
i 
 

Clonal proliferation of hepatocytes during 
chronic hepatitis B virus infection 

Mr. Thomas Tu 

B.Sc. (Hons) (Biomedical Science) 

A thesis submitted to The University of Adelaide for 

The Degree of Doctor of Philosophy 

School of Molecular and Biomedical Sciences 

The University of Adelaide, Australia 

October 2012 



ii 

 

Table of contents 

Title page i 

Table of contents  ii 

Abstract  x 

Declaration  xii 

Acknowledgements xiii 

Publications and presentations arising from this thesis  xv 

Awards arising from this thesis xviii 

Abbreviations xix 

  

1.  Introduction  1 

1.1 Epidemiology of Hepatitis B Virus (HBV) infection 2 

1.2 HBV structure and replication 2 

1.3 Natural history of HBV infection 5 

 1.3.1 Acute HBV infection 5 

 1.3.2 Chronic HBV infection - Immune tolerance phase 6 

 1.3.3 Chronic HBV infection - Immune clearance phase 7 

 1.3.4 Chronic HBV infection - Immune control phase and reactivation 9 

 1.3.5 Disease outcomes of chronic HBV infection 10 

1.4 Liver anatomy and microstructure 11 

1.5 Hepatocyte repopulation in the liver 11 

1.6 Tracing hepatocyte lineages 13 

1.7 Histology of HCC and HCC-associated lesions 17 

1.8 Molecular changes during HCC progression 18 

1.9 HBV and HCC progression 21 

 1.9.1 The role of HBV proteins in HCC progression 22 

 1.9.2 The role of HBV DNA integration in HCC progression 23 

 1.9.3 The role of HBV-associated inflammation in HCC progression 25 

1.10 HBV-associated disease progression as a Darwinian process 27 

1.11 Summary and significance 31 

1.12 Aims and hypotheses 31 

 

2. Materials and Methods 32 

2.1 Collection of liver tissues 33 

2.2 Tissue fixation and paraffin wax-embedding 33 

2.3 Liver tissue histological staining and analysis 34 

 2.3.1 Haematoxylin and Eosin staining 34 

 2.3.2 Periodic acid-Schiff Diastase staining 35 

 2.3.3 Gordon and Sweet’s reticulin staining  35 

 2.3.4 Haematoxylin van Gieson staining 36 

 2.3.5 Perls’ Prussian Blue Iron staining 36 

 2.3.6 Fouchet’s Bile pigment staining 36 

2.4 Detection of HBcAg and HBsAg in liver sections by immunohistochemistry 37 

2.5 Dual detection of HBsAg and cytokeratin 19 in liver sections by dual 

 immunofluorescence 38 



iii 

 

2.6 Detection of HBV DNA in liver sections using in situ hybridisation 39 

 2.6.1 Probe production 39 

 2.6.2 Pre-hybridisation and hybridisation solutions 39 

 2.6.3 In situ hybridisation 40  

2.7 Extraction of total DNA from snap-frozen liver tissue 41 

2.8 Extraction of total DNA from paraffin wax-embedded liver tissue sections 42 

2.9 Extraction of nuclear DNA from liver samples 42 

2.10 Extraction of total DNA from serum samples 43 

2.11 Optical Density Spectroscopy 43 

2.12 Amplification and sequencing of HBV DNA 43 

 2.12.1 PCR primer design 43 

 2.12.2 PCR conditions 44 

 2.12.3 DNA sequencing 44 

2.13 Enumeration of HBV DNA or virus-cell junction copy number by qPCR  45 

 2.13.1 Primer design 45 

 2.13.2 qPCR conditions 45 

 2.13.3 Generation of plasmid DNA standards for Beta Globin 45 

2.14 invPCR    46 

2.15 invPCR of high molecular weight DNA 48 

2.16 Gel extraction in 96-well format 49 

2.17 Semi-DOP PCR 49 

2.18 qPCR analysis of virus-cell junctions 50 

2.19 Computer simulation 51 

2.20 Laser microdissection of foci of hepatocytes 51 

2.21 Total DNA extraction and invPCR from tissue isolated by laser-microdissection 51 

2.22 Calculation of clone size from invPCR of DNA extracts from liver sections 52 

2.23 Detection of PreS-mutants in hepatocytes isolated by laser-microdissection 52 

2.24 Quantification of methylated HBV DNA CpG regions in hepatocytes 

  isolated by laser-microdissection 53 

2.25 Estimation of global methylation of DNA in hepatocytes isolated by  

  laser-microdissection 53 

2.26 Imaging mass spectrometry 54 

2.27 High pressure Liquid Chromatography Electrospray Ionisation Linear Ion Trap  

  Orbitrap mass spectrometry (HPLC-nESI-LTQ Orbitrap MS) 55 

2.28 High Pressure Liquid Chromotography Matrix-assisted Laser Desorption  

Ionisation Time of Flight tandem Mass Spectrometry (HPLC-MALDI-TOF 

MS/MS)  56 

2.28.1 HPLC and Fraction Collection 56 

2.28.2 MALDI-TOF MS of HPLC Fractions 57 

2.28.3 Tandem MS of HPLC Fractions 58 

2.29 Data processing and visualisation of the distribution of known proteins in tissue  

  sections  58 

 

3. Methods Optimisation 60 

3.1 Introduction  61 

3.2 Results    62 



iv 

 

 3.2.1 Optimisation of genomic-based techniques 62 

  3.2.1.1 Approximation of nucleus concentration 62 

  3.2.1.2 Optimisation of DNA extraction from liver tissue 63 

   3.2.1.2.1 Total DNA extraction of 5 mg liver tissue fragments 63 

   3.2.1.2.2 Total DNA extraction of EtOH-fixed paraffin wax-embedded  

      liver tissue sections 64 

   3.2.1.2.3 Nuclear DNA extraction 65 

   3.2.1.2.4 Total DNA extraction of hepatocyte foci isolated by 

      laser-microdissection 65 

  3.2.1.3 Optimisation of semi-degenerate oligonucleotide primer PCR 66 

  3.2.1.4 Optimisation of invPCR 67 

  3.2.1.5 Gel purification of high-molecular weight DNA using  

     ultrasonication or partial restriction enzyme digestion 68 

  3.2.1.6 Human invPCR design and efficiency of inversion reaction 69 

  3.2.1.7 Optimisation of detection of long interspersed element (LINE) 

promoter methylation 70 

  3.2.1.8 HBV DNA CpG island methylation 71 

 3.2.2 Optimisation of proteomic-based techniques 72  

  3.2.2.1 Optimisation of imaging mass spectrometry (IMS) 72 

  3.2.2.2 Optimisation of HPLC-nESI-LTQ Orbitrap MS 74 

  3.2.2.3 Optimisation of HPLC-MALDI-TOF MS/MS 75  

  3.2.2.4 Optimisation of visualising the distribution of known proteins in  

       liver tissue sections 76 

 3.2.3 Optimisation of RNA extraction from frozen liver tissues 77   

3.3 Discussion  78 

 3.3.1 DNA extraction 78 

 3.3.2 Detection of virus-cell DNA junctions 78 

 3.3.3 Epigenetic genotyping 79 

 3.3.4 Proteomic phenotyping 80 

 3.3.5 Summary 82 

 

4. Characterisation of liver tissues 84 

4.1 Introduction  85 

4.2 Experimental Outline 86 

4.3 Results    88 

 4.3.1 Patient details and liver histology reports 88 

 4.3.2 HBV DNA analysis 90 

 4.3.3 Detection and localisation of HBV DNA by in situ hybridisation 91 

 4.3.4 Detection of HBV antigens by immunohistochemistry 92 

 4.3.5 HBsAg and Cytokeratin 19 (CK19) localisation by dual  

     immunofluorescence  94 

4.4 Discussion  95 

 4.4.1 Classification of patient tissues 95 

 4.4.2 Virological aspects of HBV patients 96 

 4.4.3 HBV antigen expression in cells other than hepatocytes 97 

 4.4.4 Summary  98 



v 

 

  

5. Detection of hepatocyte clones in HBV-infected liver tissues 99 

5.1 Introduction  100 

5.2 Experimental Outline 102 

5.3 Results    104 

 5.3.1 Primer design and restriction enzymes selection for invPCR 104 

 5.3.2 Calculation of theoretical maximum fraction of observable virus-cell 

junctions  105 

 5.3.3 Large hepatocyte clones were observed in DNA extracts from 5 mg of  

     liver fragments by invPCR 108 

 5.3.4 Characterisation of large clones found in patients XA and CY 109 

 5.3.5 InvPCR analysis of DNA extracted from sections of ethanol-fixed liver 

tissue   111 

 5.3.6 Predominantly unique subsets of virus-cell junctions were observed  

     using the DpnII and the NcoI invPCR designs 113 

 5.3.7 Observed integration sites of HBV DNA are clustered around the  

     expected right-hand end of the dslDNA form 113 

 5.3.8 Observed integration sites are random within the cellular DNA with  

     respect to chromosomes and genes and do not affect clone size 114 

 5.3.9 Observed integration sites (but not clone sizes) are weakly associated  

     with structural/matrix attachment regions (S/MAR) 115 

5.4 Discussion  116 

 5.4.1 PCR-amplified DNA artefacts 118 

 5.4.2 Changes in phenotype directly caused by HBV DNA integration 119 

 5.4.3 Clonal proliferation due to stem cell activation and proliferation 121 

 5.4.4 Increased liver turnover over the course of infection increases stochastic 

clonal proliferation or clonal proliferation of hepatocytes with survival 

advantage 122 

 

6. Computer simulation of hepatocyte proliferation during chronic HBV  

  infection  124 

6.1 Introduction  125 

 6.1.1 Assumptions 126 

  6.1.1.1 The liver grows 10-fold during development from neonate to full-

grown adult 126 

  6.1.1.2 Hepatocyte number in the adult liver remains constant 127 

  6.1.1.3 All hepatocytes are infected at the start of infection 127 

  6.1.1.4 Survival advantages are heritable 127 

 6.1.2 Program description 128 

 6.1.3 Parameters 129 

  6.1.3.1 LiverArray size 129 

  6.1.3.2 Connectivity  130  

  6.1.3.3 Focal cell death 131 

  6.1.3.3 Hepatocytes with a survival advantage 132 

  6.1.3.4 Stem-cell populations 133 

6.2 Results    133 



vi 

 

 6.2.1 The current model replicates the results of a previous stochastic  

    simulation 133 

 6.2.2 The effect of LiverArray size on complexity, maximum clone size and  

    clone frequency 134 

 6.2.3 Connectivity weakly affects clonal proliferation 134  

 6.2.4 Stochastic clonal proliferation is highly predictable during liver turnover 135 

 6.2.5 Clonal proliferation due to liver growth during development is similar to that 

of 10 liver turnovers 137 

 6.2.6 Focal liver cell death inhibits clonal proliferation 137 

 6.2.7 Clonal proliferation is exquisitely sensitive to the introduction of survival 

advantage  138 

 6.2.8 The effect of oval cells is undetectable 139 

 6.2.9 Estimation of maximum liver turnovers in chronic HBV patients 139 

6.3 Discussion  140 

 

7. Characterisation of hepatocyte foci 144 

7.1 Introduction  145 

 7.1.1 Detectable virus-cell DNA junctions in cells other than hepatocytes 146  

 7.1.2 Histological changes in hepatocytes that have undergone clonal  

    proliferation 146 

 7.1.3 Association between expression of HBV DNA and clonal proliferation  

     of hepatocytes 147 

 7.1.4 Mechanisms of heterogeneous expression of HBV antigens 147 

 7.1.5 Altered cellular protein expression in hepatocytes 148 

 7.1.6  Aims and hypotheses 148 

7.2 Experimental Outline 149 

7.3 Results    150 

 7.3.1 Isolation of liver cell subpopulations by laser-microdissection 150 

 7.3.2 InvPCR and qPCR analysis of non-hepatocyte cell populations for HBV 

DNA  151 

 7.3.3 Virus-cell junctions were not frequently detected in hepatocytes with  

     large cell change (LCC) 152 

 7.3.4 Virus-cell DNA junctions were 2 times more likely to be detected in foci  

     of HBsAg-negative hepatocytes compared to foci of HBsAg-positive 

hepatocytes 152 

 7.3.5 Detected HBV DNA integrations display no preference for particular  

     genes or proximity to S/MAR 153  

 7.3.6  HBsAg-positive hepatocytes contain two times more HBV DNA  

     genomes per cell compared to HBsAg-negative hepatocytes 154 

 7.3.7 HBV PreS1/S2 mutants were predominantly detected in HBsAg-positive 

hepatocytes 156 

 7.3.8 No significant difference in methylation of HBV DNA was observed 

between HBsAg-positive and -negative foci of hepatocytes 156 

 7.3.9 Cellular protein expression was altered in foci of HBsAg-positive 

hepatocytes compared to foci of HBsAg-negative hepatocytes 157  



vii 

 

 7.3.10 Altered cellular protein expression due to zonal heterogeneity was not 

observed in liver tissue sections by IMS 159 

 7.3.11 Cellular protein distribution is heterogeneous in liver tissue sections from 

patients with chronic HBV infection compared to HBV non-infected 

controls  161 

7.4 Discussion  162 

 7.4.1  Identification of the cell populations that had undergone the clonal 

proliferation detected by invPCR 162  

 7.4.2  HBsAg expression and clonal proliferation 163 

 7.4.3  Heterogeneous expression of HBsAg 165 

 7.4.4  Heterogeneous expression of cellular proteins 166 

 7.4.5  Summary 169 

 

8. Concluding remarks 170 

8.1 Summary   171 

8.2 Future work  173 

8.3 Impact on other fields of study 176 

8.4 Conclusion  177 

 

9.  Appendices   178 

9.1 Sequence of pHBV1.3BB4.5 179 

9.2 Melting temperature of Southern hybridisation probe 181 

9.3  Efficiency of self-ligation of excised virus-cell DNA junctions in the invPCR  

  protocol   182  

 9.3.1  Assumptions 182 

 9.3.2  Calculation of factor j 182 

 9.3.3  Calculation of factor i 183 

 9.3.4  Caculation of j/i 185 

9.4 Copies of Ethics Approval forms 186 

 9.4.1  Royal Adelaide Hospital HREC approval for Protocol #070301 186 

 9.4.2  NSW Health HREC approvals for Protocols #X10-0072 and  

   #HREC/10/RPAH/130 187 

 9.4.3  Fox Chase Cancer Center Institutional Review Board approvals for 

   Protocols #31-281 and #08-801 189 

 9.4.4  Southern Clinical HREC approval for Protocol #171.11 and  

    amendments 192 

 9.4.5  Royal Adelaide Hospital HREC approval for Protocol #050803 193 

9.5 Proteins detected by HPLC-nESI-LTQ-Orbitrap XL analysis of trypsin-digested, 

lysates of hepatocytes isolated by laser-microdissection of NHL tissue 194 

 9.5.1 VivaSpin-purified lysates of hepatocytes 194 

 9.5.2 Pepclean-purified lysates of hepatocytes 199 

 9.6 Proteins detected by HPLC MALDI-TOF MS/MS results from trypsin- 

  digested, PepSpin C18 Spin column-purified of hepatocytes isolated  

  by laser-microdissection of NHL tissue 203 

9.7 The HBV DNA sequence detected in each patient with chronic HBV infection 206 

 9.7.1 Patient C  206 



viii 

 

 9.7.2 Patient CN  206 

 9.7.3 Patient CY  207 

 9.7.4 Patient CYRY 207 

 9.7.5 Patient DG  208 

 9.7.6 Patient FMC1 208  

 9.7.7 Patient FMC2 208 

 9.7.8 Patient FMC3 208 

 9.7.9 Patient FMC4 208 

 9.7.10 Patient FMC5 209 

 9.7.11 Patient FMC6 209 

 9.7.12 Patient FMC7 209 

 9.7.13 Patient GS1  209 

 9.7.14 Patient GS2  210 

 9.7.15 Patient GS3  210 

 9.7.16 Patient GS4  210 

 9.7.17 Patient GS5  210 

 9.7.18 Patient HN  211 

 9.7.19 Patient HS  211 

 9.7.20 Patient L  211 

 9.7.21 Patient MH  212 

 9.7.22 Patient NT  212 

 9.7.23 Patient SAAO 212 

 9.7.24 Patient WN  212 

 9.7.25 Patient XA  213 

 9.7.26 Patient Y2  213 

 9.7.27 Patient Y3  213 

 9.7.28 Patient Y4  214 

 9.7.29 Patient Y5  214 

 9.7.30 Patient Y6  214 

   9.8 Sequences of virus-cell DNA junctions 215 

 9.8.1 Patient C  215 

 9.8.2 Patient CN  216 

 9.8.3 Patient CY  216 

 9.8.4 Patient CYRY 217 

 9.8.5 Patient DG  217 

 9.8.6 Patient FMC1 218  

 9.8.7 Patient FMC2 218 

 9.8.8 Patient FMC3 218 

 9.8.9 Patient FMC4 219 

 9.8.10 Patient FMC5 219 

 9.8.11 Patient FMC6 219 

 9.8.12 Patient FMC7 219 

 9.8.13 Patient GS1  220 

 9.8.14 Patient GS2  220 

 9.8.15 Patient GS3  220 

 9.8.16 Patient GS4  220 



ix 

 

 9.8.17 Patient GS5  220 

 9.8.18 Patient HN  220 

 9.8.19 Patient HS  220 

 9.8.20 Patient L  220 

 9.8.21 Patient MH  221 

 9.8.22 Patient NT  221 

 9.8.23 Patient SAAO 221 

 9.8.24 Patient WN  222 

 9.8.25 Patient XA  223 

 9.8.26 Patient Y2  224 

 9.8.27 Patient Y3  225 

 9.8.28 Patient Y4  225 

 9.8.29 Patient Y5  227 

 9.8.30 Patient Y6  228 

9.9  Computer programming 230 

 9.9.1 Random number generation 230 

 9.9.2 Cell selection 230 

 9.9.3 Source code for the simulation of stochastic clonal proliferation 230 

 9.9.4 Source code for the 2D visualisation of stochastic clonal proliferation   237 

9.10  Ion maps of mass peaks corresponding to proteins identified by IMS and HPLC-

nESI-LTQ Orbitrap MS in multiple liver tissue sections of HBV-negative and -

positive patients  242 

 

10. References  249 

  



x 

 

Abstract 

 

Chronic hepatitis B virus (HBV) infection causes liver disease that can progress to cirrhosis 

and hepatocellular carcinoma (HCC). Changes in the hepatocyte population that occur from 

the early immune-tolerant stage of infection to late-stage disease outcomes remain unclear. 

We hypothesised that some hepatocytes lose HBV antigen expression and escape the HBV-

specific immune response, allowing them to undergo clonal proliferation. Clonal proliferation 

of altered hepatocytes may be a marker of disease progression and may have a direct role in 

the development of HCC.  

 

Liver tissues from 30 patients were analysed, including patients with early-stage HBV 

infection, late-stage infection with cirrhosis, or with HCC. Unique virus-cell DNA junctions 

formed by the integration of HBV DNA into the host cell genome were detected using inverse 

nested PCR (invPCR). The copy number of unique virus-cell DNA junctions was used as a 

measure of clonal proliferation of hepatocytes. A computer simulation of a liver undergoing 

stochastic liver turnover was used to determine if the hepatocyte clones observed by invPCR 

could have been formed by random chance. Immunohistochemistry for HBV surface antigen 

(HBsAg) expression and Imaging Mass Spectrometry (IMS) for cellular protein expression 

were carried out to detect cellular changes that may be associated with clonal proliferation.  

 

Significantly (p<0.01) larger clones were observed by invPCR in liver DNA extracts of 

patients with late-stage HBV-associated disease (≤280000 hepatocytes) compared to patients 

in early-stage HBV infection (8-1124 hepatocytes). Computer simulations indicated that 

stochastic turnover could not produce clones of >10000 hepatocytes, suggesting that the 

hepatocytes that had formed large clones had a survival advantage. No significant difference 

in the extent of clonal proliferation was observed in foci of HBsAg-positive and -negative 

hepatocytes isolated by laser-microdissection. Heterogeneous expression of cellular proteins 

was detected using IMS in hepatocytes with apparently normal histology.  

 

These results indicate that clonal proliferation of hepatocytes with survival advantage does 

occur in the hepatocyte population during chronic HBV infection and can be detected before 

histological changes are evident in the hepatocytes of patients with both early- and late-stage 

disease. Consistent with our hypothesis, larger hepatocyte clones were associated with disease 

progression. The cause of the clonal proliferation remains unknown. Contrary to our 



xi 

 

hypothesis, loss of HBsAg expression was not associated with increased clonal proliferation, 

suggesting that escape from HBsAg-specific immune attack is not a survival advantage. 

While not investigated in this thesis, the loss of expression of other HBV antigens may 

provide a survival advantage. Heterogeneous cellular protein expression suggests that 

hepatocyte phenotype has been altered in some hepatocytes. However, we could not show 

using invPCR approaches that the foci of hepatocytes with altered cellular protein expression 

were clonal.  

 

In conclusion, this research has provided groundwork in determining the relationship between 

the clonal proliferation of hepatocytes, altered hepatocyte phenotype and HBV-associated 

disease progression. Further studies into the molecular causes of clonal proliferation of 

hepatocytes with survival advantages could elucidate pathways of HBV-associated disease 

progression and novel ways to curb the evolution of the hepatocyte population to a less 

pathogenic state.  
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“A poet once said, "The whole universe is in a glass of wine." We will 

probably never know in what sense he meant that, for poets do not write to be 

understood. But it is true that if we look at a glass of wine closely enough we see 

the entire universe. There are the things of physics: the twisting liquid which 

evaporates depending on the wind and weather, the reflections in the glass, and our 

imagination adds the atoms. The glass is a distillation of the Earth's rocks, and in 

its composition we see the secrets of the universe's age, and the evolution of stars. 

What strange arrays of chemicals are in the wine? How did they come to be? 

There are the ferments, the enzymes, the substrates, and the products. There in 

wine is found the great generalization: all life is fermentation. Nobody can 

discover the chemistry of wine without discovering, as did Louis Pasteur, the 

cause of much disease. How vivid is the claret, pressing its existence into the 

consciousness that watches it! If our small minds, for some convenience, divide 

this glass of wine, this universe, into parts — physics, biology, geology, 

astronomy, psychology, and so on — remember that Nature does not know it! So 

let us put it all back together, not forgetting ultimately what it is for. Let it give us 

one more final pleasure: drink it and forget it all!” 

 

- Richard P Feynman, Volume I, 3-10, The relation of Physics to other sciences  
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