
  

 

 

ROLE OF CYCLIN E IN THE 

PATHOGENESIS OF 

HEPATOCELLULAR CARCINOMA 
 

 

Sharon Pok 
 

April 2013 

 

 

A thesis submitted for the degree of Doctor of Philosophy of  

The Australian National University 

 

 

 
 

The Australian National University 

Medical School 

Canberra, Australia 



Statement of originality  i 
 

Statement of originality 

 

 

 

 

The candidate claims originality over the results and analyses presented in this thesis, 

except for work that has been contributed by collaborators, where contribution is duly 

acknowledged. This work has been conducted in the Liver Laboratory within The 

Australian National University Medical School located at The Canberra Hospital from 

February 2008 to March 2012 under the supervision of Professor Narcissus Teoh and 

Professor Geoffrey Farrell. The work is original and has not been previously used to 

obtain a degree. 

 

 

 

 

 

 

Sharon Pok 

April 2013 

 

 



Acknowledgements  ii 
 

Acknowledgements 

First and foremost, I wish to thank my principal supervisor, Professor Narcissus 

Teoh, for her exceptional supervision and guidance throughout this project. Narci has 

been an exemplary example of an excellent scientific researcher; her medical 

knowledge and enthusiasm for scientific research and writing have been inspirational. It 

has been a privilege to work under her tutelage. 

I am also thankful to Professor Geoffrey Farrell, whose medical and scientific 

knowledge have contributed significantly to this project. 

I am indebted to Dr Déborah Heydet, who has helped proof-read, edit and 

contribute insights to this thesis. She has gone the extra mile to make the compilation of 

this thesis possible. I treasure this special friendship that we share. Merci beaucoup. 

A big thank you to past and present members of the Liver Laboratory – Dr 

Claire Larter, Dr Derrick Van Rooyen, Betty Rooney, Dr Hussam Ajamieh, Heng Jian 

Wong, Vanessa Barn, Jacqueline Williams and Leah Bala, with whom I have 

established great friendship. All of you have made my life as a PhD student much more 

bearable and pleasant, even on days when I cannot see light at the end of the tunnel.  

Special acknowledgements go to Dr Anneke Blackburn for her co-supervision, 

Bee Souvannaphong for his always-obliging attitude in helping researchers with 

technical issues, Dr Jean-Didier Breton for proof-reading this thesis, Dr Fleur Roberts 

for her assistance with cDNA synthesis, Drs Victoria Wen and Nicholas Shackel for 

their input pertaining to the miRNA work, Dr Boon Tin Chua for usage of the 

SoftGenetics’ Software, Dr Dan Liu, Marjorie Coggan, Professor Liz Musgrove and 

Marcelo Sergio for their help with the kinase assays, Anne Prins, Amy Broomfield and 

Arin Chandra for their invaluable help with preparation of histological slides and stains. 



Acknowledgements  iii 
 

In hindsight, I would never have attempted to enrol in a Doctorate degree 

without the encouragement from Dr Han Kiat Ho. I remember vividly his words of 

wisdom from five years ago, “It may seem difficult to envisage what lies ahead, but if 

you can just imagine yourself at the endpoint and look backwards, you can proudly tell 

yourself, ‘See? That wasn’t that hard, was it?’”. I cannot thank him enough for always 

being there during days of despondence, bleakness and disappointment. I am utterly 

thankful for a mentor as supportive as he is. 

I wish to also thank Thomas and Christina for being such supportive parents. To 

my brother and sister-in-law, Wilson and Jiahui, I wish to thank them for keeping my 

adrenalin levels raised by the sheer mention of their wedding preparations. 

Special mention goes to my beloved UCBs – Shilin, Jaslyn and Zhenting, for 

sharing 18 years of our lives together as we transit from secondary school, university, 

working life, marriage and to parenthood. These times that we have shared were not 

without difficulties, but they have definitely been the most exceptional. 

To my four boisterous cousins Chelza, Sylvia, Serene and Suzanne, thank you 

for our lovely group chat sessions. The conversations kept me sane while I was writing 

up in the wee hours of the night. 

Last but not least, I wish to thank my husband, Dray, for his ceaseless love, 

support and sacrifice throughout my PhD journey. Words are not enough to express my 

gratitude and love for this man. And for putting up with me whenever I’m not the most 

pleasant woman in the world, he deserves the accolade of “The most patient husband”. 

To our beautiful daughter, Anthea – thank you for the endless laughter you have 

brought to our lives. 

Finally, I would like to give thanks to God, without Whom this journey would 

not have been possible. 



Abstract   iv 
 

Abstract 

Hepatocellular carcinoma (HCC), or primary liver cancer, is the fifth most 

common cancer worldwide and the third most common cause of cancer mortality (El-

Serag 2012). The development of HCC is thought to be a multi-staged process that 

involves several risk factors including the chronic hepatitis B and C infection, 

carcinogen exposure, metabolic disease, excessive alcohol consumption and male 

gender. Accumulation of genetic and epigenetic alterations with DNA-damaged 

hepatocytes can also contribute to the molecular pathogenesis of HCC. A better 

understanding of molecular mechanisms associated with HCC could ultimately improve 

our current strategies for screening and targeted therapy of this disease. 

Array comparative genomic hybridisation studies in murine diethylnitrosamine 

(DEN)-induced HCC have identified ccne1 (cyclin E) as a candidate gene associated in 

accelerated liver carcinogenesis (Teoh et al. 2008). In order to investigate the role of 

cyclin E and its impact on hepatocyte cell cycle regulation in early HCC development, 

we employed a well-known and highly reproducible rodent model of DEN-induced 

hepatocarcinogenesis. C57BL/6J male mice were injected with DEN (10 mg/kg i.p.), 

age day 12 – 15. In this model, male animals develop hepatocyte dysplasia at 6 mths 

and HCC in >90%. Transcript and protein expression of cyclin E was evident as early as 

6 mths in dysplastic nodules (DNs), and significantly increased in HCCs. In contrast, 

there was little or undetectable cyclin E in normal liver and liver surrounding HCCs at 

all timepoints. Glutathione S transferase-pi form and cyclin E expression co-localised in 

DNs from liver in mice at 6 and 9 mths. Cyclin E/cdk2 kinase activity was also 

significantly upregulated in DNs, while increased proliferative activity by cyclin D1 and 

proliferating cell nuclear antigen (PCNA) in HCCs was observed at 9 mths, a timepoint 

where there was maximal p53 and p21 tumour suppressor expression. Aberrant cyclin E 
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protein expression, including low molecular weight (LMW) isoforms were detected in 

HCCs and liver surrounding HCCs. Interestingly, sequencing analyses of p53 revealed a 

1093 – 1361 nucleotide deletion in up to 90% of DNs, causing dysfunctional p53 

nuclear localisation and export signalling. Because p53 directly signals to p21, co-

immunoprecipitation studies were performed and revealed preferential binding of p21 to 

cyclin D1, rather than cyclin E, thereby allowing “escape” from the G1/S checkpoint.  

To directly test whether cyclin E regulates p53 expression in HCCs derived from 

DEN-treated male mice at 9 mths, we conducted cyclin E knockdown in primary HCC 

cells. This strategy resulted in increased p53 and p21 expression, as well as significant 

diminution of Bcl-xL, the p53-induced anti-apoptotic marker. Cell viability 

tetrazolium/formazan assay was significantly impaired in cyclin E RNAi targeted 

primary HCC cells. Conversely, chemical inhibition of p53 by pfithrin-α, augmented 

cyclin E, PCNA and Bcl-xL protein expression whilst cell viability was restored 

following co-treatment with MG-262, a 26S proteasome inhibitor. In contrast, 

overexpressing cyclin E in naïve primary hepatocytes enhanced PCNA expression, 

increased hepatocyte viability, downregulated p53 and its downstream signalling 

intermediate, p21. 

We next determined whether miRNA-34, a co-regulator of cyclin E and p53, 

was instrumental in the reciprocity between cyclin E and p53 as key “drivers” of 

hepatocarcinogenesis. Dysplastic liver and HCCs obtained from DEN-injected male 

mice were assayed for miR-34a,b,c. miR-34a and c were significantly upregulated in 

HCCs and dysplastic liver compared with normal liver. Similar trends were noted for 

miR-34a,b,c in human hepatitis C-related HCCs when compared with normal human 

liver. Importantly, this was associated with significantly enhanced cyclin E and p53 

mRNA expression in human HCCs compared to normal and cirrhotic liver. 
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In this murine model, there was disproportional and upregulation of functionally 

active cyclin E, miR-34a,c in DNs and early HCCs with congruent loss of p53 function 

associated with cell cycle checkpoint failure, diminished apoptosis and increased 

proliferative drive. In human HCV-related HCCs, miR-34a, p53 and cyclin E transcript 

levels were universally upregulated. When we performed in vitro experiments in murine 

primary hepatocytes and primary HCC cells, knocking down or overexpressing cyclin E 

did not affect miR-34 expression. However, stabilising p53 with MG-262 enhanced 

miR-34a,c expression (though not significant), whilst inhibiting p53 using pfithrin-α 

significantly reduced miR-34a,c. miR-34 may provide a plausible link to increased 

cyclin E expression, activity and increased proliferative drive in dysplastic and 

neoplastic liver in mice and humans. 

Gender disparity in human HCC is well described, with a strong male 

predominance. However, the role of sex hormones in hepatocarcinogenesis remains 

poorly defined. In order to determine if there are gender differences in the expression of 

cyclin E, effects on cell cycle regulators and tumour suppressors, dysplastic liver and 

HCCs were studied in DEN-treated C57BL/6J female mice. These mice displayed a 

significant reduction in dysplastic hepatocytes compared with intact DEN-treated males 

at 3, 6 mths, while HCC incidence, number and size of tumours were significantly 

diminished in females at up to 15 mths. In carcinogen-treated female mice, cyclin E 

(native and LMW isoforms) protein expression and kinase activity were reduced 

compared to males at 6 – 12 mths, with concomitant reduction in hepatocyte 

proliferation by PCNA and cyclin D1 expression. Unlike male mice, G1/S checkpoint is 

evident by robust p53-mediated apoptosis. 

To ascertain if these differences are attributable to the effects of 

oestradiol/progesterone (E/P) and/or testosterone, we conducted hormonal manipulation 
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studies using the same carcinogen-model by performing ovariectomy in female animals 

and orchidectomy in male mice, in which some animals received E/P or testosterone 

supplementation. Castration of DEN-injected male mice resulted in a loss of cyclin E 

LMW isoforms compared to intact males, diminution of cyclin E kinase activity and 

phospho-retinoblastoma expression. There was also induction of p53-mediated 

apoptosis in dysplastic hepatocytes, leading to a reduction in number of DNs by 6 mths. 

These anti-proliferative and pro-apoptotic effects were magnified by E/P replacement in 

castrated DEN-treated males. In contrast, testosterone-replacement in ovariectomised-

female mice exhibited accelerated hepatocarcinogenesis compared to intact female 

DEN-treated animals and displayed LMW cyclin E isoforms similar to those detected in 

DEN-injected intact males. 

In further analyses, there was increased oestrogen receptor-α (ERα) transcript 

and protein expression in HCCs derived from DEN-injected intact male mice, and in 

dysplastic liver from castrated male mice replaced with E/P. E/P replacement and 

testosterone withdrawal were associated with ERα expression, the loss of cyclin E 

LMW isoforms, intact cdk2 expression, functional G1/S checkpoint control and 

induction of p53-mediated apoptotic cell death in preneoplastic hepatocytes. Further, 

oestrogen (E2) stimulation had varying effects on cell cycle regulation and viability in 

primary hepatocytes and HCC cells. As there was little to no significant correlation 

between ERα and its downstream target, c-myc transcript levels, we propose that 

E2/ERα signalling may be operative via other pathways to subsequently activate p53. 

These findings open up tantalising avenues to further explore the inter-regulatory 

signalling pathways between E2/ERα, cell cycle regulators and the tumour suppressor, 

p53. 
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