ isoforms [10]. In contrast, the α isoform does not contain
any insertions in the TAD region. The leucine zipper motif, com-
prising five highly-conserved leucine residues at every seventh
position, mediates protein-protein interactions [17].

Standardised nomenclature for hYAP isoforms was proposed by
Gaffney et al. [10], and further simplified [18], as it was acknowl-
edged that publications reporting use of “hYAP cDNA” for func-
tional studies actually used one of several isoforms, making it
difficult to compare across studies. For example, numerous pub-
lications reported using hYAP1-2γ (also referred to as YAP1-504
aa) [2–5,19,20] and one study used hYAP1-2α (YAP1-488 aa) [21].
This is significant since overexpression of hYAP1-2γ promoted
cellular proliferation, EMT, colony formation, protection from
apoptosis in MCF10A cells in vitro [3,5,20], and liver overgrowth
in vivo [2], whereas overexpression of hYAP1-2α in the UMSCC-
11A squamous cell carcinoma line increased cell death [21]. Whilst
the differences in YAP function may be due to cellular context, it
cannot be discounted that the specific YAP isoform utilised, or the
combination, may contribute to this result.

Other studies directly compared hYAP isoforms to draw con-
clusions about the functional importance of different YAP do-
mains. For example, comparison of their transcriptional activities
revealed that hYAP1-2α is a stronger co-activator than hYAP1-1β
[14]. This was attributed to a higher affinity for ErbB-4 mediated
by hYAP1-2α’s second WW domain. Similarly, significant differ-
ences were identified between hYAP1-1 and -2 with regards to
promotion of apoptosis measured by PARP cleavage and p73 sta-
bilisation [22]. The contribution of YAP’s TAD sequence to tran-
scriptional activity was not evaluated in either study.

There is sufficient evidence indicating that YAP’s protein-pro-
tein interaction domains contribute significantly to its transcrip-
tional activity. Multiple studies have shown that critical mutations

within one or both WW domains affect YAP’s transcriptional ac-
tivity [14,23,24], which may prevent YAP association with DNA-
binding transcription factors such as ErbB-4 and Runx2 [24] or its
interaction with other transcriptional modulators [25]. Subsequent
studies utilising Yorkie (YAP’s Drosophila orthologue) revealed that
the WW domains can recruit transcription enhancing factors in-
cluding Wbp2 [23]. It is generally accepted that YAP co-activates
transcription by recruiting members of the basal transcription
machinery, potentially via leucine zipper mediated interactions.
Notably, there are conflicting data on the functional requirement
of Yorkie and YAP C-terminus. In particular, Yorkie TAD was shown
to be superfluous to drive tissue growth in Drosophila, and YAP
TAD is not required to promote anchorage-independent growth or
resistance to contact inhibition in vitro [26]. Others have shown
that deletion of YAPs C-terminus decreased oncogenic functions
e.g., reduced xenograft expansion of ovarian cancer cells [27],
abolished EMT-like morphological changes induced by active YAP
in MCF10A cells [24], and failure to induce cellular proliferation in
the mouse retina in vivo [28].

Whilst previous studies have postulated that the insertion of
additional amino acids within the C-terminal TAD of YAP may
impair its transcriptional activity [10,14] a comprehensive analysis
of the relative transcriptional potency of C-terminal TAD variants
has not yet been done. To address this we analysed the tran-
scriptional activities of alternately spliced hYAP isoforms and de-
termined the effects of the C-terminal insertions in the TAD on its
transcriptional potency. This allowed us to define the contribution
of both the number of WW domains and an intact leucine zipper
to YAP’s transcriptional activity. Our data revealed that disruption
to the leucine zipper and the WW domains play key roles in de-
termining YAP transcriptional activity. Our results clearly demon-
strate that care must be taken when interpreting data generated
using different hYAP isoforms in multiple cell lines.

2. Materials and methods

2.1. Plasmids and cDNAs

cDNAs for hYAP1-2α (YAP1-488 aa) and YAP1-1β (YAP1-454
aa) [10] and mouse YAP (mYAP, NCBI NM_009534.3) were ob-
tained from Marius Sudol (National University of Singapore).
hYAP1-2γ (YAP1-504 aa) was provided by Kieran Harvey (Peter
MacCallum Cancer Centre, VIC). pGT4Tluc Firefly luciferase and

311 LQMEKERLRLKQQELLRQELALRSQLPTL 339

311 LQMEKERLRLKQQELLRQVRPQELALRSQLPTL 343

311 LQMEKERLRLKQQELLRQAMRNINPSTANSPKCQELALRSQLPTL 355

311 LQMEKERLRLKQQELLRQVRPQAMRNINPSTANSPKCQELALRSQLPTL 359

Alpha (α) 
Beta (β)

Gamma (γ)
Delta (δ)

hYAP1-2 protein

EXON 1                       2    3          4       5 5B  6    7       8                      9

hYAP1 gene

hYAP1-1 protein

Fig. 1. Gene structure and transcriptional activation domain variations of human YAP isoforms. The eight human YAP1 isoforms are encoded by nine exons. Exons 1–3
encode the N-terminal region including the TEAD-binding (yellow) and first WW domain (green), whereas the second WW domain, present only in hYAP1-2 isoforms, is
encoded by exon 4. Exons 5–9 encode the SH3-binding region (red) and the C-terminus of YAP, with exons 5B (extended transcript of exon 5, purple) and 6 (orange) encoding
an additional 4 and 16 amino acids, respectively. The presence or absence of these additional amino acids within the leucine zipper motif (crimson bar) of the transcriptional
activation domain (blue), give rise to the α, β, γ, and δ isoforms as indicated. Inset: the position of the five leucine residues that form the leucine zipper are shown in red.
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pCI-HA-TEAD-2 plasmids [29] were provided by Melvin DePam-
philis (NICHHD/NIH). GFP/TetR/VP16 [30] was used as template to
generate GAL4–VP16.

mYAP constructs were generated by PCR using primers: 5′
GTAGGATCCATGGAGCCCGCGCAACA and 5′GTGTCTAGACTA-
TAACCACGTGAGAAATGGGCTCTGGGGAGCCAAGGGT for ΔTAD, 5′
GTGTCTAGACTAGCTTTCTTTATCTAGCTTGGTG for ΔPDZ, and 5′
GTAGGATCCATGCCTGCAGCT CAGCATCTC and 5′GTGTCTAGACTA-
TAACCACGTGAGAAAGCTTTC for ΔTEAD.

YAP C-termini comprising the TAD and PDZ-binding motif of mYAP,
and hYAP isoforms α, β and γ were amplified by PCR using primers: 5′
GTAGGATCCCAGGGAGGCGTCCTGGGTGGA and 5′GTGTCTAGACTA-
TAACCACGTGAGAAAGCTTTC for mYAP or 5′GTAGGATCCCAGGGAGGCGT-
CATGGGTGGCA and 5′GTGTCTAGACTATAACCATGTAAGAAAGCT for hYAP.
hYAPδ C-terminus was generated by overlapping PCR of hYAP1-2γ using
the same hYAP primers in combination with δ-specific primers: 5′

GTGAGGCCACAGGCAATGCGGAATATCAATCCCAGCACAGC and 5′
GATATTCCGCATTGCCTGTGGCCTCACCTGCCGAAGCAGTTCTTGCTG.

The pFA-CMV-FLAG vector was generated by sub-cloning an-
nealed oligos encoding the FLAG sequence (DYKDDDDK) and an
additional BamHI recognition sequence 5′ to the EcoRI site, in-
frame into the pFA-CMV [31] vector using BglII and EcoRI. This
generated a new unique BamHI site 3′ of the FLAG sequence
(Fig. 4A). The TAD’s for all hYAP isoforms, mYAP and VP16 (amino
acids 413–490) were cloned in-frame into the pFA-CMV-FLAG
vector using unique BamHI/XbaI sites (Fig. 4A). GAL4–Stat5 was
described previously [31].

2.2. Cell culture

HEK293T cells were provided by David Vaux (Walter and Eliza
Hall Institute (WEHI), VIC). HeLa and D645 cells were obtained
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Fig. 2. YAP transactivation, PDZ-binding, and TEAD-binding domains are required for TEAD-mediated transcriptional activity. (A) Schematic illustration of the pGT4Tluc
luciferase TEAD reporter. HEK293T cells were transfected with pGT4Tluc (Control), FLAG-tagged wild-type (WT), ΔTAD, ΔPDZ or ΔTEAD mYAP constructs (B), and pCI-HA-
TEAD-2 (HA-TEAD2) as indicated. (C) After 24 h cells were harvested and luciferase activity was determined. Firefly luciferase activity was normalised to Renilla luciferase
activity. The average luciferase activities were normalised to WT mYAP without HA-TEAD2, which was set to 100%. Data is presented as meanþSEM from three independent
experiments. *po0.05, **po0.01, ***po0.001. (D) Cell lysates from (C) were separated by SDS-PAGE, transferred to membrane and immunoblotted for FLAG and β-Actin as
indicated. Size markers are shown in kilodaltons. (E) HEK293T cells were transfected with pGT4Tluc (Control), mYAP or hYAP1-2α constructs, and pCI-HA-TEAD-2 (HA-
TEAD2) as indicated. After 24 h cells were harvested and processed as in (B). Cell lysates were immunoblotted for YAP and β-Actin as indicated. Size markers are shown in
kilodaltons. Vertical line indicates the samples were blotted on separate gels.
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from David Huang (WEHI) and John Silke (WEHI), respectively.
Cells were maintained in DMEM (Life Technologies, #11885) sup-
plemented with 10% (v/v) FBS, 50 U/mL penicillin G/50 mg/mL
streptomycin, and 2 mM L-glutamine in a humidified atmosphere
of 10% CO2 at 37 °C.

2.3. Luciferase assay

TEAD-dependent luciferase assays were performed by trans-
fecting sub-confluent 12-well plates of HEK293T cells with 0.1 mg
pGT4Tluc, which harbours the firefly luciferase gene driven by four
tandem copies of the GTIIC site 30-mer containing the TEF-1 DNA
binding sites found in the polyomavirus F101 enhancer [29]
(Fig. 2A), 0.3 mg pF-5xUAS-MCS-W–SV40puro [32,33] expressing
full-length (entire coding sequence) wild-type (WT) or mutant
YAP constructs, 0.05 mg pRL-TK Renilla luciferase (internal control),
with or without 0.05 mg pCI-HA-TEAD-2, which can associate with
full-length mYAP and hYAP isoforms via their TEAD-binding do-
mains, and pUC13 to a total of 0.5 mg DNA per well using Effectene
(Qiagen #301425).

For GAL4 fusion experiments, sub-confluent 12-well plates of
HEK293T cells were transfected with 0.1 mg pFR-Luc (Stratagene)
[31], 0.05 mg pFA-CMV-GAL4-FLAG YAP-TAD fusion constructs
(Fig. 4A), 0.1 mg pRL-TK, and pUC13 to a total of 0.5 mg DNA per
well using Effectene. For HeLa and D645 cell lines, cells were
transfected with 0.4 mg pFR-Luc, 0.2 mg pFA-CMV-FLAG YAP-TAD
fusion constructs, and 0.4 mg pRL-TK per well using ViaFect
(Promega).

Luciferase activity was measured after 24 h using the Dual
Luciferase Reporter Assay (Promega). Statistical significance was
calculated by performing a one-way ANOVA with Tukey’s multiple
comparison test from at least three independent experiments.

2.4. Antibodies and immunoblotting

Anti-FLAG (#F1804) and Anti-β-actin (#A1978) were purchased
from Sigma-Aldrich (Castle Hill, NSW). Anti-HA (#2999) was
purchased from CST (Genesearch, Arundel, QLD). Lysates (20 mL)
were separated by SDS-PAGE and transferred to Hybond C mem-
brane (GE, Castle Hill, NSW). Membranes were immunoblotted
with antibodies and detected with chemiluminescence as de-
scribed [34].

3. Results

3.1. YAP mutants lacking TAD and PDZ-binding domain have reduced
transcriptional activity

To confirm that YAP’s TAD, PDZ-binding domain and TEAD-
binding domain are necessary for TEAD-mediated transcriptional
activity, mYAP deletion constructs (Fig. 2B) were utilised. Since
TEAD is the best-characterized oncogenic partner of YAP, the ac-
tivity of the mutants was assessed using a TEAD-dependent luci-
ferase assay [29] (Fig. 2A). Transfection of WT mYAP significantly
increased luciferase activity 16-fold (po0.001) compared to the
luciferase construct alone (Control) (Fig. 2C). Despite comparable
expression by Western blot (Fig. 2D) theΔTAD andΔPDZ mutants
did not increase luciferase activity above basal levels (Fig. 2C). As
expected, ΔTEAD failed to increase luciferase activity above con-
trol levels and importantly this was not increased by co-transfec-
tion of TEAD2 indicating that luciferase expression with this re-
porter is specific for YAP-TEAD association. In contrast co-trans-
fecting cells with TEAD2 significantly increased luciferase activity
for the WT (3.6-fold, po0.001) and ΔPDZ (5.9-fold, po0.05)
mYAP constructs (Fig. 2C). Notably, although luciferase activity for

ΔPDZ increased in the presence of TEAD2 it remained significantly
lower (po0.001) than WT.

To confirm that mYAP mutants may be used to infer informa-
tion about hYAP transcriptional activity, we compared the tran-
scriptional potency of mYAP to that of hYAP1-2α since they share
significant amino acid sequence homology; TEAD-binding (96%),
PDZ-binding (100%) domains and TAD region (92%). No significant
difference was observed in the relative luciferase activity between
mYAP and hYAP1-2α either in the presence of absence of co-
transfected TEAD2 (Fig. 2E). Together this data indicates that YAP’s
TAD, PDZ-binding and TEAD-binding domains are required for
TEAD-mediated transcriptional activity, and that exogenously ex-
pressed TEAD2 can functionally associate with both mYAP and
hYAP to activate transcription.

3.2. YAP’s tandem WW domains and leucine zipper motif contribute
to transcriptional activity

To determine whether the number of WW domain/s (single
versus tandem) and interruption of the leucine zipper motif im-
pacts YAP’s transcriptional activity, three hYAP isoforms with
combinations of these features were compared using the TEAD
reporter assay (Fig. 3). Transfection of hYAP1-1α and hYAP1-2α
significantly increased luciferase activity 5.6-fold (po0.001) and
14.3-fold (po0.001) respectively compared to luciferase alone
(Control). In contrast, hYAP1-1β alone failed to increase luciferase
activity above control levels. Despite comparable expression levels
(Fig. 3B) the relative activity of hYAP1-1β was significantly lower
than hYAP1-1α (3.2-fold lower po0.01) and hYAP1-2α (8.2-fold
po0.001) (Fig. 3A). Notably endogenous YAP was undetectable in
the HEK293T cells, thus our data is specific to the exogenous YAP
constructs.

As shown above, the TEAD reporter is specific for YAP-TEAD
association (Fig. 2). As expected, transfection of the luciferase re-
porter with TEAD2 resulted in a negligible increase in luciferase
activity, whereas co-transfection of TEAD2 significantly increased
activity for hYAP1-2α (1.9-fold), hYAP1-1α (3.8-fold) and hYAP1-
1β (8.9-fold) (Fig. 3A). Despite the relatively large increase in lu-
ciferase activity for hYAP1-1β with TEAD2, this was still sig-
nificantly lower than that measured for both hYAP1-1α (1.4-fold)
and hYAP1-2α (1.8-fold).

Notably, hYAP1-2α luciferase activity was consistently higher
than that of hYAP1-1αwith activity 2.5-fold higher without TEAD2
and 1.3-fold with TEAD2. Interestingly, this difference was not as
pronounced as that between hYAP1-1α and hYAP1-1β which was
3.2-fold higher in the absence of TEAD2 but only 1.4-fold in its
presence (Fig. 3A). These data indicate that both a single WW
domain and disruption of the leucine zipper reduce YAP’s tran-
scriptional activity. Furthermore, that disruption of the leucine
zipper within YAP’s TAD has a possibly greater effect than the
absence of tandemWW domains especially when TEAD is limiting.

3.3. Disruption of YAP’s leucine zipper motif reduces its transcrip-
tional co-activator function

To directly examine the effect of a disrupted leucine zipper
motif on YAP’s transcriptional potency, the C-terminal region for
each hYAP isoform (α, β, γ and δ) and mYAP comprising the TAD
and PDZ-binding motif were fused to a FLAG-tagged GAL4-DNA
binding domain construct (Fig. 4A) and GAL4-dependent luciferase
reporter assays were performed in several cell lines (Fig. 4).
Transfection of the GAL4-YAP TAD fusion constructs significantly
increased luciferase activity above the luciferase alone (Con) and
empty-vector (EV) negative controls and the Stat5a positive con-
trol [31]. Luciferase activity stimulated by the VP16 TAD [1] was
comparable with that of the YAP-fusions but more variable, being
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relatively lower than the YAP-fusions in HEK293T cells whilst
being higher in D645 (Fig. 4C) and HeLa cells (Fig. 4D). Transfec-
tion of YAPα resulted in significantly higher luciferase activity
compared to YAPβ (1.3-fold po0.001), YAPγ (1.3-fold po0.01) and
YAPδ (1.5-fold po0.001) in HEK293T cells (Fig. 4B). Interestingly,
YAPm, the mouse equivalent of YAPα, increased luciferase activity
to a similar extent. Western blot analyses indicated that YAPα and
to some extent YAPm and YAPβ were expressed at lower levels
than YAPγ and YAPδ (Fig. 4B), which may be due to differences in
the stability of the various isoforms, suggesting that differences in
transcriptional activity between YAPα and other isoforms with
disrupted leucine zipper motifs are underestimated here. It is also
worth noting that none of the GAL4-fusion constructs were de-
tected by Western blot in either D645 or HeLa cells.

Consistent with HEK293T data, YAPα and YAPm induced luci-
ferase activity to a similar extent and both were significantly
higher than YAPβ, YAPγ and YAPδ in D645 (Fig. 4C) and HeLa
(Fig. 4D) cells, with the exception that YAPβ was not significantly
different to YAPα in HeLa cells. In general the differences in activity
for YAPβ, YAPγ and YAPδ compared to YAPα were more pro-
nounced in the D645 cells (2.0- to 2.6-fold decrease) compared to
the HEK293Ts (1.3- to 1.5-fold decrease), and less so in HeLa cells
(1.3-fold decrease). Notably, no significant difference was observed
between YAPβ, YAPγ and YAPδ in all cell lines tested (Fig. 4B and C).

Together, these data support our findings obtained using the entire
coding sequence of YAP whereby disruption of YAP’s leucine zip-
per motif decreases its transcriptional co-activator activity
(Fig. 3A).

Intriguingly, the difference in luciferase activity between full-
length proteins (hYAP1-1α versus hYAP1-1β) (Fig. 3A) was more
pronounced than for the GAL4-YAP TAD fusions (YAPα versus YAPβ)
(Fig. 4B) (3.2-fold compared to 1.3-fold decrease in activity in
HEK293T cells), despite both varying only by insertion of four
amino acids within the leucine zipper motif. This may reflect dif-
ferences in the comparative expression of the different constructs
or the luciferase system used.

4. Discussion

Using overexpression and transcriptional reporter analyses, this
study represents the first detailed analysis of the transcriptional
potency of the TAD from alternately spliced C-terminal YAP iso-
forms. The existence of eight mammalian YAP isoforms suggests
that they have non-redundant roles within the cell. Indeed,
structural differences between YAP isoforms are predicted to affect
transcriptional activity and function [1,10,35], and this is sup-
ported by numerous publications that have identified differences
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between hYAP isoforms, for example in the promotion of p73 as-
sociation and PARP cleavage [22], Erb-B4 binding [14], transcrip-
tional activity [14,22,24], angiomotin association [36], and SHP2
binding [37].

Here we definitively demonstrate that the number of WW
domains and disruption of the leucine zipper both contribute to
YAP’s transcriptional activity. Interestingly, disruption of the leu-
cine zipper in the full-length proteins caused a relatively greater
loss in activity than the absence of a second WW domain. Notably,
the combination of these two factors had an additive effect on
YAP’s activity. This permits a range of YAP isoforms with varying
transcriptional potencies and abilities to associate with protein
partners via WW and leucine zipper domain-mediated
interactions.

YAP’s WW domains have two defined functions: to bind non-
TEAD DNA-binding transcription factors e.g., p73 and ErbB-4
[13,14], and to recruit enhancers e.g., Wbp2 [23] or repressors [25]
of transcription. In this study a TEAD-dependent reporter was
utilised to assess transcriptional activity of full-length YAP. This
system is unable to assess non-TEAD mediated transcription, in

which the presence of single or tandemWW domains could have a
more pronounced effect on YAP’s transcriptional activity due to
altered efficiency of association with DNA-binding proteins.

Since a functional leucine zipper structure is dependent on
precise spacing of leucine residues [17], it is expected that any
interruption of the leucine zipper should effectively disrupt the
motif. This is supported by the observation that the transcriptional
activities of YAPβ, YAPγ and YAPδ, with 4, 16 and 20 amino acid
insertions respectively, were similarly decreased in the cell lines
tested. It is important to note that a leucine zipper motif is not
essential for transactivation since neither TAZ nor Yorkie possess
one in their TADs. Interestingly, C-terminal homology between
Yorkie and YAP is low, although Yorkie and TAZ do harbour a
coiled-coil motif in their putative TAD (predicted using COILS:
http://embnet.vital-it.ch/software/COILS_form.html) via other
amino acids e.g., I-I-L-L-E in TAZ. Furthermore, as mentioned
above, YAP’s TAD is not required for anchorage-independent
growth of MCF10A and NIH3T3 cells in vitro [26]. However, YAP’s
TAD is necessary for particular oncogenic functions including cell
migration and invasion in vitro [26] and in vivo [27,28]. It is
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therefore conceivable that YAP’s leucine zipper functions, together
with other domains, to enhance transcriptional activity, enabling
fine-tuning of YAP-mediated gene transcription by recruiting, or
stabilising the association with one or more co-factors, which is
dispensable for Yorkie in Drosophila [26].

Data obtained here using full-length YAP constructs suggests
the leucine zipper might stabilise the interaction with transcrip-
tional co-factors, possibly recruited via other domains e.g., WW
domains. Thus when using GAL4-TAD fusions these regulatory
factors would not be recruited into the transcriptional complex
and the effects of a disrupted leucine zipper are less obvious. It is
also worth noting that differences between the full-length YAP
isoforms examined were less apparent when TEAD2 was co-ex-
pressed. Here it is likely that exogenous YAP and TEAD2 are the
major contributors to transactivation of the luciferase reporter.
However, when TEAD proteins are limiting e.g., at endogenous
level, other regulatory co-factors may contribute significantly to
transactivation. Under these conditions the effect of leucine zipper
disruption in addition to the presence of single or tandem WW
domains may be more pronounced. It is possible that the observed
differences in the absence of exogenous TEAD2 may also be con-
tributed to by subtle differences in binding affinities with en-
dogenous TEAD proteins, or their relative abundance. However,
this is unlikely to account for the observed differences since all
YAP constructs were transfected at the same time and therefore
the abundance of all four endogenous TEAD proteins will be
equivalent across all samples.

The biological significance of this data assumes that all YAP
isoforms are expressed as functional protein in vivo. Whilst
mRNAs of all hYAP isoforms are detectable across a range of tis-
sues and organs except leukocytes [10], it remains to be de-
termined whether all isoforms are functionally expressed and in
relative abundance. The differences in transcriptional activity re-
vealed in this study are notable, and suggests the expression of
different YAP isoforms may permit fine-tuning of complex tran-
scriptional programmes that may result in different biological
outcomes. Future studies could profile the specific expression of
hYAP isoforms, for example during development, to determine
whether this correlates with biologically relevant outputs e.g.,
target gene expression.

In conclusion, using overexpression and transcriptional re-
porter analyses this study demonstrates that hYAP isoforms have
significantly different transcriptional activities. The presence of a
single or tandem WW domain combined with an intact or dis-
rupted leucine zipper domain contributes to YAP transcriptional
activity. Combined with the likelihood that these structural var-
iations will affect participation in a range of protein interactions,
this data confirms that one cannot assume YAP’s eight known
isoforms function equivalently. Careful selection and comparison
of YAP isoforms and cellular context should be undertaken when
characterising or ascribing YAP’s function.
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Background:Hippo pathway effectors YAP andTAZare transcriptional coactivators that regulate cellular proliferation and

tumorigenesis.

Results: YAP negatively regulates TAZ abundance in a GSK-3-dependent manner.

Conclusion: Changes in YAP abundance results in compensatory changes in TAZ to maintain Hippo signaling homeostasis.

Significance: This initial reporting of a direct relationship between YAP and TAZ abundances has profound implications for

understanding their biological functions.

The mammalian Hippo signaling pathway regulates cell

growth and survival and is frequently dysregulated in cancer.

YAP and TAZ are transcriptional coactivators that function as

effectors of this signaling pathway. Aberrant YAP and TAZ

activity is reported in several human cancers, and normally the

expression and nuclear localization of these proteins is tightly

regulated. We sought to establish whether a direct relationship

exists between YAP and TAZ. Using knockdown and overex-

pression experiments we show YAP inversely regulates the

abundance of TAZ protein by proteasomal degradation. Inter-

estingly this phenomenon was uni-directional since TAZ

expression did not affect YAP abundance. Structure/function

analyses suggest that YAP-induced TAZ degradation is a conse-

quence of YAP-targeted gene transcription involvingTEAD fac-

tors. Subsequent investigation of known regulators of TAZ deg-

radation using specific inhibitors revealed a role for heat shock

protein 90 and glycogen synthase kinase 3 but not casein kinase

1 nor LATS in YAP-mediated TAZ loss. Importantly, this phe-

nomenon is conserved from mouse to human; however, inter-

estingly, different YAP isoforms varied in their ability to

degrade TAZ. Since shRNA-mediated TAZ depletion in HeLa

and D645 cells caused apoptotic cell death, we propose that iso-

form-specific YAP-mediated TAZ degradation may contribute

to the contradicting roles reported for YAP overexpression.

This study identifies a novel mechanism of TAZ regulation by

YAP, which has significant implications for our understanding

of Hippo pathway regulation, YAP-isoform specific signaling,

and the role of these proteins in cell proliferation, apoptosis, and

tumorigenesis.

YAP (yes-associated protein)4 and TAZ (transcriptional

coactivator with PDZ-bindingmotif) are effectors of Hippo sig-

naling in mammalian cells (1, 2), which promote growth and

survival via the transcription of genes involved in cell growth

including connective tissue growth factor (3, 4), amphiregulin

(5, 6), survivin (7), and cyclin A (8). This is demonstrated by

numerous studies in vitro, using cell lines whereby knockdown
or overexpression of YAP or TAZ results in changes in cellular

proliferation, and in some studies apoptotic resistance (8–12).

Moreover, studies in which the expression of YAP and/or TAZ

was dysregulated in tissues including liver, skin, intestine, and

neural tube have confirmed a role for these effectors in prolif-

erative processes in vivo (7, 13–16).
Because of their pro-proliferative and anti-apoptotic proper-

ties, it is not surprising that YAP and TAZ function as onco-

genes. Numerous studies have revealed that YAP and TAZ

induce cellular traits characteristic of tumorigenic transforma-

tion including growth factor-independent proliferation,

anchorage-independent growth, and triggering of epithelial-

mesenchymal transition (17, 18). Dysregulation of YAP/TAZ

expression has also been reported in most solid cancer types

including ovarian, brain, liver, lung, and breast cancers (19–22),
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As expected, treatment of parental NIH3T3 cells (NIH) with

4HT for 24 h had no effect on YAP or TAZ abundance, whereas

a significant increase in YAP was observed within 8 h of 4HT

addition in YAP-inducible NIH3T3 cells (NIH iYAP) (Fig. 1E).
Noticeably, this was accompanied by a significant decrease in

TAZ abundance after 16 h of 4HT treatment (Fig. 1E). The
finding that YAP induction decreases TAZ abundancewas sub-

sequently confirmed in YAP-inducible MEFs and LPCs (Fig.

1E). Importantly, the effect on TAZ was specific to YAP since

treatment of parental NIH3T3 cells with 4HT alone did not

affect TAZ abundance.

To determine whether the decrease in TAZ abundance was

the result of altered TAZmRNA expression qPCR analysis was

performed. Treatment of YAP-inducible NIH3T3 cells for 48 h

with 4HT resulted in a 38-fold increase in YAP mRNA (p �
0.01) (Fig. 1F), which was consistent with changes observed at

the protein level (Fig. 1E). Interestingly, TAZ mRNA expres-

sion was not significantly altered following 48 h of 4HT treat-

FIGURE 1. YAP inversely regulates TAZ abundance in mammalian cells. A, WT liver progenitor cells (LPCs) were stably infected with lentivirus bearing
control (Con) or YAP-specific (KD) shRNAs. Cell confluency of stable cell lines was measured using a CellaVista. Data are presented as mean � S.E. (n � 3). B, WT
LPCs, NIH3T3 cells and MEFs were stably infected with lentivirus bearing control (Con) or YAP-specific (KD) shRNAs. C, WT EpH4 cells were transfected with
mYAP-targeting CRISPR-Cas9 plasmid and a YAP-null clone (YAP CRISPR) was selected and immunostained for YAP and TAZ. D, schematic representation of the
4HT inducible lentiviral expression system. Constitutive expression of the GEV16 transcription factor (GEV16 TF) is driven by the ubiquitin promoter. Following
addition of 4HT, GEV16 TF translocates to the nucleus where its GAL4-DNA binding domain directs binding to GAL4 upstream activating sequences (5xUAS) to
drive expression of YAP or TAZ gene expression. E, WT NIH3T3 cells (NIH), and YAP-inducible (iYAP) NIH cells, MEFs and LPCs were treated with or without 4HT
for 24 h or as indicated. F, NIH iYAP cells were treated with or without 4HT for 48 h. Total RNA was harvested and qPCR analysis was performed to determine
relative YAP and TAZ mRNA expression. Data are presented as mean � S.E. (n � 3), with expression in non-4HT-treated cells arbitrarily set to 1.0. Statistical
analysis was performed using a one-way ANOVA with Tukey’s multiple comparison test, **, p � 0.01. G, WT LPCs were stably infected with lentivirus bearing
control (Con) or mouse TAZ-specific (KD1 and KD2) shRNAs. TAZ-inducible NIH3T3 cells (NIH iTAZ) were treated with 4HT for 24 h to induce TAZ expression. Cell
lysates were separated by SDS-PAGE, transferred to membrane and immunoblotted for YAP, TAZ, and the loading control �-actin or GAPDH, as indicated. Size
markers are shown in kilodaltons.
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ment (Fig. 1F). Collectively these results show that YAP post-

transcriptionallymodulates TAZ abundance and this is not due

to cell selection during continuous passage but is rather a direct

consequence of YAP abundance.

Because YAP and TAZ are similarly regulated within cells (1,

30–32), it was hypothesized that TAZ might similarly regulate

YAP abundance. To investigate this, LPCs were infected with

lentivirus bearing TAZ-specific shRNA. Despite a significant

reduction inTAZabundance in bothTAZ shRNA infected LPC

lines (KD1 or KD2), YAP abundance was unchanged (Fig. 1G).
Next, to determine whether TAZ overexpression could alter

YAP abundance, TAZ-inducible NIH3T3 cells (NIH iTAZ)

were generated. Despite a significant increase in TAZ 24 h post

4HT treatment, no change in YAP abundance was observed

(Fig. 1G). From these experiments it was concluded that the

level of TAZ protein does not affect YAP abundance. Further-

more this indicates that in addition to the regulatory mecha-

nisms shared by YAP and TAZ, the abundance of TAZ is fur-

thermodulated by a direct effect of YAP, but not vice versa. This
is, at least in part, a possible consequence of differences in pro-

tein stability.

To confirmwhether differences exist between YAP and TAZ

protein stability, NIH3T3 cells were treated with CHX to block

protein synthesis. CHX treatment led to a faster decrease in

TAZ abundance compared with YAP (Fig. 2A). Conversely,
inhibition of the proteasome by treatment withMG-132, led to

a rapid accumulation of TAZ but not YAP indicating TAZ is

more rapidly turned over and significantly less stable than YAP

(Fig. 2A).
To discern the method of TAZ depletion following YAP

induction YAP-inducible cells were independently treated with

MG-132 to block proteasomal degradation, NH4Cl to disrupt

lysosomal-facilitated degradation by increasing the pHof intra-

cellular vesicles, or LLnL to block the calcium-dependent neu-

tral cysteine protease calpain I. Treatment with MG-132 pro-

tected TAZ from YAP-induced depletion in YAP-inducible

FIGURE 2. YAP-induced TAZ degradation requires YAP transactivation and PDZ-binding domains. A, NIH3T3 cells were treated with 20 �g/ml CHX, or 2.5
�M MG-132, as indicated. B, NIH3T3 inducible YAP (iYAP) cells were treated with or without 4HT in the presence of vehicle, 1 �M MG-132, 50 mM ammonium
chloride (NH4Cl), or 20 nM LMB, and HeLa iYAP cells were treated with 1 �M LLnL for 24 h as indicated. *, high chemiluminescence intensity resulted in
membrane damage and loss of signal. C, NIH3T3 inducible cells were treated with or without 4HT for 24 h to induce the expression of wild-type mYAP (WT), �CT,
�TAD, �PDZ, WW1*/WW2*, SH3*, and TEAD* constructs as indicated. Cell lysates were separated by SDS-PAGE, transferred to membrane and immunoblotted
for YAP, TAZ, and the loading control �-actin, as indicated. Size markers are shown in kilodaltons.

YAP Regulates TAZ Protein Accumulation

27932 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 290 • NUMBER 46 • NOVEMBER 13, 2015



Appendix D 

  206  

cells whereas NH4Cl and LLnL failed to prevent TAZ loss (Fig.

2B). Similarly, treating cells with LMB to inhibit nuclear export,

completely blocked YAP-induced TAZ degradation after 24 h

of 4HT treatment (Fig. 2B). These results indicate that upon

YAP induction, TAZ is proteasomally degraded within the

cytoplasm, which is consistent with the establishedmechanism

of TAZ degradation (32, 33, 42).

To determine which YAP domain/s are required to induce

TAZ degradation several mYAP deletion constructs were gen-

erated and the ability of these mutants to promote TAZ degra-

dation after 24 h of induction was assessed. Deletion of YAP’s

transcriptional activation domain (TAD) and PDZ-binding

motif (construct �CT) totally abolished YAP-mediated TAZ

degradation compared withWT YAP (Fig. 2C), and deletion of

either of these domains (�TAD or �PDZ) revealed that both

are necessary to induce TAZ degradation. Mutation of YAP’s

WWdomains (WW1*/WW2*) or SH3-binding domain (SH3*)

did not affect YAP’s ability to degrade TAZwhereas disruption

of YAP’s TEAD-binding domain (TEAD*) with the pointmuta-

tion, S79A, partially blocked TAZ degradation compared with

WT YAP (Fig. 2C). Together, these data suggest that the PDZ-
binding and transcription activation domains are necessary to

promote TAZ degradation and that this is at least partly medi-

ated by DNA-binding TEAD factors.

Since phosphorylation of YAP and TAZ by LATS 1/2

kinase(s) is necessary for CK1-mediated degradation (32), we

hypothesized that LATS 1/2 may mediate YAP-induced TAZ

degradation. The heat shock protein 90 (Hsp90) inhibitor

17-AAG was shown to deplete LATS 1 and 2 leading to a

decrease in YAP phosphorylation in A549 and MCF10A cells

(43). Treatment of NIH iYAP cells with 17-AAG blocked the

increase of LATS 1 induced by YAP overexpression, though it

only partially blocked the increase of LATS 2 (Fig. 3A). Strik-
ingly, 17-AAG treatment completely prevented YAP-induced

TAZ degradation (Fig. 3A), indicating that a Hsp90 substrate,

possibly LATS kinase, mediates YAP-induced TAZ degrada-

tion. To address this, shRNAs were utilized to ablate LATS 1/2

abundance.However, partial knockdownof LATS1 and 2 failed

to prevent YAP-induced TAZ degradation (Fig. 3B). While not

conclusive, this suggests that LATS kinases are possibly not

involved.

Since the requirement of the LATS kinases for YAP-induced

TAZ degradation was inconclusive, the role of other known

mediators of TAZ degradation, CK1�/� and GSK-3�/�, were
investigated. Treatment of NIH iYAP cells with the CK1�/�
inhibitor IC261 in combination with 4HT was unable to pre-

vent YAP-induced TAZ degradation (Fig. 3C), suggesting that
the reported LATS 1/2-CK1�/� mechanism of TAZ degrada-

tion is not involved.

Next we investigated the involvement of GSK-3�/� in YAP-

induced TAZ depletion. Strikingly, treatment with the GSK-3

inhibitor BIO completely blocked YAP-mediated TAZ degra-

dation (Fig. 3D). Treatment with an independent inhibitor of

GSK-3 (LiCl) similarly protected TAZ from degradation in

YAP-inducible NIH3T3 cells (Fig. 3E). Since GSK-3 is reported
to phosphorylate and degrade TAZ (33), we hypothesized that

YAP inductionmight increase GSK-3 activity, resulting in TAZ

phosphorylation and subsequent degradation. To test this, we

assessed the relative abundance of GSK-3 phosphorylation on

serine residues 21 and 9 for GSK-3� and�, respectively, follow-
ing YAP induction as an indicator of GSK-3 activity (reviewed

in Ref. 44). Surprisingly, no significant change in the relative

abundance of phospho-GSK-3 was observed following YAP

induction for up to 24 h (Fig. 3F). These results indicate that

while YAP overexpression does not directly modulate GSK-3

activity, active GSK-3�/� is still required for YAP-induced

TAZ degradation.

To investigate whether YAP-induced TAZ degradation is

conserved in human cells, HeLa and D645 human cell lines

were generated that can be induced to express three of the eight

isoforms of human YAP (hYAP): hYAP1–1�, hYAP1–1�, and
hYAP1–2� (36). Consistent with mouse cell data, induction of

hYAP1–2�, which is most similar to mYAP (90% similarity;

84% identity) led to a significant reduction in TAZ abundance

in the two cell lines (Fig. 4A). Induction of hYAP1–1�, which
differs from hYAP1–2� by the absence of YAP’s second WW

domain, led to a reduction in TAZ comparable to hYAP1–2�
(Fig. 4A). Surprisingly, induction of hYAP1–1�, which harbors

an insertion of four amino acids within the leucine zippermotif

of YAP TAD, was significantly less effective at inducing TAZ

depletion comparedwith hYAP1–1� hYAP1–2�, despite being
expressed at an even higher level (Fig. 4A). These results indi-
cate that isoform specific differences affect the ability of YAP to

degrade TAZ.

Despite YAP being a bona fide oncogene, overexpression of

hYAP isoforms can result in apoptotic cell death in human cells

(45). Since TAZ is reported to promote cell proliferation and

protect cells from apoptosis (8), we hypothesized that in human

cells YAP-induced TAZ depletion may inhibit cell growth and

cause loss of cell viability. To examine this, TAZ was knocked

down in HeLa and D645 cells using two independent shRNAs

(Fig. 4B). Strikingly, TAZ depletion in both cell lines drastically

reduced cell number after 7 days as evaluated by clonogenic

assay (Fig. 4C). To determine whether the reduced number of

cells following TAZ knockdown was a result of increased cell

death, shRNA infected HeLa and D645 cells were treated with

the pan-caspase inhibitor Q-VD immediately following selec-

tion to block apoptosis (46). Treatment with Q-VD markedly

increased the number of adherent TAZ knockdown cells at 6

days post-infection, while having minimal effect on Con cells

(Fig. 4, D and E). Together, these results indicate that TAZ

depletion induces cell growth inhibition and apoptotic cell

death in these cells and likely contributes to previously reported

cell death induced by YAP overexpression.

Discussion

The novel results presented here unequivocally show that

YAP abundance regulates TAZprotein accumulation in human

and murine cells. Using an inducible overexpression system

that afforded data that was not confounded by selection bias we

demonstrated that YAP-induced TAZ degradation occurs rap-

idly, within 8–16 h of YAP expression, and it is a direct conse-

quence of YAP abundance on TAZ protein.

Interestingly this phenomenon was uni-directional since

modulating TAZ expression levels did not affect YAP protein

abundance, and this is reflected in the differences in stability of
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the two proteins: TAZ is constantly turned over while YAP is

relatively stable. Consistent with earlier reports in HeLa and

MCF10A cells (32) our data showed a significant decrease in

TAZ but not YAP abundance upon treatment with an inhibitor

of protein synthesis. Moreover inhibition of proteasomal deg-

radation significantly increased TAZ but not YAP abundance

similar to that shown forMCF10A and BT549 cells (32). Indeed

in U2OS cells it was shown that YAP has a half-life approxi-

mately twice that of TAZ (47). The rapid turnover of TAZ rel-

ative to YAP affords more avenues for modulation by other

factors/pathways to influence its accumulation within cells.

Indeed, the uni-directional nature of YAP-TAZ regulationmay

simply reflect differences in the relative stabilities of the two

proteins.

Proteasomal degradation of TAZ in the cytosol was shown to

be the mechanism of TAZ depletion upon YAP induction, and

this is consistent with the established mechanism of YAP/TAZ

degradation (31, 32).

Structure/function analyses revealed that YAP TAD and

PDZ-binding motif, which is essential for nuclear localiza-

tion (45, 48), are indispensable for TAZ degradation. YAP-

TEAD association was also implicated by the partial protec-

tion of TAZ degradation afforded by mutation of serine 79

(Ser-79) to alanine. Mutation of Ser-79 has been shown to

significantly reduce interaction with TEAD factors, although

not entirely (16), which may explain why YAP-induced TAZ

degradation was only partially blocked. These results suggest

that YAP-induced TAZ degradation is a consequence of

FIGURE 3. Induction of YAP does not alter GSK-3 activity but YAP-induced TAZ degradation requires GSK-3. A, C–E, NIH3T3 inducible YAP (iYAP) cells
were treated with or without 4HT in the presence of Hsp90 inhibitor (17-AAG) (A), CK1�/� inhibitor (IC261) (C), GSK-3�/� inhibitor IX (BIO) (D), or lithium chloride
(LiCl) (E) at the indicated concentrations for 24 h. B, WT NIH iYAP cells were infected with lentivirus bearing control (Con) or LATS-specific (KD1 or KD2) shRNAs.
Cells were then treated with or without 4HT for 24 h. F, NIH iYAP cells were treated with or without 4HT for the indicated times. Harvested cell lysates were
separated by SDS-PAGE, transferred to membrane and immunoblotted for YAP, TAZ, LATS 1, LATS 2, GSK-3�, GSK-3�, p-GSK-3�/� (S21/9), and �-actin as
indicated. Size markers are shown in kilodaltons.
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YAP-target gene transcription involving TEAD factors;

however, these results do not exclude additional non-tran-

scriptional mechanisms.

While Hsp90 inhibition successfully blocked YAP-induced

TAZ degradation, there was reasonable concern regarding the

specificity of targeting LATS 1/2 via inhibition of the broad

acting Hsp90 chaperone. This concern is justified since partial

knockdown of LATS 1 and 2 was insufficient to block YAP-

induced TAZ degradation. Although not conclusive, this sug-

gests that aHsp90 substrate other than the LATS kinasesmedi-

ates this effect. Subsequent investigation into the role of

CK1�/� and GSK-3�/� in TAZ degradation using inhibitors

disclosed a role for GSK-3�/�, but not CK1�/� in YAP-induced
TAZ degradation. The lack of a requirement for CK1�/� in this

process adds support to our finding that LATS kinases are not

likely involved. Based on current models of TAZ degradation,

wewould expect CK1�/� inhibition to block YAP-inducedTAZ
degradation if LATSwasmediating this effect, however thiswas

not observed.

Our data suggest a role for GSK-3�/� in YAP-induced TAZ

degradation. Interestingly, GSK-3 tyrosine (activating) intra-

molecular autophosphorylation is reportedly mediated by

Hsp90 (49). Thus a decrease inHsp90-mediatedGSK-3 activity,

and not LATS 1/2 depletion could account for the effectiveness

of the Hsp90 inhibitor 17-AAG, and relative ineffectiveness of

the LATS shRNAs in preventing YAP-induced TAZ degrada-

tion. Importantly however, induction of YAP does not directly

alter GSK-3�/� activity based on its phosphorylation status.

Thereforewe hypothesize that YAP-induction initiates a differ-

ent signaling event required for TAZ degradation, though what

this is remains to be identified.

We considered the possibility that YAP might promote an

association ofTAZwith the�-catenin destruction complex (34,

35). In this model �-catenin is directly ubiquitinated following

GSK-3 phosphorylation and serves as a scaffold for TAZ asso-

ciation with �-TrCP/E3 ubiquitin-ligase (34). Using a tandem-

ubiquitinated binding entity (TUBE) assay in our system we

have found that �-catenin is highly ubiquitinated following

FIGURE 4. Certain YAP isoforms induce TAZ degradation and loss of TAZ causes apoptosis. A, HeLa and D645 cells stably expressing inducible hYAP1-1�
(1-1�), hYAP1-1� (1-1�), or hYAP1-2� (1-2�) were treated with or without 4HT for 24 h as indicated before being harvested. B, wild-type HeLa and D645 cells
were stably infected with lentiviruses bearing control (Con) or human TAZ-specific (KD1 and KD2) shRNAs. After selection with puromycin for 24 h cells were
trypsinized and harvested. Cell lysates were separated by SDS-PAGE, transferred to membrane and immunoblotted for YAP, TAZ, and �-actin as indicated. Size
markers are shown in kilodaltons. C, HeLa and D645 Con, KD1 and KD2 cells from B were counted and 5 � 104 cells plated into 60-mm dishes and cultured for
7 days. Cells were then fixed with glutaraldehyde and stained using crystal violet. HeLa (D) and D645 (E) Con, KD1, and KD2 cells were prepared as in C except
cells were plated in the presence (�) or absence (�) of 20 �M Q-VD and cultured for 6 days before capturing images. Scale bar represents 100 �m.
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(v/v) fetal bovine serum (FBS), 50 units/ml penicillin G/50

�g/ml streptomycin, 2 mM L-glutamine in a humidified atmo-

sphere of 10% CO2 at 37 °C. EpH4-Ev (EpH4) cells were pur-

chased fromATCC (ATCCCRL-3063) andweremaintained in

DMEM (Biowest, L0102) supplemented with 10% (v/v) FBS,
100 units/ml penicillin G/100 �g/ml streptomycin in a humid-

ified atmosphere of 5% CO2 at 37 °C.

Actin-EGFP LPCs were generated by GCY and cultured in

Williams’ Medium E (Sigma, W4125-10X1L) supplemented

with 5% (v/v) FBS 2.5 �g/ml amphotericin B, 80 units/ml pen-

icillin G/675 �g/ml streptomycin, 2 mM L-glutamine, 10 �g/ml

Humulin R U-100 (UWA Pharmacy, Nedlands, WA), 30 ng/ml

insulin-like growth factor II (ProSpecNess-Ziona, Israel #CYT-

265), and 20 ng/ml epidermal growth factor (BD Biosciences,

North Ryde, NSW 354001) in a humidified atmosphere of 5%

CO2 at 37 °C.

The generation of lentiviruses and 4HT-inducible cell lines

have been described before (37, 39). Gene expression in target

cells was induced by the addition of 100 nM 4HT. Stable knock-

down cells were generated by infection with shRNA-bearing

lentiviruses and selection with puromycin.

Generation of YAP CRISPR-Cas9 Cell Line—WT EpH4 cells

were transfected with the GeneArt CRISPR Nuclease vector

with orange fluorescent protein reporter (Thermo Fisher Sci-

entific, A21174) containing mYAP-targeting guide RNA

sequence 5	-GCCCAAGTCCCACTCGCGAC using Lipofect-

amine2000 (Thermo Fisher Scientific) according to the manu-

facturer’s instructions. Three days post-transfection single cells

expressing OFP were sorted into 96-well plates, subsequently

expanded, and individually screened for loss of YAP protein

expression by Western blot.

Cell Lysis and Immunoblotting—Cell lysates were prepared

as described before (40). Lysates (50 �g) were separated by

SDS-PAGE and transferred to Hybond C nitrocellulose mem-

brane (GE, Castle Hill, NSW). Membranes were immuno-

blotted with antibodies and detected with chemiluminescence

essentially as described before (39) except Tris-buffered saline

containing 0.1% Tween-20 (v/v) was used for washing

membranes.

Immunofluorescent Staining—Cells were grown on glass

coverslips and fixed for 10 min with 4% paraformaldehyde in

PBS. TAZ immunofluorescence staining was performed as

described previously (20) using Anti-TAZ (1/200) and Alexa-

488 Anti-mouse secondary (1/200), with block solution and

diluents prepared using bovine serum albumin (BSA). YAP im-

munofluorescence staining was performed using a modified

protocol; cells were first permeabilized using PBS containing

0.1% (v/v) TritonX-100 (PBST) for 15min at room temperature

before washing three times with PBS, then another three times

with PBS containing 0.5% (w/v) BSA. Cells were blocked with

5% (w/v) BSA in PBS for 30 min at 37 °C, washed three times

with PBST before incubation in Anti-YAP diluted (1/5000) in

PBST containing 1% (w/v) BSA overnight at 4 °C. After three

washes with PBST cells were incubated with Alexa-488 Anti-

rabbit secondary (1/300) diluted in PBS containing 0.5% (w/v)
BSA for 1 h at room temperature. After final washes coverslips

were mounted onto slides using ProLong Diamond Antifade

mountant with DAPI (ThermoFisher Scientific) and allowed to

cure overnight. Stained cells were visualized using the EVOS FL

cell imaging system.

Cell Proliferation Assay—Cells were seeded in 96-well plates

at 1 � 104 cells/ml and cell confluency as a percentage of total

area was measured twice daily using a CellaVista (Roche).

Quantitative Real-time PCR (qPCR)—The transcript abun-

dance of YAP was determined using primers 5	-CAGGAATT-
ATTTCGGCAGGA and 5	-CATCCTGCTCCAGTGTAGGC
with Roche Universal Probe Library (UPL) probe 71. TAZ ab-

undance was determined using primers 5	-GTTCCAGCTCG-
TCAGTTCG and 5	-TGCGTGACGTGGATGACT with UPL

probe 70. TAF4A was used to normalize gene expression for

YAP and TAZ using primers 5	-CCACAGCAGATCCAAC-
TGAA and 5	-GGTAACACGGTGGGTTTCAC with UPL

probe 71. qPCR amplification was performed using the Light-

Cycler 480 System (Roche) using Roche LightCycler 480 Probes

Master (04707494001) with 0.2�M of each primer, and 0.15�M

UPL probe and the following cycling conditions: 95 °C for 10

min, then 55 cycles of 95 °C for 10 s followed by 59 °C for 30 s,

and finally 40 °C for 30 s.

Crystal Violet Staining of Cells—Cells in 60-mm culture

dishes were washed once with PBS before being fixed with PBS

containing 1% (v/v) glutaraldehyde (Sigma, G6257) for 10 min

at room temperature. Cells were washed twice with PBS before

being stained with a 0.1% (w/v) crystal violet (Sigma, C3886)

solution for 20 min at room temperature. Cells were washed

three times with water and dried overnight.

Results

To determine whether a relationship exists between the

abundance of YAP andTAZ, initially YAP expressionwas abol-

ished in murine cells using shRNA. Consistent with reports in

other cell lines (10, 41), ablation of YAP in LPCs decreased

cellular proliferation (Fig. 1A) in cells with undetectable YAP

expression as determined by Western blot (Fig. 1B). Surpris-
ingly, TAZ abundance was significantly increased in the YAP

knockdown (KD) cells compared with uninfected wild-type

(WT) cells, or those infected with the non-targeting control

(Con) shRNA (Fig. 1B). To ascertain whether the increased

TAZ abundance following YAP knockdown was specific to

LPCs, YAP was ablated in NIH3T3 cells and immortalized

MEFs with shRNA. Consistent with the LPC data, YAP was

effectively depleted in both KD cell lines, and TAZ abundance

was modestly, but consistently, increased in NIH3T3 KD and

MEF KD cells compared with Con and WT cells, respectively

(Fig. 1B).
Increased TAZ abundance upon shRNA-mediated YAP

depletion was confirmed using CRISPR-Cas9 gene disruption

to generate a YAP null clone of EpH4 cells (Fig. 1C). YAP
knock-out significantly increased TAZ abundance by Western

blot, and this increase was also detectable by immunofluores-

cent staining for TAZ in these cells compared with WT

(Fig. 1C).
To test whether increased YAP expression can reduce the

abundance of TAZ, and also to eliminate the possibility that

increased TAZ in the YAP depleted cells resulted from selec-

tion of cells with inherently higher TAZ expression, a short-

term, 4HT-inducible expression system was utilized (Fig. 1D).
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YAP induction (data not shown) suggesting TAZ association

with �-cateninmay be a possible mechanism leading to its deg-

radation following YAP induction.

Here we show that cellular depletion of TAZ by YAP is con-

served between mouse and human cells. This is a significant

observation since YAP/TAZ dysregulation is a known onco-

genic driver in many human cancers (reviewed in Refs. 23, 50).

Interestingly, differences in the effectiveness of TAZ depletion

were observed between the human YAP isoforms examined.

Specifically that disruption of the leucine zipper motif (also

known as the coiled-coil motif) within the TAD of some iso-

forms significantly reduced YAP ability to promote TAZ deg-

radation. This is consistent with data demonstrating the

requirement for the TAD to promote TAZ degradation (Fig.

2C). While a leucine zipper is not essential for transcription

co-activation within the TAD since for example TAZ does not

harbor one in its TAD, it is widely accepted that YAP co-acti-

vates transcription by recruiting members of the basal tran-

scription machinery, but may also promote recruitment of

other factor/s that are necessary to promote TAZ degradation.

The difference in signaling among the YAP eight known iso-

forms is an overlooked area of Hippo signaling. Our data dem-

onstrate that different hYAP isoforms can have significantly

varying effects on TAZ abundance, which may influence the

biological outcome of YAP overexpression. For instance it may

be that a YAP isoform that promotes TAZ degradation is less

biologically potent or oncogenic compared with an isoform

that does not since the effects of YAP and TAZ are overlapping

and additive.

The observation that TAZ depletion in human cells restricts

cell growth and causes apoptotic cell death is significant as it

helps us to rationalize the reports of YAPoverexpression result-

ing in apoptosis in some cells. While we do not dispute that

YAP association with p73 can result in promotion of apoptosis

(24–27), undoubtedly YAP-induced TAZ depletion may con-

tribute to cell death. Notably, TAZ knockdown in murine cells

had no obvious effect on cell survival (data not shown), suggest-

ing that there are intrinsic differences in the requirement for

TAZ in themouse and human cell lines tested.Moreover, a cell

that depends on TAZ for survival may die upon YAP overex-

pression as a consequence of the induced TAZ degradation.

The significance of these findings lies in the context of cancer

and therapeutic YAP-targeting strategies. Targeting YAP alone

may be insufficient to modulate the oncogenic effects of Hippo

signaling since YAP and TAZ have overlapping functions and

share common target genes (3). For example, to successfully

blockHippo pathway-driven proliferation of cancer cells, direct

targeting of TAZ, or a combinatorial approach targeting both

YAP and TAZmay bemore effective since our data suggest this

would avoid compensatory increases in TAZ if only YAP was

targeted. Furthermore, the ability of YAP to regulate TAZ

abundance could explain, in part, how YAP and TAZ possess

contradictory roles as both oncogenes and tumor suppressors.

Perhaps when YAP is down-regulated or deleted, the resultant

increase in TAZ abundance has an overall oncogenic effect.

Similarly, for YAP to be oncogenic, the mechanism by which

TAZ is degraded may need to be dysregulated to prevent TAZ

loss that would otherwise compensate for increased YAP abun-

dance/activity thereby resulting in a net increase in Hippo

signaling.

This study has identified a novel regulatory mechanism that

maintains Hippo signaling at constant levels under normal cir-

cumstances. Changes in YAP abundance/activity lead to com-

pensatory changes inTAZ.Mechanistically itmay be simpler to

achieve this if the regulation was one-directional i.e. YAP
affects TAZ abundance but not vice-versa. However, it is inter-

esting to speculate that the phenomenon might reflect the bio-

logical potency or importance of the two proteins. As high-

lighted in this study, TAZ is more highly regulated than YAP.

Thus it is conceivable that TAZ might be more potent than

YAP and existing regulatory mechanisms restrict its detrimen-

tal accumulation in cells, which is reflected by its shorter half-

life that places a higher energy demand on the cell. Future work

should build on the results presented here to obtain a more

complete understanding of themechanismofTAZdegradation

induced by YAP, specifically identifying the links between YAP

expression, GSK-3 signaling, and TAZ degradation.
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Abstract
The Yes-associated protein (YAP) is a potent transcriptional co-activator that functions as a

nuclear effector of the Hippo signaling pathway. YAP is oncogenic and its activity is linked

to its cellular abundance and nuclear localisation. Activation of the Hippo pathway restricts

YAP nuclear entry via its phosphorylation by Lats kinases and consequent cytoplasmic re-

tention bound to 14-3-3 proteins. We examined YAP expression in liver progenitor cells

(LPCs) and surprisingly found that transformed LPCs did not show an increase in YAP

abundance compared to the non-transformed LPCs from which they were derived. We then

sought to ascertain whether nuclear YAP was more abundant in transformed LPCs. We

used an antibody that we confirmed was specific for YAP by immunoblotting to determine

YAP’s sub-cellular localisation by immunofluorescence. This antibody showed diffuse stain-

ing for YAP within the cytosol and nuclei, but, noticeably, it showed intense staining of the

nucleoli of LPCs. This staining was non-specific, as shRNA treatment of cells abolished

YAP expression to undetectable levels by Western blot yet the nucleolar staining remained.

Similar spurious YAP nucleolar staining was also seen in mouse embryonic fibroblasts and

mouse liver tissue, indicating that this antibody is unsuitable for immunological applications

to determine YAP sub-cellular localisation in mouse cells or tissues. Interestingly nucleolar

staining was not evident in D645 cells suggesting the antibody may be suitable for use in

human cells. Given the large body of published work on YAP in recent years, many of which

utilise this antibody, this study raises concerns regarding its use for determining sub-cellular

localisation. From a broader perspective, it serves as a timely reminder of the need to per-

form appropriate controls to ensure the validity of published data.
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Introduction
The Yes-associated protein (YAP) is a potent oncogene and functions as a transcriptional co-
activator that can interact with a variety of DNA-binding transcription factors in the nucleus
to activate target gene expression [1–5]. YAP’s oncogenic activity is linked to its cellular abun-
dance. Consistent with this, amplification of the YAP gene has been observed in several cancer
types including breast [6], medulloblastoma [7], hepatocellular (HCC) [8], and squamous cell
carcinomas [9]. Increased YAP abundance is also seen in liver [10, 11], breast [12], prostate
[11] and colorectal [13] cancers, squamous cell [14], lung and colon adenocarcinomas, and
ovarian carcinomas [12]. Over-expression of YAP in the liver of transgenic mice results in a
4–5 fold increase in liver size and can lead to the formation of HCC-like tumors [13, 15]. Lastly,
YAP abundance was shown to be an independent prognostic marker for overall survival and
disease-free survival of HCC patients [10].

YAP activity is also dependent on its sub-cellular localisation, and is regulated by shut-
tling between the cytoplasm and nucleus. Interaction between the PDZ-domain containing
protein, ZO-2, and YAP’s C-terminal PDZ-binding motif appears necessary for its nuclear
localisation [16, 17]. Additionally, the cytoplasmic localisation of YAP is regulated by several
factors and is principally controlled by the Hippo pathway [15, 18–20]. Cell-cell contact is
one mechanism that activates the Hippo signaling cascade resulting in activation of the
Lats1/2 kinases that phosphorylate YAP on multiple serine residues [11, 21]. Phosphorylated
YAP remains sequestered in the cytoplasm bound to 14-3-3 proteins and is eventually de-
graded following additional phosphorylation by CK1 or GSK-3 kinases [11, 19, 22]. Similar-
ly, phosphorylation of YAP by Akt results in its retention in the cytoplasm bound to 14-3-3
proteins [18].

Other mechanisms for attenuating YAP function have also been reported. For example,
direct interaction with α-catenin promoted YAP cytoplasmic localisation and loss of YAP
function in the nucleus [23]. Similarly association with angiomotin promotes YAP localisa-
tion to cytoplasmic/tight junctions thereby reducing its nuclear activity [24, 25]. More
recently, Oudoff et al. reported a novel mechanism of localisation control whereby Set7-
mediated methylation of YAP resulted in its cytoplasmic retention [26]. Precisely how
YAP methylation influences its localisation is unclear. The authors proposed that since the
site of lysine methylation is proximal to the PDZ-binding motif, methylation of this lysine
residue may disrupt the interaction between YAP and ZO-2, impeding its nuclear
translocation.

Numerous publications have reported increased YAP abundance and nuclear localisation
in tumorigenesis [8, 10–12, 15, 27]. Previously, we reported that YAP abundance is increased
in tumorigenic compared to non-tumorigenic liver progenitor cells (LPCs) [28]. This is con-
sistent with reports that YAP overexpression promotes tumorigenic characteristics including
growth in low serum and anchorage-independent growth [6, 22], a feature of LPCs that
have undergone tumorigenic transformation [28, 29]. Whether its sub-cellular localisation
further contributes to differences in YAP activity in non-tumorigenic compared to tumori-
genic LPCs is unknown. We hypothesized that tumorigenic LPCs would show an increased
proportion of nuclear YAP compared to non-tumorigenic LPCs. To test this we employed
immunofluorescence with a widely used antibody to determine YAP’s sub-cellular localisation in
transformed and non-transformed LPCs. We find that YAP spuriously localised to the nucleoli
of LPCs and this staining was non-specific. This finding emphasizes the need to perform
appropriate controls to confirm intracellular staining patterns; in this instance with respect to
YAP. In their absence, the validity of conclusions based on such data is open to question.

Immunofluorescence Spuriously Detects YAP in Nucleoli

PLOS ONE | DOI:10.1371/journal.pone.0114813 February 6, 2015 2 / 15
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Materials and Methods

Antibodies and chemicals
Anti-YAP (#4912) was purchased from Cell Signaling Technology (CST) (Genesearch, Arun-
del, QLD). Anti-fibrillarin (#ab4566) was purchased from Abcam (Sapphire Biosciences, Wa-
terloo, NSW). Anti-β-actin (#A1978) and 4-hydroxytamoxifen (#H7904) were purchased from
Sigma-Aldrich (Castle Hill, NSW).

Plasmids and cDNAs
Expression plasmids containing the human YAP isoforms, hYAP1-1β (hYAP1) and hYAP1-
2α (hYAP2), and a partial cDNA clone (clone ID mYAP6) containing the full coding region
corresponding to mouse YAP (mYAP) (NCBI NM_009534.3) were generously provided by
Marius Sudol (Geisinger Clinic, Danville, PA). mYAPΔTD was generated by polymerase chain
reaction using the primers 5’GTAGGATCCATGGAGCCCGCGCAACA and 5’GTGTCTAGA
CTATGGGCTCTGGGGAGCCAA to introduce a stop codon at position 276 of mYAP. mYA
P, mYAPΔTD, hYAP1 and hYAP2 cDNAs were sub-cloned into the 4-hydroxytamoxifen
(4HT) inducible lentiviral vector, pF-5xUAS-MCS-W-SV40puro [30], using unique BamHI
and Xba1 restriction sites. All constructs were verified by sequencing. Lentiviral YAP
(TRCN0000238432) and control (SHC202) shRNA plasmids (pLKO.1-puro) were purchased
from Sigma-Aldrich.

Cell Culture
BMOL 1 and BMOL-TAT LPCs have been described previously [31]. BMEL Actin-EGFP
(BMEL A-EGFP) and BMOL 2 were generated using the method described by Strick-Marchand
et al. [32]. Written consent to obtain mouse liver tissue from wild-type mice to generate the
BMOL 2 LPC line and from embryonic liver from Actin-EGFP transgenic mice was to generate
the BMEL A-EGFP LPC line was obtained from the Animal Ethics Committee at the University
of Western Australia (Protocol: RA/3/100/839) prior to the commencement of mouse work.
LPCs were maintained in Williams’ E Medium (Sigma, #W4125-10X1L) supplemented with 5%
(v/v) fetal bovine serum (Fisher Biotec, WA #FBS-001-AU), 2.5 μg/mL amphotericin B (Life
Technologies, Mulgrave, VIC #15290-018), 80 U/mL penicillin G/675 μg/mL streptomycin,
2 mM L-glutamine, 10 μg/mL Humulin R U-100 (UWA Pharmacy, Crawley, WA), 30 ng/mL
insulin-like growth factor II (ProSpec, Ness-Ziona, Israel #CYT-265) and 20 ng/mL epidermal
growth factor (BD Biosciences, North Ryde, NSW #354001) in a humidified atmosphere of 5%
CO2 at 37°C. Wild-type MEFs [33], NIH3T3 [34], D645 [35] and 293T [36] cells were provided
by David Vaux (WEHI) and grown continuously in Dulbecco’s Modified Eagle medium (Life
Technologies, #11885) supplemented with 10% (v/v) fetal bovine serum, 80 U/mL penicillin
G/675 μg/mL streptomycin, 2 mM L-glutamine in a humidified atmosphere of 10% CO2

at 37°C.
Lentiviruses were prepared by transfecting 293T cells with the appropriate lentiviral vector

together with pCMV-ΔR8 and pVSV-G packaging constructs using Effectene as described pre-
viously [33]. After 48 h viral supernatants were filtered, mixed with polybrene (4 μg/mL), and
added to target cells which were then centrifuged at 2 500g for 90 min at room temperature.
Stable shRNA knockdown cells were selected in the presence of puromycin (Sigma, #P7255).
Stably infected 4HT-inducible cell lines were selected in the presence of puromycin and hygro-
mycin B (Roche, #10843555001) as described before [33]. Gene expression in target cells was
induced by the addition of 100 nM 4HT.

Immunofluorescence Spuriously Detects YAP in Nucleoli
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Cell lysis and immunoblotting
Cells were harvested and washed once with phosphate buffered saline (PBS) then resuspended
in DISC lysis buffer [37] supplemented with 1X complete protease inhibitor cocktail (Roche),
10 mM sodium fluoride, 2 mM sodium pyrophosphate, 1 mM sodium molybdate and 5 mM
ß-glycerophosphate and incubated for 30 min on ice and centrifuged at 16 000g for 10 min at
4°C. Clarified lysates (50 μg) were mixed with sample buffer, boiled and separated by sodium
dodecyl sulphate polyacrylamide gel electrophoresis (SDS-PAGE) on Tris-glycine gels then
transferred to Hybond C membrane (GE, Castle Hill, NSW). Membranes were blocked in 5%
skim milk powder in Tris-buffered saline containing 0.1% Tween-20 (TBST) and incubated
with primary antibody. Membranes were washed with TBST, incubated with horseradish per-
oxidase-conjugated secondary antibody (GE) and washed with TBST before detection with en-
hanced chemiluminescence (Millipore).

Immunofluorescence
MEFs and LPCs were seeded into 60 mm dishes containing 13 mm, collagen (Sigma, #C3867-
1VL)-coated coverslips (Hurst Scientific, WA). After 24 h cells were fixed by incubation with
PBS containing 4% (w/v) paraformaldehyde (Merck, #104005100) and 4% (w/v) sucrose
(Merck, #10274) for 15 min at room temperature. After washing twice with PBS for 5 min,
fixed cells were blocked and permeabilized by incubation with PBS containing 5% (w/v) bovine
serum albumin (BSA) (Sigma, #A7906) and 0.3% (v/v) Triton X-100 (Sigma, Cat. T-9284) for
1 h at room temperature.

Primary antibodies were diluted in 1% (w/v) BSA/0.3% (v/v) Triton X-100/PBS and applied
to coverslips and incubated at 4°C overnight. After three washes with PBS, coverslips were in-
cubated with secondary antibody diluted in 1% (w/v) BSA/0.3% (v/v) Triton X-100/PBS at
room temperature for 1 h. Cells were washed twice with PBS, before 0.3 μMHoechst stain di-
luted in PBS was applied for 5 min to stain nuclei. Cells were washed a further three times be-
fore coverslips were mounted onto glass slides using Gelvatol mounting medium (10.5% (w/v)
polyvinyl alcohol, 21% (v/v) glycerol, 0.106 M Tris pH 8.5, sodium azide). Slides were viewed
using an Olympus IX71 microscope fitted with a U-RFL-T fluorescent lamp, and images were
captured using DP Controller software (Olympus Corporation, 2.1.1.183).

D645 cells were grown overnight on coverslips with or without 100 nM 4HT. Cells were
fixed in 3.2% paraformaldehyde in PBS for 20 min at room temperature and washed three
times with PBS then incubated in PBS containing 150 mM glycine for 15 min. Cells were per-
meabilised by incubation with 0.5% Triton X-100 in PBS for 5 min and washed twice with PBS.
Cells were blocked by the addition of 1% (w/v) BSA/PBS for 30 min before primary antibody
diluted in 1% (w/v) BSA/PBS was added for 1 h at room temperature. After four washes with
PBS the secondary antibody diluted in 1% (w/v) BSA/PBS was applied to the cells for 1 h at
room temperature. Cells were washed three times with PBS before a final wash with PBS con-
taining 1 μMHoechst dye to stain nuclei then mounted onto glass slides and viewed as
described above.

MitoTracker and immunofluorescence
MEFs stably infected with control shRNA were labelled with 100 nMMitoTracker Red
CMXRos (CST, Cat. 9082) for 15 min at 37°C. Cells were then washed and trypsinized, before
being mixed 1:1 with unlabelled MEFs stably infected with YAP shRNA and seeded into 60 mm
dishes containing 13 mm coverslips. Cells were allowed to settle for 4 h before cells were fixed
and stained for YAP as described above.

The protocol for staining mouse liver tissue is provided in S1 Methods.

Immunofluorescence Spuriously Detects YAP in Nucleoli
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Ethics statement
All animal procedures were performed in accordance with guidelines specfied by the Animal
Ethics Committee of The University of Western Australia (approved protocols RA/3/100/1224
and RA/3/100/839) and the National Health and Medical Research Council of Australia.

Results
We showed previously that YAP abundance is increased in tumorigenic compared with
non-tumorigenic LPCs [28]. However, in this instance the tumorigenic cells were not derived
from the non-tumorigenic cells but represented independent cell lines. To resolve this, we
sought to ascertain YAP abundance in pairs of LPCs where the transformed LPCs were derived
from their non-transformed counterparts. Since cellular YAP activity is dependent on both
the amount of protein as well as its localisation within the cell, it was necessary to establish
these parameters in both non-transformed and transformed LPCs to ascertain its role in
tumorigenesis.

We generated three independent pairs of LPC lines in which the transformed cells were
derived from the non-transformed cells. First, to confirm their transformed status we cultured
each pair of LPCs in soft-agar to determine their capacity for anchorage-independent growth as
an indicator of their tumorigenicity. Indeed all transformed LPCs were capable of growing large
colonies in soft-agar whereas their non-transformed counterparts were unable to (Fig. 1A).
Next we compared YAP abundance in the three pairs of transformed and non-transformed of
LPC lines. In contrast with our previous findings [28] we observed that YAP abundance was
unchanged in all three transformed LPCs when compared with their non-transformed counter-
parts (Fig. 1B). This result was unexpected, therefore to confirm the reliability of our data we
performedWestern blots of lysates of NIH3T3 cells that were induced to express multiple
isoforms of mouse and human YAP. The YAP antibody clearly detected full-length mYAP as
well as both human YAP1 and YAP2 isoforms (Fig. 1C). The bands for the three wild-type YAP
isoforms were the correct size. Furthermore the antibody detected a band of the correct size for
mYAPΔTD that lacked the entire C-terminal transactivation domain (TD). YAP was also
detected in lysates from uninduced cells and this was most likely due to endogenous YAP and/
or leaky expression of the induced construct as observed in the uninduced hYAP samples. This
data indicates that the CST antibody is reliable for detecting mouse and human YAP forms by
Western blotting. Furthermore this result also indicates that LPCs do not increase YAP abun-
dance following the process of transformation.

To determine whether YAP sub-cellular localisation is altered following transformation of
LPCs we initially stained non-tumorigenic, BMEL A-EGFP LPCs for YAP. Immunofluores-
cence revealed that YAP was mostly nuclear, with little or no cytoplasmic staining detected
(Fig. 2A). Interestingly, a punctate pattern of YAP staining was observed within the cell nuclei.
This staining was specific to the YAP antibody since the secondary antibody alone control pro-
duced no staining above background (Fig. 2E). We hypothesized that the punctate staining pat-
tern may correspond to the nucleoli within the cells. To confirm this possibility we co-stained
for YAP and fibrillarin (FIB), a protein restricted to the dense fibrillar component of the nucle-
olus [38]. fibrillarin staining revealed a similar pattern to that observed for YAP (Fig. 2B),
which superimposed when the two images were overlaid (Fig. 2D). This result confirmed that
the punctate YAP staining was localised to the nucleoli.

To eliminate the possibility that the YAP staining pattern in LPCs was the result of non-spe-
cific cross-reactivity we repeated the experiment using BMEL A-EGFP LPCs that had been sta-
bly infected with lentivirus bearing YAP-specific or control shRNAs. YAP protein was
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Figure 1. YAP abundance is not increased in transformed LPCs. A) Three independent pairs of non-transformed (NT) and transformed (T) LPCs, BMOL
1, BMOL 2 and BMOL-TAT, were cultured in soft-agar for up to 3 weeks to determine their anchorage-independent growth ability. Scale bars represent 1 mm.
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undetectable in the YAP knockdown (KD) cells, but was easily detected in uninfected cells
(WT), or those infected with the non-targeting control (Con) (Fig. 3).

Despite very efficient YAP knockdown, immunofluorescent staining revealed significant
YAP-immunoreactivity remained in the KD cells (Fig. 4). Specifically, the nuclear staining in
the KD cells (Fig. 4I) was as intense as for the WT (Fig. 4A) and Con (Fig. 4E) cells, although
some cytoplasmic YAP staining in the KD cells was diminished, but not completely absent. Im-
portantly, YAP nucleolar staining in the KD cells was not reduced compared to WT and Con
cells (Fig. 4C, G and K). These results indicate that the YAP antibody is reacting non-specifical-
ly to the nucleolus in BMEL A-EGFP LPCs.

To determine whether the non-specific, nucleolar YAP staining was present in other cell
types we repeated these experiments in immortalised wild-type MEFs. YAP was efficiently re-
duced to undetectable levels by Western blot in cells infected with the YAP-specific shRNA
(KD), whereas YAP abundance was not altered by the control shRNA (Con) when compared
to the parental (WT) cells (Fig. 5A).

Similar to LPCs, immunofluorescent analysis revealed strong nuclear YAP staining with in-
tense nucleolar immunoreactivity and scant cytoplasmic staining in both WT and Con cells
(Fig. 5B, A and E). In contrast, the KDMEFs showed reduced staining within the cytoplasm
and nucleus; however, the nucleolar staining was comparable with that seen in the WT and
Con cells (Fig. 5Bi). To validate this result we then fluorescently labelled Con MEFs with
MitoTracker Red (MT) and re-plated these cells onto coverslips together with unlabelled KD

B) Cells in (A) were lysed and separated by SDS-PAGE, transferred to membrane and immunoblotted for YAP and the loading control β-actin, as indicated.
C) Stably infected NIH3T3 cells were treated with or without 100 nM 4HT for 24 h to induce expression of mYAPWT, mYAPΔTD, hYAP1 or hYAP2 as
indicated. Cell lysates were separated by SDS-PAGE, transferred to membrane and immunoblotted for YAP and β-actin as indicated.

doi:10.1371/journal.pone.0114813.g001

Figure 2. Punctate nuclear YAP staining is present in LPCs and co-localises with the nucleolar marker fibrillarin.Non-transformed BMEL A-EGFP
LPCs were grown on coverslips and fixed before being co-stained with YAP (a) and fibrillarin (FIB) (b) antibodies and counterstained with Hoechst stain as
shown (c). Overlay of YAP and FIB images in (a) and (b) is shown in (d). Undetectable immunofluorescence was seen with the Alexa Fluor-488 (e) and-594
(f) secondary antibodies alone.

doi:10.1371/journal.pone.0114813.g002
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MEFs at a ratio of 1:1. 4 h after plating the cells were fixed and stained for YAP. Consistent
with the previous experiment a similar nucleolar pattern of staining was observed in all cells
(Fig. 5C). Importantly, both the MT-labelled Con shRNA cells (red fluorescent cells) and the
YAP shRNA (KD) cells showed a very similar staining pattern (Fig. 5C, panels a, b and e). As

Figure 3. YAP protein is undetectable in shRNA-mediated YAP knockdown LPCs.Wild-type (WT) non-
transformed BMEL A-EGFP LPCs (BMEL) were stably infected with lentiviruses bearing control (Con) or
YAP-targeting (KD) shRNAs. After selection with puromycin stably infected cells were harvested. Cell lysates
were separated by SDS-PAGE, transferred to membrane and immunoblotted for YAP and β-actin as
indicated. Size markers are shown in kilodaltons.

doi:10.1371/journal.pone.0114813.g003

Figure 4. YAP immunofluorescent staining is non-specific in LPCs.Wild-type (WT) non-transformed BMEL A-EGFP cells were stably infected with
lentiviruses bearing control (Con) or YAP-targeting (KD) shRNAs. Stably infected cells were grown on coverslips and fixed before being stained with YAP (a,
e, i) and counterstained with Hoechst stain (b, f, j). Overlay of YAP and Hoechst images are shown in (c, g, k). Undetectable immunofluorescence was seen
with the Alexa Fluor-488 antibody alone (d, h, l).

doi:10.1371/journal.pone.0114813.g004
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Figure 5. YAP immunofluorescent staining is non-specific in MEFs.Wild-type (WT) MEFs were stably infected with lentivirus harbouring control (Con) or
YAP-targeting (KD) shRNAs.A) Lysates of stably infected cells were separated by SDS-PAGE, transferred to membrane and immunoblotted for YAP and β-
actin as indicated. Size markers are shown in kilodaltons. B) Stably infected cells were grown on coverslips and fixed before being stained with YAP (a, e, i)
and counterstained with Hoechst stain (b, f, j). Overlay of YAP and Hoechst images are shown in (c, g, k). Immunofluorescence was not detected using Alexa
Fluor-488 secondary antibody alone (d, h, l). C) ConMEFs were pre-labelled with MT then washed, trypsinized and mixed 1:1 with unlabelled YAP KDMEFs

Immunofluorescence Spuriously Detects YAP in Nucleoli
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expected the presence of MT did not affect the YAP staining pattern (S1 Fig.). Collectively
these results clearly indicate that in both murine LPCs and MEFs, the YAP-antibody non-spe-
cifically reacts with a target within the nucleus, specifically the nucleoli, when utilised for
immunofluorescent approaches.

To determine whether a similar staining pattern was observed for YAP in human cells we
stained D645 cells that could be induced to express hYAP1. 4HT treatment robustly induced
hYAP1 abundance that was detected by Western blot with minimal background (Fig. 6A).
When we stained these cells for YAP we observed diffuse staining throughout the induced and
uninduced cells (Fig. 6B). Moreover, the staining intensity was significantly higher in the in-
duced cells compared with the non-induced cells which is consistent with YAP abundance de-
termined by Western blotting (Fig. 6A). Interestingly, the punctate staining pattern for YAP
was not observed in these cells suggesting this non-specific staining pattern might be restricted
to rodent cells.

Discussion
Previous studies have reported an increase in YAP abundance and nuclear localisation in tu-
morigenesis [8, 10–12, 15, 27]. Indeed we previously showed that YAP abundance is similarly
increased in tumorigenic LPCs [28], however, in this instance the tumorigenic cells compared
were not derived from non-tumorigenic cells but rather arose independently. We now show
that in three independent pairs of transformed/non-transformed LPCs YAP abundance is not
increased during LPC transformation. In light of our previous finding [28] and that Hippo sig-
naling and YAP itself plays a key role in the liver and liver cancer [8, 10, 13, 15, 27, 39–42] this
result was unexpected, however, none of these earlier studies directly examined YAP expres-
sion in LPCs nor compared its abundance before and after LPC transformation. Our data indi-
cates that increased YAP abundance is not essential for LPC transformation.

Although YAP abundance did not increase in transformed LPCs, we considered the possi-
bility that YAP activity was up-regulated in these cells via an increase in nuclear abundance.
We examined this by immunofluorescence using a widely used antibody. The results presented
in this study demonstrate that the CST YAP antibody is unsuitable for immunofluorescent
staining of mouse cell lines due to a high level of non-specific immunoreactivity in cells, espe-
cially in the nucleoli. This study provides convincing evidence that this antibody cannot be re-
lied upon to determine the sub-cellular localisation of YAP protein in situ using
immunofluorescent staining due to intense non-specific staining of nucleoli in mouse cells
which was not affected by the treatment of cells with YAP-specific shRNA. In contrast the anti-
body does show specificity in Western blotting applications. Firstly, YAP is not detected by
Western blot in shRNA-treated cell lines, and secondly, the antibody can detect several iso-
forms of the mouse and human YAP proteins. The apparent differences in antibody specificity
for these two applications may be explained by the fact that Western blotting detects denatured
protein, whereas immunofluorescent staining detects natively folded protein. This may cause
non-specific interactions between the antibody and un-related protein(s) that share similar epi-
topes in their non-denatured states.

A search of the literature identified several publications that have used this particular anti-
body for immunofluorescent and-histochemical analyses [26, 27, 39]. These include the afore
mentioned publication by Oudoff et al. describing Set7-dependent methylation of YAP in

before being replated onto glass coverslips. Cells were allowed to settle for 4 h before being fixed and stained for YAP (a) and counterstained with Hoechst
stain. MT was visualised (d) and merged images of YAP/MT (b), and Hoechst/MT (c) are shown, with enlarged insets (boxed regions in b and c) shown in (e)
and (f), respectively.

doi:10.1371/journal.pone.0114813.g005
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MEFs [26], and a highly cited publication describing the affect of NF2 expression on YAP loca-
lisation in oval cells (aka LPCs) [39]. Both publications describe an intense punctate sub-nucle-
ar staining pattern in MEFs and oval cells (LPCs), reminiscent of the data presented here. The
overall conclusions of these respective studies may still be valid even though they used this

Figure 6. YAP immunofluorescent staining correlates with YAP abundance in D645 cells. Stably infected D645 cells were treated with or without 100
nM 4HT for 24 h to induce hYAP1 expression as indicated. A). Cell lysates were separated by SDS-PAGE, transferred to membrane and immunoblotted for
YAP and β-actin, as indicated. B) Cells were grown on coverslips and fixed before being stained with YAP (c, g) and counterstained with Hoechst stain (b, i).
Merge of YAP and Hoechst images are shown in (d, h). Undetectable immunofluorescence was seen with the Alexa Fluor-488 antibody alone (a, e).

doi:10.1371/journal.pone.0114813.g006

Immunofluorescence Spuriously Detects YAP in Nucleoli
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antibody to determine YAP’s sub-cellular localisation. However, the present study raises con-
cerns of the validity of the immunofluorescence data and its value in supporting the conclu-
sions drawn on the regulation of YAP. For example, nucleolar staining of YAP was clearly
evident in several figures in the paper by Oudoff et al. [26] in which they used the antibody in
question to quantify YAP’s sub-cellular localisation without providing any controls, e.g. the use
of knockdown cells, to confirm the specificity of their data.

We observed non-specific YAP staining in the nucleolus in two different mouse cell lines,
namely MEFs and LPCs, using several staining protocols, including that used for D645 cells,
and different batches of antibody. Thus it is highly likely that similar non-specific staining for
YAP will be observed in other mouse cell types or tissues. In support of this, mouse liver tissues
stained for YAP using immunohistochemistry with the same antibody produced a similar, nu-
cleolar pattern of staining (S2 Fig.). While this is likely to be non-specific it needs to be con-
firmed by staining similar tissue from YAP knockout mice. However, staining YAP mutant
embryos with the same CST YAP antibody produced a similar nucleolar staining pattern
which the authors also concluded was non-specific [43]. These observations raise further
doubts regarding the reliability of the antibody in immunohistological applications for mecha-
nistic studies of YAP function in murine samples.

In contrast, the staining of human D645 cells with the antibody did not produce the same
nucleolar staining pattern for YAP that was evident in mouse cells and tissues. Although we
have not formally shown the YAP staining in D645 cells is specific (e.g. by YAP knockdown),
this is likely since the intensity of immunofluorescence was in complete accordance with YAP’s
abundance as determined by Western blotting of D645 cell extracts with and without hYAP1
over-expression. This suggests that the YAP antibody may be suitable for use with human sam-
ples but not with mouse. Irrespective of cell type or tissue being examined the need for controls
is paramount for data validation.

The results presented clearly highlight one of the weaknesses of using antibody-based tech-
niques for protein detection in situ. Furthermore, they re-emphasize the importance of incor-
porating adequate controls that validate the antibody using either knockdown or ideally, gene
knockout of the target protein, to ensure antibody specificity. Whilst the development of
immunofluorescent and immunohistochemical staining techniques, especially in combination
with tissue arrays has provided a means for in situ protein detection, a thorough appreciation
of the weaknesses of these technique is warranted. Often studies are published without the ap-
propriate controls and there is an assumption by the reader that the techniques described are
fully controlled and valid. Clearly as we have highlighted in two examples [26, 39] this is not al-
ways the case. The utilisation of additional methods to confirm results obtained using immu-
nofluorescence or immunohistochemistry is mandated by the likelihood that staining patterns
are subject to a plethora of possibilities of non-specific staining due to the preparation of tissue.
These include solutions, fixatives, collection of specimens and treatment of the animal prior to
sample collection. Approaches to confirm the validity of immunolocalisation of proteins in-
clude sub-cellular fractionation, or expression of exogenously tagged proteins. Unfortunately,
these techniques have their own distinct set of limitations, which should be addressed before
conclusions can be drawn. For example, exogenous protein overexpression may overwhelm in-
trinsic regulatory mechanisms including localisation control. Moreover, the addition of protein
tags such as GFP may alter protein folding and/or interactions within the cell, resulting in mis-
localisation of GFP-fusion proteins. Therefore caution must be exercised in interpreting data
obtained from such experiments. A comprehensive analysis using multiple techniques that
produce a similar result is more likely to be biologically correct.

We conclude that YAP abundance is not increased in transformed LPCs. Whether nuclear
YAP is more abundant in transformed LPCs remains to be determined. These results also
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serve as a timely reminder of the necessity to perform appropriate controls in sub-cellular
localisation experiments, especially when using immunological based techniques. The publica-
tion of data without these controls is impossible to interpret with confidence and can lead
to entrenched misleading assumptions especially when this data is published in high-impact
journals.

Supporting Information
S1 Fig. YAP immunofluorescent staining is non-specific in MEFs.Wild-type (WT) MEFs
were stably infected with lentivirus harbouring control (Con) or YAP-targeting (KD) shRNAs.
Con MEFs (panels a-e) and YAP KDMEFs (panels f-j) were plated onto coverslips as indicat-
ed. Panels k-o: Con MEFs were pre-labelled with MT (Con (MT)) then washed, trypsinized
and mixed 1:1 with unlabelled YAP KDMEFs before being replated onto glass coverslips. Cells
were allowed to settle for 4 h before being fixed and stained for YAP (a, f, k) and counterstained
with Hoechst stain. MT was visualised (b, g, l) and merged images of YAP/MT (c, h, m), and
Hoechst/MT (d, i, n) are shown, with enlarged insets (boxed regions in panels m and n) shown
in (p) and (q), respectively. Immunofluorescence was not detected using Alexa Fluor-488 sec-
ondary antibody alone (e, j, o).
(TIF)

S2 Fig. YAP antibody stains nucleoli in mouse liver. The liver from a C57BL/6 mouse that
was maintained on a choline-deficient, ethionine-supplemented diet for three weeks was fixed
in formalin. Serial sections were stained with or without YAP primary antibody as indicated.
Scale bar represents 100 μm.
(TIF)

S1 Methods. Immunohistochemistry. Paraffin-embedded formalin fixed liver sections (4 μm)
were de-waxed and rehydrated then boiled in antigen retrieval buffer (10 mM Tris, 1 mM
EDTA, 0.05% Tween-20, pH 9.0) for 20 min prior to blocking endogenous peroxidases with
3% H2O2. Sections were blocked with serum-free protein block (DAKO, North Sydney, NSW)
for 30 min at room temperature then incubated overnight at 4°C with anti-YAP antibody dilut-
ed 1:25 in REAL Antibody Diluent (DAKO). Sections were washed with Tris-buffered saline
(TBS) and stained with the LSAB+ kit (DAKO) and visualised using diaminobenzidine (DAB)
according to the manufacturer’s instructions. Sections were counterstained with haematoxylin,
mounted and viewed with an Olympus CX41. Images were captured with a Nikon DS-Fi1 cam-
era using the 40x objective.
(DOCX)
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METHODS ARTICLE

Epigenetic Modulators Enhance Constitutive
and Liver-Specific Reporter Expression
in Murine Liver Progenitor Cell Lines

Luke Aris Diepeveen, PhD,1 Michel Elyse Watson, BSc,1,2 Sarah Beth McSpadden, Bsc,3

Robyn Patricia Strauss, Bsc,3 Bernard Andrew Callus, PhD,3 and George Cheng Yeoh, PhD1–3

Stem cells expressing reporter constructs are extremely useful for their tracking in vivo or for determining cell
lineage fate in vivo and in vitro. We generated liver progenitor cell (LPC) lines from actin-EGFP and TAT-
GRE-lacZ mice. LPCs from the actin-EGFP mouse facilitate cell tracing following transplant as the reporter is
constitutively expressed. LPCs from the TAT-GRE-lacZ mouse express b-galactosidase under the control of the
tyrosine aminotransferase (TAT) promoter and are only active in mature hepatocytes. We found that the utility
of such LPC lines becomes severely limited by downregulation of transgene expression following extended
culture. We show that epigenetic mechanisms are responsible for suppressing expression of both transgenes.
Enhancement of transgene expression in both LPC lines was achieved by treating the cell lines with either the
histone acetylating agent sodium butyrate or the DNA demethylating agent 5-azacytidine.

Introduction

The developmental limitations of adult progenitor
cells are similar to other embryonic cells and this is

attributable to reversible epigenetic modifications.1 Em-
bryonic stem cells and potentially other adult stem cells may
retain their pluripotency by avoiding these epigenetic
changes. Cells and cell lines carrying reporter constructs are
useful as they can be tracked in vivo following transplant or
their lineage fate can be established in vivo and in vitro
when they harbor the appropriate reporter. However, studies
have demonstrated that this reporter expression can decrease
with continuous passaging due to these epigenetic changes.2

Treatment of cell lines with epigenetic modulators such as
sodium butyrate (NaB) or 5-azacytidine (5-aza C) improves
the reprogramming of different cell types.3

NaB and 5-azaChave beenused to investigate the direct and
indirect effects of induced epigenetic changes in chromatin
acetylation and DNA methylation, respectively, in many cell
types, including both normal and malignant cells.4–6 NaB has
been reported to inhibit proliferation, stimulate differentiation,
and restore gene expression in cultured cells.7,8 Treatment of
cells by NaB results in histone hyperacetylation by inhibiting
histone deacetylases.9,10 This induces histone H3 acetylation
and promotes DNA demethylation, which alters expression of
pluripotency-associated genes.11 In contrast, 5-aza C stimu-
lates the removal of methyl groups from DNA by inhibiting

DNA methyltransferases,12,13 which can induce gene expres-
sion, including genes that regulate differentiation.14,15

Liver progenitor cells (LPCs) are considered to be facul-
tative hepatic stem cells that can differentiate into functional
hepatocytes and cholangiocytes in the setting of chronic liver
injury.16,17 LPCs have assumed increased significance given
their therapeutic potential, that is, their stem-cell like ability
to regenerate the liver.18,19 In contrast, the application of
mature hepatocytes for therapeutic intervention is hampered
by their inability to proliferate and maintain function when
expanded by long-term in vitro culture.20

To study hepatocyte differentiation from LPCs, cell lines
were generated from the TAT-GRE-lacZmouse and designated
BMEL-TAT.21 BMEL-TAT expresses b-galactosidase under
the control of the liver-specific tyrosine aminotransferase (TAT)
promoter, which is only expressed in mature hepatocytes.22 In
this multicopy transgene model, the b-galactosidase reporter
faithfully reflects the endogenous expression of liver-specific
TAT.23 Unexpectedly, the utility of this cell line was compro-
mised when transgene expression was diminished after they
were extensively expanded in long-term culture.

To ascertain whether epigenetic mechanisms were respon-
sible, we assessed the effects of the NaB and 5-aza C on the
activity of the b-galactosidase reporter gene in BMEL-TAT
cells. We show that both agents were able to enhance reporter
gene expression. However, in this model, we were unable to
ascertain whether epigenetic modulation suppressed the ability
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2Center for Cell Therapy and Regenerative Medicine, School of Medicine and Pharmacology, Crawley, WA, Australia.
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of the cells to differentiate or whether they have downregulated
expression of the reporter. To test whether a reporter gene that
is expressed independently of the differentiated status of the
LPC is attenuated by epigenetic mechanisms, we generated
multicopy transgenetic LPCs from the actin-EGFP mouse24

where constitutive EGFP expression is regulated by the actin
promoter and designated asBMELA-EGFP.We show thatNaB
and 5-aza C enhance EGFP reporter expression in these LPCs.
We also show that NaB and 5-aza C reactivate reporter ex-
pression in extensively passaged (p57) BMELA-EGFP cells, in
which the transgene was almost completely extinguished. We

conclude that epigenetic mechanisms operate to downregulate
reporter genes in progenitor/stem cells as they are passaged and
this reduces their utility. Epigenetic modification can increase
the activity of the transgenes and restore their utility.

Materials and Methods

LPC isolation

Livers from 14-day gestation mice were washed with a
warm (37�C) balanced salt solution (0.5mL per liver; BSS),
and lobes were separated and freed from the adjoining gut and

FIG. 1. Low-passage BMEL-TAT
LPCs (p9) and BMEL A-EGFP (p10)
express epithelial and not mesenchy-
mal cell markers. BMEL-TAT (A) and
BMEL A-EGFP (B) LPCs stain posi-
tively for epithelial markers such as E-
Cadherin (a–c) (j–l) and EpCAM (d–f)
(m–o), respectively. BMEL-TAT (g–i)
and BMEL A-EGFP (p–r) cells do not
express the mesenchymal cell marker
vimentin. Exposure times were 1/20
and 1/4 s for DAPI and AF488/594
images, respectively. Scale bars rep-
resent 100 mm. LPCs, liver progenitor
cells; TAT, tyrosine aminotransferase.
Color images available online at
www.liebertpub.com/tec
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mesenchyme using fine forceps. Lobes from each liver were
incubated in 0.5mL of BSS containing 0.6mg of collagenase
H (Boehringer Mannheim) for 20min at 37�C with gentle
mixing every 5min. Following centrifugation for 5min at 300
g, the collagenase solutionwas replacedwith a growthmedium
that comprised Williams’ E medium (Sigma-Aldrich) supple-
mented with 2.5mg/mL Fungizone (Life Technologies), 48.4/
675 mg/mL penicillin/streptomycin (Sigma-Aldrich), 2mM
l-glutamine (Sigma-Aldrich), 10% fetal bovine serum (FBS;
Life Technologies), 30 ng/mL insulin-growth factor II (IGF
II; ProSpec-Tany TechnoGene Ltd.), 20 ng/mL epidermal
growth factor (EGF; In Vitro Technologies), and 10 mg/mL
humulin R (Lilly). The pellet was disaggregated by gentle
pipetting and washed with the medium by centrifugation.
Finally, 1.5 · 105 cells were dispensed into 3mL of growth
medium in 60-mm culture dishes previously coated with
collagen type I (Sigma-Aldrich). The cultures were main-
tained at 37�C, 5% CO2 in a humidified incubator, and cells
were allowed to attach overnight. Unattached cells and cell
debris were removed when the medium was replaced the
following day.

Establishment and culture of LPC lines
from primary cultures

LPC lines were established using the protocol of Strick-
Marchand and Weiss.25 Primary cultures were maintained in
the growth medium. During extended culture (8–12 weeks),
most cells senesced and occasional epithelioid colonies
emerge. These were selected and subcultured using cloning
rings. By this approach, the BMEL-TAT and BMEL A-EGFP
LPC lines were derived from TAT-GRE-lacZ and actin-EGFP
transgenic mice, respectively. Once established, these LPC
lines were passaged routinely when they attain 70–80% con-
fluency in a growth medium containing 5% FBS and they did
not require collagen-coated culture dishes to attach and grow.

LPC differentiation protocol

Aliquots of 3· 105 LPCs were transferred to 35-mm dishes,
made up to 2mL with growth medium, and maintained for 10
days to reach 100% confluency, with medium replacement
every 2 days. The growth medium was then substituted with a
differentiation medium (Williams’ E containing 2.5mg/mL
Fungizone, 48.4/675 mg/mL penicillin/streptomycin, 2mM
l-glutamine, 10% fetal bovine serum, 6.25mg/mL ITS [in-
sulin, transferrin, selenious acid; BD Bioscience], 20 ng/mL
EGF, 10mM nicotinamide [Sigma-Aldrich], and 10-7 M
Dexamethasone [Sigma-Aldrich]) for a further 10 days.

Treatment of LPCs with NaB and 5-aza C

Cells were treated with 5mM NaB (Sigma-Aldrich) or
4mM 5-aza C (Sigma-Aldrich) by addition of a 500mM or
400mM respective stock solution to the culture medium. The
stock solutions were prepared in a 0.1% dimethyl sulfoxide
(DMSO) vehicle (Sigma-Aldrich). Cultures were treated daily
for 3 days.

Immunofluorescence staining of LPCs

Anti-EpCAM (ab71916; abcam), anti-E-cadherin (3195;
Cell Signaling Technology), anti-vimentin (MAB2105;
R&D Systems), and anti-HNF4a (Hepatocyte nuclear factor

FIG. 2. (A) Increased X-gal staining accompanies differ-
entiation of BMEL-TAT LPCs, but this diminishes with
extended culture. Many b-galactosidase-positive cells were
detected (arrows) following differentiation of early-passage
(p9) BMEL-TAT LPCs as a monolayer (a) or spheroid
clusters known as hepatospheres (b). The number of positive
cells and intensity of staining were reduced in late-passage
(p26) BMEL-TAT LPCs, which differentiated as a mono-
layer (c) or in hepatospheres (d). (B) The average size of
hepatospheres also decreased in high-passage BMEL-TAT
LPCs. (C) BMEL-TAT LPCs cultured in growth medium
(e–g) do not express the mature hepatocyte marker HNF4a,
however, differentiated LPCs (h–j) stain positively for this
marker. Exposure times were 1/15 and 1/3.5 s for DAPI
and AF488 images, respectively. Scale bars represent
100 mm. Color images available online at www.liebertpub
.com/tec
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4 alpha, sc-6556; Santa Cruz) antibodies were used to stain
cells grown to at least 70% confluence on collagen-coated
glass coverslips. Cells were fixed in cold (-20�C) acetone–
methanol (1:1) for 2min. After three washes with phos-
phate-buffered saline (PBS), coverslips were blocked with
1% bovine serum albumin (BSA; Sigma-Aldrich) in PBS for
30min and then incubated with the corresponding primary
antibodies (at a 1/200 dilution in 1% BSA in PBS) overnight
(16 h) at 4�C. Coverslips were then washed thrice with PBS
followed by incubation with the appropriate secondary anti-

bodies (diluted 1/200 in 1% BSA in PBS) for 1 h at room
temperature. Anti-E-cadherin, anti-EpCAM, and anti-HNF4a
primary antibodies were labeled with the Alexa Fluor 488
goat anti-rabbit IgG (H +L) secondary antibody (Invitrogen)
and anti-Vimentin with the Alexa Fluor 594 goat anti-mouse
IgG (H +L) secondary antibody (Invitrogen). Nuclei were
stained with 25 ng/mL 2-(4-amidinophenyl)-1H -indole-6-
carboxamidine (DAPI; Sigma-Aldrich) in PBS for 5min at
room temperature. After three washes with PBS, coverslips
were mounted with the Gelvatol mounting medium (0.2M
Tris [pH 8.5], 30% glycerol, 1% sodium azide, 105mg/mL
poly vinyl alcohol) and viewed with an Olympus IX2-ILL100
Inverted Microscope (Olympus Corporation).

X-gal staining

To assess differentiation based on the b-galactosidase re-
porter, X-gal (5-bromo-4-chloro-3-indolyl-D-galactopyrano-
side) staining was performed to determine the percentage of
LPCs that differentiated into hepatocytes. Cells were grown to
100%confluence,washed in prewarmed (37�C)BSS, and fixed
in 0.25% glutaraldehyde, 0.1M phosphate buffer (pH 7.3),
5mM ethylenebis (oxyethylenenitrilo) tetraacetic acid
(EGTA), and 2mM MgCl2 for 3min at room temperature.
Cells were subsequently washed with a solution of 0.1M
phosphate buffer (pH 7.3), 0.01% sodium dodecyl sulfate
(SDS), 0.02%Nonidet-P40 (Sigma-Aldrich), and 2mMMgCl2
for 3min at room temperature, followed by three washes in
PBS. To visualize b-galactosidase, cells were incubated over-
night in X-gal staining solution (0.1M phosphate buffer [pH
7.3], 20mMTris buffer [pH 7.3], 0.01% SDS, 0.02%Nonidet-
P40, 2mMMgCl2, 5mMK3[Fe(CN6)], and 1mg/mLX-gal) at
37�C. The staining was visualized and recorded using a Nikon
Eclipse TS100 inverted microscope (Nikon Corporation).

Fluorescent b-galactosidase assay

Cells were collected by centrifugation (1000 g for 5min),
washed with BSS, and resuspended in a cell suspension
buffer (40mM Na2HPO4, 60mM NaHPO4, 10mM KCl, and
1mM MgSO4). Extracts were collected by centrifugation at
15,000 g for 10min at 4�C and aliquots were taken for
enzymatic and protein measurements. Protein concentration
was determined using the Bio-Rad Bradford Protein Assay

FIG. 3. b-galactosidase activity in differentiated BMEL-
TAT LPCs declined with extended culture. (A) b-galacto-
sidase activity was determined by a fluorescent assay in
BMEL-TAT cells at passage 9, 16, and 26, respectively.
Results are shown as the mean –SE of b-galactosidase ac-
tivity relative to mg of protein (n= 3). Statistical signifi-
cance was determined using Student’s t-test. (B) Shown are
the relative X-gal staining intensities of BMEL-TAT cells in
hepatospheres at low (p9) and high passage (p57). Fluor-
escence was quantified from 10 random cells within hepa-
tospheres with the ImageScope Positive Pixel Counter
software (n= 10). Significance between low- and high-pas-
sage cells was determined using Student’s t-test. (C) Low-
magnification (4·) phase-contrast image of low-passage (p9)
BMEL-TAT hepatosphere (arrows). (D) Low-magnification
(4·) phase-contrast image of high-passage (p26) BMEL-TAT
hepatosphere (arrowed). Scale bars represent 100mm. Color
images available online at www.liebertpub.com/tec
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passage hepatospheres (Fig. 2B). The differentiated status of the
BMEL-TAT LPCs was confirmed by expression of the mature
hepatocyte marker, HNF4a. BMEL-TAT cells maintained in the
growth medium did not express HNF4a (Fig. 2, e–g), while
differentiated LPCs expressed nuclear HNFa (Fig. 2, h–j).

The b-galactosidase activity was measured to quantify
reporter expression in differentiated BMEL-TAT LPCs at
p9, p16, and p26. A decrease of reporter expression with
increasing passage number (Fig. 3A) was evident. The level
of b-galactosidase reporter expression was 5.19, 4.08, and
3.30mU/mg protein for BMEL-TAL LPCs p9, p16, and p26
cells, respectively.

The level of b-galactosidase activity in undifferentiated
BMEL-TAT LPCs was very low (0.51mU/mg protein, data
not shown). This is similar to the activity of BMEL A-EGFP
LPCs (0.24mU/mg protein), which do not have this re-
porter construct. Following differentiation, the activity was
4.73mU/mg protein representing a substantial increase of
nearly 10-fold relative to the negative control.

To determinewhether the relativeX-gal staining intensity of
hepatosphere cells changed with increasing passage, BMEL-
TAT LPCs were analyzed by ImageScope analysis software.
High-passage (p26) cells within hepatospheres showed a de-
crease in average pixel intensity of 15.4% compared to low-
passage (p9) cells within hepatospheres (126– 0.9 to
145.4– 0.9; Fig. 3B). Furthermore, phase-contrast microscopy
shows low-passage BMEL-TAT hepatospheres (Fig. 3C) to be
visibly smaller than the high-passage equivalents (Fig. 3D).

Treatment with NaB and 5-aza C increases
b-galactosidase activity in differentiated
BMEL-TAT LPCs

X-gal staining was more intense in differentiated LPCs
that were treated with either NaB (Fig. 4b) or 5-aza C (Fig.

4c) compared with the DMSO-treated controls (Fig. 4a).
Notably, a subset of NaB-treated LPCs displayed higher
levels of X-gal staining than the majority of the culture (Fig.
4b). In contrast, 5-aza C-treated LPCs have fewer intensely
staining cells, but instead showed many more cells with a
high level of staining throughout the culture (Fig. 4c). The
total number of positive cells was not significantly different
in the respective cultures (data not shown); NaB and 5-aza C
increased b-galactosidase activity 1.8- and 1.6-fold, re-
spectively, relative to the DMSO control.

BMEL A-EGFP cells undergo an epithelial
to mesenchymal transition during extended culture

BMEL A-EGFP LPCs lose their epithelial phenotype
after extended culture. The epithelial markers E-Cadherin
and EpCAM were no longer expressed in BMEL A-EGFP
after extended passaging (p57, Fig. 5, a and d), but present at
p10 (Fig. 1, j and m). The opposite was true for the mes-
enchymal cell surface marker, vimentin. This was strongly
expressed in high-passage (p57) BMEL A-EGFP (Fig. 5g),
but not seen in low-passage (p10) BMEL A-EGFP (Fig. 1p).

Treatment with NaB and 5-aza C increases EGFP
activity of low-passage (p10) and high-passage (p57)
BMEL A-EGFP LPCs

To ascertain whether a constitutive reporter in LPCs re-
sponds in a similar manner to a reporter that is differentia-
tion dependent, the fluorescence of BMEL A-EGFP (p10
and p57) cells treated with NaB or 5-aza C was analyzed
each day for 3 days. This showed an increase in average
pixel intensity for p10 BMEL A-EGFP cells from day 0 to 3
when treated with NaB (from 1.5 to 5.6) and with 5-aza C
(from 1.2 to 6.5) (Fig. 6A). Extensively passaged cells (p57)
showed an average pixel intensity increase from 0.1 to 1.1,

FIG. 5. Highly passaged BMEL A-
EGFP LPCs lose epithelial and gain
mesenchymal cell markers. High-pas-
sage (p57) BMEL A-EGFP LPCs do
not stain for epithelial markers E-
Cadherin (a–c) or for EpCAM (d–f).
The majority (>95%) of cells are
positive for the mesenchymal marker
vimentin (g–i). Exposure times were
1/20 and 1/4 s for DAPI and AF488/
594 images, respectively. Scale bars
represent 100mm. Color images
available online at www.liebertpub
.com/tec
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kit (Bio-Rad) by mixing 2 mL of extract with 798mL of
diluted reaction mix and 200mL of reagent in plastic cu-
vettes. Absorbance was measured in the Eppendorf Bio-
Photometer at 600 nm along with BSA protein standards.

b-galactosidase assays were conducted in microtiter
plates and used 200mL reaction volumes, each containing
2 mL of cellular extract and 198 mL of 4-methylumbelliferyl-
b-D-glucuronide (MUG) substrate solution (51mg of MUG
dissolved in 10mL of cell suspension buffer and 90mL of
sterile water). Measurements were taken every 2min for a
total of 2 h, and the b-galactosidase activity was determined
by averaging the rate of 4-methylumbelliferone (MU) pro-
duction. All experiments were repeated at least thrice.
Fluorescence was determined using the FLUOstar OPTIMA
plate reader (BMG Labtech GmbH; filter set: 370 nm exci-
tation and 460 nm emission).

ImageScope quantification

To determine the average X-gal staining and EGFP in-
tensity, fluorescent images were collected from 10 random
cells within hepatospheres or 10 fields of view, respectively,
for each cell line or treatment group using the Olympus IX2-
ILL100 Inverted Microscope (Olympus Corporation) and
analyzed using the Positive Pixel Count Algorithm with the
Aperio ImageScope software (Aperio Technologies). For
EGFP intensity, this process was repeated every 24 h for 3
days to assess the effect of each treatment with time.

Flow cytometry

Cells were washed with BSS, treated with trypsin–
ethylenediaminetetraacetic acid (EDTA; Invitrogen), and
then resuspended in PBS. Samples were analyzed using the
FACSCalibur Flow Cytometer (Becton Dickinson) and
CellQuest Pro software (Becton Dickinson). Dead cells were
excluded from analysis by forward- and side-scatter gating.
A minimum of 9000 events were collected for each sample.

Results

LPCs express epithelial and not
mesenchymal markers

The epithelial phenotype of the LPCs was confirmed by
expression of E-cadherin and EpCAM surface markers.
BMEL-TAT and BMEL A-EGFP LPCs express E-cadherin
(Fig. 1, a and j) as well as EpCAM (Fig. 1, d and m).
BMEL-TAT is negative for the mesenchymal cell surface
marker vimentin (Fig. 1, g and i) and the majority (>95%) of
BMEL A-EGFP cells were vimentin negative (Fig. 1p), with
rare cells showing positivity (data not shown).

Differentiated BMEL-TAT LPCs express HNF4a
and the b-galactosidase reporter, but lose the ability
to express this reporter after extended passaging

To demonstrate the utility of the TAT-driven b-galactosidase
reporter, passage (p)9 BMEL-TAT LPCs were differentiated
and stained with X-gal. Differentiated cells were larger (Fig. 2a,
arrowed), with the larger cells having substantially more b-
galactosidase activity as indicated by the blue staining (Fig. 2a).
Differentiated cells formed spheroid clusters that we designate
as hepatospheres; all cells within the hepatospheres stained

positively with the majority of cells staining intensely (Fig. 2b).
Undifferentiated BMEL-TAT LPCs did not stain (results not
shown) and are similar to the negative cells that surround the
hepatosphere (Fig. 2b). Differentiated p26 cells show signifi-
cantly fewer positive cells both in monolayers (Fig. 2c) and in
hepatospheres (Fig. 2d). Furthermore, the average size of hepa-
tospheres in low-passage LPCs was 2.4-fold higher than high-

FIG. 4. NaB and 5-aza C enhanced b-galactosidase
staining and activity in differentiated BMEL-TAT LPCs.
(A) BMEL-TAT LPCs were treated with 0.1% dimethyl
sulfoxide (DMSO) vehicle (a), 4mM NaB (b), or 5 mM 5-
aza C (c) for 3 days, then differentiated and stained with X-
gal and visualized under brightfield illumination. Scale bars
represent 100mm. (B) Cells were treated with 4mM NaB,
5 mM 5-aza C, or vehicle control (0.1% DMSO) for 3 days
and then differentiated. The results are shown as the
mean – SE of b-galactosidase activity per mg of protein for
three independent experiments. Statistical significance was
determined using Student’s t-test. Color images available
online at www.liebertpub.com/tec
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0.4 to 1, and 0 to 0.7 after treatment with NaB, 5-aza C, and
DMSO, respectively (Fig. 6B).

Flow cytometry-confirmed treatment with NaB or 5-aza C
enhanced the activity of the EGFP reporter in the BMEL
A-EGFP LPCs. Treatment with NaB or 5-aza C increased
fluorescence by 4.7- and 4.4-fold, respectively, relative to
LPCs treated with DMSO. There was no shift in EGFP
expression in DMSO-treated LPCs relative to the medium
alone (Fig. 7).

Discussion

The current study demonstrates that epigenetic mecha-
nisms downregulate the expression of transgenes in two
independent LPC lines during culture. This diminishes the
utility of the cell lines for tracking or lineage evaluation

experiments or, in extreme cases, renders them unusable.
We have shown that two chemical epigenetic modulators,
NaB and 5-aza C, enhance transgene expression in these
mouse LPC lines. Our findings highlight a number of im-
portant principles associated with maintaining transgene
expression in stem and progenitor cells.

In BMEL-TAT LPCs, a decrease in b-galactosidase ac-
tivity accompanies increased passage number. There are two
possible explanations; either epigenetic changes have sup-
pressed the ability of the cells to differentiate or they have
downregulated expression of the reporter. We suggest the
latter is more likely for two reasons. First, the NaB and 5-aza
C treatments increased expression of both the constitutive
(EGFP) and the differentiation (b-galactosidase) reporter.
Second, the level of reporter expression was increased on a
per cell basis and not numbers of positive cells. These
findings suggest that the epigenetic changes affect the level
of transgene expression and not the ability of the cell to
express the transgene.

The extensively cultured BMEL A-EGFP (p57) LPCs
increased reporter fluorescent levels following treatment
with NaB or 5-aza C, although the increase was not as large
as that seen with BMEL-TAT LPCs or the lower passage
BMEL A-EGFP (p10) LPCs. This suggests that they may be
more resistant to epigenetic modulators to reverse silencing
of the reporter gene. The BMEL A-EGFP LPCs undergo an
epithelial to mesenchymal-like transition after extensive
passaging that may render them more resistant to epigenetic
modulation. This highlights the need to avoid epigenetic
changes in cell lines carrying reporter genes of interest or
risk losing their utility.

Conclusion

This study shows that epigenetic mechanisms diminish
reporter gene expression in LPCs and, importantly, this can
be reversed. This is especially significant for the BMEL-
TAT LPCs as this transgenic mouse is no longer available to
derive new cell lines. Treatment with NaB or 5-aza C enhances
transgene expression in a subpopulation that allows for their

FIG. 6. EGFP fluorescence in BMEL A-EGFP LPCs in-
creases following treatment with NaB and 5-aza C. Shown
are the relative EGFP fluorescent intensities of BMEL A-
EGFP at p10 (A) and at p57 (B) over 3 days of treatment
with DMSO, NaB, or 5-aza C. Fluorescence was quantified
from cultured cells in 10 random fields of view with the
ImageScope Positive Pixel Counter software (n= 10). Sig-
nificance between day 0 and 3 fluorescence was determined
using Student’s t-test. The p-value for p10 cells treated with
NaB and 5-aza C was <0.0001 and for DMSO it was not sig-
nificant. Changes in fluorescence were significant for p57 cells
treated with NaB, 5-aza C, and DMSO control (all p< 0.05)
with p-values of 0.0309, 0.0292, and 0.0187, respectively.

FIG. 7. NaB or 5-aza C increases in EGFP expression in
BMEL A-EGFP LPCs. EGFP levels were analyzed by flow
cytometry following no treatment (black) or after 3 days of
treatment with DMSO (control) (green), NaB (red), or 5-aza
C (blue), respectively. For each sample, over 9000 events
were acquired in the list mode and analyzed with the Cell-
Quest Pro software (Becton Dickinson). Color images
available online at www.liebertpub.com/tec
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selection and use in future experiments. These findings suggest
that epigenetic mechanisms may operate during the mainte-
nance of stemand progenitor cell lines and highlight the need to
adopt culture conditions that minimize or eliminate these del-
eterious effects. If this is not possible, then treatment with
epigenetic modifiers as we have shown here may restore suf-
ficient reporter activity and utility of the cell line.
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