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Abstract 
 

Background & Aims: Chronic hepatitis B viral (HBV) infection still raises a high 

threat for hepatocellular carcinoma (HCC) worldwide, especially in Asia.  Different 

HBV genotypes are associated with varying levels of pathogenicity, while the genetic 

mechanisms behind this remain unclear.  This study attempts to elucidate the 

mechanisms contributing to tumor progression of K130M/V131I mutant and wild-

type variants of HBx genotypes A, B, C and D in vivo. 

 

Methods: To compare the potential tumorigenic effects of various HBx genotypes on 

HCC, the Sleeping Beauty (SB) transposon system was used to deliver different HBx 

genotypes into the livers of fumarylaccetoacetate hydrolyse (Fah)-deficient mice by 

hydrodynamic tail vein injection.  Short hairpin RNA directed against transformation-

related protein (Trp53) was co-injected to determine the combinational effect of Trp53 

dysfunction in HBV-associated HCC.  

 

Results: The most tumorigenic genotype of HBx gene was genotype D for both wild-

type and K130M/V131I mutant variants; while genotype A was the least tumorigenic.  

Mutant variant of genotype B exerted a stronger tumor burden than its wild-type 

counterpart; while both wild-type and mutant variants of genotype C induced similar 

tumorigenic evidence as mutant variant of genotype B.  In general, both wild-type and 

mutant variants of all HBx genotypes played an important role in liver hepatitis by 

activating the arachidonic acid metabolic pathway.  Significant up-regulation of major 

urinary protein 14 (Mup14) (>100-fold increase) and down-regulation of cytochrome 

P450, family 4, subfamily f, polypeptide 14 (Cyp4f14) or cytochrome P450, family 4, 

subfamily f, polypeptide 15 (Cyp4f15) (~3-fold decrease) caused accumulation of pro-

inflammatory factors, prostaglandin D2 (PGD2) and leukotriene B4 (LTB4) in liver; at 

the same time, suppression of anti-inflammatory factors epoxyeicosatrienoic acids 

(EETs) production by down-regulating cytochrome P450 CYP2 (CYP2) encoding 

genes was observed in mutant and wild-type variants of all HBx genotypes studied.  

At the transcriptional level, we identified insulin growth factor 2 (Igf2) was commonly 

up-regulated in tumors induced by mutant variants of HBx genotypes B, C and D; 

while p21 (RAC1) activated kinase 6 (Pak6) and Rho GTPase activating protein 27 
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(Arhgap27) were commonly up-regulated in tumor induced by wild-type variants of 

HBx genotypes A, C and D.  Up-regulation of Igf2 was reported to be associated with 

phosphatidylinositol 3-kinase (PI3K)/AKT serine/threonine-protein kinase (AKT) and 

mitogen-activated protein kinase (MAPK) signalling pathways; while Pak6 has been 

reported to regulate actin cytoskeleton via RAC/PAK signalling pathway.  

Additionally, at the translational level, HBx genotype B mutant variant induced 

phosphorylation of AKT and reduction of FOXO1; while genotype C wild-type 

variant suppressed PPARG and induced accumulation of CTNNB1. 

 

Conclusion: HBx-D K130M/V131I mutant demonstrated the strongest tumorigenic 

effect. HBx-B mutant, HBx-C mutant and wild-type displayed similar tumorigenic 

effect; while HBx-B wild-type, HBx-A mutant and wild-type were the least 

tumorigenic.  HBx induced inflammation by accumulation of pro-inflammatory 

factors in the liver via arachidonic acid metabolism.  At the transcriptional level, we 

identified Igf2 as a commonly up-regulated gene in tumor induced by mutant HBx and 

Pak6 and Arhgap27 as a commonly up-regulated gene in tumor induced by wild-type 

HBx.  Last but not least, we discovered that different genotypes induced tumor 

development via different signalling pathways predominantly.  HBx genotype B 

induced tumor progression mainly via AKT/FOXO1 signalling cascade; while 

genotype C induced tumor progression predominantly via PPARG/CTNNB1 

signalling cascade. 
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Chapter 1 – Introduction 

1.1 Liver cancer epidemiology 

1.1.1 HBV-induced liver cancer 

Liver cancer is the second most common cause of cancer death around the world in 

2015 (1).  There are 5 types of liver cancer classified by the cell types that become 

cancerous, include hepatocellular carcinoma (HCC), fibrolamellar HCC (FHCC), 

cholangiocarcinoma, angiosarcoma and secondary liver cancer (Figure 1).  HCC is 

derived from hepatocytes and accounts for more than 75% of liver cancer cases, with 

hepatitis B virus (HBV) infection being the leading cause of HCC (2).  FHCC is a rare 

type of HCC which accounts for less than 1% of liver cancer cases and 95% of FHCC 

cases is not related to hepatitis or cirrhosis (3, 4).  Cholangiocarcinoma is a type of 

intrahepatic bile duct cancer and accounts for 10-20% of liver cancer cases (5, 6).  

Angiosarcoma begins in the blood vessels of liver and accounts for about 1% of liver 

cancer cases (7).  Secondary liver cancer, also known as liver metastasis, is the cancer 

that spreads from other parts of body to liver.  Most liver metastasis originates from 

colon or colorectal cancer and more than 50% of patients who diagnosed with 

colorectal cancer had developed secondary liver cancer (8).  Major risk factors for 

liver cancer include HBV and hepatitis C virus (HCV) infections, alcoholic 

consumption and non-alcoholic liver disease, aflatoxin exposure, tryosinemia and 

hemochromatosis.  Apart from exposing to difference risk factors, liver cancer 

prevalence is also varied by age, gender and geographic regions.  HCC is a gender 

bias disease; males are about three times more susceptible than the females to the 

disease in terms of incidence (12.1 hundred thousand males to 4.2 hundred thousand 

females in United States) and mortality (9.4 hundred thousand males to 3.8 hundred 

thousand females in United States) (9).  Overall five-year survival rate for liver and 

intrahepatic bile duct cancer is 18% (9). 
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Figure 1| Types of liver cancer.  Different types of liver cancer are classified by the types of 

cell that become cancerous.  Hepatocellular carcinoma (HCC) is derived from hepatocellular 

cells.  Cholangiocarcinoma is a type of intrahepatic bile duct cancer.  Fibrolamellar HCC 
(FHCC) is the eosinophilic HCC with lamellar fibrosis.  Angiosarcoma begins in the blood 

vessels of liver.  Secondary liver cancer, also known as liver metastasis.  The most common 

primary liver cancer is hepatocellular carcinoma (HCC).  

 

1.1.2 HBV transmission 

HBV is transmitted through the direct interaction with blood and body fluids of 

infected person.  Adulthood HBV infection rarely leads to chronic hepatitis and only 

accounts for 5% of liver cancer cases (10).  Perinatal transmission is the major path of 

HBV infection in many parts of the world, especially in China and South-East Asia, 

where HBV can be transmitted to infants at the time of, or shortly after birth (10).  

 

1.1.3 HBV diagnosis 

HBV infection can be diagnosed by testing viral components levels such as HBsAg, 

HBeAg, concentration of HBV DNA in serum; liver specific enzymes levels such as 

alpha-fetoprotein (AFP), alanine aminotransferase (ALT), aspartate aminotransferase 
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(AST), alkaline phosphatase (ALP), serum bilirubin, albumin, and prothrombin; and 

liver biopsy (Figure 2). 

 

Serological markers 

HBsAg persists for more than 6 months is diagnosed as chronic hepatitis B (CHB).  

Inactive HBsAg carriers are differentiated from active HBsAg carriers by quantitative 

HBsAg level (11).  Positive HBeAg in CHB patients indicates HBV replication is 

active, while with the presence of anti-HBe, HBeAg level will decrease and ALT level 

will become normal, then no treatment is needed.  However, HBeAg level might not 

thoroughly represent the disease condition as active HBV replication can occur in 

some HBeAg negative patients due to mutation of pre-core gene or different variants 

of HBV (10). 

 

Virological detection - Serum HBV DNA concentration 

HBV DNA concentration in serum of infected patients can be detected by real-time 

polymerase chain reaction (RT-PCR).  The HBV DNA concentration is correlated 

with disease progression and are used to differentiate active HBeAg-negative disease 

from inactive chronic infection (12, 13).  Measurement of serum HBV DNA 

concentration can be used to monitor the treatment efficacy and to discover treatment 

resistant variants. 

 

Liver enzymes:  

Measuring serum level of ALT, AST, albumin, bilirubin, platelet count and 

prothrombin time can be used to determine cirrhosis development.  Since the serum 

level of aminotransferases can vary with time, AST/ALT ratio is usually used to 

monitor liver disease progression.  Under normal condition, the concentration of ALT 

is higher than that of AST, resulting in low AST/ALT ratio.  However, under cirrhosis 

progression, the AST/ALT ratio will be reversed.  Additionally, a progressive decline 

in serum albumin concentrations, rise in bilirubin and prolongation of the prothrombin 

time are characteristic indicators for cirrhosis development. 

 

Liver biopsy:  



 25 

Liver biopsy is used to assess the degree of necro-inflammation and fibrosis.  However, 

biopsy has its limitations, such as the risks of bleeding and pneumothorax, subjectivity 

in reporting, high costs, sampling error, discomfort to the patient, and the need for 

training and infrastructure in low- and middle-income countries.  

 

Non-invasive tests  

Non-invasive tests are performed by testing the serum markers for fibrosis, for 

example, APRI and FIB-4.  Commercial markers such as FibroTest and transient 

elastography (FibroScan) are established to assess advanced fibrosis (14-16).  

 

 

Figure 2| Diagnosis for HBV infection.  HBV infection can be diagnosed with different tests, 

including testing viral component levels such as HBsAg, HBeAg, HBV DNA concentration in 

serum; liver specific enzymes levels such as AFP, ALT, AST, ALP, serum bilirubin, albumin, 

and prothrombin; and liver biopsy. 
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1.2 HBV infection therapy 

1.2.1 Prevention 

HBV infection can be prevented by vaccination, with  HBV vaccines derived from 

recombinant DNA being established for more than two decades (10).  A full HBV 

vaccination contains three doses.  New-born who receives HBV vaccine within 24 

hours after birth acquires 90-95% effective prevention of infection and reduces HBV 

transmission after injection of the other two doses (Table 1).  The implementation of 

the HBV vaccination scheme has resulted in a drastic decrease in CHB prevalence.  

However, poor response to HBV vaccine has been diagnosed in a small proportion of 

vaccinated children (5-10%) and these children are susceptible to HBV infection later 

in adulthood (10). 

 

1.2.2 Antiviral therapy 

Even though vaccination can prevent HBV infection, treating CHB patients at high 

risk of progression is still the ultimate goal to increase the survival rate associated with 

CHB.  As time goes by, treatment outcomes for CHB patients have improved, from 

conventional to pegylated (PEG) interferon (IFN), then to nucleos(t)ide analogue 

(NAs).  Seven antiviral agents: adefovir, entecavir, lamivudine, emtricitabine, 

telbivudine, tenofovir, and PEG-IFN, have been shown to delay cirrhosis progression, 

reduced risk of HCC and improved long-term survival.  In general, all NAs target the 

HBV polymerase to prevent its replication.  Adefovir inhibits the activity of reverse 

transcriptase; lamivudine, emtricitabine and tenofovir inhibit the synthesis of the viral 

(-) strand DNA; and entecavir inhibits HBV replication (10).  These NAs have 

different action mechanisms, inhibitory capacity, pharmacokinetics,  and resistance 

patterns (17).  Although NAs can prevent the replication of HBV, they cannot cure the 

disease or clear HBsAg (Table 1).   

 

Comparing NA therapy to IFN, NA has fewer side-effects and it can be administrated 

orally in a “one-pill-a-day” manner, while IFN has its advantages of low resistance 

rate and effective clearance of HBeAg and HBsAg.  However, less than 50% of CHB 

patients shown response to IFN treatment.  Injection administration, common side-

effects, as well as high-costs of IFN make it less favorable for HBV treatment (10) 

(Table 1).  
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1.2.3 New treatment strategies 

Recently, a new prodrug of tenofovir - tenofovir alafenamide fumarate (TAF) has been 

established.  It is an orally administered drug with less toxic effect, reduced dosage 

and improved delivery of active diphosphate metabolite and nucleotide into lymphoid 

cells and hepatocytes (18, 19).  Moreover, this agent can eliminate all replicative forms 

of HBV, including covalently closed circular DNA (cccDNA) more effectively.  

Immunotherapeutic strategies that stimulate HBV-specific adaptive immune 

responses or innate intrahepatic immunity are also new targets for curative antiviral 

therapy (Table 1).  

 

 
Table 1| Prevention and treatments for HBV infection.  HBV infection can be prevented by 

vaccination.  PEG-linked IFN and various types of NAs are commonly used to treat HBV 
infection.  However, these antiviral agents were not effective enough to cure the disease.  New 

treatments, such as derivative from NAs and immunotherapy have been established to 

increase the efficiency of the treatment. 
 

1.3 HBV epidemiology 

HBV infection is a major health issue globally, accounting for around 45% of HCC 

cases and 30% of cirrhosis, with around 880 000 people dying from complication 

associated of CHB (10).  Symptoms of acute HBV infection is age-dependent:  

asymptomatic in most infected children, while, in adult, subclinical hepatitis with 
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increased transaminases in about 70% of cases and 30% of cases had transient jaundice 

and flu-like prodromal stage (20).  Acute HBV infection are usually transient and self-

limiting, yet it can also result in fulminant hepatitis with liver failure (less than 1% of 

cases) (20).   

 

1.3.1 HBV life cycles 

HBV is enveloped by three different surface proteins, namely large (L), middle (M), 

and small (S) surface proteins.  Sodium taurocholate cotransporting polypeptide 

(NTCP), the receptor for HBV and HDV, was discovered in 2012 (21).  NTCP is 

encoded by solute carrier family 10 member 1 (Slc10a1).  It is a hepatic sodium ion-

bile acid symporter and is responsible for the vast majority of sodium-dependent 

uptake of bile salts from enterohepatic circulation (22).  It is mainly expressed in 

hepatocytes and localized to the sinusoidal plasma membrane (21, 22), and 

specifically interacts with the L proteins of HBV (21, 23-25), serving as a receptor for 

HBV.  Human HBV affects only human, chimpanzees, and tree shrew (Tupaia 

belangeri), this host restriction phenomenon is highly related to the entrance of HBV 

into hepatocytes via the receptor (21, 22).  NTCP is functionally conserved in 

mammalians but the protein sequences vary amongst species (22).  In 2012, Yan et al. 

confirmed the NTCP interacted with the amino acids (aa) 2-48 of the pre-S1 domain 

of the L protein (21).   Yan et al. also reported that substitution of five residues from 

aa 157 to 165 of crab-eating monkey (Macaca fascicularis) NTCP (mkNTCP) with 

the corresponding human NTCP residues (from GRIILSLVP to KGIVISLVL, distinct 

residues are underlined), the non-functional mkNTCP could be converted to a 

functional receptor for pre-S1 binding and viral infection (21, 22).   

 

HBV enters hepatocytes in many steps:  During the initial phase, HBV enters 

hepatocytes via the interaction between L surface proteins of HBV and the NTCP 

receptors on the hepatocytes.  Then, the virus is uncoated and the nucleocapsid is 

released into the cytoplasm and transported to the nucleus by microtubules.  Nuclear 

pore complex that mediated by importins α and β disintegrates the nucleocapsid and 

liberates HBV genome into the nucleus (26).  In the nucleus, the relaxed circular DNA 

(rcDNA) is converted to a covalently closed circular DNA (cccDNA) by both viral 

and cellular enzymes (27).  Specifically, the incomplete plus-strand of the rcDNA is 
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completed by the viral polymerase.  Then the viral polymerase and the RNA-primers 

used for plus-strand DNA synthesis are eliminated by cellular enzymes, and 

eventually, both DNA strands are ligated by covalent ligation to give cccDNA (27).  

This cccDNA acts as template for transcription of all viral RNAs, such as the 

pregenomic RNA (pgRNA) and subgenomic RNAs (sgRNAs) (26)  (Figure 3).  

 

 
Figure 3| HBV life cycle.  HBV enters the hepatocyte via the NTCP receptor.  After entering 
the cell, HBV releases the viral genome into the nucleus of the hepatocyte. The HBV DNA 

can be integrated into the host genome and disrupt expression of the host genes; or converted 

to cccDNA.  Transcription and translation of the cccDNA produces viral proteins for 

endocapsidation of infectious HBV.  Prolong exposure to the viral proteins increases the risk 

of HCC development.   

 

1.3.2 HBV genotypes  

The prevalence of HBV infections varies in different geographical regions, with the 

highest rates in sub-Saharan Africa and East Asia, where 5-10% of the adult 



 30 

population is chronically infected; while approximately 2-5% of the population in the 

Middle East and the Indian subcontinent is chronically infected, and less than 1% of 

the population in the Western European and North America is chronically infected 

(20).  Up to date, there are ten genotypes, from A to J, have been identified and 

classified by geographical distribution (Figure 4).  These genotypes have at least 8% 

nucleotide divergence in the genome (28, 29).  Subgenotypes of some HBV genome 

were classified with more than 4% nucleotide difference (29).   

 

Genotype A is commonly distributed in sub-Saharan Africa, Western Africa, and 

Northern Europe, including Brazil, Gambia, Nigeria, Haiti, Congo, Rwanda; 

Genotype B and C are widely spread in Asian countries, such as China, Hong Kong, 

Taiwan, South Korea, and Philippines, Vietnam and Indonesia; Genotype D is 

primarily observed in South Africa, Europe, Mediterranean countries and India, 

includes Iran, Mongolia, Italy, Egypt and Pakistan; Genotype E is distributed in 

Central African and Saudi Arabia; Genotype F is found in Tunisia, Brazil, Argentina, 

and Spain; Genotype G is reported in France, Germany, and the United States; 

Genotype H is observed in Central and South America (30).  Genotype I is identified 

in Vietnam and Laos populations and genotype J is reported in Ryukyu Islands in 

Japan (30) (Figure 4). 

 

 
Figure 4| Geographical distribution of various HBV genotypes.  Eleven HBV genotypes 

(from A to J) and subtypes (numbers) have been discovered and they are classified according 

to the geographical distribution.  Genotype A is commonly distributed in European countries, 

sub-Saharan Africa, and Western Africa.  Genotype B and C are widely spread in Asian 
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countries, such as China and Hong Kong.  Genotype D is distributed in Mediterranean 

countries and India. 

 

1.3.3 HBV genome 

HBV is an enveloped virus with incomplete double-stranded DNA genome of 3.2 kb 

and is a member of the hepadnaviridae family (Figure 5).  The double-stranded HBV 

genome contains four open reading frames (ORFs): surface proteins of HBV, namely 

large (L), middle (M), and small (S) are encoded by PreS1/PreS2/S ORF; hepatitis 

core protein (HBcAg) and HBeAg, a small molecular weight soluble protein derived 

from alternative start codon and post-translational modification of the core protein, are 

encoded by PreC/C ORF (31); POL ORF encodes the viral polymerases with four 

functional domains, including RNase H, viral DNA polymerase/reverse transcriptase, 

spacer, and terminal protein; X ORF encodes a multi-functional, non-structural 

hepatitis X protein (HBx).  HBx is a transcriptional trans-activator and can promote 

HBV replication (32-34) (Figure 5).  The effects of HBs and HBx protein on 

tumorigenesis have been widely studied but their molecular mechanisms remain 

unclear.  
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Figure 5| Schematic HBV genome.  HBV genome is an incomplete double-stranded DNA 

with four open reading frames (ORFs). PreS1/PreS2/S ORF encodes the three surface 
proteins of HBV, namely large (L), middle (M), and small (S); PreC/C ORF encodes the 

hepatitis core protein (HBcAg) and HBeAg; POL ORF encodes the viral polymerases with four 

functional domains, including RNase H, viral DNA polymerase/reverse transcriptase, spacer, 

and terminal protein; X ORF encodes a multi-functional HBx protein.  

 

HBV PreS1/S2/S ORF  

The synthesis of L, M and S surface proteins is determined by three individual 

promoters and start sites.  Transcription initiated from the PreS1 promoter produces L 

surface protein; transcription initiated by the PreS2/S promoter produces M surface 

protein; while transcription of S ORF produces S surface protein (Figure 7).  All these 

surface proteins are known as HBsAg.  They have the same carboxyl (C)-terminus but 
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different amino (N)-terminal extensions: the S protein forms the HBsAg with only 226 

amino acid (aa), the M protein has an additional 55 aa extension at its N-terminus, 

while the L protein has a further 108, 118 or 119 aa extension at its N-terminus, 

depending on the HBV genotype (35-39).  Viral neutralization by either natural or 

vaccine-induced anti-HBs antibodies is targeting HBsAg (35, 36).  Residues 103-173 

of the HBsAg is known as the central major hydrophilic region (MHR) and is 

responsible for immune recognition (35).  MHR is structured into five regions, 

including 3 central loops that held together by disulphide bonds.  Loops 2 and 3 for 

the immunodominant “a” determinant (residues 124-147), which is the major target of 

HBsAg detection tests and against which most neutralizing antibodies are directed (35, 

40) (Figure 6).  HBsAg is important for activation of immune responses.  Small 

insertions in loop 1 of HBsAg was identified from patients of HBsAg negative in 

serological test using monoclonal antibody, this suggests that the structure of “a” 

determinant is affected by any mutations even outside the “a” determinant region (40).  

Insertional mutation is rare and the most common HBsAg immune escape mutants, 

also known as “vaccine escape” mutants, are missense mutants that often involve only 

one residue substitutions (40).  Many substitution mutations in “a” determinant had 

been reported, including I/T126A/N, A128V, Q129H/R, G130N, M133L/T, K141E, 

D144A/H, and G145R, in which G145R is the most common mutation reported so far 

(40).  In addition, P120S/T is the most common substitution mutation found outside 

the “a” determinant (40).  These immune escape mutants have reduced affinity for 

monoclonal antibodies against the “a” determinant or are less reactive in commercial 

HBsAg detection assays (40). 

 

 

Figure 6| Substitution mutation hot spots in MHR-S region of HBsAg.  I/T126A/N, A128V, 
Q129H/R, G130N, M133L/T, K141E, and D144A/H, and G145R substitution mutations 



 34 

reported in “a” determinant.  G145R is the most common mutation reported so far, while 

P120S/T is the most common substitution mutation found outside the “a” determinant. 

 

The PreS1 and PreS2 regions of HBsAg contain multiple B cell and T cell recognition 

epitopes, so as to initiate host immune responses.  Mutations in these two regions can 

lead to immune escape, resulting in chronic HBV infection (32, 41).  Deletion, 

insertion and substitution mutations in the PreS1/PreS2/S ORF was reported and found 

to be closely correlated to HCC tumorigenesis (32, 41).  Additionally, deletions in the 

3’-end of PreS1 and 5’-end of PreS2 regions are frequently reported in chronic HBV 

infected patients (38, 41-43) (Figure 7).  The common deletion mutations can be 

classified into four categories: start codon deletion at PreS1 or PreS2 regions and 

internal deletion on PreS1 or PreS2 regions (38, 43).  Besides, substitution mutations 

cause premature termination of gene transcription, resulting in production of truncated 

HBsAg.  Accumulation of truncated HBsAg in the hepatic endoplasmic reticulum 

increases oxidative stress of hepatocytes and eventually accelerate liver cell damage 

(38, 43).  

 

Figure 7| Deletion mutations in HBsAg.  Deletions in the PreS1 3’-end and PreS2 5’-end 

are frequently found in chronic HBV infected patients.  Deletion in the 3’-end of PreS1 region 

produces truncated large protein (L”); and deletion in the 5’-end of PreS2 region produces 

truncated large protein (L’) and lack the middle protein (M). 
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PreS1 or PreS2 deletion mutants induce liver tumor formation in three approaches: (1) 

altering the PreS1-to-PreS2/S mRNA ratio; (2) inducing endoplasmic oxidative stress; 

and (3) allowing immune escape from host immune system.  Deletion in 3’-end of the 

PreS2 domain and deletion of CCAAT element in the S promoter domain cause 

transcription reduction of the 2.1 kb PreS2/S mRNA (38).  Generally, the CCAAT 

element is responsible for enhancing transcription of PreS2/S ORF and reducing 

transcription of PreS1 ORF, therefore, deletion of CCAAT element would reverse the 

PreS1-to-PreS2/S mRNA ratio.  Moreover, reduced transcription of PreS2/S ORF 

resulting in reduced production of S protein and eliminated production of M protein.  

Without mutations, L protein is secreted in forms of sub-viral particles or mature 

virions by complexing with the M and S protein.  Therefore, insufficient production 

of M and S proteins due to deletion mutation at 3’-end of PreS2/S ORF causes 

accumulation of L protein in hepatic ER creating high oxidative stress environment 

by generating increased amount of reactive oxygen species (ROSs).  These ROSs 

cause oxidative DNA damage, induce genetic mutations, and ultimately promote HCC 

progression (38, 44). 

In addition, PreS deletion mutants also prevent apoptosis of hepatocytes by activation 

of the nuclear factor kappa B subunit 1 (NFKB1) and AKT serine/threonine kinase 

(AKT)/mechanistic target of rapamycin kinase (mTOR) signalling pathways by 

increasing the prostaglandin-endoperoxide synthase 2 (PTGS2) and vascular 

endothelial growth factor A (VEGFA) protein production, respectively (38, 44).  In 

addition, evasion of host immunity was reported in PreS2 deletion mutant transfected 

hepatocytes, due to the mutations in B-cell and T-cell recognition epitopes (b10, t5, 

t6) and/or reduction in binding affinity of the viral proteins to major histocompatibility 

complex I molecule (38, 44, 45). 

 

HBV X ORF  

The multi-functional HBx protein consisting 154 aa is encoded by HBx ORF (33, 46). 

The genetic mechanism(s) by which HBx induces and/or contributes to HCC 

development is still not well discovered.  However, it is suggested that HBx protein 

participated in hepatocyte transformation in three manners: (1) epigenetic status 

alteration; (2) genomic instability induction; and (3) signalling pathways modulation 
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(26, 47).  

 

Changes of epigenetic status in hepatocytes by HBx lead to inactivation of host tumor 

suppressor genes and/or activation of host oncogenes through induction of DNA 

methyltransferases (47, 48).  Histone hyperacetylation is initiated by binding of HBx 

to histone acetyltransferase complex and CREB binding protein, resulting in 

transactivation reactions (26, 46-48).  In addition, HBx promotes H3-K4-specific 

methyltransferase production by up-regulating SET and MYND domain containing 

gene expression, hence, increasing H3 lysine K4 methylation (48).  HBx inhibits 

expression of tumor suppressor genes via methylation by recruiting the binding of 

DNA (cytosine-5-)-methyltransferase 1 and 3A (DNMT1 and DNMT3A) onto tumor 

suppressor genes.  In reverse, HBx promotes expression of tumor-promoting genes via 

demethylation by inhibiting the binding of DNMT3A to promoters of tumor-

promoting genes (48).  Association of DNMT3A on hepatocarcinogenesis has been 

reported, higher expression level of DNMT3A was detected in HCC patients (47).  The 

transcriptional transactivation activity of HBx, includes the up-regulation of DNMT1 

and DNMT3A, induces cytosine-guanine dinucleotide (CpG) island methylation at the 

carbon-5 position of cytosine.  Up-regulations of DNMT1 and DNMT3A prevent 

binding of transcription factors and RNA polymerase II complexes to tumor 

suppressor genes, such as cyclin-dependent kinase inhibitor 2A (CDKN2A) and 

cadherin 1, type 1, E-cadherin (epithelial) (CDH1), resulting in their dysfunction (47, 

48).  Furthermore, HBx suppresses transcription of tumor suppressor genes by 

promoting binding of histone deacetylases on them (48).  

Apart from epigenetic changes, HBx is also believed to intensify genomic instability.  

A lot of studies had reported that HBx can inactivate tumor suppressor genes, for 

example, retinoblastoma 1 (RB1), tumor protein p53 (TP53), and axin 1 (AXIN1).  

HBx inhibits DNA repair by interacting with tumor suppressor proteins, leading to 

accumulation of mutations and deletions of genome, resulting in genome instability 

(49-52).  HBx also promotes angiogenesis by up-regulating VEGF transcription and 

stabilizing hypoxia inducible factor 1, alpha subunit (basic helix-loop-helix 

transcription factor) (HIF1A) (46).  Several in vivo research studies have discovered 

that over-expression of HBx caused up-regulation of catenin (cadherin-associated 
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protein), beta 1, 88 kDA (CTNNB1) in the important canonical wingless-type MMTV 

integration site family (WNT)/CTNNB1 signalling pathway implicated in 

hepatocarcinogenesis (46, 53, 54).   

Substitution mutation at nucleotide T1753C (I127T aa), A1762T (K130M aa), 

G1764A (V131I aa) and T1768A (F132Y aa) are the four common mutation sites that 

have been reported in the HBx ORF (55).  The combinatory effects of these mutations 

have been studied in vitro using the human liver cell line (CCL13) where dual-

mutation at K130M and V131I had the potential to induce cell proliferation (55, 56) 

(Figure 8).  K130M/V131I dual-mutation of HBx gene is overlapped with Basal Core 

Promoter (BCP), and has been consistently shown to have the highest potential to 

promote HCC progression (57-60).  HBV patients with chronic hepatitis, fulminant 

hepatitis or HCC are often detected with mutations at K130M/V131I sites and 

diagnosed as HBeAg negative (60-62).   These X protein changes are encoded by 

nucleotide changes in the BCP region A1762T/G1764A (BCP_A1762T/G1764A), 

and have been shown to be associated with reduced synthesis of PreC/C RNA and 

expression of HBeAg (62), however the effect of the encoded protein changes on the 

tumorigenic potential of HBx is not well understood.  Although several studies have 

reported the involvement of HBx in HCC development, the differential tumorigenicity 

of HBx mutations and the genetic mechanism(s) by which HBx induces and/or 

contributes to HCC development remains ambiguous, and most studies have been 

performed using transformed liver cell lines such as Huh7. 

 

 

Figure 8| K130M/V131I dual substitution mutation in HBx.  K130M/V131I dual-point 

mutations are the most common mutation sites in HBx gene.  Its corresponding nucleotide 
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mutations at A1762T and G1764A sites overlapped with basal core promoter (BCP) resulting 

in reduced synthesis of PreC/C RNA and hence reduced expression of HBeAg. 

 

C-terminal truncation in HBx was also reported in HBV infected patients.  The role of 

The C-terminus of HBx gene contains the transactivation or co-activation domain in 

that can transactivate viral and cellular promoters (33).  The 52-65 aa and 88-154 aa 

in the C-terminus of HBx had been shown to be strongly associated with its 

transactivation activity, cell cycle regulation, and HBx stability in transfected HepG2 

and Huh7 cell lines (33, 63, 64).  The 3’-end of HBx is often deleted during HBV 

integration into the host genome, resulting in production of C-terminal truncated HBx 

protein (65, 66). C-terminal truncated HBx has been consistently detected in tumors 

of HBV-related HCC patients (65, 67, 68).  Moreover, comparing with full-length 

HBx, C-terminal truncated HBx has higher potential in promoting tumor cell 

proliferation and metastasis (65, 67, 69).  However, the genetic mechanism(s) of how 

this C-terminal truncated HBx affects the tumorigenicity of HBV still remains unclear.  

 

1.3.4 Frequently mutated genes in HBV-induced HCC 

Recent study had shown that 37% of HBV-positive patients had mutation in promoter 

of telomerase reverse transcriptase (TERT), where the mutation site was consistently 

located at 124 bp upstream of the TERT start codon (70).  Moreover, 22% focal 

amplification of TERT is reported in HBV-positive samples (70).  Both promoter 

mutation and focal amplification of TERT lead to over-expression of TERT in HCC 

(70).  An exome sequencing of HCC tumors had identified at least 30 significant 

putative HCC driver genes (70, 71).  Amongst these putative driver genes, 10% of 

HCC samples had significant alteration in copy number and somatic mutations of 

CTNNB1, TP53, AT rich interactive domain 1A (SWI-like) (ARID1A) and AXIN1 (70, 

71).  TP53, which is frequently mutated in most cancer types, was identified to be 

associated with HBV-related HCC in numerous studies (54, 70-72), and mutation of 

TP53 at R249S site was reported in 16% of the HBV (genotype B)-related HCC cases 

(72-74).  
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1.4 Sleeping Beauty Transposon System 

Transposon systems can be used as genetic tools for both insertional mutagenesis in 

multiple tissue-types of most mammalian species as forward genetic screens (75-93) 

and/or validating the tumorigenic role of a specific gene(s) as reverse genetic screens 

(94, 95).  The Sleeping Beauty (SB) transposon system is a member of the Tc1/mariner 

transposon superfamily and was genetically reconstructed from the genome of fossil 

elements in salmonid fish (96).  The transposon is mobilized in a “cut-and-paste” 

manner in the SB system.  The SB system consists of two key components: gene-of-

interest (GOI) containing transposon cassette; and transposase.  Transposon from the 

carrier plasmid is excised by the transposase and reintegrated into the host 

chromosome for long-term expression of the GOI (96) (Figure 9).  The two ends of 

the transposon is flanked by the inverted repeat/direct repeat (IR/DR) sequences, 

which is 225-bp and 30-bp long, respectively (97).  Transposition and integration 

occur upon the expression of both transposon and transposase in the same cell (96).  

During transposition, two SB transposase molecules bind to each end of the IR/DR 

sequences that bring the two ends together and cleave the transposon, then paste it into 

host chromosomes at TA-dinucleotide target sites.  As part of the host DNA repair 

mechanism, the TA-dinucleotide site is duplicated after the transposon integration 

process (94, 96) (Figure 9).  The mobilization of SB transposon is relatively random 

although there is a propensity for “local hopping” to occur (98-100). 
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Figure 9| Sleeping Beauty Transposon System.  The two main components of Sleeping 

Beauty (SB) transposon system are the transposon and the transposase.  The transposon is 

flanked by inverted repeat/direct repeat (IR/DR) sequences, and two transposase molecules 

bind to each IR/DR sequences, then cut the transposon out and re-integrate it into the host 

genome at TA-dinucleotides sites. 

 

1.5 Hydrodynamic tail vein injection  

Delivery of naked plasmid DNA into the liver of the experimental animals can be 

achieved by hydrodynamic tail vein injection.  It is an effective method for gene 

delivery in vivo, about 40% of the hepatocytes can take up the transgene(s) and more 

than 95% expression of transgene(s) are detected after injection (94).  The DNA 

uptake rationale of hydrodynamic tail vein injection is still not well understood, but it 

is suggested that injection of high-volume DNA solution rapidly into animal causes 

over-stretch of myocardial fibres that induces cardiac congestion, resulting in delivery 

of DNA solution into liver (101).  The animal model used in this study is 

fumarylacetoacetate hydrolase (Fah)-deficient mice with SB transposase 11 (SB11) 

gene knocked into the gene trap ROSA 26, Philippe Soriano (Gt(ROSA)26Sor) locus 

(102-104) (Figure 10).  Lacking FAH in this mouse model causes accumulation of 

fumarylacetoacetate and succinyl acetone, which are toxic metabolites from tyrosine 
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catabolism.  Therefore, to prevent the mouse from tyrosinemia, 2-(2-nitro-4-

trifluoromethylbenzoyl)-1,3-cyclohexanedione (NTBC, Swedish Orphan 

International AB, Stockholm, Sweden) at final concentration of 6 µg/mL was added 

to the drinking water.  NTBC inhibits the activity of p-hydroxlphenylpyruvate-

dioxygenase, preventing the production of fumarylacetoacetate and succinyl acetone 

(102).  NTBC water is replaced with normal drinking water after hydrodynamic tail 

vein injection.  At this stage, the SB transposases that ubiquitously expressed in this 

mouse model mobilize the transposon into the mouse hepatocyte genome.  Due to the 

presence of Fah cDNA in the transposon, only hepatocytes with stably integrated 

transposon can survive and repopulate under normal drinking water condition, while 

the hepatocytes lacking transposon integration will die due to the accumulation of 

toxic substances.  This selective repopulation of transgenic hepatocytes mimics liver 

disease progression and is widely used to validate candidate genes involved in 

hepatocellular carcinoma (39, 54, 78, 79, 83, 103, 105, 106).  However, wild-type or 

other transgenic mice can also be used with hydrodynamic delivery of SB transposon 

system for reverse genetic screening in the liver without selective repopulation (105).  

In addition, hydrodynamic injection has been used for delivery of DNA plasmids to 

the livers of large mammals, such as dog and swine (107, 108). 

 

1.6 Project aims 

Due to the fact that there is no comparison on tumorigenicity amongst different 

genotypes, lacking effective and curable treatment to HBV injection, therefore, the 

genetic mechanism(s) of HBV-induced HCC should be clarified, and specific tumor 

markers for HBV-related HCC are needed.  Additionally, as discussed in the previous 

session, HBV infected host with specific NTCP receptor sequence, so there is a 

shortage of laboratory animal model for the study of HBV-induced HCC.  In this study, 

we attempted to elucidate the genetic mechanism(s) participated in HBx-induced HCC 

by expressing HBx gene of four genotypes (A, B, C and D) and each with 

K130M/V131I mutant and wild-type variants in Fah-deficient; SB11 knock-in mouse 

model.  First aim of this study was to deduce the differences in tumorigenicity between 

genotypes, then to compare the tumor burden between K130M/V131I mutant and 

wild-type of HBx gene in the same genotype.  Next, we aimed to find out gene(s) and 

pathway(s) that are involved in tumor progression under expression of HBx.  The final 
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aim of this study is to find out the association of these genes in disease progression in 

the context of HBx expression. 
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Chapter 2 – Methodology 

2.1 Fah-deficient/Rosa26-SB transposase transgenic mouse model 

All animal work was conducted under approved animal welfare protocols of The 

Chinese University of Hong Kong and The Hong Kong Polytechnic University, 

HKSAR.  Experimental animals with double mutant of fumarylacetoacetate hydrolase 

(Fah)-deficient and Sleeping Beauty transposase 11 (SB11) knock-in (Fah-/-; SBTg/+ 

or Fah/SB11) was obtained by breeding Fah-deficient mice (Fah-/-) with SB11 knock-

in mice (Fah-/-; Rosa26-SBTg/Tg) (Figure 10).  All experimental mice were maintained 

at final concentration of 6 µg/mL 2-(2-nitro-4-trifluoromethylbenzoyl)-1,3-

cyclohexanedione (NTBC, Swedish Orphan International AB, Stockholm, Sweden) in 

the drinking water before injection (102). 

 

 
Figure 10| Fumarylacetoacetate hydrolase (Fah)-deficient/SB knock-in transgenic 
mouse model.  The experimental mouse model (Fah-/-;SBTg/+) was generated by breeding 

Fah-deficient mouse (Fah-/-) with Fah-deficient/SB knock-in mouse (Fah-/-;SBTg/Tg).  Since the 

mouse was lacking in FAH production and to prevent accumulation of toxic metabolites from 

breaking down of tyrosine, NTBC was added to the drinking water at final concentration of 6 

µg/mL.  NTBC inhibits the activity of p-hydroxlphenylpyruvate-dioxygenase, hence stop the 

tyrosine catabolic pathway. 

 

The genotypes of Fah/SB11 transgenic mice were confirmed by extracting genomic 

DNA from clipped-tail samples.  The clipped-tail samples were first dissolved in 500 
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µL tail lysis buffer [10 mM Tris-HCl, 0.5 MEDTA, 1XSSC and 1% SDS] with 5 µl 

Proteinase K at 55°C overnight, then extracted and precipitated with phenol-

chloroform and isopropanol.  Finally, the genomic DNA pellet was dissolved in sterile 

TE buffer [10 mM Tris-HCl (pH7.5), 1 mM EDTA (pH8)] and quantified using a 

Nanodrop spectrophotometer (Thermo Fisher Scientific, Massachusetts, USA).  PCR 

genotyping was performed using 50 ng of genomic DNA as template in a 25 µl PCR 

reaction volume following the GoTaq Green Master Mix protocol (Promega, 

Wisconsin, USA).  PCR primers to confirm the genotype of the transgenic mouse are 

listed in Table 2.  PCR conditions were set as follow: initial denaturing of 95°C for 

15 min; 35-cycles of denaturing at 95°C for 25 sec, annealing at 55°C for 35 sec and 

extension at 72°C for 65 sec; followed by a final extension at 72°C for 5 min.  PCR 

products were separated on a 2% agarose gel and genotype determined by the absence 

or presence of expected amplicons. 

 

 
Table 2| Primers for PCR genotyping of Fah/SB11 transgenic mouse model.  Forward 

and reverse primers for Fah and SB11 were listed in the above table. 
 

2.2 Plasmid construction 

The PCR products of K130M/V131I mutant (Mut) and wild-type (WT) variants of 

HBx genotype A, B, C and D were provided by Dr. Nadia Warner.  These HBx genes 

were introduced into the Gateway entry clone pENTR11 Dual Selection Vector 

(pENTR11) (Life Technologies Thermo Fisher Scientific) by sticky end joining after 

enzymatically digesting both the HBx gene and pENTR11 vector with EcoR1 and 

XbaI to produce pENTR-HBx (Figure 11A).  The HBx in the entry clone was then 

introduced into the destination vector (pT2/GD-DEST-EGFP) by LR clonase reaction 

using Gateway LR clonase II Enzyme mix (Life Technologies Thermo Fisher 

Scientific) to give the pT2/GD-HBx-EGFP plasmid for injection (Figure 11A).  A 
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short-hairpin RNA directed against the Trp53 gene was also incorporated into a 

transposon vector (pT2/GD-shp53) for stable integration into the mouse hepatocyte 

genome (54, 78, 79, 103) (Figure 11A).  All vectors used for hydrodynamic tail vein 

injections were prepared using EndoFree Plasmid Maxi Kit (Qiagen, Hilden, Germany) 

following the instruction provided by the manufacturer.   

 

 
Figure 11| Plasmid construction.  (A) The expression vector (pT2/GD-HBx-EGFP) was 

constructed by LR Clonase reaction.  An intermediate vector (pENTR-HBx) was first 

constructed by inserting mutant and wild-type HBx of various genotypes into the pENTR11 
dual selection vector individually.  Then by LR Clonase reaction, pT2/GD-HBx-EGFP with 

individual HBx gene at correct position and orientation was generated.  (B) EGFP genes in 

both pT2/GD-HBx-EGFP and pT2/GD-shp53 vectors allowed bio-illuminance of liver after 

necropsy.  (C) Luciferase gene included in the pT2/GD-HBx-EGFP vector allowed for the 

monitoring of liver repopulation under the supply of luciferin in IVIS imaging system. 
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2.3 Hydrodynamic tail vein injection 

Twenty micrograms of each pT2/GD-HBx-EGFP and pT2/GD-shp53 plasmids were 

hydrodynamically injected into 45-day old Fah/SB11 mice (Figure 12).  After 

injection, NTBC water was replaced with normal drinking water.  The Fah cDNA in 

the expression vector was co-expressed and allowed selective repopulation of 

hepatocytes that integrated with the transposon.  These mice were allowed to age and 

sacrificed at around 160-day post-hydrodynamic injection (PHI) (Figure 12).  

Historical controls for pT2/GD-empty-EGFP with pT2/GD-shp53 were used in this 

study.  Animal live imaging were performed at the Centralised Animal Facilities, The 

Hong Kong Polytechnic University.  Experimental animals were observed for weight 

changes and Luciferase activity using the Xenogen IVIS Imaging System.   

 

 
Figure 12| Hydrodynamic injection time line.  The Fah-/-;SBTg/+ mouse model was treated 

under NTBC water before injection.  At around 45-day old, the mouse was injected with both 

pT2/GD-HBx-EGFP and pT2/GD-shp53 vectors by hydrodynamic tail vein injection.  After 
injection, NTBC water was replaced with normal drinking water for the injected mouse and 

allowed to age.  Only hepatocytes transgenic for the pT2/GD-HBx-EGFP vector could 

successfully repopulate the liver, due to the presence of Fah cDNA in the transposon.  At 

about 160-day post-hydrodynamic injection (PHI), the injected mouse was sacrificed, liver and 

serum were isolated for experimental analyses.  
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2.4 Liver tumor analyses 

The whole liver was removed from the euthanized animal, weighed, rinsed, and placed 

in cold phosphate buffered saline (PBS).  The number of liver tumor nodules on rostral 

and caudal surfaces of all liver lobes was counted and carefully isolated.  These 

isolated tumor nodules were then cut into sections for DNA, RNA and protein 

extraction using a sterile razor blade.  Histology sections were taken for larger tumor 

nodules.  Tissue samples for RNA extraction were kept in 200 µL of RNAlater 

Stabilization Solution (Life Technologies Thermo Fisher Scientific) and stored at -

80ºC before extraction.  DNA extraction was performed as described in the PCR 

genotyping section.  RNA was extracted using Trizol reagent (Life Technologies 

Thermo Fisher Scientific) following the protocol provided by the manufacturer.  

Protein was extracted using Qproteome Mammalian Protein Prep Kit (Qiagen) 

following the protocol provided by the manufacturer. 

 

2.5 Histological analyses 

Formalin-fixed and paraffin-embedded liver tissues were sectioned at 5 microns using 

standard microtome (Leica Biosystems, Wetzlar, Germany).  These sections were then 

mounted and heat-fixed onto glass slides at 55ºC overnight.  These tissue slides were 

used for hematoxylin-eosin (H&E) staining following standard protocols, and 

immunohistochemical (IHC) staining as described in the following section.  

Pathological analyses were performed by board-certified pathologists. 

 

2.6 Immunohistochemical (IHC) analyses 

Dewaxing and rehydrating of the glass tissue section slides were performed by 

decreasing ethanol concentration gradually.  Antigen epitopes on the tissue sections 

were unmasked using the citrate-based antigen unmasking solution (Vector 

Laboratories, California, USA).  Endogenous peroxidases were removed by 

incubating the tissue sections with 3% hydrogen peroxide.  Blocking was performed 

at room temperature using a M.O.M. mouse immunoglobulin-blocking reagent 

(Vector Laboratories) in a humidified chamber for 1 hour.  Tissue sections were then 

incubated with primary antibodies with specific dilutions in M.O.M. diluent at 4ºC 

overnight in a humidified chamber.  Specific dilution for each antibody used in this 

study was listed in Table 3 below.  Tissue sections were washed thoroughly in PBS 
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after primary incubation, followed by incubation of horseradish peroxidase-secondary 

antibody raised against the source of primary antibody used.  Freshly prepared DAB 

substrate (Vector Laboratories) was used to visualize tissue sections.  Pigmentation 

for 5 seconds to 10 minutes before abolishing the reaction in water.  Eventually, 

sections were lightly counter-stained with hematoxylin, dehydrated with increasing 

ethanol concentration, cleared in Clearene and mounted with CV mounting media 

(Leica Biosystems).  

 

 
Table 3| Antibodies for immunohistochemistry (IHC) staining.  Specific dilution of primary 
antibodies used in IHC staining as listed in the table above. 
 

2.6 Semi-quantitative reverse-transcription polymerase chain reaction (RT-PCR) 

RNA from liver tissues was extracted using Trizol reagent (Life Technologies Thermo 

Fisher Scientific) following the protocol provided by the manufacturer.  The first 

strand cDNA was synthesized from 250 ng mRNA using the SuperScript First-Strand 

Synthesis System for RT-PCR (Life Technologies Thermo Fisher Scientific).  

Reactions with (RT+) and without (RT-) the reverse transcriptase were performed for 

all samples.  This cDNA was used as template for subsequent PCR with specific 

primers (Table 4).  PCR conditions were similar to PCR genotyping with reduced 

cycles to avoid saturation of amplicon.  Semi-quantitative analyses of unsaturated 

amplicons were measured using ImageJ software.  Intensity of bands was calculated 

as an arbitrary value relative to actin, beta (Actb) expression level, and statistical 

analysis was generated using unpaired Student’s t-test in Prism (version 6) (GraphPad 

Software, California, USA). 
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Table 4| Primers for RT-PCR.  Forward and reverse primers for each target gene as listed in 

the above table. 

 

2.7 Quantitative PCR 

Quantitative PCR (qPCR) was performed to determine the expression level of insulin 

growth factor 2 (Igf2), p21 (RAC1) activated kinase 6 (Pak6) and Rho GTPase 

activating protein 27 (Arhgap27) from extracted mRNA as mentioned previously.  

qPCR was performed using the QuantStudio 7 Flex Real-Time PCR System 

(University Research Facility in Life Sciences, The Hong Kong Polytechnic 

University).  PCR reaction mixture consisted of a 1:50 dilution of cDNA in 20 µL 

SYBR Green I containing GoTaq qPCR Master Mix (Promega) with specific primers 

(0.2 µM final of each primer).  Primers for target genes were listed in Table 5. 
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Table 5| Primers for qPCR.  Forward and reverse primers for each target gene as listed in 

the above table. 
 

2.8 Western blotting  

Protein was extracted from liver sections of injected mice using Qproteome 

Mammalian Protein Prep Kit (Qiagen) following the protocol provided by the 

manufacturer.  Protein concentration was determined with standard protein assay (Bio-

Rad).  Protein (50 µg) was loaded into the SDS-PAGE and transferred onto PVDF 

membrane.  Primary antibodies (pAKT, total AKT, non-phospho. (active) CTNNB1, 

total CTNNB1, FOXO1, peroxisome proliferator activated receptor gamma (PPARG) 

and ACTB) were diluted in 5% BSA at 1:2000 concentration.  Secondary antibodies 

(anti-mouse or anti-rabbit) were diluted in 5% BSA at 1:2000 concentration.  

Membrane was blocked with 5% non-fat milk, then incubated with primary antibody 

at 4°C overnight followed by secondary antibody incubation at room temperature for 

an hour.  The membrane was then washed with 1X TBST for 3 times in 10 minutes’ 

interval.  Afterwards, membrane was visualized using Immobilon Western 

Chemiluminescent HRP Substrate (MilliporeSigma, Massachusetts, USA) following 

the protocol provided by the manufacturer.  Membrane was stripped with mild 

stripping buffer for binding with a new antibody when necessary.  

 

2.9 Serum metabolite analyses 

Serum preparation for injection:  

Serum was isolated by centrifuging blood at 4000 rpm for 5 to 10 minutes.  To prepare 

serum for Ultra Performance Liquid Chromatography-Orbitrap-Mass spectroscopy 
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(UPLC-Orbitrap-MS), 60 µL serum sample was mixed with 250 µL methanol and 

vortexed for 30 seconds.  The mixture was left at -20� overnight for the completion 

of deproteination.  Then, 125 µL aliquot of supernatant was collected after 

centrifugation at 18900g at 4� for 20 minutes and dried under nitrogen gas.  The dried 

supernatant was stored at -80� prior to UPLC-Orbitrap-MS analysis. 

 

Quality control 

An equal volume of each serum sample was pooled, vortexed and aliquoted to provide 

pooled quality control (QC) samples and went through the same extraction protocols 

of LC-MS as described above like all other samples.  They were injected to UPLC-

MS intermittently between samples for checking the stability of the instruments 

throughout the runs. 

 

UPLC-Orbitrap-MS analysis 

The dried supernatant was reconstituted in 60 µL of 5% acetonitrile in water (5:90, 

v/v) and was centrifuged at 18900g for 15 minutes.  A 3 µL aliquot was injected into 

a Waters ACQUITY UPLC system (Waters, Milford, MA, USA).  The UPLC 

separation was performed on a Waters ACQUITY UPLC HSS T3 column (2.1 mm x 

100 mm, 1.8 µm) with HSS T3 guard column (2.1mm x 5 mm, 1.8 µm).  The mobile 

phase consisted of solvent A (0.1% formic acid in water, v/v) and solvent B (0.1% 

formic acid in acetonitrile, v/v) at a flow rate of 0.3 mL/min with elution gradient as 

follows: 0 minutes, 5% B; 5 minutes, 50% B; 10 minutes, 60% B; 15 minutes, 65% B; 

18 to 21 minutes, 95% B.  A 3-minute post-run time was set to fully equilibrate the 

column.  Column and sample chamber temperature were at 40� and 

4�� respectively.  

 

Mass spectrometry analysis was achieved by a Thermo Scientific Orbitrap Fusion 

Lumos Tribrid mass spectrometer equipped with a heated electrospray ionization (H-

ESI) interface (Thermo Fisher Scientific).  The mass-spectrometric conditions were 

optimized as follows: spray voltage, 2300V in negative H-ESI mode and 3500V in 

positive H-ESI mode; ion transfer tube and vaporizer temperature, 300�.  Nitrogen 

gas was used as the sheath gas and the aux gas with flow rate of 20 and 10 L/min, 

respectively.  The instrument was operated in data-dependent acquisition mode, with 
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full MS scans over m/z 90–1000 with Orbitrap (120k resolution0 as detection.  Mass 

fragmentation was carried out for peak identification at normalized collision energy 

of 30 ± 10% higher energy collisional dissociation with detection in the Orbitrap (30k 

resolution) MS2 detection.  All the data analysis was carried out using the Thermo 

Xcalibur Qual Browser software (Thermo Fisher Scientific).  Data processing was 

analysed by Progenesis QI software 2.0 (Nonlinear Dynamics, Newcastle upon Tyne, 

United Kingdom) and peak area was normalized by all compound with reference of 

quality control.  Quality screening was done by filtering out those unstable metabolites 

(coefficient of variation > 30% in all pooled quality control samples).  The remaining 

normalized data matrix was exported to the Extended Statistical tool (EZinfo v2.0 

software, Umetrics AB) for partial least squares-discriminant analysis (PLS-DA) so 

as to evaluate their classification performance.  The parameter Q2 is used to assess the 

goodness of prediction for performance of PLS-DA in a general acceptable threshold 

value of 0.5.  The metabolites that had significant difference between HBx-B Mut and 

WT experimental samples were identified by comparing their m/z, mass 

fragmentation patterns and chromatographic retention times with commercially 

available reference standards and/or online metabolite databases such as Human 

Metabolome Database (http://metlin.scripps.edu), Metlin (http://metlin.scripps.edu) 

and literatures. 

 

2.10 Statistical analysis and figures icons 

Values are given as mean ± standard deviation (SD).  Statistical significance was 

assessed by Prism two-tailed Student’s t-test with p-values (GraphPad Software).   q-

value was used to justify significantly deferentially expressed genes (DEGs) in RNa 

sequencing result. Figure icons of cell components were adopted from an online 

bioinformatics tool – Reactome (109). 
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Chapter 3 - Results 

3.1 Divergent effect on tumor burden by K130M/V131I mutant and wild-type of 

various HBx genotypes 

The first goal of this study was to find out which genotype is the most tumorigenic.  

In order to achieve this, expression vectors expressing either K130M/V131I mutant 

and wild-type HBx gene of genotypes A, B, C and D were generated as described 

in the method section.  Twenty micrograms of either mutant or wild-type clones 

were co-injected with a short hairpin RNA that targeted Trp53 (shp53) containing 

vector into tail vein of Fah/SB11 mice by hydrodynamic tail vein injection.  After 

injection, NTBC water was replaced by normal drinking water and the mice were 

allowed to age until 160-days post hydrodynamic injection (PHI).  The body weight 

and condition of the injected mice were recorded in the first 6 weeks PHI.  Since, 

the liver was undergoing regeneration in the first 6 weeks PHI, the weight of the 

mice was reduced in the first 3-4 weeks PHI and gradually increased afterwards 

(102).   

During aging, due to the expression of luciferase in the expression vector, re-

generation progress of liver in the experimental animals were monitored by animal 

live imaging via application of luciferin.  Necropsy of experimental animals were 

performed at around 160-day PHI.  Whole body weight and liver weight of the 

experimental animals were measured and recorded.  GFP signal of the liver was 

observed under BLS® florescent goggle with specific emission filter, livers from all 

experimental animals, including empty control shown more than 95% GFP-positive 

hepatocytes; while no GFP signal could be observed in Fah/SB11 non-injected control 

and wild-type control animals.  This indicated the successful expression of the 

transposon in hepatocytes after injection.  The number of GFP-positive tumors were 

counted and isolated for further analyses (Fig. 13A).  First of all, significant difference 

(p < 0.0001) in liver-to-whole body weight ratio was observed in all HBx injected 

animals with either mutant or wild-type variants of each genotypes, which had an 

average liver-to-whole body weight ratio of about 7%, compared to the empty control 

groups, which had an average liver-to-whole body weight ratio of 5% (n = 9) (Fig. 

13C).  However, there was no significant difference in liver-to-whole body weight 

ratio between mutant and wild-type of the same genotype, with the exception for 

genotype B.  HBx-B mutant injected animals displayed significantly larger liver-to-
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whole body weight ratio than HBx-B WT injected animals (p = 0.0473).  These results 

suggest that both mutant and wild-type of HBx genes in genotype A, B, C and D might 

induce hepatomegaly, while genotype B mutant variant displayed more severe 

phenotype than its wild-type counterpart (Fig. 13C). 

Next, we compared the tumor burden efficacy between mutant and wild-type of each 

genotypes based on the number of GFP-positive tumor nodules formed in the 

experimental animals.  From the result, both mutant and wild-type variants of 

genotype D induced the severest tumor burden (7.6 ± 1.614 tumor nodules per mouse, 

n = 10 and 3.1 ± 0.9196 tumor nodules per mouse, n = 9, respectively), in which its 

mutant variant induced significantly stronger tumor burden than its wild-type 

counterpart (p = 0.0315) (Figure 13B).   The second most tumorigenic genotype was 

genotype C, although there was no significant difference in tumor burden between 

mutant and wild-type variants of HBx genotype C (p = 0.5226), both variants induced 

strong tumor burden: HBx-C Mut induced 2.3 ± 1.033 (n = 10) tumor nodules per 

mouse and HBx-C WT induced 1.444 ± 0.7658 (n = 9) tumor nodules per mouse 

(Figure 13B).  For HBx genotype B, Mut and WT variants induced an average tumor 

burden of 1.2 ± 0.611 (n = 10) per mouse and 0.2 ± 0.1333 (n = 10) per mouse, 

respectively (Figure 13B).  Although there was no significant difference in tumor 

burden efficacy between HBx-B Mut and WT experimental groups, HBx-B Mut 

injected mice displayed a trend toward higher tumor burden than HBx-B WT 

counterpart (p = 0.1272) (Figure 13B).  The genotype that displayed the least tumor 

burden effect was HBx genotype A, with no significant difference in number of tumor 

nodules induced by Mut and WT experimental animals.  Both Mut and WT variants 

of HBx-A induced low tumor nodule formation with 0.4 ± 0.4 (n =10) tumor nodule 

per mouse and 0.5 ± 0.3273 (n = 8) tumor nodules per mouse, respectively (Figure 

13B).  

Although genotype D of HBx gene was the most aggressive in tumor burden induction, 

its tumorigenic effect was studied in our previous study (54), thus more focus was 

placed on the Asian-related genotypes B and C in this study. 
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Figure 13| Isolated livers, number of tumor nodules and liver-to-whole body weight ratio 
of each experimental groups.  (A) Representative isolated livers of necropsied animals from 

each experimental group.  Generally, more nodules were found in animals injected with 

K130M/V131I mutant HBx gene of each genotypes.  Arrows indicate tumor nodules; the 

orientation of the livers were optimized to show the most tumor nodules; scale bars, 0.5 cm.  
(B) Number of GFP+ tumor nodules found in each experimental group.  HBx-D mutant (Mut) 

and wild-type (WT) variants induced the most tumor nodules formation (7.6 ± 1.614 nodules 

per mouse, n = 10 and 3.1 ± 0.9196 nodules per mouse, n = 9, respectively), in which its 

mutant variant induced significantly stronger tumor burden than its wild-type counterparts (p 

= 0.0315*).   There was no significant difference in tumor burden between HBx genotype C 

Mut and WT variants (p = 0.5226), HBx-C Mut induced 2.3 ± 1.033 (n = 10) tumor nodules per 

mouse and HBx-C WT induced 1.444 ± 0.7658 (n = 9) tumor nodules per mouse.  HBx-B Mut 

injected mice displayed a trend toward higher tumor burden than HBx-B WT counterpart (p = 
0.1272).  HBx-B Mut (n = 10) and HBx-B WT (n = 10) induced an average tumor burden of 

1.2 ± 0.611 nodules per mouse and 0.2 ± 0.1333 tumor nodules per mouse, respectively.  

There was no significant difference in number of tumor nodules induced by HBx-A Mut and 

HBx-A WT experimental animals.  HBx-A Mut induced 0.4 ± 0.4 (n =10) tumor nodule per 
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mouse and HBx-A WT induced 0.5 ± 0.3273 (n = 8) tumor nodules per mouse.  (C) There was 

significant difference in liver-to-body weight ratio between each HBx experimental groups 

compared with empty control groups.  Liver-to-whole body weight ratio in HBx experimental 

groups was around 7%; while that in empty control group was around 5%.  This indicated HBx 
might induce hepatomegaly.  Additionally, a significant difference in liver-to-whole body weight 

ratio between HBx-B Mut and WT experimental groups was illustrated (p = 0.0473*). 

 

3.2 Histopathological phenotypes in HBx injected animals 

In order to find out the hepatic morphological changes of the experimental animals, 

liver tissues were stained with H&E solution and histopathological changes, including 

inflammation, necrosis, and fibrosis, were assessed by board certified pathologist.  The 

severity of the histopathological changes was scored ranging grade 0 to grade 3, with 

grade 0 for no pathological changes, grade 1 for mild, grade 2 for moderate, and grade 

3 for the most severe changes (Figure 14A (i, ii, iii)).  Summarizing the 

histopathological changes, enlargement of hepatocyte nuclei with apparent pyknotic 

changes were observed and this indicated the development of hepatocellular necrosis 

(Figure 14B (iii)).  Moreover, multi-nuclei and mitotic figures were found in the HBx 

injected animal sections (Figure 14B (iii) and (iv)).  Additionally, individual cell 

necrosis was indicated from the slides injected with either mutant or wild-type HBx 

gene variants of genotype B (Figure 14B (vii)).  Fibrosis and degenerative changes 

were also observed in liver sections of the HBx-B mutant and wild-type injected 

animals (Figure 14B (viii)).  Furthermore, different degrees of inflammation were 

observed based on the amount of lymphocyte aggregation in the injected liver sections 

(Figure 14B (ix)).  We found that higher degree of inflammation was observed in 

Asian-related genotypes B and C.  Experimental animals injected with both mutant 

and wild-type HBx genes of genotype C induced severe inflammation, and HBx-B 

experimental groups induced moderate degree of inflammation; while both HBx-A 

and HBx-D experimental groups only induced mild inflammation.  With the question 

if genotypes B and C played a more important role in promoting tumor progression, 

more effort was put on elucidating the molecular pathways induced by genotypes B 

and C of HBx gene. 
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Figure 14| Histopathology of livers from HBx injected experimental animals.  (A) 

inflammation (i), necrosis (ii), and fibrosis (iii) events were assessed by board-certified 

pathologist.  Severity of each pathological events were graded from 0 to 3, 0 means the least 
severe, 1 means mild, 2 means moderate, and 3 means the most severe.  (B) Representative 

H&E staining images illustrated dysplastic hepatic morphologies of the experimental animals.  
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(i, v) Non-injected Fah/SB11 liver under continuous treatment of NTBC shown normal 

hepatocyte morphology.  (ii, vi) Fah/SB11 liver injected with empty vector control in the 

context of shp53.  (iii) Multinucleated cells (indicated with green arrow) and pyknotic nuclei 

(indicated with yellow arrow) of hepatocytes were found in HBx/shp53 injected liver.  (iv) More 
mitotic figures (indicated with red arrow) were noted in liver sections injected with HBx/shp53.  

Scale bars, 11 µm.  (vii) Necrosis (arrows) observed in the HBx injected animals with co-

injection of shp53.  (viii) Fibrosis observed in Fah/SB11 animals with HBx-B genotype co-

injected with shp53.  (ix) Areas of lymophocytic inflammation (arrows) seen in Fah/SB11 mice 

with HBx gene with co-injection of shp53.  (x) Tumor nodule (T) observed in Fah/SB11 animals 

HBx gene co-injected with shp53 with dysplastic hepatic morphology seen in peripheral 

hepatocytes (P).  Scale bars, 100 µm. 

 

3.3 Expression of transgenes in HBx injected liver 

To confirm the inflammation and tumor formed were driven by expression of the HBx 

gene, semi-quantitative RT-PCR was performed to examine the expression of green 

fluorescent protein (Gfp), HBx and Fah transgenes flanked in the transposon elements 

of the delivery vectors.  Both normal tissues and tumors isolated from HBx injected 

mouse liver expressed the Gfp, HBx and Fah transgenes (Figure 15A), this indicated 

the successful integration and expression of transposons in the liver of the 

experimental animals.  Next, the transcriptional level of alpha-fetoprotein (Afp), a 

well-known marker for HCC diagnosis, was analysed by semi-quantitative RT-PCR.  

The results showed that Afp was detected in all HBx injected animals, especially high 

mRNA expression of Afp was detected in tumor when compared with its 

corresponding adjacent microscopically normal liver samples (p = 0.0599) (Figure 

15A).  As expected, the wild-type adult mouse liver control used for RT-PCR analyses 

did not express detectable levels of Afp, Gfp or HBx transgenes, but expressed high 

levels of endogenous Fah (Figure 15A).  Additionally, to examine if the expression 

level of HBx would contribute to the tumorigenicity differences in mutant and wild-

type variants in the same genotype of HBx gene, expression level of HBx in all 

experimental cohorts was quantified by qPCR (Figure 15B).  From the qPCR result, 

there was no significant difference in HBx expression level between animals injected 

with mutant and wild-type variants of the same genotype (Figure 15B).   

 

Furthermore, rescued activity of Fah in injected mice was also confirmed by IHC 

(Figure 15C), while control wild-type mouse livers were strongly Fah-positive, and 
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non-injected Fah/SB11 control animals (under NTBC treatment) were Fah-negative 

by IHC staining, indicating the successful integration, transcription and translation of 

genes flanked in transposon of injected animals.  We also detected the level of Ki67, 

which is a marker for cell proliferation, in the experimental animal by IHC staining.  

As expected, normal non-proliferating livers were Ki67-negative, while liver tumor 

nodules isolated from experimental animals injected with HBx gene were strongly 

positive for Ki67 (Figure 15C). 
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Figure 15| Expression of transgenes in HBx injected animals.  (A) Representative RT-

PCR on Afp, Gfp, HBx, Fah and Actb genes of HBx injected animals.  The presence of Gfp, 

HBx and Fah bands in the RT-PCR products indicated successful integration and expression 

of transposon.  Moreover, Afp mRNA expression level in HBx injected animals was higher 

than the wild-type mouse, additionally, its expression level in tumor was higher than that of 

normal tissues as well.  (B) The mRNA expression level of HBx in different experimental 

groups.  There was no significant different in HBx expression level between the mutant and 
wild-type variants of the HBx injected animals.  (C) Representative IHC stained images for 

anti-Fah in controls and Fah/SB11 animals injected with various HBx and shp53 transgenes.  

Top panels, no primary antibody was used.  Bottom panels, anti-Fah primary antibody used.  

Left column, wild-type mouse liver showing strong anti-Fah activity.  Middle column, no anti-

Fah activity detectable in non-injected Fah/SB11 liver under NTBC supply.  Right column, 

anti-Fah activity detected in Fah/SB11 livers with wild-type (WT) HBx-B genotype co-injected 

with shp53, with removal of NTBC after injection.  Scale bars, 100 µm.  (C) Representative 

IHC stained images for anti-Ki67 in controls and liver tumors of Fah/SB11 animals injected 
with HBx and shp53 transgenes.  Top panels, no primary antibody was used.  Bottom panels, 

anti-Ki67 primary antibody used.  Left column, wild-type mouse liver showing no anti-Ki67 
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activity.  Middle column, no anti-Ki67 activity detectable in empty liver. Right column, strong 

anti-Ki67 activity detected in tumors (T) of Fah/SB11 livers with expression of HBx 

K130M/V131I mutant gene, while the peripheral hepatocytes (P) displayed low anti-Ki67 

activity.  Scale bars, 100 µm.  Magnified image was shown in right corner (solid-lined box) of 
each slide.  Scale bars, 11 µm. 

 

 

3.4 Increased AKT and CTNNB1 protein levels in HBx injected mice 

To elucidate the molecular pathways induced by various genotypes of HBx gene, we 

first focused on both PI3K/AKT and WNT/CTNNB1signalling pathways, as they are 

commonly known to play vital roles in regulating cellular differentiation, proliferation 

and survival in HCC (110).  IHC on liver sections of experimental animals were 

performed and liver tumor nodules isolated from mice injected with HBx in context 

of shp53 predisposal background were strongly positive for nuclear pAKT and 

CTNNB1 (Figure 16A and B).  Western blot analyses on protein extracted from HBx 

experimental mice was incubated with non-phospho (active) CTNNB1 (active 

CTNNB1), CTNNB1, phospho-AKT (ser473) (pAKT), and AKT primary antibodies 

(Figure 17A and B).  After quantifying with the beta-actin (ACTB) level of empty 

control, the protein level of total CTNNB1 and total AKT were significantly higher in 

HBx-B Mut/shp53 when compared with empty control, while FOXO1 protein level 

was significantly lower in HBx-B Mut/shp53 than that of empty and there were a trend 

showing that protein level of active CTNNB1and pAKT were higher in HBx-B 

Mut/shp53 when compared with empty controls (Figure 17A).  On the other hand, 

only pAKT protein level was significantly increased in HBx-B WT/shp53 when 

compared with and there were no significant differences in AKT, active and total 

CTNNB1 and FOXO1 levels between HBx-B WT/shp53 and empty controls (Figure 

17B).   

Furthermore, protein levels of active CTNNB1, total CTNNB1, pAKT, total AKT, 

FOXO1 and PPARG was examined for HBx-C Mut/shp53 and WT/shp53 injected 

animals.  After quantification with the ACTB protein level, there was no significant 

alteration on expression of these proteins in normal tissues of HBx-C Mut/shp53 and 

WT/shp53 injected animals compared with that of empty control animals (Figure 

17C).  However, comparing the protein level from both tumor and normal tissues of 
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HBx-C WT/shp53 injected animals with that from normal tissues of empty control, 

significantly higher expression of active CTNNB1 and pAKT level were detected in 

both normal and tumor tissues of HBx-C WT/shp53 injected animals (Figure 17D).  

Surprisingly, there was no significant difference in FOXO1 expression level, yet 

PPARG expression level was significantly reduced in tumor of HBx-C WT/shp53 

injected animals compared with the empty control (Figure 17D).   Therefore, we 

proposed that different genotypes of HBx gene would activate different signalling 

pathways predominantly, in which AKT/FOXO1 signalling pathway played a more 

significant role in triggering tumor development under over-expression of HBx-B 

K130M/V131I variant; while activation of PPARG/CTNNB1 signalling pathway was 

predominant under over-expression of HBx-C wild-type variant (Figure 17E). 
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Figure 16| Representative IHC stained images of experimental animals using anti-pAKT 
(S473) and anti-beta-Catenin (CTNNB1) primary antibodies.  (A) Representative liver 

sections stained with anti-pAKT (S473) primary antibody.  (Upper panel) No primary antibody 

was added.  (Bottom panel) pAKT (S473) primary antibody was added.  (Left panel) Wild-

type liver, (middle panel) Non-injected Fah/SB11 liver under continuous treatment of NTBC, 
and (Right panel) HBx/shp53 co-injected liver.  Nuclear staining by pAKT (S473) as indicated 

by the arrows.  (B) Representative liver sections stained with anti-b-Catenin primary antibody.  

(Upper panel) No primary antibody was added.  (Bottom panel) b-Catenin primary antibody 

was added.  (Left panel) Wild-type liver, (middle panel) Non-injected Fah/SB11 liver under 

continuous treatment of NTBC, and (Right panel) HBx/shp53 co-injected liver.  Cytoplasmic 

staining by b-Catenin as indicated by the arrows.  Scale bars, 100 µm. 
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Figure 17| Representative Western blot and qPCR of experimental animals.  (A) 

Representative Western blot of HBx-B Mut/shp53 injected animals (Upper panel).  (B) 
Representative Western blot of HBx-B WT/shp53 injected animals (Upper panel).  Active and 

total CTNNB1, phosphorylated and total AKT, total FOXO1 and ACTB levels of HBx-B mutant 

injected groups.  Relative protein levels were quantified relative to the endogenous ACTB 

level of corresponding animals (Bottom panel).  (C) Representative Western blot of protein 

extracted from normal tissues of HBx-C Mut/shp53 and WT/shp53 injected animals (Upper 
panel).  Active and total CTNNB1, phosphorylated and total AKT, total FOXO1, PPARG and 

ACTB levels of HBx-C injected groups.  Relative protein levels were quantified relative to the 

endogenous ACTB level of corresponding animals (Bottom panel).  (D) Representative 
Western blot of protein extracted from both tumor and normal tissues of HBx-C WT/shp53 

injected animals (Upper panel).  Active and total CTNNB1, phosphorylated and total AKT, 

total FOXO1, PPARG and ACTB levels of HBx-C injected groups.  Relative protein levels were 

quantified relative to the endogenous ACTB level of corresponding animals (Bottom panel).  
(E)  Proposed signalling pathways induced by over-expression of genotypes B and C of HBx 

gene.  Mean ± S.D.; p, unpaired student t-test, *p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001.   

 

3.5 RNA-Seq revealed crucial roles of metabolism reprogramming in HBx injected 

mice  

To determine gene expression alterations induced by over-expression of the HBx, 

RNA-Seq was performed to quantify the RNA expression profile of HBx injected 

animals.  RNA expression of tumor and normal tissues of HBx/shp53 experimental 

animals and empty/shp53 control animals (samples were listed in Table 6) were 
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quantified by Illumina sequencing and expression level of each gene was calculated 

by fragments per kilobase of exon per million reads mapped (FPKM).  Based on the 

gene expression level, differentially expressed genes (DEGs) were identified between 

groups.  Fold of expression differences of gene expression between 2 samples were 

calculated by log 2 FPKM ratio of 2 samples.  Significant gene expression difference 

was filtered with log 2 ratio greater or equal to 1 (for up-regulation) and smaller or 

equal to -1 (for down-regulation) and p-value less than 0.05.  DEGs reported in the 

following sections were significantly altered with p < 0.05 and log 2 ratio greater than 

1 for up-regulation and less than -1 for down-regulation cases.  

 

 
Table 6| List of samples used for RNA sequencing.  Number and types of liver tissue in 

each experimental group used for RNA sequencing as listed in the above table.   
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3.5.1 RNA sequencing result of HBx Genotype A 

In order to find out the genetic changes induced by K130M/V131I mutant and wild-

type HBx of genotype A, we first compared the RNA expression profiles in normal 

and tumor tissue of HBx-A Mut and HBx-A WT experimental groups with empty 

control group, with the co-injection of shp53.  There were relatively low genetic 

differences in RNA expression profiles of normal tissues between HBx-A Mut (n = 3), 

HBx-A WT (n = 4) and empty control (n = 3) groups.  Only 51 genes were up-

regulated, and 98 genes were down-regulated in normal tissues of HBx-A Mut 

compared with empty control; and 34 genes were up-regulated, 51 genes were down-

regulated in normal tissues of HBx-A WT compared with empty control (Figure 18A).  

There were large genetic differences between RNA expression profiles of HBx-A WT 

tumor (n = 1) and that of empty normal control, in which 1204 genes were up-regulated, 

791 genes were down-regulated (Figure 18A).  There were 39 common DEGs 

identified in normal tissues of HBx-A WT and HBx-A Mut groups in referencing to 

the empty normal control, in which 12 DEGs were up-regulated, including major 

urinary protein 12 (Mup12), which participated in inflammatory pathway, and 27 

DEGs were down-regulated, including Fah and sushi domain containing 4 (Susd4), 

which is a complement inhibitor (Figure 18B).   

 

 

 
Figure 18| Differentially expressed genes (DEGs) identified in HBx genotype A (HBx-A) 
injected.  (A) Number of DEGs in HBx-A Mut (149 DEGs, n = 3) normal liver tissue was similar 

to that of HBx-A WT (85 DEGs, n = 4) normal liver tissue compared with empty control (n = 
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3); while gene expression in tumor induced by HBx-A WT (n = 1) had a diverse difference 

comparing to empty normal control.  Only two genes were differentially expressed in normal 

tissue of HBx-A Mut group compared with HBx-A WT normal group.  High gene diversity was 

observed between tumor and normal tissue of HBx-A WT groups.  Red bars represent up-
regulated genes.  Blue bars represent down-regulated genes.  (B) Venn diagram showing 

overlapping DEGs identified in normal tissues of HBx-A WT and Mut injected animals in 

referencing to empty normal control.  N represents normal tissue; T represents tumor tissue. 

 

Next, we compared the normal tissues of HBx-A Mut to HBx-A WT, only X-linked 

lymphocyte-regulated 3A (Xlr3a) and family with sequence similarity 47, member E 

(Fam47e) were found to be differentially expressed (down-regulation) and they were 

not involved in any of the canonical KEGG pathways (Figure 18A and Figure 19A).  

A total of 1498 DEGs were identified when comparing the tumor tissue (n = 1) to the 

normal tissues (n = 4) injected with wild-type HBx genotype A, in which 1100 genes 

were found to be up-regulated and 398 genes were found to be down-regulated 

(Figure 18A and Figure 19B).   

 

With the DEGs identified in tumor of HBx-A WT injected animal, KEGG analyses 

was performed.  These genes were annotated in six functional classification branches 

of KEGG pathways including cellular process, environmental information processing, 

genetic information processing, human disease, metabolism and organismal systems.  

The top involvement functional pathways of each classification were cell growth and 

death in cellular process, signal transduction in environmental information processing, 

folding, sorting and degradation in genetic information processing, cancers: overview 

in human diseases, global and overview maps, metabolism and immune system in 

organismal systems (Figure 19C).  We then matched DEGs with the KEGG pathways 

and found that the top 20 most significant pathway involved in tumor progression 

induced by HBx-A WT gene were chemokine signalling pathway (q = 1.126 x 10-9), 

metabolic pathways (q = 8.116 x 10-9), focal adhesion (q = 1.621 x 10-8), Fc gamma 

R-mediated phagocytosis (q = 1.141 x 10-7), regulation of actin cytoskeleton (q = 

1.188 x 10-7), osteoclast differentiation (q = 6.854 x 10-7), tryptophan metabolism (q 

= 1.272 x 10-6), AGE-RAGE signalling pathway in diabetic complications (q = 3.808 

x 10-6), amoebiasis (q = 3.808 x 10-6), B cell receptor signalling pathway (q = 3.871 x 

10-6), arginine and proline metabolism (q = 7.238 x 10-6), staphylococcus aureus 
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infection (q = 1.434 x 10-5), Fc epsilon RI signalling pathway (q = 1.792 x 10-5), 

arginine biosynthesis (q = 2.434 x 10-5), leishmaniasis (q = 2.582 x 10-5), Histidine 

metabolism (q = 3.203 x 10-5), MAPK signalling pathway (q = 3.685 x 10-5), alanine, 

aspartate and glutamate metabolism (q = 4.260 x 10-5), T cell receptor signalling 

pathway (q = 5.614 x 10-5), and natural killer cell mediated cytotoxicity (q = 5.853 x 

10-5) (Figure 19D and 19E).  While the top 5 pathways with the most number of DEGs 

involved were (i) metabolic pathway, in which 63 genes were up-regulated and 143 

genes were down-regulated; (ii) focal adhesion with 59 DEGs, in which 54 genes were 

up-regulated and 5 genes were down regulated; (iii) regulation of actin cytoskeleton 

with 56 DEGs in total, in which 54 genes were up-regulated and 2 genes were down-

regulated; (iv) MAPK signalling pathway with 54 DEGs, in which 49 genes were up-

regulated and 5 genes were down-regulated; and (v) chemokine signalling pathway, 

in which 47 genes were up-regulated and 5 genes were down-regulated (Figure 19D).  

To summarize the findings in HBx genotype A study, expression of Mup12 was 

significantly up-regulated (760-fold increase) in normal tissues of both HBx-A WT 

and Mut injected animals referencing to empty normal control.  There was low genetic 

difference between experimental animals injected with either mutant or wild-type 

HBx gene of genotype A for there was no significant difference in tumor burden rate 

and only 2 DEGs were identified between these groups.  On the other hand, when 

comparing the tumor with the normal tissue of the HBx-A WT group, 1498 DEGs 

were identified, and most of the DEGs were found to be associated with signalling 

pathways, such as focal adhesion, regulation of actin cytoskeleton, MAPK signalling 

pathway, chemokine signalling pathway, and Rap1 signalling pathway.   
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Figure 19| RNA-seq result of HBx-A mutant and wild-type injected animals.  (A) Heatmap 

of DEGs found between normal tissues of HBx-A Mut and WT experimental animals.  (B) 
Heatmap of DEGs found between normal and tumor tissues of HBx-A WT experimental 
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animals.  (C) KEGG functional classifications of DEGs found between normal and tumor 

tissues of HBx-A WT experimental animals.  (D) KEGG pathways of DEGs found between 

normal and tumor tissues of HBx-A WT experimental animals.  (E) KEGG pathways 

enrichment of DEGs found between normal and tumor tissues of HBx-A WT experimental 
animals.  N represents normal tissue; T represents tumor tissue.  Red bars represent up-

regulated genes.  Blue bars represent down-regulated genes. 
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3.5.2 RNA sequencing result of HBx genotype B 

Similar to genotype A, we first compared the RNA expression profiles in normal and 

tumor tissue of HBx-B Mut and HBx-B WT experimental groups with empty control 

group with the predisposal background of shp53.  Since no solid tumor was isolated 

from HBx-B WT group, so RNA expression profile for tumor induced by HBx-B WT 

group was not included in the comparison of this study.  There were relatively low 

genetic differences in RNA expression profile of normal tissues between HBx-B Mut 

(n = 4), HBx-B WT (n = 3) and empty control (n = 3) groups.  Only 13 genes were 

up-regulated and 26 genes were down-regulated in normal tissues of HBx-B Mut 

compared with empty control; and 7 genes were up-regulated and 20 genes were 

down-regulated in normal tissues of HBx-B WT compared with empty control (Figure 

20A).  Large genetic differences between RNA expression profiles of HBx-B Mut 

tumors (n = 3) and that of empty normal control, in which 339 genes were up-regulated 

and 439 genes were down-regulated (Figure 20A).  There were 10 common DEGs 

identified in normal tissues of HBx-B WT and HBx-B Mut groups in referencing to 

the empty normal control, in which only 1 DEGs were up-regulated and 9 DEGs were 

down-regulated, including Fah and Susd4, which were also commonly found in HBx-

A Mut and WT injected animals (Figure 20B). 

 

 
Figure 20| Differentially expressed genes (DEGs) identified in HBx-B injected animal 
groups.  (A) Number of DEGs in HBx-B Mut (39 DEGs, n = 4) normal liver tissue was similar 

to that of HBx-B WT (27 DEGs, n = 3) normal liver tissue compared with empty control (n = 
3); while gene expression in tumor induced by HBx-B Mut (832 DEGs, n = 3) had a diverse 

difference comparing to empty normal control.  Only 3 genes were differentially expressed in 
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normal tissue of HBx-B Mut group compared with HBx-B WT normal group.  High gene 

diversity (377 DEGs) was observed between tumor and normal tissue of HBx-B Mut groups.  

Red bars represent up-regulated genes.  Blue bars represent down-regulated genes.  (B) 

Venn diagram showing overlapping DEGs identified in normal tissues of HBx-B WT and Mut 
injected animals in referencing to empty normal control.  N represents normal tissue; T 

represents tumor tissue. 

 

Comparing the RNA expression profiles in normal tissues of HBx-B Mut to HBx-B 

WT group, three genes were found to be differentially expressed, in which Mup14 and 

ectodysplasin-A (Eda) were up-regulated, while predicted gene 5779 (Gm5779) was 

down-regulated (Figure 20A and 21A).  These DEGs played a role in arachidonic acid 

metabolism, ribosome, cytokine-cytokine receptor interaction and metabolic 

pathways of KEGG pathways (Figure 21B, 21C and 21D). 

 

Next, we compared RNA expression profiles of the tumor (n = 3) and normal tissues 

(n = 4) of HBx-B Mut injected mice, 377 DEGs were totally identified, in which 235 

genes were found to be up-regulated and 142 genes were found to be down-regulated 

in the tumor tissues compared to its normal tissues (Figure 20A and 22A).  These 

DEGs were annotated in cellular processes, environmental information processing, 

genetic information processing, human diseases, metabolism and organismal systems.  

The highest amount of DEGs in each branch was cellular community – eukaryotes (26 

DEGs) in cellular processes; signalling transduction (57 DEGs) in environmental 

information processing; folding, sorting and degradation (7 DEGs) in genetic 

information processing; cancers: overview (49 DEGs) in human diseases; global and 

overview maps (60 DEGs) in metabolism; and immune system (28 DEGs) in 

organismal systems (Figure 22B).   

 

The top 20 KEGG pathways that were most significantly involved by these DEGs 

included chemical carcinogenesis (q = 1.441 x 10-5), bile secretion (q = 4.085 x 10-5), 

arginine biosynthesis (q = 1.645 x 10-4), alanine, aspartate and glutamate metabolism 

(q = 2.527 x 10-4), arachidonic acid metabolism (q = 3.657 x 10-4), metabolic pathways 

(q = 5.120 x 10-4), linoleic acid metabolism (q = 7.862 x 10-4), biosynthesis of amino 

acids (q = 9.144 x 10-4), steroid hormone biosynthesis (q = 1.609 x 10-3), inflammatory 

mediator regulation of transient receptor potential (TRP) channels (q = 1.887 x 10-3), 
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ECM-receptor interaction (q = 1.887 x 10-3), cysteine and methionine metabolism (q 

= 6.172 x 10-3), retinol metabolism (q = 1.697 x 10-2), proximal tubule bicarbonate 

reclamation (q = 2.726 x 10-2), glycine, serine and threonine metabolism (q = 2.842 x 

10-2), serotonergic synapse (q = 3.910 x 10-2), focal adhesion (q = 5.072 x 10-2), 

mineral absorption (q = 5.072 x 10-2), seleno compound metabolism (q = 5.125 x 10-

2), and fluid shear stress and atherosclerosis (q = 6.008 x 10-2) (Figure 22C).  While 

the top 5 pathways with the most number of DEGs involved were (i) metabolic 

pathway with 59 DEGs, in which 13 genes were up-regulated and 46 genes were 

down-regulated; (ii) chemical carcinogenesis with 14 DEGs, in which 6 genes were 

up-regulated and 8 genes were down-regulated; (iii) focal adhesion with 14 DEGs up-

regulated; (iv) arachidonic acid metabolism with 13 DEGs, in which 4 genes were up-

regulated and 9 genes were down-regulated; and (v) Ras signalling pathway with 13 

DEGs, in which 10 genes were up-regulated and 3 genes were down-regulated (Figure 

22D). 

 

Serum metabolites analysis using UPLC-Orbitrap-MS 

The RNA-seq results revealed the importance of metabolic disorder in tumor 

development of HBx injected mice.  Therefore, metabolomics analysis on serum 

samples of HBx genotype B experimental mice performed using UPLC-Orbitrap-MS.  

This was used to determine changes in metabolites as a result of HBx expression.  

Fold-changes of metabolites were compared between mutant and wild-type groups.  

There was a significantly higher abundance of xanthine (67.23-fold increase) in HBx-

B mutant compared to its wild-type variants, higher abundance of its downstream 

metabolites urate (2.15-fold increase) and 5-hydroxyisourate (3.55-fold increase) were 

detected (Figure 23B).  These metabolites are produced during the break down of 

tumor cells (111), providing further evidence of the involvement of HBx-B mutant 

gene in liver tumorigenesis.  Furthermore, metabolites 9,10-dihydroxy-12Z-

octadecenoic acid (9,10-DiHOME) and 12,13-dihydroxy-9Z-octadecenoic acid 

(12,13-DiHOME) involved in linoleic acid metabolism were significantly reduced (p 

< 0.05) in mutant serum than that in wild-type serum (Figure 23C).  Both of the serum 

levels of these metabolites and RNA expression level of cytochrome P450 family 2 

subfamily C (Cyp2C) proteins family encoding genes were down-regulated (Figure 

23C).  Additionally, the ion abundances of metabolites, such as taurocholate (TCA), 

taurochenodeoxycholate (TCDCA) and taurohyodeoxycholate 
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(THDCA)/tauroursodeoxycholate (TUDCA), in the synthesis of bile acids (BAs) from 

cholesterol were significantly reduced in the mutant serum compared to its wild-type 

serum (Figure 23D).  This finding was matched with our RNA-seq result that the 

expression level of Cyp7a1, which encodes the key enzyme that converts cholesterol 

to BAs, was significantly down-regulated.   

To summarize the RNA expression profiles of the wild-type and mutant HBx genotype 

B injected animals, there was relatively low genetic background differences in normal 

tissues of HBx-B Mut and WT groups compared to empty control group.  And low 

genetic background differences in RNA expression profiles in normal tissues of HBx-

B Mut and WT, only 3 DEGs were identified and no significant pathways were 

annotated.  This indicated that the genetic background between the wild-type and 

mutant HBx genotype B injected animals were similar and DEGs found in tumor 

tissues were highly associated with disease progression.  Next, in order to find out the 

genetic difference between the tumor and normal tissues, RNA expression profiles of 

which in HBx-B Mut injected animals identified 377 DEGs.  These DEGs were highly 

associated with metabolic pathways, such as arachidonic acid metabolism, bile 

secretion, biosynthesis of amino acid and steroid hormone biosynthesis, and canonical 

signalling pathways including chemical carcinogenesis, focal adhesion, Ras signalling 

pathway, inflammatory mediator regulation of TRP channels, and ECM-receptor 

intermediation.  Moreover, the participation of metabolic disorder was also confirmed 

by metabolomics analysis using the serum extracted from the HBx-B injected animals. 
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Figure 21| RNA-seq result of normal tissues of HBx-B mutant and wild-type injected 
animals.  (A) Heatmap of DEGs found between normal tissues of HBx-B Mut and WT 

experimental animals.  (B) KEGG functional classifications of DEGs found between normal 

tissues of HBx-B Mut and WT experimental animals.  (C) KEGG pathways enrichment of 

DEGs found between normal tissues of HBx-B Mut and WT experimental animals.  (D) KEGG 
pathways of DEGs found between normal tissues of HBx-B Mut and WT experimental animals.  

N represents normal tissue; T represents tumor tissue.  Red bars represent up-regulated 

genes.  Blue bars represent down-regulated genes. 
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Figure 22| RNA-seq result of normal and tumor tissues of HBx-B mutant injected 
animals.  (A) Heatmap of DEGs found between normal and tumor tissues of HBx-B Mut 

experimental animals.  (B) KEGG functional classifications of DEGs found between normal 

and tumor tissues of HBx-B Mut experimental animals.  (C) KEGG pathways enrichment of 

DEGs found between normal and tumor tissues of HBx-B Mut experimental animals.  (D) 

KEGG pathways of DEGs found between normal and tumor tissues of HBx-B Mut 

experimental animals.  N represents normal tissue; T represents tumor tissue.  Red bars 
represent up-regulated genes.  Blue bars represent down-regulated genes. 
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Figure 23| Serum metabolites of HBx-B/shp53 injected animals.  (A) PLS-DA score plots 

of serum data using UPLC-Orbitrap-MS acquired at negative and positive ESI modes between 
HBx-B mutant and wild-type groups.  The cumulative R2X, R2Y, and Q2 values of the score 

plots from data acquired at negative mode and positive mode were 0.550, 0.743 and 0.537, 

and 0.367, 0.843, 0.562 respectively, validating the classification of three groups in its score 

plots without overfitting.  (B) Scatter plots of metabolites associated with purine and pyrimidine 

metabolism.  (C) Scatter plots of metabolites associated with linoleic acid metabolism.  (D) 

Scatter plots of metabolites associated with bile secretion.  Mean ± S.D.; p, unpaired student 
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t-test, *p ≤ 0.05, **p ≤ 0.01.  Green box represents DEG identified by RNA-sequencing; violet 

box represents metabolite identified by UPLC-Orbitrap-MS.  Blue word represents down-

regulated DEG or lower abundance metabolite; red word represents up-regulated DEG or 

higher abundance metabolite. 
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3.5.3 KEGG pathways of HBx genotype C 

Similarly, we first compared the RNA expression profiles in normal and tumor tissue 

of HBx-C Mut and HBx-C WT experimental groups with empty normal control group 

with the predisposal background of shp53.  There were relatively higher genetic 

differences in RNA expression profile of normal tissues of HBx-C Mut, and HBx-C 

WT in referring to that of empty control groups.  The results show 54 genes were up-

regulated and 77 genes were down-regulated in normal tissues of HBx-C Mut 

compared with empty control; while 55 genes were up-regulated and 69 genes were 

down-regulated in normal tissues of HBx-C WT compared with normal empty control 

(Figure 24A).  Large genetic differences in RNA expression profile of the tumors of 

HBx-C Mut and WT experimental groups compared to that of empty normal control, 

in which 68 genes were up-regulated and 259 genes were down-regulated in tumors 

of HBx-C Mut animals; while 150 genes were up-regulated and 286 genes were down-

regulated in tumors of HBx-C WT animals (Figure 24A).  There were 46 common 

DEGs identified in normal tissues of HBx-C WT and HBx-C Mut groups when 

compared to the empty normal control, in which 17 DEGs were up-regulated and 29 

DEGs were down-regulated, including Fah and Susd4, which were also found in HBx 

genotype A and B injected animals (Figure 24B). 

 

 

 
Figure 24| Differentially expressed genes (DEGs) identified in HBx-C injected animal 
groups.  (A) Number of DEGs in HBx-C Mut (n = 2) normal liver tissue compared with empty 

control (n = 3) was 131; and that HBx-B WT (n = 3) normal liver tissue compared with empty 
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control was 327; while gene expression in tumor induced by HBx-C Mut (327 DEGs, n = 2) 

and HBx-C WT (436 DEGs, n = 3) had a diverse difference comparing to empty normal control.  

Only 4 genes were differentially expressed in normal tissue of HBx-C Mut group compared 

with HBx-C WT normal group.  DEGs between tumor and normal tissue of HBx-C Mut groups 
was 27 and that in HBx-C WT groups was 16.  Red bars represent up-regulated genes.  Blue 

bars represent down-regulated genes.  (B) Venn diagram showing overlapping DEGs 

identified in normal tissues of HBx-C WT and Mut injected animals in referencing to empty 

normal control.  N represents normal tissue; T represents tumor tissue. 

 

Comparing RNA expression profiles of the normal tissues in HBx-C Mut group to 

HBx-C WT group, four genes were found to be differentially expressed, including 

serine/threonine/tyrosine kinase 1 (Styk1), leucine-rich repeats and transmembrane 

domains 1 (Lrtm1) and N-acetyltransferase 8 (GCN5-related) family member 3 

(Nat8f3) were up-regulated; while cysteine and glycine-rich protein 3 (Csrp3) was 

down-regulated (Figure 24A and 25A).  Only Lrtm1 and Nat8f3 (up-regulated) were 

involved in the canonical KEGG pathways, in which Lrtm1 was associated with axon 

guidance, while Nat8f was associated with metabolic pathways and alanine, aspartate 

and glutamate metabolism (Figure 25B, 25C and 25D).  

When comparing RNA expression profiles of the tumor tissues and its adjacent normal 

tissues of HBx-C wild-type injected mice, 15 genes were up-regulated and only 1 gene 

was down-regulated (Figure 24A and 26A).  These DEGs spanned across different 

branches of KEGG functional classifications, including cell growth and death, cell 

motility, cellular community – eukaryotes, signal transduction, folding, sorting and 

degradation, cancers: overview, cancers: specific types, infectious diseases: viral, 

amino acid metabolism, global and overview maps, development, digestive system, 

endocrine system and immune system (Figure 26B).  The most significantly distorted 

KEGG pathways included microRNAs in cancer (DEGs = 3, q = 0.0102) (Figure 26C).  

These three DEGs, solute carrier family 7 (cationic amino acid transporter), member 

1 (Slc7a1), stathmin (Stmn1) and M-phase inducer phosphatase 1 (Cdc25a), were up-

regulated in the tumor of HBx-C WT injected animals and found to be involved in the 

HCC progression induced by HBV.  

Comparing the RNA expression profiles between tumor and normal tissues of HBx-C 

Mut injected animals, 27 DEGs were found, including 19 up-regulated genes and 8 
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down-regulated genes in the tumor tissues (Figure 24A and 27A).  These DEGs 

involved in cellular processes, environmental information processing, genetic 

information processing, human diseases, metabolism and organismal systems (Figure 

27B).  Although no KEGG pathway was significantly distorted by these DEGs, 

pathways such as thyroid hormone synthesis (q = 0.1322), long-term potentiation (q = 

0.1322), gastric acid secretion (q = 0.1322), aldosterone synthesis and secretion (q = 

0.1322), and Ras signalling pathway (q = 0.1322) indicated the involvement of some 

DEGs (Figure 27C and 27D). 

Finally, we compared the RNA expression profiles from tumor tissues of HBx-C Mut 

and HBx-C WT injected animals.  Twenty-eight DEGs were identified, in which 7 

genes were up-regulated and 21 genes were down-regulated in the tumor of the HBx-

C Mut injected animals (Figure 24A and 28A).  Cell death-inducing DNA 

fragmentation factor, alpha subunit-like effector A (Cidea) and tubulin, alpha 8 

(Tuba8) were down-regulated in the apoptosis pathway, growth factor receptor bound 

protein 2-associated protein 1 (Gab1) and insulin-like growth factor 2 (Igf2) were up-

regulated in the hepatocellular carcinoma, proteoglycans in cancer and Ras signalling 

pathways, while signal recognition particle 54B (Srp54b) was down-regulated in the 

protein export pathway (Figure 28B, 28C and 28D). 

To summarize the RNA expression profiles of the wild-type and mutant HBx genotype 

C injected animals, as expected, only 4 DEGs found in normal tissues between HBx 

mutant and wild-type injected groups and no significant pathways were annotated.  

This indicated that the genetic background between the wild-type and mutant HBx 

genotype C injected animals were more or less the same.  Next, only 15 DEGs were 

identified in tumor of HBx-C WT comparing with its corresponding normal tissues, 

and 3 of these DEGs with up-regulation were associated with the HCC progression 

induced by HBV.  Thirdly, 27 DEGs were found in the tumor of HBx-C mutant 

injected animals compared to its normal counterparts.  However, no KEGG pathway 

was significantly distorted by these DEGs.  Lastly, we compared the RNA expression 

profiles in tumors of HBx-C WT and Mut injected groups, 28 DEGs were identified.  

Although these DEGs did not significantly distort the pathways, Gab1 and Igf2, which 

were up-regulated in tumor found in HBx-C Mut group, were found to be associated 

with hepatocellular carcinoma, proteoglycans in cancer and Ras signalling pathways. 
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Figure 25| RNA-seq result of normal tissues of HBx-C mutant and wild-type injected 
animals.  (A) Heatmap of DEGs found between normal tissues of HBx-C Mut and wild-type 

experimental animals.  (B) KEGG functional classifications of DEGs found between normal 

tissues of HBx-C Mut and wild-type experimental animals.  (C) KEGG pathways enrichment 

of DEGs found between normal tissues of HBx-C Mut and wild-type experimental animals.  (D) 

KEGG pathways of DEGs found between normal tissues of HBx-C Mut and wild-type 

experimental animals.  N represents normal tissue; T represents tumor tissue.  Red bars 
represent up-regulated genes.  Blue bars represent down-regulated genes. 
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Figure 26| RNA-seq result of normal and tumor tissues of HBx-C wild-type (WT) injected 
animals.  (A) Heatmap of DEGs found between normal and tumor tissues of HBx-C WT 

experimental animals.  (B) KEGG functional classifications of DEGs found between normal 

and tumor tissues of HBx-C WT experimental animals.  (C) KEGG pathways enrichment of 
DEGs found between normal and tumor tissues of HBx-C WT experimental animals.  (D) 

KEGG pathways of DEGs found between normal and tumor tissues of HBx-C wild-type 

experimental animals.  N represents normal tissue; T represents tumor tissue.  Red bars 

represent up-regulated genes.  Blue bars represent down-regulated genes. 
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Figure 27| RNA-seq result of normal and tumor tissues of HBx-C mutant (Mut) injected 
animals.  (A) Heatmap of DEGs found between normal and tumor tissues of HBx-C Mut 

experimental animals.  (B) KEGG functional classifications of DEGs found between normal 

and tumor tissues of HBx-C Mut experimental animals.  (C) KEGG pathways enrichment of 
DEGs found between normal and tumor tissues of HBx-C Mut experimental animals.  (D) 

KEGG pathways of DEGs found between normal and tumor tissues of HBx-C Mut 

experimental animals.  N represents normal tissue; T represents tumor tissue.  Red bars 

represent up-regulated genes.  Blue bars represent down-regulated genes.
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Figure 28| RNA-seq result of tumor tissues of HBx-C mutant (Mut) and wild-type (WT) 
injected animals.  (A) Heatmap of DEGs found between tumor tissues of HBx-C Mut and WT 

experimental animals.  (B) KEGG functional classifications of DEGs found between tumor 

tissues of HBx-C Mut and WT experimental animals.  (C) KEGG pathways enrichment of 
DEGs found between tumor tissues of HBx-C Mut and WT experimental animals.  (D) KEGG 

pathways of DEGs found between tumor tissues of HBx-C Mut and WT experimental animals.  

N represents normal tissue; T represents tumor tissue.  Red bars represent up-regulated 

genes.  Blue bars represent down-regulated genes.  
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3.5.4 KEGG pathways of HBx genotype D 

We first compared the RNA expression profiles in normal and tumor tissue of HBx-D 

Mut and HBx-D WT experimental groups with empty normal control group with the 

co-injection of shp53.  There were relatively high genetic differences in RNA 

expression profile of normal tissues of HBx-D Mut, HBx-D WT with the empty 

control group compared to that of genotypes A, B and C.  This also reflected that HBx-

D implied the severest tumor burden in our mouse model.  According to the result, 87 

genes were up-regulated and 161 genes were down-regulated in normal tissues of 

HBx-D Mut compared with empty control; while 119 genes were up-regulated and 

168 genes down-regulated in normal tissues of HBx-D WT compared with empty 

control (Figure 29A).  Large genetic differences in RNA expression profiles of the 

tumors of HBx-D Mut and WT experimental groups compared to that of empty normal 

control were observed, in which 164 genes were up-regulated and 307 genes were 

down-regulated in tumors of HBx-D Mut animals; while 464 genes were up-regulated, 

and 392 genes were down-regulated in tumors of HBx-D WT animals (Figure 29A).  

There were 139 common DEGs identified in normal tissues of HBx-D WT and HBx-

D Mut groups in referencing to the empty normal control, in which 45 DEGs were up-

regulated and 94 DEGs were down-regulated, including Fah and Susd4, which were 

commonly found in HBx genotype A, B and C injected animals (Figure 29B). 

 

 
Figure 29| Differentially expressed genes (DEGs) identified in HBx-D injected animal 
groups.  (A) Number of DEGs in HBx-D Mut (n = 3) normal liver tissue compared with empty 

control (n = 3) was 248; and that HBx-D WT (n = 3) normal liver tissue compared with empty 
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control was 287; while gene expression in tumor induced by HBx-D Mut (471 DEGs, n = 3) 

and HBx-D WT (856 DEGs, n = 3) had a diverse difference comparing to empty normal control.  

Only five genes were differentially expressed in normal tissue of HBx-D Mut group compared 

with HBx-D WT normal group.  DEGs between tumor and normal tissue of HBx-D Mut groups 
was 10 and that in HBx-D WT groups was 203.  Red bars represent up-regulated genes.  Blue 

bars represent down-regulated genes.  (B) Venn diagram showing overlapping DEGs 

identified in normal tissues of HBx-D WT and Mut injected animals in referencing to empty 

normal control.  N represents normal tissue; T represents tumor tissue. 

 

Comparing RNA expression profiles of normal tissues between HBx-D Mut and WT 

injected animals, only 5 genes were differentially expressed, in which only UDP 

glucuronosyltransferase 1 family, polypeptide A6A (Ugt1a6a) was up-regulated and 

eukaryotic translation initiation factor 5B (Eif5b), cyclin B1 interacting protein 1 

(Ccnb1ip1), predicted gene 6710 (Gm6710) and zinc finger protein 820 (Zfp820) were 

down-regulated (Figure 29A and 30A).  Ugt1a6a is involved in various metabolic 

pathways such as metabolism of xenobiotics by cytochrome P450, retinol metabolism 

and steroid metabolism, while Eif5b participates in RNA transport (Figure 30B, 30C 

and 30D).  

Comparing RNA expression profiles of the tumor tissue to normal tissue of HBx-D 

WT injected animals, 203 DEGs were found, in which 167 genes were up-regulated 

and 36 gene were down-regulated in tumor (Figure 29A and 31A).  These DEGs 

spanned across the common branches of KEGG functional classifications, included 

cellular processes, environmental information processing, genetic information 

processing, human diseases, metabolism and organismal systems.  They highly 

associated with cellular community – eukaryotes under the cellular processes class 

(DEGs = 17), signal transduction under environmental information processing (DEGs 

= 41), translation under genetic information processing (DEGs = 2), cancers: overview 

under human diseases (DEGs = 31), global and overview maps under metabolism 

(DEGs = 26), and immune system under organismal system (DEGs = 20) (Figure 

31B).  The most significantly annotated KEGG pathways of these DEGs included 

arachidonic acid metabolism (q = 1.143 x 10-6), linoleic acid metabolism (q = 3.437 x 

10-3), inflammatory mediator regulation of TRP channels (q = 3.437 x 10-3), focal 

adhesion (q = 5.995 x 10-3), steroid hormone biosynthesis (q = 6.441 x 10-3), ECM-

receptor interaction (q = 2.136 x 10-2), retinol metabolism (q = 2.146 x 10-2), chemical 
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carcinogenesis (q = 3.503 x 10-2), and ErbB signalling pathway (q = 4.286 x 10-2) 

(Figure 31C and 31D).   

We then compared the RNA expression profiles between the normal and tumor tissues 

of HBX-D Mut injected animals, and 10 genes were differentially expressed in tumor 

with 7 up-regulated genes and 3 down-regulated genes (Figure 29A and 32A).  These 

DEGs spanned across the KEGG functional classification as well, but no significant 

KEGG pathway was annotated by these DEGs (Figure 32B, 32C and 32D). 

 

Finally, we compared the RNA expression profile between the tumor tissues of 

animals injected with wild-type and mutant HBx gene of genotype D.  Thirteen genes 

were differentially expressed and all of these DEGs were down-regulated in tumor 

induced by mutant injected animals.  These DEGs allocated in cellular processes, 

environmental information processing, human diseases, metabolism and organismal 

systems of KEGG functional classes and the most significantly annotated KEGG 

pathway was calcium signalling pathway (DEGs = 3, q = 0.0205) (Figure 29A and 

33).   

To summarize the expression profiles of the wild-type and mutant HBx genotype D 

injected animals, first, relatively high genetic differences were notified in HBx 

genotype D injected animals compared to empty control.  This result consisted with 

tumor burden effect induced by HBx-D, which strongly promote formation of tumor 

nodules in our mouse model.  However, only 5 DEGs were identified in normal tissues 

between HBx mutant and wild-type injected groups and no significant pathways were 

annotated.  This suggested that the genetic background between the wild-type and 

mutant HBx genotype D injected animals were similar.  Next, 203 DEGs were 

identified between the tumor and normal tissues of HBx-D WT injected animals, these 

DEGs involved in mostly metabolic pathways including arachidonic acid metabolism, 

linoleic acid metabolism, steroid hormone biosynthesis, and retinol metabolism; and 

canonical signalling pathways such as inflammatory mediator regulation of TRP 

channels, focal adhesion, ECM-receptor interaction, chemical carcinogenesis, and 

ErbB signalling pathway.  Thirdly, only 10 DEGs were found in the tumor of HBx-D 

mutant injected animals compared to its wild-type counterparts and no KEGG 

pathway was significantly distorted by these DEGs.  Lastly, we compared the RNA 

expression profiles in tumors of HBx-D WT and Mut injected groups, 13 DEGs were 
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identified with all found to be down-regulated in the tumor of HBx-D Mut injected 

animals. 
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Figure 30| RNA-seq result of normal tissues of HBx-D mutant (Mut) and wild-type (WT) 
injected animals.  (A) Heatmap of DEGs found between normal tissues of HBx-D Mut and 
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WT experimental animals.  (B) KEGG functional classifications of DEGs found between 

normal tissues of HBx-D Mut and WT experimental animals.  (C) KEGG pathways enrichment 

of DEGs found between normal tissues of HBx-D Mut and WT experimental animals.  (D) 

KEGG pathways of DEGs found between normal tissues of HBx-D Mut and WT experimental 
animals.  N represents normal tissue; T represents tumor tissue.  Red bars represent up-

regulated genes.  Blue bars represent down-regulated genes.  
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Figure 31| RNA-seq result of normal and tumor tissues of HBx-D wild-type (WT) injected 
animals.  (A) Heatmap of DEGs found between normal and tumor tissues of HBx-D WT 

experimental animals.  (B) KEGG functional classifications of DEGs found between normal 

and tumor tissues of HBx-D WT experimental animals.  (C) KEGG pathways enrichment of 
DEGs found between normal and tumor tissues of HBx-D WT experimental animals.  (D) 

KEGG pathways of DEGs found between normal and tumor tissues of HBx-D WT 

experimental animals.  N represents normal tissue; T represents tumor tissue.  Red bars 

represent up-regulated genes.  Blue bars represent down-regulated genes.  
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Figure 32| RNA-seq result of normal and tumor tissues of HBx-D mutant (Mut) injected 
animals.  (A) Heatmap of DEGs found between normal and tumor tissues of HBx-D Mut 

experimental animals.  (B) KEGG functional classifications of DEGs found between normal 

and tumor tissues of HBx-D Mut experimental animals.  (C) KEGG pathways enrichment of 
DEGs found between normal and tumor tissues of HBx-D Mut experimental animals.  (D) 

KEGG pathways of DEGs found between normal and tumor tissues of HBx-D Mut 

experimental animals.  N represents normal tissue; T represents tumor tissue.  Red bars 

represent up-regulated genes.  Blue bars represent down-regulated genes.  
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Figure 33| RNA-seq result of tumor tissues of HBx-D mutant (Mut) and wild-type (WT) 
injected animals.  (A) Heatmap of DEGs found between tumor tissues of HBx-D Mut and WT 
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experimental animals.  (B) KEGG functional classifications of DEGs found between tumor 

tissues of HBx-D Mut and WT experimental animals.  (C) KEGG pathways enrichment of 

DEGs found between tumor tissues of HBx-D Mut and WT experimental animals.  (D) KEGG 

pathways of DEGs found between tumor tissues of HBx-D Mut and WT experimental animals.  
N represents normal tissue; T represents tumor tissue.  Red bars represent up-regulated 

genes.  Blue bars represent down-regulated genes.  
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3.5.5 Low genetic difference between normal tissues of K130M/V131I mutant and 

wild-type variants of various HBx genotypes 

In order to compare the genetic differences induced by genotypes A, B, C and D, 

DEGs were identified by comparing the RNA expression profiles in normal tissues of 

mutant to wild-type of the same genotype.  From the comparison result, only a few 

genes were differentially expressed between the normal liver tissues of mice injected 

with various genotypes of the HBx gene (Figure 34A).  Comparing the normal tissues 

of HBx-A Mut to HBx-A WT, only Xlr3a and Fam47e were found to be down-

regulated (Figure 34A and 34C).  Comparing the normal tissues of HBx-B Mut to 

HBx-B WT, 3 genes were found to be differentially expressed: Mup14 and Eda were 

up-regulated, Gm5779 was down-regulated (Figure 34).  Comparing the normal 

tissues of HBx-C Mut to HBx-C WT, 4 genes were found to be differentially expressed: 

Styk1, Lrtm1 and Nat8f3 were up-regulated, while Csrp3 was down-regulated (Figure 

34).  In the comparison of normal tissues of HBx-D Mut to HBx-D WT, expression 

profiles of 5 genes were altered: Ugt1a6a was up-regulated, while Eif5b, Ccnb1ip1, 

Gm6710 and Zfp820 were down-regulated (Figure 34). 

Few DEGs were identified in normal tissues between the mutant and wild-type groups 

of various genotypes, suggesting that the genetic background differences between 

mice injected with either mutant or wild-type HBx gene of the same genotype were 

low.  Hence, any DEGs found exclusively in tumor groups were essential for tumor 

progression.  Next, we compared the DEGs that were up-regulated and down-

regulated in different genotypes to search for common DEGs induced by various 

genotypes.  Surprisingly, no common DEGs could be found (Figure 34B and 34C).  

This applied that these genotypes behaved exclusively upon integration into the host 

genome.  
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Figure 34| Combinatorial analyses on DEGs identified from comparing the RNA 
expression profile of normal tissues between mutant (Mut) and wild-type (WT) of HBx 
genotype A, B, C and D.  (A) DEGs found between normal tissues of Mut and WT HBx genes 

of genotype A, B, C and D.  (B) Venn diagram of up-regulated genes found in normal tissues 

of Mut and WT HBx genes of genotype A, B, C and D.  There was no overlapping gene 

between compared genotypes.  (C) Venn diagram of down-regulated genes found in normal 

tissues of Mut and WT HBx genes of genotype A, B, C and D.  There was no overlapping 

gene between compared genotypes.  N represents normal tissue; T represents tumor tissue.  

Red bars represent up-regulated genes.  Blue bars represent down-regulated genes. 
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3.5.6 Arhgap27 and Pak6 were commonly up-regulated in the tumors of 

genotypes A, C and D of HBx wild-type gene 

In order to discover the genes associated with tumor progression, we first aligned 

DEGs identified in tumors induced by wild-type HBx genotype A, C and D to discover 

the common DEGs expressed in all three genotypes.  Since no solid tumor was isolated 

from HBx-B WT group, it was omitted in this comparison.  There were 1498 DEGs 

identified in tumors induced by wild-type HBx genotype A in comparison to its normal 

tissues, in which 1100 DEGs were found to be up-regulated and 398 genes were found 

to be down-regulated (Figure 35A).  This high gene variation might be due to the 

small sample size of tumor tissue.  In tumors induced by wild-type HBx gene of 

genotype C, 16 DEGs were identified, in which 15 genes were up-regulated and only 

1 gene was down-regulated (Figure 35A).  In the comparison of tumor tissues to its 

adjacent normal tissues of HBx-D wild-type injected mice, a total of 203 DEGs were 

identified, in which 167 genes were up-regulated and 36 genes were down-regulated 

(Figure 35A).  By aligning all these DEGs identified in tumors induced by wild-type 

HBx gene of each genotype, 7 genes were commonly up-regulated in tumor induced 

by wild-type HBx of genotype A and C (Figure 35B); while 93 genes were commonly 

altered in tumor induced by wild-type HBx of genotype A and D, in which 78 genes 

were up-regulated and 15 genes were down-regulated (Figure 35B and 35C).  Only 1 

gene was commonly up-regulated in tumor induced by wild-type HBx gene of 

genotype C and D.   Most importantly, p21 (RAC1) activated kinase 6 (Pak6) and Rho 

GTPase activating protein 27 (Arhgap27) were commonly up-regulated in all 3 

different genotypes (Figure 35D).  The mRNA expression level of Pak6 and 

Arhgap27 were further validated by qPCR in additional samples other than the RNA-

sequenced samples (Figure 36 and 37).  Significant up-regulation of Pak6 was 

detected in both tumor and normal tissues of animals injected with HBx-WT genotype 

B, C and D, and in normal tissues of animals injected with HBx-WT genotype A 

(Figure 36).  mRNA expression level of Arhgap27 were significantly upregulated in 

both tumor and normal tissues of animals injected with genotype C and D, and in 

normal tissues of animals injected with genotype B (Figure 37).  Additionally, in our 

study on RNA expression profiling of HBV-induced HCC patient samples with 18 

HBV-positive tumor and 4 peripheral normal tissues, up-regulation of PAK6 and 

ARHGAP genes were identified in the tumor tissues compared with its peripheral 

normal tissues (unpublished data).   
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Figure 35| Combinatorial analyses on DEGs identified from comparing the RNA 
expression profile of tumor induced by wild-type (WT) HBx gene to its corresponding 
normal tissues in the same genotype.  (A) DEGs identified from tumor induced by wild-type 

(WT) HBx gene compared to its corresponding normal tissues in genotype A, C and D.  (B) 

Venn diagram of up-regulated genes found in tumor tissues of WT HBx genes of genotype A, 
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C and D.  Arhgap27 and Pak6, were commonly found in all three genotypes compared.  (C) 

Venn diagram of down-regulated genes found in tumor tissues of WT HBx genes of genotype 

A, C and D.   (D) Venn diagram combined both up-regulated and down-regulated genes found 

in tumor tissues of WT HBx genes of genotype A, C and D.  N represents normal tissue; T 
represents tumor tissue.  Red bars represent up-regulated genes.  Blue bars represent down-

regulated genes. 

 

 
 

Figure 36| The mRNA expression level of Pak6 in animals injected with genotype A, B, 
C and D of HBx-WT variant by qPCR.  The relative mRNA expression level of Pak6 in tumor 

and normal tissues was further validated by qPCR in additional samples other than those sent 

for RNA-sequencing.  Pak6 was significantly up-regulated in both tumor and normal tissues 

of animals injected with genotype B, C and D HBx-WT gene, and in normal tissues of animals 
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injected with genotype A HBx-WT gene compared with its expression level in normal tissues 

of empty control.  T represents tumor tissue; N represent normal tissue.  Mean ± S.D.; p, 

unpaired student t-test, **p ≤ 0.01, ***p ≤ 0.001, ****p ≤ 0.0001. 

 

 
 

Figure 37| The mRNA expression level of Arhgap27 in animals injected with genotype 
A, B, C and D of HBx-WT variant by qPCR.  The relative mRNA expression level of 

Arhgap27 in tumor and normal tissues was further validated by qPCR in additional samples 

other than those sent for RNA-sequencing.  Arhgap27 was significantly up-regulated in both 

tumor and normal tissues of animals injected with genotype C and D HBx-WT gene, and in 

normal tissues of animals injected with genotype B HBx-WT gene compared with its 

expression level in normal tissues of empty control.  T represents tumor tissue; N represent 

normal tissue.  Mean ± S.D.; p, unpaired student t-test, *p ≤ 0.05, **p ≤ 0.01, ****p ≤ 0.0001.   
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3.5.7 Igf2 was commonly up-regulated in the tumors of genotypes B, C and D of 

HBx mutant gene 

Similarly, we aligned DEGs identified in tumors induced by K130M/V131I HBx 

genotype B, C and D in order to discover the common DEGs that expressed in all three 

genotypes.  Since no solid tumor was isolated from HBx-A Mut group, it was omitted 

in this comparison.  For genotype B, 235 genes were up-regulated and 142 genes were 

down-regulated in the tumor tissues compared to its adjacent normal tissues (Figure 

38A).  For genotype C, 19 genes were up-regulated and 8 genes were down-regulated 

in the tumor tissues compared to its adjacent normal tissues (Figure 38A).  For 

genotype D, 7 genes were up-regulated, and 3 genes were down-regulated in the tumor 

tissues compared to its adjacent normal tissues (Figure 38A).  Aligning the DEGs 

identified in tumor induced by K130M/V131I mutant HBx of all three genotypes, 4 

genes including brain expressed X-linked 1 (Bex1), FYVE, RhoGEF and PH domain 

containing 3 (Fgd3), prostate stem cell antigen (Psca) and modulator of apoptosis 1 

(Moap1) were commonly altered in tumor of genotypes B and C (Figure 38B, 38C 

and 38D).  Among these 4 genes, Bex1, Fgd3 and Psca were up-regulated; while 

Moap1 was up-regulated in tumor nodules isolated from HBx-B Mut group, but down-

regulated in tumor nodules isolated from HBx-C Mut group.  Another 4 genes 

including serine (or cysteine) peptidase inhibitor, clade B, member 6b (Serpinb6b), 

serine peptidase inhibitor, Kazal type 1 (Spink1), Arhgap27 and Susd4 were 

commonly altered in tumor of genotype B and D (Figure 38B, 38C and 38D), in which 

Serpinb6b, Spink1 and Arhgap27 were up-regulated; yet Susd4 was down-regulated.  

Most important of all, only Igf2 was commonly up-regulated in tumors induced by 

K130M/V131I mutant HBx of all three genotypes (Figure 38B and 38D).  The mRNA 

expression level Igf2 was further validated by qPCR in additional samples other than 

the samples that sent for RNA-sequencing (Figure 39).  Significant up-regulation of 

Igf2 was detected in both tumor and normal tissues of HBx-B Mut cohort and normal 

tissues of HBx-C Mut cohort (Figure 39).  Additionally, compared the expression 

level of IGF2 in HBV-positive clinical biopsy samples (n = 22) to that of HBV-

negative samples (n = 24), we found that HBV-positive samples had higher expression 

of IGF2 with average FPKM of 181.44; while HBV-negative samples had average 

FPKM of 158.50.  Moreover, 55% of HBV-positive samples had expression level 
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above its average FPKM; while only 12.5% of HBV-negative samples had expression 

level above its average FPKM (Figure 40).  

 

 
Figure 38| Combinatorial analyses on DEGs identified from comparing the RNA 
expression profile of tumor induced by mutant (Mut) HBx gene to its corresponding 
normal tissues in the same genotype.  (A) DEGs identified from tumor induced by HBx Mut 
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gene compared to its corresponding normal tissues in genotype B, C and D.  (B) Venn diagram 

of up-regulated genes found in tumor tissues of HBx Mut genes of genotype B, C and D.  Only 

one gene, Igf2, was commonly found in all three genotypes compared.  (C) Venn diagram of 

down-regulated genes found in tumor tissues of HBx Mut genes of genotype B, C and D.   (D) 
Venn diagram combined both up-regulated and down-regulated genes found in tumor tissues 

of HBx Mut genes of genotype B, C and D.  N represents normal tissue; T represents tumor 

tissue.  Red bars represent up-regulated genes.  Blue bars represent down-regulated genes. 

 

 
Figure 39| The mRNA expression level of Igf2 in animals injected with genotype A, B, C 
and D of HBx-WT variant by qPCR.  The relative mRNA expression level of Igf2 in tumor 

and normal tissues was further validated by qPCR in additional samples other than those sent 

for RNA-sequencing.  Igf2 was significantly up-regulated in both tumor and normal tissues of 

animals injected with genotype B HBx-Mut gene, and in normal tissues of animals injected 
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with genotype C HBx-Mut gene compared with its expression level in normal tissues of empty 

control.  T represents tumor tissue; N represent normal tissue.  Mean ± S.D.; p, unpaired 

student t-test, *p ≤ 0.05.   

 
Figure 40| Expression level of IGF2 in HBV-positive and HBV-negative human biopsy 
samples.  Higher IGF2 expression level was detected in both normal and tumor tissues of 

HBV-positive samples.  NA, normal tissue; TA, tumor tissue; number, patient number; FPKM, 

fragments per kilobase million. 

 

3.5.8 Biological roles of the common genes 

With the common DEGs identified in the tumor tissues of both wild-type and mutant 

data set from various genotypes above, we performed the Gene Ontology (GO) 

classification of their roles on biological processes.  Half of the genes (57/112 DEGs) 

were involved in the cellular process, and around 30% of the DEGs were involved in 

biological regulation, response to stimulus, and metabolic process.  High proportion 

of these DEGs were associated with metabolic pathways (10/112 DEGs), focal 

adhesion (7/112 DEGs), regulation of actin cytoskeleton (6/112 DEGs), proteoglycans 

in cancer (6/112 DEGs) (Figure 41).  From the top 20 KEGG pathways that we 

focused, Pak1, Rous sarcoma oncogene (Src), Pak6, SHC (Src homology 2 domain 

containing) transforming protein 2 (Shc2) involved in most of the pathways, in which 

Pak1/Pak6 and Src are highly associated with pathways that regulating actin 

cytoskeleton, resulting in cell migration and invasion; while Src could also cooperate 

with Shc2 in the Ras/Raf signalling pathway to regulate DNA repair. 
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Figure 41| Combinatorial analyses on common DEGs found in wild-type (WT) and 
mutant (Mut) tumor identified in Figure 35 and 36.  (A) Biological processes of involved by 
these common DEGs.  (B) KEGG pathways involved by these common DEGs.  

  

3.5.9 Arachidonic acid metabolism and HBx-induced HCC 

While analysing the RNA-sequencing result, we found that genes involved in 

metabolic pathways were highly distorted.  Most importantly, genes participated in 

the arachidonic acid (AA) metabolism were found to be altered in animals injected 

with various genotypes and variants of HBx gene, including prostaglandin-

endoperoxide synthase 2 (Ptgs2) and leukotriene-B4 20-monooxygenase (Cyp4f14 

and Cyp4f15), which play role as pro-inflammatory factors, and arachidonate 12-

lipoxygenase (Alox12e), which plays role as pro-carcinogenic factor.  Therefore, we 

analysed the serum metabolite profiles of the experimental animals.  From the RNA-

sequencing result, genes involved in pro-inflammatory factors and pro-carcinogenic 

factor productions were significantly up-regulated, so metabolite profiles of 

prostaglandins, leukotriene B4 and 12-hydroxyeicosatetraenoic acid (12-HETE), were 

mapped with commercially available reference standards or with online human 

metabolite database based on the mass fragmentation pattern and retention time.  

Taking serum metabolite profiles of HBx-B injected animals as example, pro-

inflammatory factors, including leukotriene B4, prostaglandin B2, D2 and E2, had 

significant higher abundance than the empty control (Figure 42).  Additionally, the 
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pro-carcinogenic factor, 12-HETE, product of ALOX12 had significant higher 

abundance in the HBx-B injected animals compared with the empty control (Figure 

42). 

 

 
Figure 42| Abundance of metabolites in arachidonic acid metabolism pathway.  Pro-

inflammatory factors, including prostaglandin B2, D2 and E2, and leukotriene B4 and pro-

carcinogenic factor, 12-HETE, shown significant higher abundance than the empty control.  
Mean ± S.D.; p, unpaired student t-test, *p ≤ 0.05, **p ≤ 0.01, ****p ≤ 0.0001.    
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Chapter 4 - Discussion 

4.1 HBx Genotype A 

There was no significant difference in tumor burden rate and liver-to-whole-body 

weight ratio between experimental animals injected with either K130M/V131I mutant 

or wild-type variants of HBx genotype A in the context of Trp53 knock-down.  Both 

mutant and wild-type HBx of genotype A induced a low tumor burden with 0.4 and 

0.5 tumor nodules per mouse, respectively.  This indicated that both mutant and wild-

type of HBx genotype A genes had low tumorigenic efficacy.  However, there was a 

significant difference in the average liver-to-whole body weight ratio of mutant 

(7.235%) and wild-type HBx-A (7.002%) experimental animals compared with empty 

control animals (5.122%), indicating both mutant and wild-type variants of HBx-A 

gene could induce hepatomegaly.  At the cellular level, both mutant and wild-type 

variants of HBx-A gene induced only mild inflammation, with no necrosis or fibrosis 

observed.  This could suggest that both mutant and wild-type variants of HBx-A gene 

are less pathogenic.   However, both mutant and wild-type of HBx-A gene could 

induce activation of AKT and WNT signalling pathways via phosphorylation of AKT 

and accumulation of non-phosphorylated CTNNB1 (Figure 43).   

Comparing RNA expression profile between tissues from HBx-A Mut and WT with 

empty control, significant up-regulation of Mup12 (169-fold increase) and Mup14, 

also known as prostaglandin D2 synthase (brain) (Ptgds) (>1000-fold increase) were 

detected.  Both Mup12 and Mup14 encode for prostaglandin-H2 D-isomerase, which 

participated in the arachidonic acid (AA) metabolic pathway, a well-known 

inflammation related pathway.  Prostaglandin-H2 D-isomerase converts prostaglandin 

H2 to prostaglandin D2 (PGD2), which is a pro-inflammatory factor that could 

increase vascular permeability.  However, genes that encode for CYP2 proteins family 

were significantly down-regulated (>2-fold).  The CYP2 proteins are associated with 

the production of anti-inflammatory factors.  Thus, combining these finding, we 

suggested that HBx-A induced higher inflammation than empty control via activation 

of arachidonic acid metabolism by increasing pro-inflammatory factor, PGD2, and 

reducing anti-inflammatory factors by down-regulating CYP2 proteins production.  

Comparing RNA expression profiles between the normal tissues of HBx-A Mut and 

WT, only 2 genes were differentially expressed.  This implied that the genetic 

backgrounds of both groups were similar.  Although more than thousands of DEGs 
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were identified in the tumor of the HBx-A WT animal compared to its normal tissues, 

only one tumor sample was sequenced in the group.  Thus, convincing conclusion 

cannot be drawn.  On the other hand, Fah and Susd4 were commonly down-regulated 

in HBx genotype A, B, C and D mutant and wild-type variants injected experimental 

animals.  The down-regulation of Fah was due to the Fah-deficient genetic 

background of our experimental animals, even though Fah cDNA was included in the 

expression vector, its expression level could not be comparable with wild-type control, 

this was proven by the RT-PCR and IHC result that lower expression level of Fah was 

detected compared with wild-type control.  The role of SUSD4 in cancer progression 

is not well-studied.  However, a recent in vitro study shown that growth and migration 

of breast cancer cells were inhibited by over-expression of SUSD4 (112).  While 

comparing the tumors induced by wild-type HBx gene of genotype A, C and D, 

Arhgap27 and Pak6 were the common DEGs identified in all groups (Figure 43).  The 

roles of Arhgap27 and Pak6 in disease progression will be discussed in the later 

section. 
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Figure 43| Proposed schematic pathways involved in disease progression by HBx-A 
gene.  Increased level of phosphorylation of AKT (pAKT) and CTNNB1 was observed in 

hepatocytes of HBx-A injected animals.  In addition, hepatitis as a result of HBx-A gene 

injection could be induced via activation of arachidonic acid metabolism by increasing pro-

inflammatory factor, PGD2, and reducing anti-inflammatory factors by down-regulating CYP2 
proteins production. 

 

4.2 HBx Genotype B 

K130M/V131I mutant variant of HBx-B gene induced higher tumor burden than its 

wild-type counterpart and significantly increased the liver weight of experimental 

animals.  Although there was no significant difference in tumor burden efficacy 

between HBx-B Mut and HBx-B WT experimental groups, HBx-B Mut injected mice 

displayed a trend toward higher tumor burden than HBx-B WT counterpart (p = 

0.1272), in which HBx-B Mut induced 1.2 tumor nodules per mouse; while HBx-B 

WT induced 0.2 tumor nodules per mouse.  
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At the cellular level, hepatocytes of HBx-B Mut and WT injected mice were larger 

than those of empty control and Fah/SB11 non-injected mice, indicating 

hepatomegaly.  In addition, severe inflammation, mild necrosis and fibrosis were 

observed in livers injected with HBx-B Mut indicating the development of chronic 

hepatitis.  We found that higher degree of inflammation was observed in Asian-related 

genotypes B and C.  Experimental animals injected with both mutant and wild-type 

HBx genes of genotype C induced severe inflammation, and HBx-B experimental 

groups induced moderate degree of inflammation; while both HBx-A and HBx-D 

experimental groups only induced mild inflammation.  Therefore, it was believed that 

genotype B and C of HBx genes had a stronger effect on inducing inflammation, hence 

might promote necrosis and fibrosis development.  Comparing RNA expression 

profiles between normal and tumor tissues from HBx-B Mut and WT with empty 

control, significant up-regulation of pro-inflammatory production genes, such as 

Mup14 (274-fold increase) and prostaglandin-endoperoxide synthase 1 (Ptgs1) (26-

fold increase) were detected.  Upregulation of Mup14 and Ptgs1 increased the 

production of pro-inflammatory factors in the AA metabolic pathway.  In addition, 

genes encoding LTB4 20-monooxygenase were down-regulated.  LTB4 20-

monooxygenase is an enzyme that converts LTB4 to 20-OH-LTB4, the down-

regulation of genes encoding LTB4 20-monooxygenase caused the accumulation of 

LTB4 in cells.  LTB4 is also known to be a pro-inflammatory factor that attracts 

leukocytes to the injured tissue (113).  Moreover, LTB4 could also activate MEK/ERK 

and PI3K/AKT pathways through the interaction with the G protein-coupled receptors 

BLT2 in human pancreatic cancer cells (114, 115).  However, genes encoding CYP2 

proteins family were significantly down-regulated (~2-fold).  In addition, the 

abundance of pro-inflammatory factors, such as prostaglandins B2, D2, E2, and LTB4, 

were significantly higher in serum of HBx injected animals compared with empty 

control (Figure 42).  Thus, combining these finding, HBx-B induced inflammation 

via activation of AA metabolism by increasing pro-inflammatory factors, such as 

PGD2 and LTB4, and reducing anti-inflammatory factors by down-regulating CYP2 

proteins production (Figure 44).  Furthermore, Alox12e was up-regulated in tumor 

induced by HBx-B Mut.  ALOX12 has been described as a potential pro-carcinogenic 

enzyme (116), ALOX12 was shown to be associated with proliferation and anti-

apoptosis of hepatocytes and its product 12-HETE had significant higher abundance 

in the serum of HBx injected animals compared with the empty control (Figure 42).  
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Furthermore, ALOX12 was reported in various cancers, such as esophageal squamous 

cell carcinoma, rectal cancer and breast cancer (117).  Therefore, it is believed that 

higher abundance of 12-HETE due to up-regulation of Alox12e might be contributing 

to promoting tumor progression of HBV infected patients.  Interestingly, we found 

that all DEGs involved in arginine biosynthesis pathway, including genes coding for 

aspartate transaminase, glutaminase, ornithine carbamoyltransferase, ASL and ASS 

were down-regulated in our RNA-seq result.  Other researchers have reported that 

HCC was arginine auxotrophy due to the loss of ASS (118-120), suggesting that HBx-

B Mut-induced HCC could also be auxotrophic to arginine.  

Both IHC and Western blot analyses confirmed the over-expression of either HBx-B 

Mut or WT could activate phosphorylation of AKT and overexpress CTNNB1 in our 

injected mice.  Moreover, the protein level of FOXO1 was significantly reduced in 

HBx-B Mut group.  FOXO1 is a transcriptional factor that mediates the expression of 

downstream target genes involved in cell proliferation, apoptosis, cell cycle arrest and 

metabolism (121, 122).  FOXO1 is also a downstream target of AKT, which can be 

phosphorylated by pAKT and be translocated to cytoplasm, then subsequently be 

degraded by ubiquitination (121) (Figure 44).  Therefore, we proposed that HBx-B 

mutant variant increased cell proliferation and promoted cell cycle progression by 

activating AKT phosphorylation, which in turn, phosphorylated and translocated 

FOXO1 to cytoplasm for ubiquitination, resulting in reduced FOXO1 abundance in 

cells.  In transcriptional analysis, both HBx-B Mut and WT induced over-expression 

of Afp, Myc and Ccnd1.   

RNA-seq was performed to quantify the RNA expression level differences between 

tumor and its peripheral normal tissue of HBx-B injected mice.  Few DEGs were 

identified in normal tissues of HBx-B Mut and WT animals compared with the empty 

normal control.  There were low genetic background differences in RNA expression 

profiles between normal tissues of HBx-B Mut and WT, with only 3 DEGs identified 

and no significant pathways annotated.  This suggests that the genetic background 

between the wild-type and mutant HBx genotype B injected animals were similar and 

DEGs found in tumor tissues were highly associated with disease progression.  RNA 

expression profiles of genetic difference between the tumor and normal tissues in 

HBx-B Mut injected animals identified 377 DEGs.  These DEGs were highly 

associated with metabolic pathways, such as arachidonic acid metabolism, bile 
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secretion, biosynthesis of amino acid and steroid hormone biosynthesis, and canonical 

signalling pathways including chemical carcinogenesis, focal adhesion, Ras signalling 

pathway, inflammatory mediator regulation of TRP channels, and ECM-receptor 

intermediation.  Moreover, the participation of metabolic disorder was also confirmed 

by metabolomics analysis using the serum extracted from the HBx-B injected animals.  

Most importantly, Igf2 was the only common DEG that identified in tumor induced 

by K130M/V131I mutant HBx of genotype B, C and D (Figure 44).  The role of Igf2 

will be described in the later section.  
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Figure 44| Proposed schematic pathways involved in disease progression by HBx-B 
gene.  HBx-B mutant and wild-type of HBx-B gene induces phosphorylation of AKT (pAKT), 

which enters the nucleus to phosphorylate FOXO1.  Phosphorylated FOXO1 gets transported 

to the cytoplasm, where it undergoes ubiquitination and hence the reduction in FOXO1 protein 

levels.  On the other hand, increased level of CTNNB1 was observed in hepatocytes of HBx-
B injected animals.  In addition, hepatitis could be induced via activation of arachidonic acid 

metabolism by accumulation of pro-inflammatory factors, such as PGD2 and LTB4.  

Furthermore, Igf2 expression level was significantly increased in tumors of HBx-B Mut injected 

animals.  
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4.3 HBx Genotype C 

There was no significant difference in tumor burden rate and liver-to-whole-body 

weight ratio between experimental animals injected with either mutant or wild-type 

variants of HBx genotype C in the context of Trp53 knock-down.  However, HBx 

gene of genotype C could induce more aggressive tumor progression than genotype A 

and B, with mutant induced development of 2.3 tumor nodules per mouse and wild-

type induced 1.4 tumor nodules per mouse.  This suggests that both mutant and wild-

type of HBx genotype C genes have strong tumorigenic efficacy.  Moreover, there was 

a significant difference in the average liver-to-whole body weight ratio of mutant 

(7.418%) and wild-type HBx-C (7.626%) experimental animals compared with empty 

control animals, this revealed both mutant and wild-type variants of HBx-C gene could 

induce hepatomegaly.  At the cellular level, severe inflammation was observed in 

specimens from both mutant and wild-type variants of HBx-C gene, and pathological 

signs of binuclei, pyknotic nuclei, mitotic figure, karyocytomegaly, necrosis and 

fibrosis were also observed.  This indicates that both mutant and wild-type variants of 

HBx-C gene have strong pathogenic ability.   Both mutant and wild-type of HBx-C 

gene could induce activation of AKT and WNT signalling pathways via 

phosphorylation of AKT and accumulation of non-phosphorylated CTNNB1 (Figure 

45).  Additionally, while investigating the molecular pathways induced by over-

expression of HBx in injected animals, suppression of PPARG was observed in HBx-

C WT over-expressing animals (Figure 17D).  Studies had shown that PPARG could 

regulate the cytoplasmic CTNNB1 level (123, 124), therefore, we proposed that over-

expression of HBx suppressed PPARG, hence, preventing its ability of driving 

CTNNB1 for ubiquitination, resulting in accumulation of CTNNB1 in cytoplasmic of 

hepatocytes, excessed CTNNB1 would translocated into the nucleus and activate the 

transcription of its targeting genes (Figure 45). 

Comparison on the RNA expression profiles of the normal tissues between HBx-C 

Mut and WT, only 4 DEGs were identified and these genes were scattered in different 

KEGG pathways.  Small number of DEGs found between normal and wild-type 

groups also suggests that the genetic backgrounds of both groups were similar to each 

another.  Comparing RNA expression profile between tissues from HBx-C Mut and 

WT with empty control, significant up-regulation of pro-inflammatory factors 

production genes, such as Mup12 (55-fold increase) and Mup14 (>2700-fold increase) 
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were detected.  Additionally, Cyp4f15, which encodes for LTB4 20-monooxygenase 

was significantly down-regulated (~3-fold decrease) in tumors induced by HBx-C Mut 

and WT genes, this causes accumulation of LTB4 in cells (Figure 45).  Moreover, 

genes encoding for secretory phospholipase A2 (PLA2G), which converts lecithin into 

AA, were significantly up-regulated in tumors induced by HBx-C Mut and WT genes.  

On the other hand, genes the encode for CYP2 proteins family were significantly 

down-regulated (~2-fold).  The CYP2 proteins are associated with the production of 

anti-inflammatory factors.  Taken together, HBx-C induces inflammation via 

activation of arachidonic acid metabolism by increasing pro-inflammatory factor, 

PGD2, and reducing anti-inflammatory factors by down-regulating CYP2 proteins 

production. 

Among the 16 DEGs identified in the tumor of the HBx-C WT animal compared to its 

normal tissues, Slc7a1 and Stmn1 were suggested to be related to HBV-induced HCC.  

The expression of Slc7a1 and Stmn1 were regulated by the microRNAs, miR-122 and 

miR-223, respectively.  miR-122, repressor of Slc7a1, was known to be regulated by 

up-stream HBV mRNAs and it was well identified as down-regulated miRNAs in 

HCC (125, 126).  miR-122 is a liver specific microRNAs and well characterized with 

its inverse linear correlation with HBV gene expression and replication (126).  In our 

study, up-regulation of Slc7a1 might be due to suppression of miR-122 by over-

expression of HBx gene (127).  Besides, miR-223 was another well-known down-

regulated miRNA in HCC and reported with negative correlation to Stmn1 expression 

(128).  Most importantly, a recent study on the effect of HBx to miRNAs in HepG2 

cells revealed that the expression level of miR-223 could be repressed by expression 

of HBx gene (127), which supports our result and suggests that expression of HBx 

represses miR-223, which in turns up-regulates Stmn1, resulting in promoting HCC 

progression.  Taken together, HCC progression by up-regulation of Slc7a1 and Stmn1 

in our experiment model were due to repression of miR-122 and miR-223 under HBx 

over-expression (Figure 45). 

Among the DEGs found in tumor of HBx-C Mut groups compared to the adjacent 

normal tissue or tumor of HBx-C WT groups, Igf2 was found to be highly up-regulated 

(>6 fold-increase) (Figure 45).  The effect of Igf2 on HCC had been reported since 

2004 that over-expression of Igf2 could promote progression of HCC (129).  Moreover, 

IGF-II was also an up-stream substrate of insulin-like growth factor 1 receptor 
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(IGF1R), upon binding of IGF-II to IGF1R, down-stream cascades of PI3K/AKT and 

RAS signalling pathways would be activated.  Therefore, over-expression of HBx 

promotes HCC development via up-regulation of Igf2, resulting in activation of 

PI3K/AKT signalling pathway.  

 

Figure 45| Proposed schematic pathways involved in disease progression by HBx-C 
gene.  Increased protein levels of pAKT and CTNNB1 were observed in hepatocytes of HBx-
C injected animals.  In addition, hepatitis could be induced via activation of arachidonic acid 

metabolism by accumulation of pro-inflammatory factors, such as PGD2 and LTB4.  

Furthermore, Igf2 expression level was significantly increased in tumor of HBx-C Mut injected 

animals.  While Pak6, Slc7a1 and Stmn1 expression levels were significantly up-regulated by 

HBx-C WT gene. 

 

4.4 HBx genotype D 

Amongst the four genotypes analyzed, HBx genotype D was the most tumorigenic.  

Mutant variant (average tumor nodules per mouse = 7.6) of HBx-D could significantly 

promote tumor nodule formation compared to its wild-type counterparts (average 
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tumor nodules per mouse = 3.1) and, as discussed in the previous section, average 

liver-to-whole body weight ratio of HBx genotype D injected mice was significantly 

higher than empty control groups.  Combining the result of liver-to-whole body weight 

ratio of all genotypes, we can conclude that hepatomegaly was induced by HBx gene 

in a genotype independent manner. 

Our previous study had shown that HBx genotype D induced accumulation of 

CTNNB1 in hepatocytes (54).  Therefore, to further study this genotype, RNA-seq 

was performed to determine the genetic differences between tumors induced by 

mutant and wild-type variants of HBx-D gene.  Similar to genotypes A, B and C, 

significant up-regulation of pro-inflammatory factors production genes, such as 

Mup12 (~32-fold increase) and Mup14 (~640-fold increase), and down-regulation of 

Cyp4f14 were detected in HBx-D Mut and WT experimental groups compared to 

empty control.  In addition, genes the encode for CYP2 proteins family were 

significantly down-regulated (~2-fold).  Taken together, HBx-D also induces 

inflammation via activation of arachidonic acid metabolism by increasing pro-

inflammatory factors and reducing anti-inflammatory factors by down-regulating 

CYP2 proteins production (Figure 46).   

From RNA-seq result, only 5 DEGs were found in normal tissues of mutant injected 

animals against normal tissue of wild-type injected animals.  This result was 

consistence with genotypes A, B and C that were analyzed in this project, which 

showed that mutant and wild-type HBx genes did not cause large expression difference 

in normal tissue.  However, K130M/V131I mutant variants of the HBx gene possess 

a stronger tumor induction effect, since HBx mutant variants of genotypes B, C and D 

were more susceptible to tumor nodule formation.  In order to identify the genes that 

contributed to tumor formation, a total of 203 DEGs were identified in tumor induced 

by HBx-D wild-type compared to its normal tissues.  These DEGs mainly associated 

with inflammation-related pathways, such as arachidonic acid metabolism and 

inflammatory mediator regulation of TRP channels.  Besides, a significant number of 

DEGs (12 DEGs) were associated with focal adhesion pathway that regulates cell 

survival and motility. 

On the other hand, only 10 DEGs were identified in tumors of HBx-D mutant in 

referring to its normal tissues.  Within these 10 DEGs, Igf2, a gene that codes for the 
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up-stream activator epidermal growth factor (EGF) of various cancer pathways, such 

as Ras, MAPK and PI3K/AKT signalling pathways, was up-regulated (3.6-fold 

increase) in the tumor samples (Figure 46).  This provides further support that HBx 

induced HCC progression via activation of PI3K/AKT signalling pathway.  Finally, 

13 DEGs were identified in tumors induced by HBx-D mutant gene in referring to 

tumors induced by HBx-D wild-type gene.  Interestingly, all these DEGs were down-

regulated. 

 

 

Figure 46| Proposed schematic pathways involved in disease progression by HBx-D 
gene.  Increased protein level of CTNNB1 were observed in hepatocytes of HBx-D injected 

animals.  In addition, hepatitis could be induced via activation of arachidonic acid metabolism 

by accumulation of pro-inflammatory factors, such as PGD2 and LTB4.  Furthermore, Igf2 

expression level was significantly increased in tumor of HBx-D Mut injected animals.  While 

expression levels of genes encoding for extra-cellular matrix (ECM), Src, Shc2, Synpo, Pak1, 

and Pak6 were significantly up-regulated by HBx-D WT gene. 
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4.5 Arhgap27 and Pak6 were commonly up-regulated in the tumors of genotypes A, 

C and D of HBx wild-type gene 

Arhgap27 and Pak6 were commonly up-regulated in tumors induced by wild-type 

HBx of genotypes A, C and D, and a significant co-occurrence of ARHGAP27 and 

PAK6 was reported in TCGA liver cancer database (cBioPortal).  Arhgap27 had an 

average of 2.7-fold up-regulation and Pak6 had an average of 8.28-fold upregulation 

(Table 7).  Both Arhgap27 and Pak6 encode proteins involved in Ras homologous 

(Rho) family proteins.  The three well-studied Rho family proteins are RAC1, CDC42 

and RHOA, which enhance morphologic transformation induced by activated RAS 

(130, 131).  Rho-family proteins are small GTP-binding proteins that interconverts 

between GDP-bound form (inactive) and GTP-bound form (active) (132).  The active 

Rho-GTP interacts with a wide spectrum of effectors that regulated a variety of 

cellular pathways including cytoskeletal dynamics, motility, cytokinesis and 

transcriptional activity (132).  Arhgap27 encodes for Rho GTPase-activating protein 

(RhoGAP) that inactivate Rho by promoting GTP hydrolysis (133).  The up-regulation 

of Arhgap27 might imply inactivation of Rho proteins.  However, there is 

contradicting evidence that RhoGAP inactivates Rho, but yet activation of Rho is 

associated with morphologic transformation (132).  Therefore, up-regulation of 

Arhgap27 might be the result of a feed-back mechanism from over-activation of 

RAC/PAK signalling pathway, since diaphanous 1 (Diaph1), which encodes for a 

down-stream molecule mDia1, of RHO signalling pathways was significantly up-

regulated (4.6-fold increase) in tumors induced by HBx-A WT and HBx-D WT genes 

(Figure 47 and Table 7). 

Pak6, which encodes for the down-stream molecule PAK, was significantly up-

regulated in tumors of all genotypes.  PAK is an effector of RAC proteins, where 

activation of RAC cascade triggers actin polymerization and induces membrane 

protrusion and cell spreading, resulting in mesenchymal cell morphology (134) 

(Figure 47).  It possesses oncogenic roles that regulate cell proliferation, cell survival, 

adhesion and migration (135) and over-expression of PAKs had been reported in 

various human malignancies such as prostate, colorectal, bladder, melanoma, breast, 

and ovarian carcinoma (135).  Finally, transmembrane protein 117 (Tmem117) was 

one of the common genes that up-regulated in tumor of genotype C and D HBx wild-
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type groups, since these 2 groups induced similar tumor burden effect.  This suggests 

that Tmem117 might be an important gene for tumor progression. Recently, 

TMEM117 was reported as a novel transmembrane protein that involved in 

endoplasmic reticulum (ER) stress-mediated cell death signalling by regulating 

mitochondrial membrane potential, reactive oxygen species (ROS) level and Caspase-

3 activity (136).  It has been reported that TMEM117 knock-down by short hairpin 

RNA led to membrane potential loss, ROS levels increase, ER stress sensor C/EBP 

homologous protein up-regulation, and Caspase-3 activation, resulting in cell death 

(136). 

 

4.6 Igf2 was commonly up-regulated in the tumors of genotypes B, C and D of HBx 

mutant gene 

A common DEG, Igf2, which was identified in tumors induced by K130M/V131I 

mutant HBx gene of genotype B, C and D, was highly up-regulated (70-fold increase) 

(Table 7).  Additionally, in our study on RNA expression profiling of human clinical 

samples, we found that HBV-positive samples had higher expression of IGF2 with 

average FPKM compared to that of HBV-negative samples and 55% of HBV-positive 

samples had expression level above its average FPKM (Figure 40).  Igf2 encodes for 

a mitogenic peptide, namely insulin-like growth factor 2 (IGF2).  Over-expression of 

IGF2 has been reported in various cancers, such as colorectal, breast, prostate and lung 

cancer, and is associated with poor prognosis (137, 138). IGF2 activates insulin/IGF 

signalling cascades via the binding with IGF1 receptor (IGF1R), insulin receptor 

isoform A (IR-A) and IGF1R-IR-A hybrid receptor.  The insulin/IGF signalling 

pathway regulates cell growth, proliferation and survival (138) (Figure 47).  To 

initiate the signalling cascade, other IGF components such as IGF1, IGF2 mRNA 

binding protein (IGF2BPs and IMPs), and IGF binding proteins (IGFBPs) that 

regulate post-transcriptional and post-translational events of IGFs, as well as IGF 

receptors including IGF1R and IGF2R are required (138).  In human adults, IGF2 is 

continuously secreted, and up-regulation of IGF2 was reported in both childhood and 

adult malignancies and significantly increase risk of hepatoblastoma development 

(138).  Researches had shown that binding of IGF2 onto IGF1R could activate 

PI3K/AKT pathway in esophageal squamous cell carcinoma (138).  Importantly, 

IGF/AKT/mTOR signalling pathway could be activated by loss of p53, since IGFBPs 
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are also target genes of p53 (138).  In our study, IGFBP-related genes such as Igf2bp3, 

Igfbp1, and Igfbp2 were up-regulated in our RNA sequencing result.  In heterozygous 

Trp53 mice, over-expression of Igf2 could accelerate tumor formation (139).  Besides, 

according to the IPA result, Igf2, prostate stem cell antigen (Psca) and Fgd3 

commonly found in mutant HBx gene of genotype B and C, together with Spink1 and 

Arhgap27, commonly found in mutant HBx gene of genotype B and D were associated 

with liver tumor development.  According to a previous study on gene expression 

profiling of HCC patients acquired from various risk factors, IGF2 was one of the 

differentially expressed gene that only found in HBV-induced HCC cases (140), this 

further confirmed the importance of Igf2 in HCC progression induced by over-

expression of HBx gene with Trp53 knock-down background in our study.  

Additionally, this study also revealed that about 88% of the tumors from HBV-induced 

HCC patients (n = 8) were SPINK1-positive by IHC staining (140), consistent with 

our RNA-seq results.   

 
Figure 47| Proposed schematic genetic pathways involved in disease progression by 
HBx gene.  HBx induced up-regulation of Igf2 and Shc1 in the MAPK signalling pathway.  

Moreover, up-regulation of genes producing extracellular matrix (ECM), such as Lamc3, 

Lamc2 and Spp1, were detected in HBx injected animals.  Along this signalling cascade 

pathway, Src, Vav, Pak6 and Pak1 were up-regulated.  A strong association exists between 
this signalling pathway with actin content in cells in the context of HBx over-expression.  
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Table 7| Expression level of genes in proposed schematic genetic pathways induced 
by HBx expression.  Table shown the log 2 mRNA expression level of genes involved in the 

genetic pathways induced by HBx gene.  The log 2 expression level was in comparison with 

its normal tissue of corresponding group. 

 

4.7 Contributions of the study and future directions 

We found that different genotypes of HBx would induce HCC progression via 

different signalling pathways, in which HBx_K130M/V131I mutant variant of 

genotype B tends to activate the AKT/FOXO1 pathway; while genotype C tends to 

activate the PPARG/CTNNB1 pathway, therefore, for better treatment strategy, 

patients should perform a pre-treatment diagnosis of the infected HBV genotypes for 

a better treatment regime.  In this study, we found that AKT inhibitor (AZD5363) 

could significantly repress the growth of HBV infected cell line (SNU-449) and HBx-

B Mut and WT transfected HHL7 cell lines (Figure 48).  Therefore, AZD5363 could 

be a potential treatment to HBV genotype B infected patients.  On the other hand, in 

our previous study, we found that DAW22, a natural compound extracted from the 
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Ferula ferulaeoides, could target AKT, ERK and CTNNB1 in malignant peripheral 

nerve sheath tumor.  Accounting for the multiple targeting role of DAW22, and 

different genotypes of HBx would activate different signalling pathways, 

AKT/FOXO1 signalling pathway was dominantly activated in genotype B HBx 

injected animals; while PPARG/CTNNB1 was predominantly activated in genotype 

C HBx injected animals, therefore, it would be interesting to find out if DAW22 could 

suppress the tumor progression in animals injected with various genotypes of HBx 

gene in the future (141).   

Additionally, different degrees of pathological signs were observed in HBx 

experimental animals, severe inflammation was observed in HBx genotype B and C 

injected animals, fibrosis and necrosis were observed in HBx genotype B injected 

animals.  During further validating the contribution of inflammation to HCC 

progression, we found that genes in the AA metabolic pathway, the well-known 

metabolic pathway that associated with inflammation, were highly distorted, and the 

inflammatory factors, including various prostaglandins and leukotriene, had 

significant higher abundance in the serum of the HBx-B injected animals than that of 

the empty control.  Therefore, we believed that inflammation might play a critical role 

in promoting HCC progression and minimizing the inflammation event might be able 

to slow down the disease progression.  In our lab, we found that sodium tanshinone 

IIA sulfonate (STS), a water-soluble compound extracted from the roots of Salvia 

miltiorrhiza, could suppress inflammation in oleic acid and palmitic acid treated 

hepatic cell lines.  Therefore, inhibiting inflammation by STS could be a new 

treatment regime for HBV infected patients.  However, further experiments should be 

performed to confirm its effect in vitro and in vivo before clinical trial (142). 
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Figure 48| Survival rate of HBx expressing cell lines under different concentrations of 
AKT protein kinase inhibitor (AZD5363).  Mean ± S.D.; p, ordinary one-way ANOVA, *, p ≤ 

0.05, ***, p ≤ 0.001, ****, p ≤ 0.0001.  Representative RT-PCR analyses for the HBx genes in 

SNU-449 and transfected HHL7 cells. 
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Chapter 5 – Conclusion 
For a better understanding on the contributions of HBV on HCC development, and 

discovering the molecular mechanisms induced by various genotypes of HBV, we 

used the transgenic mouse model to compare the tumorigenic efficiency of 

K130M/V131 mutant and wild-type variants of HBx in genotypes A, B, C and D in 

this study.  The disease progression pathways in both transcriptional and translational 

aspects were analyzed, with the consideration of the metabolomics influenced by the 

HBx gene.  In summary, the most tumorigenic HBx gene was genotype D for both 

wild-type and mutant variants; while genotype A was the least tumorigenic HBx 

genotype.  Mutant variant of genotype B had a stronger tumor burden than its wild-

type counterpart; while both wild-type and mutant of genotype C induced similar 

tumorigenic evidence as mutant of genotype B. 

In general, both wild-type and mutant variants of all HBx genotypes played an 

important role in hepatitis via activation of the arachidonic acid metabolic pathway.  

Significant up-regulation of Mup14 and down-regulation of Cyp4f14 or Cyp4f15 

caused accumulation of pro-inflammatory factors, such as various prostaglandins and 

LTB4, in the liver; while suppression of anti-inflammatory factors such as EETs 

production by down-regulating CYP2 encoding genes was also observed in mutant 

and wild-type variants of all HBx genotypes (Figure 49).  In addition, HBx could also 

alter metabolism of various metabolites including linoleic acid, retinol, and steroid 

hormone, which could contribute to disease progression. 

At the transcriptional level, Igf2 was identified as a commonly up-regulated gene in 

tumors induced by genotypes B, C and D HBx mutant variants; while Arhgap27 and 

Pak6 were commonly up-regulated in tumors induced by genotypes A, C and D HBx 

wild-type variants.  Up-regulation of Igf2 has been reported to be associated with 

PI3K/AKT and MAPK signalling pathways; while Pak6 has been shown to participate 

in actin cytoskeleton regulation via RAC/PAK signalling pathway.  Moreover, 

significant co-occurrence of PAK6 and ARHGAP27 was reported in TCGA liver 

cancer database, and IGF2 had tendency to co-occur with PAK6 as well, these 

provided us the hints that these candidate genes might play vital roles in promoting 

tumor development in HBV infected patients.  Additionally, at the translational level 

by focusing on the protein abundance in HBx injected animals, the role of CTNNB1 
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in tumor development was further confirmed and, interestingly, we found that 

different genotypes of HBx gene accelerated tumor progression by activating different 

signalling pathways predominantly.  HBx-B mutant variant promoted tumor 

progression via phosphorylation of AKT in PI3K/AKT signalling pathway and 

reduced FOXO1 production, and the growth of HBx-B infected cells could be 

suppressed by AKT inhibitor; while HBx-C wild-type variant promoted tumor 

progression by suppressing the activity of PPARG, hence caused accumulation of 

CTNNB1 in cells, excess CTNNB1 would translocated into nucleus of hepatocytes 

and trigger the transcription of its downstream targeting genes (Figure 47) (109).  

Based on our findings, we suggested that HBV-infected patients should perform a 

genotype screening before targeted treatment with inhibitors.  Generally, preventing 

inflammation might be a potential regime to slow down HBV-induced tumor 

development. 

 

 
Figure 49| Summarized proposed schematic pathways involved in disease progression 
by HBx gene.  Different genotypes of HBx gene could induce tumor progression via activating 

different signalling pathways predominantly.  HBx-B gene induced phosphorylation of AKT 

(pAKT), which entered the nucleus to phosphorylate FOXO1.  Phosphorylated FOXO1 was 

transported to the cytoplasm, where it underwent ubiquitination, resulting FOXO1 protein 

reduction.  On the other hand, HBx-C gene suppressed PPARG, resulting in accumulation of 

CTNNB1 in hepatocytes, and excessed CTNNB1 could translocate into nucleus of hepatocyte 

and trigger expression of downstream target genes.  In addition, hepatitis could be induced 
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via activation of arachidonic acid metabolism by accumulation of pro-inflammatory factors, 

such as PGD2 and LTB4.  Furthermore, Igf2 expression level was significantly increased in 

tumor of HBx Mut injected animals. While expression levels of Pak6 and Arhgap27 were 

significantly up-regulated by HBx WT gene. 
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