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1. Introduction 
 

1.1   Hepatitis B virus 

Hepatitis B virus (HBV) is a partially double-stranded, circular, DNA virus, belonging 

to Hepadnaviridae family, in the Orthohepadnavirus genus1,2. HBV causes the 

hepatitis B disease in humans and non-human primates3. The virus particle consists 

of an external lipid bilayer and an internal, protein-based nucleocapsid4. HBV surface 

antigen (HBsAg), which includes small, medium, and large isoforms, is a 

transmembrane protein anchored in the lipid bilayer5. The viral genome and DNA 

polymerase both are enclosed in the nucleocapsid6. The HBV virion (Dane particle) 

features a diameter of approximately 42 nm7, but pleomorphic forms exist, including 

filamentous and spherical bodies without nucleocapsids8, and up to 90% of secreted 

particles are empty9. These filamentous and spherical bodies are not infectious and 

are produced in excess during the HBV life cycle10. The HBV genome consists of a 

partial, double-stranded, circular DNA, and the viral DNA polymerase attaches to the 

end of the full-length strand11. The genome ranges from 3020–3320 nucleotides long, 

for the full-length strand, whereas the short-length strand ranges from 1700–2800 

nucleotides long, depending on the HBV genotype12. After HBV enters hepatocytes, 

by binding to the cell-surface receptor sodium taurocholate cotransporting 

polypeptide (NTCP), viral DNA is immediately translocated into the nucleus13. 

Subsequently, the partial, double-strand DNA is completed by cellular DNA 

polymerases, using the sense strand as a template, resulting in the formation of a 

covalently closed, circular DNA (cccDNA) in the nucleus14. The viral genes are 

transcribed by cellular RNA polymerase II, based on the cccDNA template. The HBV 

genome contains four overlapping open reading frames (ORFs), which encode 

HBsAg, the core protein (HBcAg), the DNA polymerase, and the HBx protein14. The 

HBsAg gene contains three in-frame start codons (ATG) that divide the gene into 

preS1, preS2, and S sections. Correspondingly, three different-sized polypeptides, 

referred to as large surface protein (preS1+preS2+S), medium surface protein 

(preS2+S), and small surface protein (S), can be produced (Figure 1). Nucleocapsids, 
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containing newly synthesised, partial, double-stranded DNAs, are released from 

hepatocytes as new virions (Figure 2) or are recycled to the nucleus, to replenish the 

cccDNA pool. 
 
 

 

 
Figure 1: Schematic representation of the HBV virion and the HBV genome. 
A. Schematic representation of the HBV particle, with the three envelope proteins (Small, 
Medium and Large surface protein of HBsAg), the core protein (HBcAg), e protein (HBeAg), 
partial, double-stranded DNA (HBV DNA), and DNA polymerase. B. The HBV genome. The bold 
outer lines represent the different classes of transcripts. The inner partial circles represent the 
HBV genome. The four major open-reading frames (ORFs) are indicated on the line. The core 
gene encodes the capsid protein. ORF P encodes the viral polymerase. ORF X encodes X 
protein. The three envelope proteins are encoded by a single ORF, with three in-frame start 
codons. 
 
 

HBeAg
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HBV DNA

DNA polymerase

Small surface protein
of HBsAg
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Figure 2. The life cycle of HBV.  
After viral entry, the relaxed circular DNA (rcDNA) is delivered into the nucleus and converted into 
fully double-stranded DNA, which is converted by ligation into covalently closed circular DNA 
(cccDNA), which represents the stable form of HBV DNA and is responsible for its persistence in 
infected hepatocytes and transmission to progeny cells. The HBV genome contains four 
overlapping, frame-shifted, open reading frames, which support the pregenomic RNA synthesis of 
the core protein and HBV polymerase, and are transcribed into mRNAs that produce HBeAg, 
large, medium, and small HBsAg, and X protein. Nucleocapsids, containing newly formed 
rcDNAs, are then released from the hepatocyte as new virions or are recycled to the nucleus to 
replenish the cccDNA pool. cccDNA: covalently closed circular DNA; HBV: hepatitis B virus; 
NTCP: sodium taurocholate cotransporting polypeptide; rcDNA: relaxed circular DNA; *Integrated 
HBV DNA sequences can produce HBsAg and generate mutant viral proteins that play roles in 
hepatocarcinogenesis. †cccDNA is the stable form of intrahepatic HBV DNA, responsible for the 
persistence of HBV. Adopted from Steo, WK. et al. Lancet 2018; 392: 2313-24. 
 
 

1.1.1 HBV genotypes and their global distributions 

HBV can be divided into nine genotypes (A to I), which differ in more than 7.5% of 

their nucleotide sequences and can be further subdivided into sub-genotypes, with 

nucleotide divergence greater than 4%15,16. Genotype A is widespread in Northern 

Europe, Western Africa, and sub-Saharan Africa17-19. Genotypes B and C are 

common in Asia20. Genotype D is dominant in Europe, Africa, Mediterranean 

countries, and India16,21,22. Genotype E is localised in sub-Saharan Africa23-25, and 
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genotypes F and H are restricted to Central and South America24,25. Genotype G has 

been reported in France, Germany, Japan, and the United States24-27. Genotypes I 

and J were discovered recently. Genotype I was first described in 2008 and was 

considered as a recombination of genotypes A, C and G. Phylogenetic analysis 

revealed that the genotype J is rather gibbon than human HBV, and may result from 

recombination with human genotype C. Hence, the acceptance of the notation of 

genotypes I and J is not universal28. Genotypes A-D, F, and I can be further 

subdivided into at least 35 sub-genotypes15 (Figure 3). 

 

 

 
Figure 3. Geographic distribution of the various HBV genotypes.  
The HBV genotyping data illustrates that the different HBV genotypes may have different 
geographic distributions. Only those countries/regions with more than five, full-length genome 
sequences available were included. This dataset included 46 countries/regions and 3,179 full-
length genome sequences. This geographic distribution of HBV genotypes may not represent the 
actual seroprevalence of HBV in any country/region, due to the potential for sampling errors and 
the bias of including only whole-genome analyses. In addition, the size of each circle is not 
representative of the prevalence of HBV infection or the burden of disease for each specified 
geographic region. Adopted from Shi et al. Infect Genet Evol 2013; 16: 355-361. 
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1.1.2 HBV infection 

HBV infections represent serious threats to human health and can develop into 

lifelong, chronic infections. Without antiviral interference, chronically infected 

individuals are at high risk of developing liver fibrosis, cirrhosis, and hepatocellular 

carcinoma (HCC)29-32. Globally, approximately 2 billion people have been infected 

with HBV, including more than 290 million chronic HBV infections33. In adults, HBV is 

especially prevalent in the African Region and the Western Pacific Region, according 

to the World Health Organization (WHO) Region division34,35. Vaccination programs 

against HBV have reduced the numbers of new infections in children, worldwide; 

however, the prevalence of HBV infections in children remains high (3%) in Africa36-38. 

 

Hepatitis B cannot be distinguished from other forms of virus-induced hepatitis by 

clinical examinations alone, such as ultrasounds, computed tomography scans, and 

magnetic resonance imaging. Therefore, laboratory tests are essential for the 

diagnosis of hepatitis B, such as blood tests to identify the presence of viral DNA and 

antigens and antibodies against HBV. HBV infections can result in either acute 

infections or chronic infections, which can be distinguished by monitoring the levels 

of HBV-DNA, HBsAg, HBeAg, antibodies against HBc, and alanine aminotransferase 

(ALT) in the blood (Figure 4)30,39,40. The risk of developing a chronic HBV infection 

has been directly associated with the age at which a person experiences a primary 

HBV infection. A primary infection at a younger age is associated with a higher risk of 

developing chronic hepatitis B (CHB). More than 90% of infected new-borns develop 

CHB41, and up to 50% of 1- to 5-year-old infected children develop CHB42. In contrast, 

no more than 5%-10% of healthy adults (19 years and older) develop CHB after 

primary infection43. 
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Figure 4. Serological and clinical changes after acute HBV infection. 
Shaded bars indicate the duration of seropositivity in self-limited acute hepatitis B infections. 
Pointed bars indicate that HBV-DNA and HBeAg can become seronegative during chronic 
infections. Only IgG anti-HBc is detectable after the resolution of acute hepatitis or during chronic 
infection. Adopted from Liaw et al. Lancet. 2009; 373: 582-92 

 

Acute HBV infection is characterised by the presence of HBsAg and antibodies 

against HBc (IgM type). HBcAg is encoded by the preC gene and is later processed 

in the endoplasmic reticulum (ER) to produce hepatitis B e antigen (HBeAg)44. 

HBeAg and HBcAg are encoded by the same open-reading frame. HBcAg forms the 

nucleocapsid, whereas HBeAg is secreted and accumulates in the serum, as an 

immunologically distinct, soluble antigen. During the acute stage of infection, patients 

also present with high levels of serological HBeAg45 (Figure 4), which indicates a 

high level of HBV replication and the high infectious risk posed by the blood and body 

fluids of these patients. Approximate 90%-95% of HBV-infected adults do not 

progress to the chronic phase and instead, recover naturally46. Adaptive immunity 

has generally been recognised to be a crucial player in the clearance of HBV 
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infection. Adaptive immunity is comprised of a complex web of effector cell types47. 

CD4 T-cells are robust producers of cytokines, which are required for the efficient 

development of effector CD8 cytotoxic T-lymphocytes and B-cell antibody 

production47. CD8 T-cells eliminate HBV-infected hepatocytes, through cytolytic and 

non-cytolytic mechanisms, to reduce the levels of circulating virus48, whereas B-cell 

antibody production neutralises free viral particles and prevents viral reinfection49. 

These antiviral immune responses are induced in adults after acute HBV infection, 

leading to the elimination of HBV. However, in individuals with weak immune systems 

or underlying medical immune suppression, HBV replication and reproduction are 

allowed to persist in the liver, eventually resulting in chronic infection45,46. 

 

Chronic HBV infection is characterised by the persistence of HBsAg, which can be 

detected in the serum for at least six months. The natural history and disease course 

of chronic HBV infection involve dynamic interactions between HBV and the host 

immune system45, and the immune response can vary widely among individuals. 

Immune cell reactivity is robust in 90%-95% adults, whereas a small proportion of 

adults exhibit a weak immune response in response to HBV particles. Without 

antiviral therapy, a substantial proportion of infected patients will develop fibrosis, 

cirrhosis, and hepatocellular carcinoma (HCC), whereas others experience a lifelong, 

quiescent disease. Currently, the different phases of chronic HBV infection are 

characterised according to the kinetics of serum HBV DNA, HBeAg, HBsAg, and 

ALT50 (Figure 5). The chronic HBV infection can be divided into HBeAg-positive, 

HBeAg-negative and HBsAg-negative phases according to the serological 

persistence of HBeAg and HBsAg. The HBeAg-positive and HBeAg-negative phases 

can be both subdivided into chronic infection and chronic hepatitis phases. During 

the chronic infection (HBeAg-positive) phase, also known as the immune-tolerant 

phase, high levels of serum HBV DNA are detectable, accompanied by normal serum 

ALT levels and near-normal liver histology30,50. The chronic hepatitis (HBeAg-positive) 

phase, also known as the immune-clearance phase, features immune-mediated liver 

necroinflammation, fibrosis, and fluctuating serum ALT concentrations30. HBeAg 
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disappearance and anti-HBe antibody appearance both occur at the end of this 

phase. In the HBeAg-negative chronic phase, also known as the inactive-carrier 

stage50, ALT concentrations return to the normal range and HBV DNA levels fall 

below 2000 IU/ml51. A proportion of HBeAg-negative chronic hepatitis patients are 

characterised by fluctuations in serum HBV DNA levels and ALT concentrations50. A 

small proportion of HBeAg-negative chronic hepatitis patients can achieve HBsAg 

seroclearance naturally52 (known as functionally cured HBV infection), although 

intrahepatic HBV maintains low levels of replication and transcription in these 

patients due to the continued presence of cccDNA and integrated viral DNA53. 

 

 

 
Figure 5. Different phases of chronic HBV infection, according to the kinetics of serum 
HBV DNA, HBsAg, and ALT. 
The natural history and disease course of chronic HBV infection involve dynamic interactions 
between the virus and the host immune responses. Different phases of chronic HBV infection 
have been described, with changing denominations over time, and differing biochemical and 
virological profiles. ALT: alanine aminotransferase; HBV: hepatitis B virus. Adopted from Steo, W. 
K. et al. Lancet 2018; 392: 2313–24 
 
 

1.2    HBV infection and immune defence 

In high-prevalence areas, HBV is primarily spread through mother-to-child 

transmission54. In addition, HBV can also spread by exposure to infected blood and 
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bodily fluids. Sexual transmission can also occur when people engage in sex without 

proper protection55,56. HBV can survive outside of the body for at least seven 

days57,58. During this time, unvaccinated individuals are vulnerable to HBV infection if 

the virus enters their bodies. Most individuals do not present with any symptoms 

immediately following infection. However, some individuals suffer from acute illness, 

characterised by jaundice, dark urine, extreme fatigue, vomiting, nausea, and 

abdominal pain, which can last for several weeks. Even worse, a small subset of 

individuals develop severe hepatitis, which might lead to death56,59-61. The immune 

response largely determines viral clearance and disease pathogenesis following HBV 

infection. After HBV enters hepatocytes through the NTCP receptor, the virus begins 

to replicate, without causing direct cell damage62,63. Commonly, the host immune 

system is able to monitor and control HBV spread and infection by producing 

inflammatory factors, CD4 and CD8 T-cells, and B-cells, which are responsible for 

causing cytotoxic liver pathologies64,65. However, HBV acts as a stealth virus, often 

evading the innate immune response. The virus replicates without inducing 

intrahepatic interferon (IFN) or IFN-stimulated gene (ISG) responses66-70. Similarly, 

no cytokine induction can be detected in the serum of human patients with acute 

HBV infections71,72. Although some studies, examining in vitro models, have 

suggested that early HBV exposure may induce a slight innate immune response, 

these studies have been hampered by a lack of optimal model systems73,74. Recently, 

Cheng et al. and Mutz et al. developed new in vitro HBV infection models, which 

revealed that HBV infection does not trigger rapid, innate, immune responses70,75,76. 

Studies have suggested that HBV acts as a stealth virus, efficiently spreading 

throughout the liver, without activating the innate immune system66,77. 

 

1.2.1 Innate immune signals in acute and chronic HBV infection 

The innate immune system is the first-line host defence against various infections, 

consisting of cell-surface and intracellular pattern recognition receptors (PRRs), 

which include toll-like receptors (TLRs), cytoplasmic retinoic acid-inducible gene I 

(RIG-I)-like receptors (RLRs), cytosolic DNA sensors, and nucleotide-binding 
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oligomerisation domain (NOD)-like receptors. Innate and adaptive immunity perform 

different tasks during the body’s defence. TLRs are responsible for recognising 

pathogens when they encounter components associated with bacteria, viruses, 

parasites or fungi78,79. Although TLRs are critical for immune defence, the 

dysregulation or suppression of TLR signalling has been strongly associated with 

HBV infections and the pathogenesis of liver inflammation80,81.  

 

In humans, TLR1, TLR2, TLR4, TLR5, and TLR6 are type I transmembrane proteins, 

with ectodomains82, whereas TLR3, TLR7/8, and TLR9 are receptors that localise to 

the endolysosome and are responsible for recognising double-stranded RNA 

(dsRNA), single-stranded RNA (ssRNA), and DNA83,84. TLR1/2 recognises triacyl 

lipoprotein, TLR3 recognises dsRNA, TLR4 recognises lipopolysaccharides (LPS), 

TLR5 recognises flagellin, TLR6 recognises diacyl lipoprotein, TLR7/8 recognises 

ssRNA, and TLR9 recognises CpG-DNA85; after recognition, TLRs rapidly activate 

downstream adaptors, such as nuclear factor-kappa b (NF-κB) and IFN-regulatory 

factors (IRFs), producing inflammatory cytokines and type I and III IFNs for the host 

defence86-88. In the past decades, scientists have insisted that HBV acts as a stealth 

virus because PRRs do not appear to recognise HBV particles and no cytokine 

release could be detected in response to HBV infection. However, our recent work 

demonstrated that HBV particles could be recognised by TLR2 in primary human 

hepatocytes (PHHs), following activation of NF-κB after 1-2 hours post exposure89. A 

recent study also demonstrated that HBV exposure in PHHs was able to induce a 

rapid, innate immune response through the NF-κB signalling pathway90. 

 

During acute infections, investigations have shown that HBV induces a negligible 

activation of IFN or ISGs, in chimpanzees and human patients91,92. However, several 

recent studies, utilising newly developed experimental systems, have suggested that 

host PRRs may recognise HBV particles and mediate the production of cytokines to 

limit HBV replication93. Therefore, the specific mechanisms underlying HBV 
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recognition and PRR signalling remain poorly understood and further exploration of 

these processes is urgently needed. 

 

Immune responses to chronic HBV infections have been investigated for decades; 

however, conflicting results continue to be reported. Several studies have indicated 

that TLR function and expression are impaired in hepatocytes, nonparenchymal cells, 

and peripheral immune cells during chronic HBV infections94-96. Furthermore, HBeAg 

has been suggested to contribute to impaired TLR2 expression and the induction of 

tumour necrosis factor (TNF) in the HepG2 cell line97. Similarly, serum HBsAg levels 

have been correlated with impaired TLR2 expression and cytokine production in 

peripheral blood mononuclear cells (PBMCs) derived from CHB patients94. These 

studies suggested the existence of a complicated interaction between HBV and TLRs. 

Understanding these interactions is urgently necessary and critical for the clinical 

application of TLR agonists as an immunotherapeutic treatment in CHB patients. 

 

1.2.2 Hippo signalling pathway in the innate immune response 

The Hippo signalling pathway controls tissue growth, which is critical for the 

maintenance of normal organ size98,99. This pathway was originally discovered in 

Drosophila and is relatively well-conserved in mammals. Dysfunction of Hippo 

pathway components has been linked to various cancers, including HCC100,101, 

breast cancer102,103, thoracic cancer104-106, genitourinary cancer107,108, gynaecologic 

cancer109,110, skin cancer111,112, bone cancer113,114 and brain cancer115,116. The core 

components of the mammalian Hippo pathway include sterile 20-like kinase 1/2 

(MST1/2), Salvador homolog 1 (SAV1/WW45), large tumour suppressor 1/2 

(LATS1/2), MOB kinase activator 1A/B (MOB1A/B), Yes-associated protein (YAP), 

transcriptional coactivator with PDZ-binding motif (TAZ), and TEA DNA-binding 

proteins (TEAD1-4). The corresponding proteins in Drosophila are Hippo (Hpo), 

Salvador (Sav), Warts (Wts), Mob as tumour suppressor (Mats), Yorkie (Yki), 

Scalloped (Sd)117-119. MST1/2, SAV1, LATS1/2, and MOB1A-B are upstream factors 

of YAP and TEAD1-4, and their phosphorylation states are important for Hippo 
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activation and YAP nuclear translocation117-119. Normally, the dynamic equilibrium of 

phosphorylated YAP is controlled by upstream core components; however, when 

phosphorylation becomes inhibited, YAP accumulates in the nucleus, where it forms 

a transcription factor complex with its nuclear partner, TEAD. The dephosphorylation 

of components in the Hippo signalling pathway has been associated with its 

inactivation118. 

 

In addition to crucial functions associated with cell growth, the Hippo signalling 

pathway also plays a key role in the innate immune response120,121. In Drosophila, 

Hpo is activated rapidly by the Toll receptor after the detection of gram-positive 

bacterial infections. Activated Hpo phosphorylates Yki, which inhibits the nuclear 

translocation of Yki, decreasing Cactus (NFΚBIA orthologue) expression and 

activating the rapid innate immune response99. Similarly, TLRs recognise bacterial 

infections in mice and activate MST1/2, to control the production of reactive oxygen 

species and to clear the infection122. The Hippo signalling pathway not only functions 

in the antibacterial innate immune response but also in the antiviral innate immune 

response. The downstream effector YAP/TAZ directly interferes with and abolishes 

the virus-induced activation of TANK-binding kinase 1123. Thus, the Hippo signalling 

pathway plays a crucial role in the innate immune response. 

 

1.3   Chronic HBV infection and hepatocarcinogenesis 

Chronic HBV infection is a key risk factor for CHB, fibrosis, cirrhosis, and HCC. HBV 

infection increases the risk of hepatic cancer 15–20-fold and is responsible for 

approximately 78% cases of all HCC cases, worldwide124,125. The efficient 

suppression of HBV viremia and necroinflammation, through nucleos(t)ide analogue 

treatment, has been shown to decrease HCC incidence; however, HCC can occur 

even in the absence of HBV replication126,127. HBV genomic integration has been 

identified in 85%–90% of HBV-associated HCCs and usually occurs prior to HCC 

development. The integration of HBV DNA not only occurs in HCC patients but has 

also been identified in chronically infected patients, without tumorigenesis128,129. 
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During the progression of CHB from the carrier state to HCC, mutations accumulate 

in the viral genome, associated with the preS region and the X gene region130. 

Whether the risk of HCC is affected by the viral status of chronic patients, such as 

the virus genotype, HBeAg serostatus, or the accumulation of mutations, remains 

poorly understood. Viral status has been suggested to play important roles not only in 

chronic liver diseases but also in the response to antiviral therapies131-133. Chronic 

HBV-associated HCC could be caused by a combination of generalised processes, 

including fibrosis and cirrhosis, however HCC also occur under cirrhosis-free 

condition, suggesting direct oncogenic effects associated with HBV infection. 

 

1.3.1 Role of HBsAg in hepatocarcinogenesis 

During chronic HBV infections, HBsAg continues to be produced and accumulates in 

hepatocytes, resulting in the typical histological finding of “ground glass” hepatocytes. 

HCC occurs more frequently among those patients who suffer from high levels of 

HBsAg than in those with a low level of HBsAg126,127. Furthermore, patients with 

residual HBsAg titres that exceed 1000 IU/ml are at an increased risk of HCC 

development134.  

 

The HBsAg gene encodes three proteins of different molecular weights: the 

approximately 43 kDa, full-length HBsAg large surface protein; the approximately 25 

kDa medium surface protein, without the preS1 region; and the approximately 17 kDa 

small protein, which only contains the S region135,136. HCC has been reported to 

occur more frequently in HBsAg knock-in transgenic mice than in wild-type (WT) 

mice124,136-138. Numerous studies have addressed that the HBx protein (16 kDa) is a 

viral oncoprotein that causes liver cell transformations through its co-transcriptional 

activity, which exerts effects on cell cycle regulation and DNA repair139-141. HBsAg is 

another small protein expressed by HBV, and a previous study has shown that 

HBsAg knock-in transgenic mice develop HCCs 3 months earlier than HBx knock-in 

transgenic mice, which demonstrated that HBsAg also plays an important direct role 

in the development of HBV-related HCC, though an independent mechanism from 
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that associated with HBx142. The medium surface protein also has transactivation 

abilities and was shown to transactivate c-myc, c-fos, and cHaras143,144. Recently, 

preS2 was reported to contribute to the malignant transformation of the HepG2 HCC 

cell line by upregulating telomerase reverse transcriptase expression and inducing 

telomerase activation145. Furthermore, preS2 activates protein kinase C and leads to 

the phosphorylation of the preS domain, which activates the c-Raf-1/mitogen-

activated protein kinase (MEK)/extracellular signal-related kinase (ERK) signal 

transduction cascade146. The truncated form of the preS2/S gene is commonly 

identified in integrated viral genomes147. Similarly, the accumulation of HBsAg, 

preS1/2 mutants, and C-terminally truncated medium HBsAg protein are frequently 

identified in humans and function as oncogenic factors146,148,149. Large HBsAg 

proteins containing preS mutations can induce ER stress, mediating oxidative DNA 

damage and chromosome instability150. Therefore, the mechanisms through which 

HBsAg interacts with other factors to induce HCC has attracted widespread interest. 

 

1.3.2 Hippo signalling pathway in hepatocarcinogenesis 

The Hippo signalling pathway controls organ size, tissue regeneration, stem cell self-

renewal, and tumour development. The Hippo cascade phosphorylates YAP, 

resulting in YAP cytoplasmic retention and proteolysis151-153. YAP activation has been 

described during liver regeneration and has been identified in several cancer types, 

including HCC101 and hepatoblastoma154. Moreover, YAP nuclear translocation has 

been observed in approximately 65% of HCC cases155. In HCC, the core components 

of Hippo signalling are usually not mutated; however, upregulated YAP levels have 

been associated with gene amplification and post-transcriptional regulation156. An 

increase in YAP activity is an early event in hepatic tumorigenesis157, and the 

overexpression of YAP in mice is sufficient to induce HCC158. Alterations in the Hippo 

signalling pathway, including the knockouts of MST1/2101, SAV1159,160, LATS1/2161 

and NF2162,163 and the overexpression of YAP, in mouse hepatocytes, has been 

shown to induce dedifferentiation, which is a feature of hepatic progenitor cells. 

Increased proliferation might lead to the accumulation of oncogenic mutations in 
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hepatocytes164. Moreover, the inactivation of Hippo signalling pathway is a pivotal 

cause for HCC progression in humans101. Therefore, further investigations of the 

Hippo signalling pathway could provide additional information regarding its role in 

HCC. 

 

1.4    Aims and objectives 

Whether HBV induces the innate immune response has been debated for decades. 

Our previous study demonstrated that HBV particles are able to activate TLR2 

signalling, to initiate the innate immune response in human primary hepatocytes89. 

However, the induction of the rapid, innate immune response by the TLR2-mediated 

regulation of downstream signalling is not well-understood. Thus, further studies 

examining the mechanisms through which HBV particles trigger TLR2-mediated 

downstream cascades and the regulation of the rapid, innate immune response must 

be performed to better understand how HBV-infection affects innate immunity and 

possibly to improve HBV therapeutic strategies. 

 

The Gene Expression Omnibus (GEO) is a powerful, publicly accessible microarray 

database for use in bioinformatic analyses. Microarray datasets associated with 

acute HBV infection were reanalysed to identify eligible pathways associated with 

HBV infection, through gene set enrichment analysis (GSEA). Previously, scientists 

insisted that HBV acted as a stealth virus, capable of evading host immunity to 

maintain infective behaviour. However, increasingly, studies have demonstrated that 

HBV may be detected by TLRs at an early stage89,90,165. To validate the reanalysis 

results associated with the TLRs-NF-κB signalling pathways, primary murine 

hepatocytes were isolated and treated with TLR ligands (LPS, Pam3CSK4) and HBV 

particles, in vitro. To visualise changes in protein expression patterns in hepatocytes, 

immunocytochemistry was performed. Liu et al. recently reported that Hippo 

signalling plays a crucial role in innate immunity99. Based on preliminary results, a 

dual-luciferase reporter (DLR) assay and chromatin immunoprecipitation (ChIP) and 

electrophoretic mobility shift assay (EMSA) were combined to demonstrate the direct 
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regulation of the Nfkbia promoter by the YAP/TEAD4 transcription factor complex. To 

confirm this regulation, gain and loss of function experiments were performed by 

generating the stable overexpression or knockdown subclones. Finally, to verify all of 

these findings in vivo, Pam3CSK4 or LPS were administered in mice. Human primary 

hepatocytes were also isolated and exposed to HBV particles. 

 

HCC develops more often in patients without high-level HBsAg. The accumulation of 

HBsAg results in “ground glass” hepatocytes, cell aneuploidy, and cell proliferation136, 

which indicates the oncogenic potential of HBsAg. Similarly, HCC develops more 

frequently in HBsAg-transgenic mice136, and our previous work showed that the 

oncogene BMI1 is upregulated in HBsAg-transgenic mice and could be increased by 

HBV exposure in primary murine hepatocytes, as well as in HCC patients with HBV 

infections125. However, the regulation of BMI1 expression during the development of 

HCC has not been well-studied. Thus, studies examining the effects of the HBsAg-

induced increase in BMI1 and the associated development of HCC should be 

conducted. 

 

Similarly, an HBsAg overexpression-associated microarray database was reanalysed 

to identify potential pathways associated with HBsAg overproduction. After 

associated pathways were selected, haematoxylin and eosin (HE) and 

immunohistochemical staining were performed on WT and HBsAg-transgenic mouse 

liver sections, to determine changes in key components belonging of the identified 

pathways. Based on our preliminary methodology, dual-luciferase reporter (DLR) 

assay and chromatin immunoprecipitation (ChIP) were performed to determine the 

direct regulation of the Bmi1 promoter by the YAP/TEAD4 transcription factor 

complex. Because BMI1 is associated with the cell cycle, DNA damage, and 

chromosomal instability, related factors were detected after developing a series of 

gain- and loss-of-function models associated with YAP and BMI1. Verteporfin, a YAP 

inhibitor, were administered to transgenic mice in vivo, to validate these findings.   
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The final aim of this thesis was to simulate an HBV infection-induced innate immune 

response, in vitro, to reveal the specific mechanisms through which HBV interacts 

with host immunity and to examine the specific mechanisms through which HBsAg 

regulates BMI1 expression and affects BMI1-mediated DNA damage, cell 

proliferation, chromosomal instability, and aneuploidy in HBsAg-transgenic mice. 
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2. Material and Methods 

 

2.1  Material 

 

2.1.1 Chemicals and reagents 

 

Table 1: Chemicals and reagents 
Chemical/reagents Manufacturer 
2-mercaptoethanol Sigma, St.Louis, Missouri, USA 

Agarose Thermo Scientific, Vilnius, LT 

Ampicillin, sodium salt Sigma, Steinheim, Germany 

Acrylamide Sigma-Aldrich, Darmstadt, Germany 

Bovine serum albumin (BSA) Roth, Karlsruhe, Germany 

C29 MedChemExpress, Monmouth 
Junction, New Jersey, USA 

Canada balsam Sigma-Aldrich, Darmstadt, Germany 

Calcium chloride (CaCl2) Fluka, Neu-Ulm, Germany 

Collagen I, Rat Tail Corning, Bedford, MA, USA 

Collagenase Type IV Worthington-biochem, Lakewood, 

NJ, USA 

Chloroform Sigma-Aldrich, Darmstadt, Germany 

Dimethyl sulfoxide (DMSO) Sigma-Aldrich, Darmstadt, Germany 

dNTPs (10 mM) Sigma-Aldrich, Darmstadt, Germany 

Dulbecco’s Modified Eagle Medium 

(DMEM) 

Gibco, Paisley, UK 

DMEM/F12(1:1) medium PAN-Biotech, Aidenbach, Germany 

Dulbecco’s Phosphate Buffered 

Saline (DPBS) 

Gibco, Paisley, UK 

Ethylenediaminetetraacetic acid 

(EDTA) 

Sigma-Aldrich, Darmstadt, Germany 

Ethylene glycol-bis(β-aminoethyl 

ether)-N,N,N′,N′-tetraacetic acid 

(EGTA) 

Sigma-Aldrich, Darmstadt, Germany 

Ethanol AppliChem, Darmstadt, Germany 
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ECL solution  Millipore, Darmstadt, Germany 

FastStart Universal SYBR Green 

Master (Rox) 

Roche, Basel, Switzerland 

Fetal bovine serum (FBS) Millipore, Darmstadt, Germany 

Fluoroshield™ with DAPI Sigma-Aldrich, Darmstadt, Germany 

FuGENE® HD Transfection Reagent Promega, Madison, Wisconsin, USA 

GelRed nucleic acid gel stain Biotium, Fremont, California, USA 

GeneRuler 1 kb DNA Ladder Fermentas, Vilnius, Lithuania 

Glutathione Sepharose 4B GE Healthcare, Uppsala, Sweden 

Glycerol Sigma-Aldrich, Darmstadt, Germany 

Glycin Roth, Karlsruhe, Germany 

Glycose Sigma Cell Culture, St. Louis, MD, 

USA 

Halt™ Protease Inhibitor Cocktail 

(100×) 

Thermo Scientific, Rockford, IL, 

USA 

HEPES Buffer Solution (1 M) Merck, Darmstadt, Germany 

HiPerFect Transfection Reagent Qiagen, Hilden, Germany 

Hoechst 33342 Sigma-Aldrich, Darmstadt, Germany 

Hydrochloride (HCl) Sigma-Aldrich, Darmstadt, Germany 

Hydrogen peroxide solution Sigma-Aldrich, Darmstadt, Germany 

IPTG Sigma-Aldrich, Darmstadt, Germany 

Isopropanol Sigma-Aldrich, Darmstadt, Germany 

LA Taq® DNA Polymerase Takara, Kusatsu, Japan 

LB Broth Sigma-Aldrich, Darmstadt, Germany 

L-Glutathione reduced Sigma-Aldrich, Darmstadt, Germany 

L-Glutamine Sigma-Aldrich, Darmstadt, Germany 

Lipofectamine™ RNAiMAX 

Transfections reagent 

Invitrogen, Vilnius, Lithuania 

Lipofectamine™ LTX Reagent with 

PLUS™ reagent 

Invitrogen, Vilnius, Lithuania 

Magnesium chloride MgCl2 Sigma-Aldrich, Darmstadt, Germany 

Methanol J.T.Baker, Netherland 

Mouse Hepatocyte Medium PRIMACYT, Schwerin, Germany 

N,N′-Methylenebis(acrylamide) Sigma-Aldrich, Darmstadt, Germany 
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Normal Donkey Serum Millipore, Darmstadt, Germany 

Non-fat milk powder Roth, Karlsruhe, Germany 

Opti-MEM™ I Reduced Serum 

Medium 

Gibco, Paisley, UK 

Paraformaldehyde Sigma-Aldrich, Darmstadt, Germany 

Phosphate-buffered formaldehyde 

solution 4.5 %, acid-free (pH 7) 

Roth, Karlsruhe, Germany 

PTC596 Selleckchem, Houston, TX, USA 

QIAzol Lysis Reagent Qiagen, Hilden, Germany 

Recombinant Rnase Inhibitor Takara, Kusatsu, Japan 

Restriction endonucleases Thermo Fisher, Waltham, MT, USA 

Roti®-Mix PCR 3 Roth, Karlsruhe, Germany 

Roth Hexanukleotid Random-Primer-

Mix 

Roth, Karlsruhe, Germany 

Roth poly d(T)12-18 Primer Roth, Karlsruhe, Germany 

Rotiphorese® NF-Acrylamid/Bis-

Lösung 30 % (29:1) 

Roth, Karlsruhe, Germany 

RPMI 1640 medium Gibco, Paisley, UK 

SMART® MMLV Reverse 

Transcriptase 

Takara, Kusatsu, Japan 

Sodium dodecyl sulfate MP BIOMEDICALS, Eschwege, 

Germany 

Sodium Chloride AppliChem, Darmstadt, Germany 

Sodium hydrogen carbonate Merck, Darmstadt, Germany 

Spongostan standard ETHICON, Soeborg, Denmark 

TBE 10× Gibco, Paisley, UK 

T4 DNA Ligase Thermo Scientific, Hampton, NH, 

USA 

TEV Protease Sigma, St.Louis, Missouri, USA 

Tissue Freezing Medium Leica, Richmond, IL, USA 

Trypan blue Sigma-Aldrich, Darmstadt, Germany 

Trypsin-EDTA solution (0.05%) Gibco, Paisley, UK 

Tween-20 Sigma-Aldrich, Darmstadt, Germany 

Ultrapure LPS Invivogen, San Diego, CA, USA 
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Vertepofin Sigma-Aldrich, Darmstadt, Germany 

XMU-MP-1 Selleckchem, Houston, TX, USA 

Xylene substitute Thermo Scientific, Hampton, NH, 

USA 

Zeocin Invivogen, San Diego, CA, USA 

 

2.1.2 Buffers and solutions 

 

Table 2: Buffers and solutions 
Buffer/Solution Composition 
Blocking solution I for western blot 5% (w/v) non-fat milk powder in TBS-T 

Blocking solution II for western 

blot 

5% (w/v) BSA in TBS-T 

10 mM Citrate buffer 2.94 g sodium citrate trisodium salt 

dihydrate in 1 Liter distilled water, 

pH6.0 

1 mM EDTA buffer 0.372 g EDTA in 1 Liter distilled water, 

pH8.0 

10× TBS 250 mM Tris, 1.5 M NaCl, pH7.4 

TBS-T 0.1% Tween-20 in TBS 

10× Tris-glycine SDS running 

(TGS) buffer 

Dissolve 30 g of Tris base, 144 g of 

glycine, and 10 g of SDS in water. 

1× TGS buffer 100 ml 10× TGS buffer in 1 Liter water 

Aqueous electroblot transfer buffer 336 mM tris, 260 mM glycine, 140 mM 

tricine, and 2.5 mM EDTA 

4% PFA buffer 4% (w/v) PFA in 0.1 M PBS, pH7.4 

15% sucrose buffer 75 g “Rnase free” sucrose in 500 ml 
0.1 M PBS, pH7.4. Mix and filter 
sterilize with a 0.45 μm filtration unit, 
store at 4°C 

30% sucrose buffer 150 g “Rnase free” sucrose in 500 ml 

0.1 M PBS, pH7.4. Mix and filter 

sterilize with a 0.45 μm filtration unit, 

store at 4°C 

Permeabilization buffer for ICC 0.2% Triton-X-100, 0.2% BSA in PBS 
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staining 

Blocking buffer for ICC staining 0.02% Triton-X-100, 5% BSA in PBS 

10% SDS 10 g SDS in 100 ml distilled water 

1.5 M Tris, pH 8.8 181.65 g Tris base in 1 L diH2O, pH8.8 

0.5 M Tris, pH6.8 60.6 g Tris base in 1 L diH2O, pH6.8 

RIPA buffer 150 mM NaCl, 1% Nonidet P-40, 0.5% 

sodium deoxycholate, 0.1% SDS, 25 

mM Tris supplemented with protease 

and/or phosphatase inhibitors 

5× binding buffer (EMSA) 50 mM Tris-HCl (pH8.0), 750 mM KCl, 

2.5 mM EDTA, 0.5% Triton-X-100, 

62.5% glycerol (v/v), 1 mM DTT 

 

2.1.3 Commercial kits 

 

Table 3: Kits 
Kit Manufacturer 
BCA kit Thermo Scientific, Rockford, IL, USA 

DNeasy Blood & Tissue kit QIAGEN, Hilden, Germany 

EZ ChIP kit Millipore, Darmstadt, Germany 

E.Z.N.A.® Gel Extraction Kit Omega BIO-TEK, Norcross, GA, USA 

DAB Substrate Kit, Peroxidase Kit Vector, Burlingame, CA, USA 

Direct IP Thermo Scientific, Rockford, IL, USA 

HA-tag IP Thermo Scientific, Rockford, IL, USA 

HE fast stain kit Roth, Karlsruhe, Germany 

KAPA Taq ReadyMix PCR Kit Kapa Biosystems, Basel, Switzerland 

Plasmid mini extraction kit Omega BIO-TEK, Norcross, GA, USA 

Plasmid Maxi extraction kit QIAGEN, Hilden, Germany 

Steady-Glo® Luciferase Assay 

System 

Promega, Madison, Wisconsin, USA 

Autofluorescence Quenching Kit Vector, Burlingame, CA, USA 

Dual-Luciferase® Reporter Assay 

System 

Promega, Madison, Wisconsin, USA 
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ABC HRP Kit (Peroxidase, Mouse 

IgG) 

Vector, Burlingame, CA, USA 

ABC HRP Kit (Peroxidase, Rabbit 

IgG) 

Vector, Burlingame, CA, USA 

 

2.1.4 Laboratory equipment and instruments 

 

Table 4: Equipment and instruments 
Equipment/Instrument Manufacturer 
Autoclave, VX-150 Systec, Wettenberg, Germany 

Bacteria shaking incubator New Brunswick™ Innova®, 

Hamburg, Germany 

CFX96 Touch Real-Time PCR 

Detection System 

Bio-rad, Hercules, California, USA 

SDS-page gel maker Bio-rad, Hercules, California, USA 

Mini-PROTEAN Tetra Vertical 

Electrophoresis Cell 

Bio-rad, Hercules, California, USA 

Mini-PROTEAN Tetra Handcast 

Systems 

Bio-rad, Hercules, California, USA 

NanoPhotometer IMPLEN, Munich, Germany 

Centrifuge 5910R Eppendorf AG, Hamburg, Germany 

Centrifuge 5424 Eppendorf AG, Hamburg, Germany 

Centrifuge 5424R Eppendorf AG, Hamburg, Germany 

Concentrator plus Eppendorf AG, Hamburg, Germany 

CO2 incubator Thermo Fisher, Waltham, MT, USA 

CytoFLEX s Beckman Coulter, Brea, California, 

USA 

E-box VX2 Gel Documentation 

Imaging 

Vilber, Collégien, France 

Heidolph Reax 2 overhead shaker Heidolph, Schwabach, Germany 

Ice machine Scotsman, Vernon Hills, IL, USA 

IKA Magnetic Stirrers IKA, Staufen, Germany 

KERN 4200 EW Precision balance KERN & SOHN GmbH, Balingen, 
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Germany 

KERN Analytical balance, 120-5DM KERN & SOHN GmbH, Balingen, 

Germany 

Laboratory dishwashing machine 

G7883 

Miele, Gütersloh, Germany 

Lab Heating and Drying Ovens Thermo Fisher Scientific, Rockford, 

IL, USA 

Microwave Severin, Sundern, Germany 

Milli-Q® Water Purification System Merck, Darmstadt, Germany 

pH-meter, HI2215 Hanna, Singapore 

Pipetus Hirschmann, Eberstadt, Germany 

Pipet stepper Eppendorf, Hamburg, Germany 

Power supply, PowerPac Bio-rad, Hercules, California, USA 

SureCycler 8800 Thermal Cycler Agilent, Santa Clara, California, 

USA 

Ultrasonic homogenisers BANDELIN electronic GmbH, Berlin, 

Germany 

Zeiss Axio Observer.Z1 and Apotome Zeiss, Jena, Germany 

Olympus BX51, Upright 

epifluorescence microscope 

Olympus, Shinjuku City, Tokyo, 

Japan 

AMD EVOS fl Digital microscope, 

Inverted digital fluorescence 

microscope 

Thermo Fisher, Waltham, 

Massachusetts, USA 

Rocky 3D rotator Boekel Scientific, Feasterville, PA, 

USA 

Shaking incubator Eppendorf, Hamburg, Germany 

ADVANCED Fluorescence and ECL 

Imager 

INTAS, Göttingen, Germany 

Thermomixer Eppendorf, Hamburg, Germany 

Vortexer Phoenix, Garbsen, Germany 

Water bath GFL, Burgwedel, Germany 
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2.1.5 Laboratory supplies and consumables 

 

Table 5: Supplies and consumables 
Supply/Consumable Manufacturer 
Cell scraper TPP, Trasadingen, Switzerland 

12 Well Chamber, glass slide, 

removable 

Ibidi GmbH, Gräfelfing, Germany 

8 Well Chamber, glass coverslip Ibidi GmbH, Gräfelfing, Germany  

Filter Cap Cell Culture flasks (25, 75 

and 175 cm2) 

CELLSTAR, Kremsmünster, Austria 

Nitril gloves WRP, Sepang, Selangor, Malaysia 

Filter bottle (500 ml) TPP, Trasadingen, Switzerland 

Glass Pasteur Pipettes BRAND, Wertheim, Germany 

Petri Dishes CELLSTAR, Kremsmünster, Austria 

Pipette tips (10/20, 20,100, 200, 1000

-l) 

STARLAB, Hamburg, Germany 

Pipette (5 ml, 10 ml, 25 ml, 50 ml) CELLSTAR, Kremsmünster, Austria 

PCR rubes STARLAB, Hamburg, Germany 

PCR plate Bio-rad, Hercules, California, USA 

Scalpels Mediware, Wesel, Germany 

Falcon tube (15 ml, 50 ml) Sarstedt, Nümbrecht, Germany 

Eppendorf tube (0.5 ml, 1.5 ml, 2 ml, 

5 ml) 

Eppendorf, Hamburg, Germany 

Tissue culture dishes (10 cm) CELLSTAR, Kremsmünster, Austria 

Sterile cell strainer (100 μm) BD Falcon, Erembodegem, Belglum 

Sterile filter (0.2 μm, 0.45 μm) Sartorius, Göttingen, Germany 

Syringes (1 ml, 2 ml, 5 ml, 10 ml) BD, Erembodegem, Belglum 

Coverslip Engelbrecht, Edermünde, Germany 

Tissue culture plates (96, 48, 24, 12, 

6-well plate) 

CELLSTAR, Kremsmünster, Austria 
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2.1.6 Antibodies 

 

Table 6: Antibodies 
Antibody Application Dilution Manufacturer 
Anti-mouse β-

actin, mouse 

WB 1:2000 in 5%Milk Cell Signalling, 

Danvers, MA, USA 

Anti-mouse 

TEAD4, mouse 

ChIP, WB 10μg per ChIP; 

1:500 in 5%Milk 

Abcam, Cambridge, 

UK 

Anti-mouse 

MST1, rabbit 

WB 1:1000 in 5%BSA Cell Signalling, 

Danvers, MA, USA 

Anti-mouse 

MST2, rabbit 

WB 1:1000 in 5%BSA Cell Signalling, 

Danvers, MA, USA 

Anti-mouse p-

MST1/2, rabbit 

WB 1:1000 in 5%Milk Cell Signalling, 

Danvers, MA, USA 

Anti-mouse 

YAP, rabbit 

WB, IHC, 

ICC 

1:1000 in 5%BSA; 

1:100 in PBS 

Cell Signalling, 

Danvers, MA, USA 

Anti-mouse p-

YAP, rabbit 

WB 1:1000 in 5%BSA Cell Signalling, 

Danvers, MA, USA 

Anti-mouse 

SAV1, rabbit 

WB 1:1000 in 5%BSA Cell Signalling, 

Danvers, MA, USA 

Anti-mouse 

MOB1, rabbit 

WB 1:1000 in 5%BSA Cell Signalling, 

Danvers, MA, USA 

Anti-mouse 

LATS1/2, rabbit 

WB 1:1000 in 5%Milk Abcam, Cambridge, 

UK 

Anti-mouse 

BMI1, mouse 

WB, IHC, 

ICC 

1:1000 in 5%Milk 

or PBS 

Abcam, Cambridge, 

UK 

Anti-mouse 

IRAK1, rabbit 

WB 1:1000 in 5%Milk Cell Signalling, 

Danvers, MA, USA 

Anti-mouse 

IRAK4, rabbit 

WB 1:1000 in 5%Milk Cell Signalling, 

Danvers, MA, USA 

Anti-mouse 

MyD88, rabbit 

WB 1:1000 in 5%Milk Cell Signalling, 

Danvers, MA, USA 

Anti-mouse 

TLR2, rabbit 

WB 1:1000 in 5%Milk Cell Signalling, 

Danvers, MA, USA 
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Anti-mouse 

TLR4, rabbit 

WB 1:1000 in 5%Milk Cell Signalling, 

Danvers, MA, USA 

Anti-mouse 

IκBα, mouse 

WB 1:200 in 5%Milk Santa Cruz, Dallas, 

Texas, USA 

Anti-mouse p-

IκBα, rabbit 

WB 1:1000 in 5%Milk Cell Signalling, 

Danvers, MA, USA 

Anti-mouse NF-

κB, rabbit 

WB, IHC, 

ICC 

1:1000 in 5%BSA 

or PBS 

Cell Signalling, 

Danvers, MA, USA 

Anti-mouse p-

NF-κB, rabbit 

WB 1:1000 in 5%BSA Cell Signalling, 

Danvers, MA, USA 

Anti-mouse 

PP2A, rabbit 

WB 1:1000 in 5%BSA Cell Signalling, 

Danvers, MA, USA 

Anti-mouse p-

PP2A, rabbit 

WB 1:1000 in 5%BSA Cell Signalling, 

Danvers, MA, USA 

Anti-HBsAg, 

rabbit 

WB, IHC, 

ICC 

1:1000 in 5%Milk AVIVA system biology, 

San Diego, CA, USA 

Anti-mouse 

Pericentrin, 

rabbit 

ICC 1:1000 in PBS Abcam, Cambridge, 

UK 

Anti-mouse 

p16INK4a, 

rabbit 

WB 1:500 in 5%Milk Abcam, Cambridge, 

UK 

Anti-mouse 

p19ARF, rat 

WB 1:500 in 5%Milk Abcam, Cambridge, 

UK 

Anti-mouse 

p53, mouse 

WB 1:1000 in 5%Milk Santa Cruz, Dallas, 

Texas, USA 

Anti-mouse 

Cyclin D1, 

mouse 

WB, ICC 1:1000 in 5%Milk Santa Cruz, Dallas, 

Texas, USA 

Anti-mouse 

IgG-HRP 

Secondary 

antibody 

1:2000 in 5%Milk Sigma-Aldrich, Saint 

Louis, MO, USA 

Anti-mouse 

ki67, rabbit 

IHC, ICC 1:1000 in 5%BSA Abcam, Cambridge, 

UK 

Anti-rabbit IgG- Secondary 1:2000 in 5%Milk Cell Signalling, 
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HRP antibody Danvers, MA, USA 

Anti-mouse 

Caspase 3, 

rabbit 

WB, ICC 1:1000 in 5%Milk; 

1:1000 in PBS 

Cell Signalling, 

Danvers, MA, USA 

Anti-mouse 

pH2AX, rabbit 

WB, ICC 1:500 in 5%BSA 

or PBS 

Cell Signalling, 

Danvers, MA, USA 

Donkey Anti-

Rabbit IgG H&L 

(Alexa Fluor® 

488) 

IF 1:2000 in PBS Abcam, Cambridge, 

UK 

Donkey anti-

Mouse IgG 

(H+L) Alexa 

Fluor 594 

IF 1:500 in PBS Invitrogen, Carlsbad, 

CA, USA 

Donkey anti-

Rabbit IgG 

(H+L) Alexa 

Fluor Plus 680 

IF 1:200-1:2000 in 

PBS 

Invitrogen, Carlsbad, 

CA, USA 

Donkey anti-

Rabbit IgG 

(H+L) Alexa 

Fluor 594 

IF 1:1000 in PBS Invitrogen, Carlsbad, 

CA, USA 

WB: western blot; IHC: immunohistochemistry; ICC: immunocytochemistry; IF: 
immunofluorescence  

 

2.1.7 Plasmids 

 

Table 7: Plasmids 
Plasmid Description Reference 
pGL3-basic Promoter reporter plasmid Promega 

pRL-TK Reference reporter plasmid Promega 

pcDNA3.1 Expression plasmid Promega 

His-GST-TEV-pET(2G-T) Expression plasmid Addgene 

peGFP Expression plasmid Takara 
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pmRFP Expression plasmid Takara 

psiRNA-h7SK-GFPzeo Knock down plasmid Invivogen 

 

The pcDNA3.1 vector merely overexpresses the gene of interest. The peGFP vector 

overexpresses the gene of interest as fusions to the N-terminus of eGFP. The 

pmRFP vector overexpresses the gene of interest as fusions to the C-terminus of 

RFP. The pET His6 GST TEV LIC cloning vector (2G-T) overexpresses the gene of 

interest as fusions to the N-terminus of His6-GST-TEV. 

 

2.1.8 siRNA and shRNA sequences 

The siRNAs were synthesised from GenePharm (Shanghai, China) with a 2’Ome 

modification and a TT at the end of sequence to prevent off-target immune induction. 

The shRNA target sequences were the same as those of the siRNAs. The shRNAs 

integrated into psiRNA-h7SK-GFPzeo were synthesised from Biomers (Ulm, 

Germany). To form the short-harpin structure of shRNAs, the 21 nucleotide gene-

specific sequence was designed and synthesised in the backbone of forward oligo: 

ACCTC---------------------TCAAGAG---------------------TT (5’→3’) and reverse oligo: 

CAAAAA---------------------CTCTTGA---------------------G (5’→3’). All siRNAs and 

shRNAs sequences information are given in Table 8. 

 

Table 8: siRNA and shRNA sequences 
siRNA Sequence (5’→3’) 
siRNA Negative control CAACAAGATGAAGAGCACCAATT 

siYAP#1 CTGGTCAAAGATACTTCTTAATT 

siYAP#2 GAAGCGCTGAGTTCCGAAATCTT 

siTEAD4#1 GCTGAAACACTTACCCGAGAATT 

siTEAD4#2 CCCTCTCTGTGAGTACATGATTT 

siBMI1 TCAAATGATGTTGTTAGTAAATT 

siSTK3#1 CCCATGATGGAACGAGAAATATT 

siSTK3#2 CCTTCTTTCATGGACTACTTTTT 

siSTK4#1 CCGTCTTTCCTTGAATACTTTTT 
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siSTK4#2 GCCCTCACGTAGTCAAGTATTTT 

siMOB1a#1 GCTTGGATCTAAAGACAGATATT 

siMOB1a#2 GAGGACCTCAATGAATGGATTTT 

siMOB1b#1 GCTGGAAACAAATGCGACAAATT 

siMOB1b#2 CTGGATGATGAGACATTATTTTT 

siSAV1#1 GCACAAGAAGATTACAGATATTT 

siSAV1#2 CTACATCTCTAGGGAATTTAATT 

siLATS1#1 GCAACATTCAATTAACCGAAATT 

siLATS1#2 TAGTCAATTCTTGGTACTTAATT 

siLATS2#1 CGCAAGAATAGCAGAGATGAATT 

siLATS2#2 CGCCTTCTATGAGTTCACCTTTT 

shRNA Sequence (5’→3’) 
Scramble CAACAAGATGAAGAGCACCAA 

shYAP CTGGTCAAAGATACTTCTTAA 

shTEAD4#1 GCTGAAACACTTACCCGAGAA 

shTEAD4#2 CCCTCTCTGTGAGTACATGAT 

shBMI1#1 GCAGATTGGATCGGAAAGTAA 

shBMI1#2 CCAGCAAGTATTGTCCTATTT 

shSTK3#1 CCCATGATGGAACGAGAAATA 

shSTK3#2 CCTTCTTTCATGGACTACTTT 

shSTK4#1 CCGTCTTTCCTTGAATACTTT 

shSTK4#2 GCCCTCACGTAGTCAAGTATT 

shLATS1#1 GCAACATTCAATTAACCGAAA 

shLATS1#2 TAGTCAATTCTTGGTACTTAA 

shLATS2#1 CGCAAGAATAGCAGAGATGAA 

shLATS2#2 CGCCTTCTATGAGTTCACCTT 
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2.1.9 Bacteria strains 

 

Table 9: Bacteria strains 

 

 

 

 

 

 

 

 

BL21(DE3) competent E. coli was chosen for high level protein expression and 

purification. One Shot™ TOP10 chemically competent E. coli was chosen for 

plasmids preparation. LyoComp GT116 was used for shRNA plasmids preparation. 

 

2.1.10  Primers 

 

Table 10: Quantitative PCR primers 
Gene Sequence (5’→3’) Annealing 

Temp. (°C) 
mActb forward AAATCGTGCGTGACATCAAA 

55 
mActb reverse CAAGAAGGAAGGCTGGAAAA 
mNfkbia forward TCCTGCAGGCCACCAACTA 

55 
mNfkbia reverse TCAGCACCCAAAGTCACCAA 
mCtgf forward GTGTGCACTGCCAAAGATGGTGC 

55 
mCtgf reverse GCACGTCCATGCTGCACAG 
hACTB forward TCCCTGGAGAAGAGCTACGA 

55 
hACTB reverse AGCACTGTGTTGGCGTACAG 
hYAP forward GGTTGGGAGATGGCAAAGAC 

55 
hYAP reverse GGGTCCTGCCATGTTGTTGT 
hNFΚBIA forward GAGACCTGGCCTTCCTCAACT 55 

Strain Genotype Manufacturer 
BL21(DE3) BNN93 hflA150::Tn10 (TetR) Novagen, Darmstadt, 

Germany 

TOP10 F- mcrA Δ(mrr-hsdRMS-mcrBC) 

φ80lacZΔM15 ΔlacX74 recA1 
Invitrogen, Carlsbad, 

CA, USA 

GT116 F- mcrA ∆(mrr-hsdRMS-mcrBC) 

φ80lacZM15 ∆lacX74 recA1 endA1 

∆sbcC-sbcD 

Invivogen, San Diego, 

CA, USA 
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hNFΚBIA reverse TTCTGGCTGGTTGGTGATCA 
hCTGF forward GGAGCGCCTGTTCCAAGAC 

55 
hCTGF reverse CTGCAGGAGGCGTTGTCATT 

m, murine; h, human. 

 

Expressions of murine Il6, Il1β, Tnf and human IL6, IL1β, TNF were detected by 

commercially available primer sets (QuantiTec Primer Assay, Qiagen; sequences are 

not given by the manufacturer). 

 

Table 11: Chromatin immunoprecipitation primers 
Gene Sequence (5’→3’) 
Nfkbia-fragment1-forward TTGCTCTGCTAGGCATTCACAA 
Nfkbia-fragment1-reverse CCGTATGGGAACCACATTTTTC 
Nfkbia-fragment2-forward TCAAAAAGTTCCCTGTGCATGA 
Nfkbia-fragment2-reverse CCAAGCCAGTCAGACTAGAAAAAGA 
Bmi1-fragment1-forward GGGAGACTCTTAAGCATCTGGATT 

Bmi1-fragment1-reverse TCACACACAAACTCCAAACAGAATG 

Bmi1-fragment2-forward GCCCGACTACACCGACACTAAT 

Bmi1-fragment3-reverse GTCACGTGCTCCCCTCATTC 

Bmi1-fragment3-forward CGCTCGGTGCCCATTG 

Bmi1-fragment2-reverse GCGGGCGGAAAAGACAA 

neg-control-Ctgf-forward CAGTGGAGATGCCAGGAGAAA 
neg-control-Ctgf-reverse CCCCGGTTACACTCCAAAAA 
pos-control-Ctgf-forward CTTCTTGGTGTTGTGCTGGAAAC 
pos-control-Ctgf-reverse GACCCCTTGACACTCCACATTC 

neg, negative; pos, positive. 

 

Table 12: Primers for construction of overexpression plasmids 
Gene Sequence (5’→3’) Accession 

No. 
pcDNA3.1-mYap-
forward 

GCTCTAGAATGGAGCCCGCGCAA
C 

NM_009534 

pcDNA3.1-mYap-
reverse 

GGGGTACCGCTCCCTGCAGCTCT
ATAACCAC 

peGFP-mYap-
forward 

GAAGATCTATGGAGCCCGCGCAA NM_009534 
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peGFP-mYap-
reverse 

GGGGTACCAACCACGTGAGAAAG
CTTTCT 

pcDNA3.1-
mTead4-forward 

GCTCTAGAATTACCTCCAACGAGT
GGAGCTC 

NM_00108097
9 

pcDNA3.1-
mTead4-reverse 

GGGGTACCCTACCATTGCTCTCCA
AGTCTCTCAT 

pcDNA3.1-mVgll4-
forward 

GCTCTAGAATGCTGTTTATGAAGA
TGGACCTGT 

NM_177683 

pcDNA3.1-mVgll4-
reverse 

GGGGTACCCCTTCAGGAGACCAC
AGAGG 

pcDNA3.1-mStk3-
forward 

GCTCTAGAATGGAGCAGCCGCCG NM_019635 

pcDNA3.1-mStk3-
reverse 

GGGGTACCTCAGAAATTCTGCTGC
CTCCTCT 

pcDNA3.1-mStk4-
forward 

GCTCTAGAATGGAGACCGTGCAG
CTG 

NM_021420 

pcDNA3.1-mStk4-
reverse 

GGGGTACCTCAGAAGTTCTGTTGC
CTCCTCT 

pmRFP-HBsAg-
HA-forward 

GAAGATCTGGTGGTGGCGGTTCA
GGCGGAGGTGGCTCT ATGGGGC
AGAATCTTTCC 

NC_003977.2 

pmRFP-HBsAg-
HA-reverse 

GGGGTACCTCAGGCATAATCTGG
CACATCATAAG 

pcDNA3.1-mBmi1-
forward 

GCTCTAGAATGCATCGAACAACCA
GAAT 

NM_007552 

pcDNA3.1-mBmi1-
recerse 

GGGGTACCCTAACCAGATGAAGTT
GCTGATG 

peGFP-mBmi1-
forward 

GAAGATCTATGCATCGAACAACCA
GAAT 

NM_007552 

peGFP-mBmi1-
recerse 

GGGGTACCCCAGATGAAGTTGCT
GATGAC 

pET-mTead4-
forward 

ATTATTACCTCCAACGAGTGGAGC
T 

NM_00108097
9 

pET-mTead4-
reverse 

GGGGTACCTCATTCTTTCACAAGT
CGGTAGATGTGG 

 

Table 13: Primers for gene reporter system 
Gene Sequence (5’→3’) 
mBmi1-FL-forward GGGGTACCGAGCTAGCACCCTTTTGAAGTG 

mBmi1-FL-reverse GAAGATCTAATGAATGCGAGCCAAGC 

mNfkbia-FL-forward GGGGTACCAGCTGATAGAAGCAGCAGGTTTC 

mNfkbia-FL-reverse GAAGATCTGCGGCGCCCTATAAACG 

mNfkbia-TB1-forward GGGGTACCTGAGTGCAGGCTGCAGGG 

mNfkbia-TB1-reverse GAAGATCTATGAGCCACTGGGGTCATG 

mNfkbia-TB2-forward GGGGTACCGGCTTCTCAGTGGAGGACGAG 
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mNfkbia-TB2-reverse GAAGATCTCGGCGCCCTATAAACGCT 

mNfkbia-mutTB2-

forward 

TGGCTTGGACGGCATCCGC 

mNfkbia-mutTB2-

reverse 

GCGGATGCCGTCCAAGCCA 

mCtgf-posTB-forward GGGGTACCAAGGGGTCAGGATCAATCCGG 

mCtgf-posTB-reverse GAAGATCTCCGGGAGCCGGCT 

mBmi1-TB1-forward GGGGTACCAAATGGTTAAGAGGGAGACTCT 

mBmi1-TB1-reverse GAAGATCTATTTATTCAGGGTACGAT- 

ACTTTAATAGG 

mBmi1-TB2-forward GGGGTACCATCTTGAGCGTCTTCAAGCCCT 

mBmi1-TB2-reverse GAAGATCTACGCAGGGCAGATGTGC 

mBmi1-TB3-forward GGGGTACCCAGAAGCAGGAGACATGGTGG 

mBmi1-TB3-reverse GAAGATCTTTAGTGTCGGTGTAGTCGGGC 

mBmi1-TB4-forward GGGGTACCGCCCGACTACACCGACACTAA 

mBmi1-TB4-reverse GAAGATCTTGGAAACTGACACCGGCTCCA 

mBmi1-mutTB3-forward GCTGTGGAATGCCGCCTC 

mBmi1-mutTB3-reverse GAGGCGGCATTCCACAGC 

mBmi1-mutTB4-forward CCTAATTCCCAGGCCGCCCTTAAATG- 

CCGAGGGGAGCACGTGACCCGGCGGA 

mBmi1-mutTB4-reverse GATCTCCGCCGGGTCACGTGCTCCCCTCG- 

GCATTTAAGGGCGGCCTGGGAATTAGGGTAC 

FL: full length; TB: Tead4 binding site; mut: mutant; pos: positive. Primers for mBmi1-
mutTB4 were designed to generate double-strand DNA fragment with sticky ends by 
annealing. 

 

Table 14: Primers for electrophoretic mobility shift assay 
Gene Sequence (5’→3’) 
mNfkbia-F1-forward GGATACCTCACAGTTACTTTTTTAGC 

TATGTTTGAG 

mNfkbia-F1-reverse TGCAATGCAGGGACATTTGGC 

mNfkbia-F2-forward GTACCTAGAGGGAGGGGGC 

mNfkbia-F2-reverse CAGGGGATTTCTCAGGGGCG 

mCtgf-pos-forward GAAGGTGGGGAGGAATGTGAGGAA 
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TGTCCCTGTTT 

mCtgf-pos-reverse AAACAGGGACATTCCTCACATTCCTC 

CCCACCTTC 

Negative control-forward CATGGATTACAAGGATGACGACGA 

TAAGCCACCGTCCA 

Negative control-reverse CCGGTGGACGGTGGCTTATCGTC 

GTCATCCTTGTAATCCATGGTAC 

 

Primers for mCtgf-positive control and negative control were designed to generate 

double-strand DNA fragment by annealing. 

 

2.1.11  Cell lines 

 

Table 15: Cell lines 
Cell line Origin Medium 
Hepa1-6 C57 mouse hepatoma DMEM complete, 

10%FBS 

HEK293T Human embryonic 

kidney 

DMEM complete, 

10%FBS 

NCTC Clone 1469 C3H mouse liver DMEM complete, 

10%FBS 

 

 

2.1.12  Software and data analysis 

 

Table 16: Software 
Software Provider 
Image J Wayne Rasband (National Institutes of Health) 

Flowjo TreeStar Inc., Ashland, Oregon, USA 

GraphPad Prism GraphPad Software Inc., La Jolla, California, USA 

ZEN 2 (blue edition) Carl Zeiss Microscopy GmbH, Jena, Germany 

Snapgene GSL Biotech LLC, La Jolla, California, USA 
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GSEA software UC San Diego and Broad Institute 

R, R-studio R Core Team, RStudio, Inc. 

 

ImageJ software was used to process high resolution images. RFP- and GFP-

positive cells were quantified by flow cytometry. Reanalysis of gene expression 

omnibus data GSE69590, GSE83148, GSE65359 and GSE84429, Gene Set 

Enrichment Analysis (gsea-3.0) and R project (Version 3.6.1) were utilized. Data 

analysis, linear models and differential expression was processed via limma package 

version 3.9. Student’s t-test was used to statistically compare differences between 

two groups. Significance levels were defined as follows: *p-value<0.05, **p-

value<0.01, and ***p-value<0.001, ****p-value<0.0001 (Prism7). Representative data 

from a series of at least three independent experiments carried out in triplicate are 

presented as the mean ± standard error of the mean (SEM) unless otherwise 

indicated. 

 

2.2   Molecular biology 

 

2.2.1 Plasmids construction 

To construct plasmids, the specific primers for each gene or promoter region were 

designed with two different restriction enzyme digestion sites at the 5’ end of the 

primers. After double digestion of the PCR products and the vectors, digested DNA 

fragments and vectors were purified by Gel and PCR product clean-up kit (Omega 

Bio-tek, Norcross, GA, USA). By ligation of double-digested DNA and vector with T4 

ligase, a specific DNA fragment was inserted into the vector. The primers for plasmid 

constructions are listed in Table 12 and 13. 

 

2.2.2 Transformation of bacteria 

To acquire enough plasmid for functional experiments, competent GT116 cells were 

specifically prepared for psiRNA-h7SK-GFPzeo plasmids transformation according to 

the manufacture’s instruction. Competent TOP10 cells were prepared for the other 
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plasmid transformations. Competent bacteria were thawed on ice, 50 ng plasmid 

DNA were added, gently mixed and incubated on ice for 30 min. The reaction was 

heat-shocked for 45 seconds using a 42°C water bath, followed by 2 min incubation 

on ice. To active competent bacteria, 500 μl S.O.C. medium was added into the 

mixture, followed by 1 hour incubation with shaking at 200 rpm/min in a 37°C 

incubator. Finally, 100 μl transformation mixes were spread on Lysogeny broth (LB) 

plates supplemented with antibiotics, either ampicillin (100 μg/ml) or kanamycin (30 

μg/ml), for positive clone selection by incubating the plate inversely at 37°C overnight. 

 

2.2.3 Clone PCR and agarose gel electrophoresis  

To identify positive clones, separate colonies were picked from the plates using filter 

tips, transferred to 1 ml LB medium including antibiotics, and incubated for 2 hours at 

37°C with shaking at 200 rpm/min. Standard PCR amplification (KAPA Taq 

ReadyMix PCR Kit, Kapa Biosystems, Basel, Switzerland) was performed, directly 

using 0.5 µl of bacterial suspension. During the PCR reaction, 1% agarose gel was 

prepared with 1× TBE buffer for analysing the clone PCR products. Once the PCR 

reaction finished, PCR products were mixed with the DNA loading dye. 10 μl of the 

mixture were loaded into the gel carefully. The gel was run at 130V (80~150V) until 

the dye line reached approximately 75%~80% of the way down the gel. The gel was 

analysed by E-box VX2 Gel Documentation Imaging machine (Vilber, Collégien, 

France). 

 

2.2.4 Expansion of plasmids 

The remaining bacteria suspension of positive clones were expanded in 5 ml LB 

medium supplemented with antibiotics and incubated in the shaking incubator at 

37°C, 250 rpm/min overnight. To prepare plasmids in small-scale, 5–10 ml overnight 

cultures are appropriate to produce approximately 20 μg of plasmids using the 

E.Z.N.A.® Endo-Free Plasmid Mini Kit I (Omega Bio-tek). To prepare plasmid in 

large-scale, 200 ml overnight cultures are appropriate to produce approximately 10 
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mg of plasmid using QIAGEN Plasmid Maxi Kit (QIAGEN, Hilden, Germany). All 

procedures were performed according to the manufacturer’s instructions. 

 

2.2.5 Genomic DNA extraction 

To extract genomic DNA from cell lines or primary mouse hepatocytes, DNeasy 

Blood & Tissue kit (QIAGEN) was used according to the manufacturer’s instruction.  

 

2.2.6 Total mRNA isolation and reverse transcription 

To prepare total mRNAs, QIAzol Lysis Reagent (QIAGEN) was used to lyse and 

homogenize samples based on the manufacturer’s instructions. To analyse mRNA 

levels, 2 μg of total RNA was reverse transcribed with SMART® MMLV Reverse 

Transcriptase (TaKaRa, Kusatsu, Japan). 

 

2.2.7 Quantitative real-time PCR (qPCR) 

The cDNA was diluted to 10 ng/μl and mixed with 2×FS Universal SYBR Green 

Master (Roche, Mannheim, Germany) and gene-specific primers (5 nM) (Table 10). 

PCR was performed with a CFX96 Touch™ Real-Time PCR Detection System (Bio-

Rad, Hercules, USA) with the following parameters: 1) 95°C for 10 min to activate 

FastStar Taq DNA polymerase; 2) 95°C for 10 sec to denature dsDNA followed by 

60°C for 30 sec to allow primer annealing and elongation to finally collect SYBR 

green signals; 3) step 2 was repeated for 40 times; and 4) a final melt-curve analysis 

step was performed. The PCR results were analyzed with CFX Manager™ Software 

(Bio-Rad, Hercules, USA). 

 

2.2.8 Dual-luciferase reporter assay 

Dual-luciferase reporter assay is widely used to study eukaryotic gene expression 

and cellular physiology. Applications include the study of receptor activity, 

transcription factors, intracellular signalling, mRNA processing and protein folding. 

Dual reporters are commonly used to improve experimental accuracy. The term “dual 

reporter” refers to the simultaneous expression and measurement of two individual 
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reporter enzymes within a single system. Typically, the “experimental” reporter is 

correlated with the effect of specific experimental conditions, while the activity of the 

co-transfected “control” reporter provides an internal control that serves as the 

baseline response. Normalizing the activity of the experimental reporter to the activity 

of the internal control minimizes experimental variability caused by differences in cell 

viability or transfection efficiency. 

 

Assays were performed with pGL3-basic reporter plasmid (Promega, Madison, USA) 

and pRL-TK control plasmid (Promega). Nfkbia promoter region (-977–+34, 

NM_010907), Bmi1 promoter region (-979–+417, NM_007552), truncated promoter 

regions and mutant TEAD4-binding site fragments were cloned into the multiple 

cloning site through restriction enzymes. To visualise Nfkbia-driven and Bmi1-driven 

activity, luciferase reporter open reading frame was substituted with red fluorescent 

protein (RFP) open reading frame (pRFP-Nfkbia and pRFP-Bmi1). Cells of 80% 

confluence were transfected with reporter plasmids and/or overexpression plasmids 

as indicated. The Dual-Luciferase® Reporter (DLR) Assay System (Promega) was 

used to detect Firefly and Renilla (control signal) luciferase activities with a FLUOstar 

Omega microplate reader (BMG LABTECH, Ortenberg, Germany) 48 hours after 

transfection. The shRNA-GFP-positive Hepa1-6 clones were transfected with pRFP-

Nfkbia or pRFP-Bmi1 reporter assays for additional 48 hours in chamber slides. The 

slides were fixed with 4% PFA (paraformaldehyde) at room temperature for 15 min. 

The RFP signals were directly visualised with a BX53 upright Microscope (Olympus, 

Shinjuku City, Tokyo, Japan) or an AxioObserver. Z1 inverted microscope (Zeiss, 

Jena, Germany). In addition, RFP-positive cells were counted with a CytoFLEX S 

flow cytometer (Beckman, Brea, USA). 

 

2.2.9 Chromatin immunoprecipitation (ChIP) 

ChIP is a widely used method to identify specific proteins associated with a region of 

the genome, or in reverse, to identify regions of the genome associated with specific 
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proteins. The ChIP assay was performed with an EZ ChIP kit (Merck, Darmstadt, 

Germany) following the user guide as described previously166. Briefly, 1×107 Hepa1-6 

and NCTC Clone 1469 cells were fixed with formaldehyde (final concentration 1%) at 

room temperature for 10 min to covalently crosslink proteins to DNA. To generate 

200–1000bp length of DNA fragments, harvested cells were sonicated (Ultrasonic 

homogenizers, BANDELIN electronic GmbH, Berlin, Germany) to shear the 

chromatin to the manageable size through the following operating parameters: 40% 

amplitude, 15 seconds-on and 50 seconds-off for sonication, 10 cycles were needed. 

Gel electrophoresis was performed to confirm the DNA fragment size. TEAD4 

antibody and Mouse IgG antibody (negative control) were linked to agarose beads 

and incubated with sheared chromatin at 4°C with rotation overnight. During the 

incubation, TEAD4 antibody might bind to TEAD4/DNA complex to form the agarose 

beads/TEAD4 antibody/TEAD4/DNA fragment complex. After a low speed centrifuge 

at 4°C (1000 rpm, 1 min), the agarose beads complex was collected. After 

purification of associated DNA, the detection of specific DNA sequences is performed 

by quantitative real time PCR with the specific primers (Table11). If the DNA 

fragment is associated with TEAD4, the relative representation of that DNA sequence 

will be enriched by the immunoprecipitation process. 

 

2.2.10   Electrophoretic mobility shift assay (EMSA) 

EMSA was performed as described previously167. To facilitate the assay, the 

radioisotope was replaced with GelRed (Biotium, Fremont, USA). To prepare 20 ml 5% 

polyacrylamide gel, 15.6 ml dH2O, 1 ml 10× TBE, 3.36 ml 30% acrylamide stock 

(19:1), 200 μl 10% Ammonium persulphate solution were mixed well while minimizing 

bubble formation. The mixture was added with 20 μl TEMED, mixed well and poured 

into the gel maker. To set the reaction system, 10–40 μg TEAD4 protein and 100 ng 

DNA fragment was mixed in 5× binding buffer supplemented with 0.1 μl 100×BSA. 

After 30 min incubation at room temperature, 6× green gel loading dye was added 

into the reaction mix. The mixture was loaded into 5% polyacrylamide gel that was 

pre-run without sample at 150 V for30 min with 0.5× TBE buffer. After running the gel 
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for about 2 hours at 150 V, the gel was stained in 0.5× TBE buffer with GelRed dye 

for 30 min at room temperature. The gel was put in the E-box VX2 Gel 

Documentation Imaging machine (Vilber, Collégien, France), UV light was used to 

visualise DNA or DNA/protein complex bands. 

 

2.3   Cell biology 

 

2.3.1 Cultivation of cell lines 

The Hepa1-6, NCTC clone 1469 and HEK293T cell lines were maintained in DMEM 

(Gibco, Paisley, UK) containing 1% L-Glutamine and supplemented with 10% FBS 

(Millipore, Darmstadt, Germany) and 1% penicillin/streptomycin (Millipore) at 37°C in 

a 5% CO2 incubator. 

 

2.3.2 Primary murine hepatocyte isolation 

Primary murine hepatocytes (PMHs) were prepared from wild-type (WT) C57BL/6 (6 

to 9-months-old, male) mice, Irak4-/- mice and Myd88-/-/Trif-/- mice and HBsAg-

transgenic mice by in-situ collagenase type IV (Worthington, Lakewood, USA) 

perfusion, as described previously168. Briefly, the mouse was sacrificed by cervical 

dislocation and secured on the working platform with ventral side up. The 

abdomen/chest region was thoroughly cleaned with 70% ethanol, from low abdomen 

region to chest region, the fur and muscle layer were cut through and the liver, portal 

vein and inferior vena cava were exposed; a butterfly cannula (22G) was inserted 

into the portal vein carefully. The cannula was connected with the pump tube, the 

pump was started to perfuse the liver with 50 ml prewarmed (42°C) Hank's buffered 

salt solution without magnesium or calcium, including 0.5 mM ethylene glycol 

tetraacetic acid (EGTA). Prewarmed Hank's buffered salt solution (100 ml) including 

type IV collagenase (100 units/ml) was further perfused to digest the liver tissue. The 

digested liver was cut out and transferred into a 10 cm dish with 10 ml culture 

medium (Ham’s F12 medium; 10% active FBS, 1% L-Glutamine, 1% 
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penicillin/streptomycin). The liver was torn apart with two pair of forceps. Once torn 

apart, the cell suspension was triturated three times with a 10 ml pipette. The 

suspension was filtered through a 100 μm cell strainer and centrifuged at 4°C, 30×g 

for 5 min. The centrifugation was repeated twice to remove debris and non-

parenchymal cells. After resuspension, total hepatocytes were counted and diluted to 

3×105 cells/ml. Due to TLR2/4 context, in the following the Myd88-/-/Trif-/- mice are 

termed Myd88-/- mice. Knockout mice were kindly provided by Prof. Carsten 

Kirschning. PMHs were seeded on collagen I-coated culture plates or coverslips. 

One day after preparation, PMHs were stimulated with cell culture-derived HBV 

(multiplicity of infection [MOI] > 1,000) or a non-particle control. HBV particle 

preparation and stimulation were performed as previously described89. Briefly, the 

cell line HepG2.117, stably transfected with an HBV-coding plasmid, was cultured for 

HBV particles production. HBV particles were prepared from cell culture supernatants 

by overnight precipitation with 6% polyethylene glycol 8000 (PEG8000; Sigma, 

Darmstadt, Germany) at 4°C, concentrated by centrifugation (12,000g for 60 min at 

4°C) and stored at -80°C. A mock control was produced by precipitating supernatants 

of HepG2 cells under the same conditions. For the infection and immune induction 

experiments, a total of five different HBV preparations with 109 genome 

equivalents/ml were used. 

 

2.3.3 Primary human hepatocyte isolation 

Primary human hepatocytes (PHHs) were prepared from non-tumorous tissue 

obtained from freshly resected livers of four different donors, as previously 

described169. Briefly, the liver specimens were placed in a 14 cm petri dish, and a 

cannula was positioned in an accessible hepatic vessel. The cannula was fixed, and 

remaining vessels were sealed with Histoacryl (Braun, Melsungen, Germany). The 

liver tissues were rinsed with perfusion solution (Ca2+- and Mg2+-free Hank’s 

balanced salt solution supplemented with 0.02 mg/ml gentamycin and 20 mM 

HEPES) prewarmed to 37°C. After nearly all blood had been flushed out, the livers 
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were equilibrated with perfusion solution containing 0.5 mM EGTA for 10 to 20 min in 

a recirculation approach. Collagenase type IV [0.6 mg/ml] from Clostridium 

histolyticum (Sigma, Seelze, Germany) was dissolved in perfusion solution 

containing 5 mM CaCl2, and the solution was sterilized using a 0.45 μm membrane 

filter. The duration of collagenase perfusion depended on tissue size and quality but 

did not exceed 20 min. The obtained cell suspension was filtered through a 230 μm-

meshed cell strainer. PHHs were pelleted by low-speed centrifugation at gradually 

increasing rates (30×g, 40×g, and 50×g, for 10 min). PHHs were seeded on collagen 

I-coated culture plates or coverslips and stimulated with cell culture-derived HBV 

(MOI > 1,000) or a non-particle control, one day after preparation89. All patients 

provided written documentation of their informed consent. The study conformed to 

the ethical guidelines of the 1975 Declaration of Helsinki and was approved by the 

Institutional Review Board (Ethics Committee) of the medical faculty at the University 

Duisburg-Essen. Samples were acquired by the Westdeutsche Biobank Essen. 

 

2.3.4 Flow cytometry 

Flow cytometry was performed for DNA content and cell cycle analysis. For these 

assays, 1×106 cells were spun down at 300×g for 5 min and resuspended with 200 μl 

PBS. For DNA content analysis, Hoechst 33342 (10 μg/ml) was added to the cell 

suspension and incubated at 37°C for 15 min avoiding light. After staining, cells were 

washed with PBS two times and resuspended with 300 μl PBS for flow cytometry 

analysis using the CytoFLEX S. For quantifying RFG signals 1×106 cells were spun 

down at 300×g for 5 min, resuspended with 200 μl PBS and directly measured in the 

CytoFLEX S analyser. 

 

2.3.5 LPS and Pam3CSK4 stimulation 

Hepa1-6 cells or NCTC Clone 1469 cells were seeded on 96-flat well plates or 24-

well plates, and stimulated with LPS (10 μg/ml, Invivogen, San Diego, USA) or 

synthetic palmitoylated lipopeptide (Pam3CSK4, 500 ng/ml, Invivogen) for different 

lengths of time (0, 6, 12, 24, 48 and 72 hours) depending on the different methods. 
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2.3.6 Inhibitor treatment 

PMHs were isolated and seeded on collagen-I coated plates or coverslips, and were 

treated with C29 (50 μM) or XMU-MP-1 (1 μM) for different lengths of time before the 

HBV exposure. For DNA content analysis, WT PMHs were isolated and seeded on 

collagen-I coated 12-well plates, and were treated with XMU-MP-1 (5 μM) for 48 

hours. After the treatment, PMHs were collected and stained with Hoechst 33342 for 

flow cytometry analysis. 

 

2.3.7 Hematoxylin and eosin staining  

Hematoxylin and eosin (HE) staining was performed to observe cell morphology and 

liver histopathologic conditions. For PHHs or PMHs seeded on collagen I-coated 

coverslips, cells were fixed with 4% PFA at room temperature for 15 min. After PBS 

washes, cells were stained with the HE Fast Staining Kit (Roth, Karlsruhe, Germany) 

according to the instruction manual. After HE staining dehydration in 100% ethanol 

and clearance in xylene was performed and cells were mounted with Canada balsam 

(Sigma-Aldrich, Darmstadt, Germany). For liver tissue sections, sections were 

stained with the HE Fast Staining Kit after deparaffination and rehydration. After HE 

staining dehydration in 100% ethanol and clearance in xylene was performed, 

sections were mounted with Canada balsam. 

 

2.3.8 Immunohistochemical staining 

Immunohistochemical staining was performed with paraffin-embedded tissue 

sections. Deparaffinization and rehydration of the section was achieved by the 

following processes: slides were incubated at 65°C for 30 min, followed by 2 × 5 min 

xylene; 2 × 3 min 100% ethanol; 3 min 95% ethanol; 3 min 70% ethanol; 3 min 50% 

ethanol and 3 min PBS. Endogenous peroxidase was quenched by incubating slides 

at room temperature for 10 min with 3% H2O2. After washing 2 times with PBS, 

citrate buffer was applied to unmask the antigen by incubating sections in the buffer 

for 45 min at 95°C, avoiding bubbles. After additionally washing with PBS, sections 
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were blocked with 10% normal serum (same species with the secondary antibody) at 

room temperature for 10-20 min. After removing blocking serum from sections, 

diluted primary antibody was added onto the sections. The sections were incubated 

at 4°C, overnight in a wet box. Sections were washed twice with PBS and incubated 

with diluted biotinylated secondary antibody at room temperature for 1 hour in a wet 

box. After incubation, sections were washed twice with PBS and incubated with 

VECTASTAIN ABC reagent (tertiary antibody) at room temperature for 45 min in a 

wet box. After washing twice with PBS, sections were incubated with peroxidase 

substrate solution until desired staining intensity develops. Sections were rinsed 

under tap water and counterstained with hematoxylin for 2 min at room temperature. 

After washing under tap water, sections were dehydrated gradually with 70% ethanol, 

90% ethanol and 2 times 100% ethanol for 5 min each, and were cleared with xylene 

twice for 5 min. Finally, slides were mounted with Canada balsam. 

 

2.3.9 Immunofluorescent staining 

Cover slips were washed 3 times with PBS and fixed for 10 min at room temperature 

with 4% PFA. Cells were additionally washed with PBS, after which 

immunocytochemical (ICC) staining was conducted. Fixed cells were incubated for 

10 min on ice with 0.2% Triton X-100 (Sigma-Aldrich, Steinheim, Germany) and 0.2% 

BSA (Carl Roth, Karlsruhe, Germany) in PBS. Following permeabilization, the cells 

were blocked by incubation for 1 hour at room temperature with 0.02% Triton X-100 

and 5% BSA in PBS. Primary antibodies were applied overnight at 4°C. Cells were 

washed with PBS three times and incubated with secondary antibodies at room 

temperature for 1 hour without light exposure. Finally, the cells were washed three 

times with PBS and covered with Fluoroshield™ mounting medium, including DAPI 

(Sigma-Aldrich). Tissue specimens were fixed and paraffin embedded. Slides were 

deparaffinized, unmasked and blocked with 5% BSA in PBS. Staining was proceeded 

as described for cover slips. 
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2.4   Protein biochemistry 

 

2.4.1 Preparation of protein lysate 

To prepare total protein lysates, RIPA buffer (150 mM NaCl, 1% Nonidet P-40, 0.5% 

sodium deoxycholate, 0.1% SDS, 25 mM Tris) supplemented with protease and 

phosphatase inhibitor cocktail (Thermo Scientific, USA) was used. Lysates were 

centrifuged for 15 min at 14,400×g and 4°C. The protein concentration was 

determined with BCA Protein Assay Kit (Pierce, Rockford, USA).  

 

2.4.2 Protein quantification via Bicinchoninic acid (BCA) assay 

The BCA protein assay is a well-known copper-based method for colorimetric 

detection and quantitation of total protein. Before quantitation, total protein was 

diluted at 1:5 (1 µl sample plus 4 µl water) with deionized water in flat-bottom 

transparent 96-well plate. BCA working reagent was prepared according to the 

manufacture’s instruction. The 5 µl standard sample was added in the same plate. 

100 µl BCA working reagent were added into standard samples and diluted samples. 

The plate was incubated in a 37°C incubator with shaking for 30 min. The plate was 

placed into the FLUOstar Omega microplate reader and absorbance was determined 

at 562 nm wave length. Finally, the concentration of diluted samples was calculated 

according to the standard curve. 

 

2.4.3 Western blot 

Samples were prepared in 5 × loading buffer and incubated at 95°C for 5min. Twenty 

micrograms of total protein was loaded on 10% resolving and 5% stacking gel and 

resolved with a Mini-PROTEAN® Tetra Cell (Bio-Rad) and transferred onto PVDF 

membranes (Trans-Blot® Turbo™, BioRad). Primary and secondary antibodies used 

are listed in Table 6. Amersham ECL Prime Western Blotting Detection Reagent (GE 

Healthcare, Chicago, USA) and an ADVANCED Fluorescence and ECL Imager 

(INTAS, Göttingen, Germany) were used to visualise light signals. 
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2.4.4 Protein expression and purification 

The murine Tead4 sequence (NM_001080979) was cloned into the His-GST-TEV-

pET(2G-T) vector, producing hexahistidine (His6)-GST-tagged proteins. Recombinant 

TEAD4 was expressed in E. coli strain BL21 (DE3). The protein was bound to high-

capacity Glutathione Sepharose 4B GST-tagged protein purification resin (GE 

Healthcare) according to the manufacturer’s instructions. Recombinant TEAD4 was 

eluted (50 mM Tris, 10 mM reduced glutathione, pH 8.0) from the resin and stored at 

4°C. 

 

2.5   Mouse experiments  

Mouse experiments were performed according to the Institutional Animal Care and 

Use Committee guidelines of the Animal Core Facility of University Hospital Essen. 

Mice were bred at University Hospital Essen and given humane care according to the 

criteria outlined in the Guide for the Care and Use of Laboratory Animals prepared by 

the Society for Laboratory Animal Science. 

 

2.5.1 LPS and Pam3CSK4 injection 

Ultrapure LPS (2.5 mg/kg bodyweight) or Pam3CSK4 (1 mg/kg bodyweight) were 

diluted in PBS and injected by intraperitoneal or intravenous injection, respectively. 

Mice were sacrificed 0-6 hours after injection. Mice livers were divided into four parts 

according to the natural structure of the murine liver. The biggest lobe was fixed with 

10% neutrally buffered formaldehyde overnight and embedded in paraffin for 

histochemical staining. The remaining liver lobes were sliced into small pieces and 

stored in RNAlater and cryotubes directly at -80°C for RNA and protein extraction, 

respectively. Six-month-old transgenic mice were used for the treatment with TLR 

ligands, three mice were administered for each group. 
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2.5.2 Verteporfin treatment 

HBsAg-transgenic mice were intraperitoneally administered with DMSO or verteporfin 

at a dose of 100 mg/kg for three days and sacrificed at day 7. Mice liver samples 

were prepared as described in 2.5.1. Six-month-old transgenic mice were used for 

the treatment and three mice were administered for each group.   
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3. Results 

 

3.1 Toll-like receptor signalling activates the Hippo pathway to regulate the 

innate immune response against Hepatitis B virus 

 

3.1.1 Characterisation of gene expression patterns after HBV exposure in 

PHHs 

To date, only a few studies have indicated that HBV particles can be recognised by 

TLRs, triggering an innate immune response in hepatocytes. To evaluate gene 

expression patterns and the potential role played by the Hippo signalling pathway in 

HBV-induced innate immunity, microarray data (GSE69590)90 from PHHs that were 

infected with HBV for 40 hours were reanalysed using GSEA. As shown in Figure 6A, 

chemokines, including CXCL6, CCL2, CXCL3, CXCL2, and CCL20, were 

significantly upregulated after 40 hours of exposure to HBV particles in PHHs. 

Interestingly, no differences in IL6 and IL1Β were observed between the control 

group and the HBV-infected group, which suggested that 40 hours after HBV 

exposure was not a proper time point for the detection of IL6 and IL1Β expression. 

Furthermore, NFΚB1 was upregulated in the HBV-infected group compared with the 

control group, whereas NFΚBIA and RELA were downregulated. NFΚB1 and RELA 

are associated with the activation of the NF-κB signalling pathway, forming a 

complex that is subsequently translocated into the nucleus to target the promoter 

regions of IL6, IL1B, and TNF, resulting in the upregulation of IL6, IL1B and TNF. 

IκBα (coded by NFΚBIA) is an inhibitor of NF-κB signalling, binding to the NFΚB1 and 

RELA complex to suppress nuclear translocation. Here, the upregulation of NFΚBIA 

and NFΚB1 suggested that an innate immune response balancing mechanism was 

activated following HBV infection. Consistent with our previous work89, NF-κB 

signalling was enriched (Figure 6B) in the HBV-exposed group, which suggested that 

NF-κB signalling could be induced by TLR2-mediated downstream effector activation. 

The Hippo signalling pathway plays an important role in the rapid, innate immune 

response99. Because YAP is the downstream effector of Hippo signalling, YAP target 
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genes were also reanalysed in this dataset. In contrast, YAP target genes were 

enriched in the control group compared with the HBV-exposed group (Figure 6B), 

which implied that YAP was inactivated after HBV exposure. 

 

 
 
Figure 6. NF-κB signalling and Hippo signalling are activated after exposure to HBV 
particles for 40 hours in PHHs. 
A. Heatmap visualisation of gene expression in the HINATA_NF-κB_IMMU_INF gene set after 
GSEA analysis of GSE69590 microarray data. B. GSEA analysis indicated correlations among 
NF-κB signalling, Hippo signalling, and HBV exposure in PHHs. GSEA computed four key 
statistics for the GSEA report: enrichment score (ES), normalised enrichment score (NES), false 
discovery rate (FDR), and nominal p-value. ES reflects the degree to which a gene set is 
overrepresented at the top or bottom of a ranked list of genes. NES is the primary statistic for 
examining gene set enrichment results. By normalising the enrichment score, GSEA accounts for 
differences in the gene set size and correlations between gene sets and the expression dataset. 
FDR is the estimated probability that a gene set with a given NES represents a false-positive 
finding. The nominal p-value estimates the statistical significance of the enrichment score for a 
single gene set. The top portion of the plot shows the running ES for the gene set, as the analysis 
walks down the ranked list. The score at the peak of the plot (the score furthest from 0.0) 
represents the ES for the gene set. Gene sets that feature a distinct peak at the beginning or end 
of the ranked list are generally the most interesting. The middle portion of the plot shows where 
the members of the gene set appear on the ranked list of genes. The leading-edge subset of a 
gene set is the subset of members that contribute the most to the ES. For a positive ES, the 
leading-edge subset represents the set of members that appear on the ranked list prior to the 
peak score. For a negative ES, this subset represents the set of members that appear 
subsequent to the peak score. The bottom portion of the plot shows the value of the ranking 
metric, moving down the list of ranked genes. The ranking metric measures a given gene’s 
correlation with a phenotype. The value of the ranking metric moves from positive (left) to 
negative (right), going down the ranking list. A positive value indicates a correlation with the first 
phenotype, whereas a negative value indicates a correlation with the second phenotype. For a 
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continuous phenotype (a time series or a gene of interest), a positive value indicates a correlation 
with the phenotype profile, whereas a negative value indicates no correlation or an inverse 
correlation with the profile. 

 

3.1.2  GSEA results could be verified in HBV-exposed PMHs  

Our previous work showed that HBV particles were able to induce innate immune 

responses in PHHs and primary murine hepatocytes (PMHs)89,125. Here, PMHs were 

exposed to cell-culture-derived HBV particles [multiplicity of infection (MOI) > 1,000] 

or non-particle control vehicle (at an equivalent volume), for different lengths of time. 

A marked increase in Il6, Il1β, and Tnf expression was observed 1 hour after HBV 

exposure, which peaked after 6 hours (Figure 7A). YAP is a critical downstream 

effector of the Hippo signalling pathway, and its transcription level was only slightly 

affected by exposure to HBV particles; however, the expression of a YAP target gene, 

Ctgf, was significantly induced. Because NFΚBIA expression was upregulated in the 

GSEA results, we confirmed that Nfkbia was also upregulated in PMHs after HBV 

exposure. Moreover, Nfkbia displayed a similar expression profile as Ctgf, which 

suggested that Nfkbia might represent another target gene of YAP. To confirm the 

quantitative PCR results, a western blot analysis was performed. Figure 7B shows 

that phosphorylated YAP levels decreased after HBV exposure, whereas the total 

YAP levels did not change, which indicated that YAP phosphorylation was inhibited, 

resulting in the increased translocation into the nuclear compartment in the HBV-

exposed group compared with the non-particle treated and untreated control groups. 

Simultaneously, HBV exposure increased the levels of phosphorylated NF-κB and 

decreased the levels of total IκBα. 
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Figure 7. HBV exposure activate NF-κB signalling and YAP target genes.  
Primary murine hepatocytes (PMHs) were treated with cell culture-derived HBV (MOI of 1000) or 
non-particle control for different time points (0, 0.5, 1, 2, 6, and 12 hours). A. The gene 
expression levels of Il6, Tnf, Il1β, Yap, Ctgf, and Nfkbia were determined by quantitative PCR 
(normalised against Actb, mean ± SEM). B. Western blotting was performed to detect YAP, 
phosphorylated YAP, IκBα, NF-κB, and phosphorylated NF-κB in HBV-exposed PMHs. Data sets 
are representatives of at least three independent experiments. kDa, kilodalton. 

 

3.1.3 YAP and NF-κB are translocated into the nucleus after HBV exposure in 

PMHs 

To visualise intercellular YAP and NF-κB, immunocytochemistry was performed. As 

shown in Figure 8, YAP and NF-κB were translocated into nucleus 1–2 hours after 

HBV exposure. Consistent with the western blot results, the exposure of PMHs to 

HBV not only activated NF-κB signalling but also affected the Hippo signalling 

pathway. 
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Figure 8. Immunocytochemical (ICC) staining visualises the nuclear translocation of YAP 
and NF-κB. 
Primary murine hepatocytes (PMHs) were treated with cell-culture-derived HBV (MOI of 1000) or 
non-particle control for different time points (0, 0.5, 1, 2, and 6 hours). PMHs were fixed with 4% 
paraformaldehyde (PFA), at room temperature for 10 min, and subsequently permeabilised and 
blocked on coverslips. After PBS washes, immunocytochemical staining was performed, by 
applying primary and secondary, fluorophore-conjugated antibodies, to visualise YAP (green) and 
NF-κB (red) localisation. Data sets are representatives of at least three independent experiments. 
Scale bar, 20 µm. 

 

3.1.4 TLR2 mediates the activation of the Hippo signalling pathway during 

HBV exposure in PMHs 

To investigate the effects of HBV exposure on Hippo signalling in PMHs, the 

activation of the TLR-Myeloid differentiation primary response protein 88 (MyD88)-IL-

1 receptor-associated kinase 4 (IRAK4) cascade was investigated, which occurs 

upstream of NF-κB signalling. Our previous study showed that HBV infections can 

induce the activation of TLR2 in PHHs89. To verify whether TLR2 is required for the 

HBV exposure-induced activation of NF-κB and YAP in PMHs, a TLR2 inhibitor (50 

µM C29) was administered to PMHs, 2 hours before 6 hours of HBV exposure. HBV-

induced TLR2 signalling was obstructed by C29 treatment compared with the 

dimethyl sulfoxide (DMSO) vehicle-treated and untreated groups, as indicated by the 

decreased expression of Il6 and Tnf (Figure 9A). The TLR2 blockade decreased the 

HBV-mediated phosphorylation of MST1/2, YAP, and NF-κB (Figure 9B) compared 
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with DMSO-treated cells exposed to HBV. These results implied that TLR2 is 

essential for the recognition of HBV particles and the activation of Hippo signalling. 

 

 

 
Figure 9. TLR2 inhibitor obstructs the HBV-mediated activation of NF-κB and Hippo 
signalling. 
A. PMHs were treated with the TLR2 inhibitor C29 (50 µM), for 1 hour, prior to HBV exposure for 
an additional 2-6 hours. After 6 hours, quantitative PCR was performed, to detect Il6 and Tnf 
expression. B. Western blotting was performed to detect MST1/2, phosphorylated MST1/2, YAP, 
phosphorylated YAP, NF-κB, and phosphorylated NF-κB in C29-pretreated PMHs, 2 hours after 
HBV exposure. Data sets are representative of at least three independent experiments. ****p-
value< 0.0001. kDa, kilodalton. 

 

To investigate whether Hippo signalling affected NF-κB activation, XMU-MP-1 (1 µM), 

an MST1/2 inhibitor, was applied to PMHs, 1 hour prior to HBV exposure. Similarly, 

diminished levels of phosphorylated MST1/2 impeded the intensity of HBV-induced 

innate immune responses, as demonstrated by decreased Il6 and Tnf expression 

(Figure 10A). Furthermore, decreased levels of phosphorylated MST1/2, YAP, and 

NF-κB were observed in XMU-MP-1-pretreated PMHs following HBV exposure 

compared with PMHs exposed to HBV without pretreatment. (Figure 10B). 
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Figure 10. XMU-MP-1 suppresses HBV-mediated Hippo signalling and NF-κB signalling.  
A. PMHs were treated with XUM-MP-1 (1 µM), 1 hour prior to HBV exposure, for an additional 2-
6 hours. After 6 hours, quantitative PCR was performed to detect Il6 and Tnf expression levels. B. 
Western blotting was performed to detect MST1/2, phosphorylated MST1/2, YAP, phosphorylated 
YAP, NF-κB, and phosphorylated NF-κB in XMU-MP-1-pretreated PMHs, 2 hours after HBV 
exposure. Data sets are representative of at least three independent experiments. ****p-value< 
0.0001. kDa, kilodalton. 

 

ICC staining demonstrated that C29 (50 µM) and XMU-MP-1 (1 µM) pretreatment 

blocked the HBV-induced nuclear translocation of NF-κB, whereas the nuclear 

amount of YAP increased compared with PMHs exposed to HBV without 

pretreatment (Figure 11). Therefore, HBV-induced TLR2 signalling simultaneously 

activates NF-κB and Hippo signalling. 

 

 
 

Figure 11. C29 and XMU-MP-1 suppresses the nuclear translocation of YAP and NF-κB in 
HBV-exposed PMHs. 
ICC staining was performed 2 hours after HBV exposure, to visualise YAP (green) and NF-κB 
(red) localisation in PMHs pretreated with C29 (50 µM) and XMU-MP-1 (1 µM). Scale bar, 20 µm. 
Data sets are representative of at least three independent experiments. 
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3.1.5 IRAK4 activates MST1/2 by phosphorylating and inducing the 

degradation of PP2A 

In the Hippo signalling pathway, protein phosphatase 2A (PP2A) functions as a key 

upstream regulator of MST1/299. After determining that TLR2 activated the Hippo 

signalling pathway following HBV exposure in PMHs, the specific mechanism through 

which TLR2 mediates MST1/2 phosphorylation was not yet explored. We 

hypothesised that IRAK4 could increase the phosphorylation of MST1/2 by 

dephosphorylating and degrading PP2A. PMHs were isolated from WT, Irak4-/-, and 

Myd88-/- mice and exposed to HBV particles, for different lengths of time. Western 

blot analysis of uncultured PMHs indicated that total PP2A level was slightly elevated, 

whereas the levels of phosphorylated PP2A decreased in PMHs isolated from Irak4-/- 

and Myd88-/- mice (Figure 12A). These findings suggested a close interaction 

between IRAK4, MyD88 and PP2A. Moreover, the levels of phosphorylated MST1/2, 

phosphorylated YAP, and phosphorylated NF-κB were decreased, whereas IκBα 

levels increased in PMHs isolated from Irak4-/- and Myd88-/- mice compared with 

those in WT PMHs (Figure 12A). Quantitative PCR was also performed to determine 

Il6, Tnf and Il1β expression levels after HBV exposure. The unchanged expression 

levels of Il6, Il1β and Tnf indicated that NF-κB signalling was not activated in Irak4-/- 

and Myd88-/- PMHs after HBV exposure compared with the WT PMHs (Figure 12B). 

ICC staining confirmed that the TLR-MyD88-IRAK4 axis is critical and necessary for 

Hippo signalling activation, as illustrated by the continuous nuclear transition of YAP 

and nuclear exclusion of NF-κB in Irak4-/- and Myd88-/- PMHs after HBV exposure 

(Figure 12C). Taken together, these results indicate that the TLR-MyD88-IRAK4 axis 

might be required for the regulation of Hippo pathway activity, mediated by regulation 

of PP2A. 
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Figure 12. The IRAK4/MyD88 pathway activates MST1/2 by phosphorylating and inducing 
the degradation of PP2A. 
A. Western blotting was performed to detect the abundance of IRAK4, MyD88, PP2A, 
phosphorylated PP2A, MST1/2, phosphorylated MST1/2, YAP, phosphorylated YAP, IκBα, NF-κB, 
and phosphorylated NF-κB in uncultured PMHs derived from wild-type (WT), Irak4-/-, and Myd88-/- 
male mice. B. Quantitative PCR was performed to detect Il6, Tnf, and Il1β expression, at different 
time points after the exposure of PMHs, isolated from WT, Irak4-/-, and Myd88-/- mice, to HBV, at 
an MOI of 1000 (gene expression levels were normalised against Actb, mean ± SEM). C. ICC 
staining was performed to visualise the intracellular localisation of YAP (green) and NF-κB (red) 
in PMHs derived from Irak4-/- and Myd88-/- mice after HBV exposure for 0-6 hours. Data sets are 
representatives of two independent PMH cultures, used in triplicate experiments. Scale bar, 20 
µm; kDa, kilodalton. 
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3.1.6 Hippo signalling regulates the rapid immune response by suppressing 

YAP/TEAD4-mediated transcription 

The YAP/TEAD4 transcription factor complex is an effector of the Hippo signalling 

pathway, playing a vital role in the regulation of gene transcription by recognising the 

TEAD4-binding motif in the promoter regions of target genes. Because Nfkbia and 

Ctgf had similar expression profiles after HBV exposure in PMHs, Nfkbia was 

hypothesised to be a potential target gene of YAP/TEAD4. The overexpression of 

YAP in Hepa1-6 cells and PMHs resulted in the upregulation of IκBα (the protein 

product of Nfkbia) expression compared with control cells (Figure 13A), indicating 

that Nfkbia might be a target gene for YAP. To confirm this result, we knocked down 

YAP and TEAD4 in PMHs, using specific small-interfering RNAs (siRNAs). HBV 

exposure for 2 hours increased the level of phosphorylated NF-κB and decreased 

IκBα levels in PMHs with suppressed YAP or TEAD4 expression compared with 

control PMH cells (Figure 13B). These gain- and loss-of-function experiments 

suggested that Nfkbia may be a target gene of the YAP/TEAD4 transcription factor 

complex. 

 

 

 
Figure 13. The gain- and loss-of-function of YAP and TEAD4 directly affect IκBα 
expression. 
A. Western blotting revealed the expression levels of YAP and IκBα in Hepa1-6 cells and PMHs 
48 hours after the overexpression of YAP. B. Western blot analysis detected the expression of 
YAP, TEAD4, IκBα, NF-κB, and phosphorylated NF-κB in PMHs treated with siYap (50 nM) or 
siTead4 (50 nM) for 48 hours, followed by HBV exposure for 2 hours. Data sets are 
representative of at least three independent experiments. kDa, kilodalton. 
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To confirm that Nfkbia transcription was regulated by YAP/TEAD4, the Nfkbia 

promoter region was cloned into an RFP reporter vector, which was transfected into 

Hepa1-6 clones that were stably transfected with GFP-fused small-hairpin RNA 

(shRNAs: Scramble, shYap, and shTead4). The knockdown efficiencies of the 

chosen clones are presented in Figure 14. As shown in Figure 15, the RFP 

expression levels were clearly suppressed in YAP- and TEAD4-knockdown cells 

compared with control cells, which was confirmed by using flow cytometry to count 

RFP-positive cells. These results suggested that the YAP/TEAD4 transcription factor 

complex might affect NF-κB signalling by promoting Nfkbia expression. 

 

 
 

Figure 14. Effective knockdown subclones are selected after the transfection of shRNA-
overexpressing vectors in Hepa1-6 cells. 
psiRNA-shYap and psiRNA-shTead4#1/#2 plasmids were separately transfected into Hepa1-6 
cells, and the culture medium was supplemented with Zeocin (1000 µg/ml), 24 hours after 
transfection. Selection pressure was maintained for one week, then selected Hepa1-6 were 
diluted and seeded into 96-well plates to obtain subclones. A. The downregulation of YAP was 
detected by Western blots. The shYap-C1 subclone was selected for further experiments. B. The 
downregulation of TEAD4 was detected by Western blots. The shTead4 #1C5 and shTead4 
#2C5 subclones were selected for further experiments. kDa, kilodalton. 
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Figure 15. The YAP/TEAD4 complex might interact with the Nfkbia promoter.  
Hepa1-6 cells, stably transfected with GFP-inducing shRNA plasmids (Scramble, Yap, Tead4), 
were co-transfected with an RFP reporter plasmid containing the Nfkbia promoter, to assess 
Nfkbia promoter activity. Immunocytochemistry and flow cytometry were utilised to determine 
Nfkbia promoter-driven RFP expression. Scale bar, 20 µm. Data sets are representative of at 
least three independent experiments. ***p-value<0.001, ****p-value<0.0001. 

 

To further confirm this mechanism of regulation, we selected a stable YAP-

overexpressing Hepa1-6 clone and confirmed the overexpression of YAP by 

examining the GFP signal. After transfecting these cells with the Nfkbia-driven RFP 

reporter plasmid, we observed more substantial RFP signals in cells exhibiting high 

levels of YAP than in cells expressing low levels of YAP (Figure 16). Taken together, 

these results demonstrate that the Hippo signalling pathway may regulate the rapid, 

innate immune response by subduing YAP/TEAD4, to affect Nfkbia expression. 

 

 
 
Figure 16. YAP gain-of-function increases Nfkbia-driven RFP intensity.  
The Nfkbia-driven RFP reporter plasmid was transfected into a stable YAP-overexpressing 
Hepa1-6 clone. After 48 hours of transfection, the fluorescent imaging of Hepa1-6 cells showed 
the Nfkbia promoter-driven RFP intensity in cells overexpressing eGFP-associated YAP. Scale 
bar, 20 µm. Data sets are representative of at least three independent experiments. 
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3.1.7 Nfkbia is a direct target gene of the YAP/TEAD4 transcription factor 

complex 

Using an open-source transcription factor-binding site prediction platform 

(http://jaspar2016.genereg.net), we identified several TEAD4-binding sites in the 

Nfkbia promoter region (-977–+34; Figure 17), assembled into two clusters. 

 

 
 
Figure 17. Scheme showing the YAP/TEAD4 binding sites in the Nfkbia promoter region (-
977–+34, NM_010907). 
Grey boxes represent the predicted TEAD4 binding sites, and the upper two lines show the ChIP-
qPCR products, representing the different fragments (F1 and F2) in the ChIP primers. Two 
proximal binding sites were identified, named TB1 and TB2. 

 

The promoter region was cloned into the pGL3-basic luciferase reporter vector, 

combining with the pRL-TK control luciferase vector, DLR assays were performed 

after TLR activation in Hepa1-6 and NCTC clone 1469 cell lines, following LPS 

treatment (10 µg/ml) that was supposed to induce TLR4-mediated innate immune 

response and YAP-mediated transcription of Nfkbia. For these mechanistic studies, 

LPS was used in place of HBV particles because the LPS-induced immune 

responses are comparable to that induced by HBV particles, as previously 

described125. After LPS treatment, the luciferase activity in both cell lines increased 

significantly compared with untreated cells (Figure 18A). To further investigate how 

the loss or gain of YAP function affects Nfkbia-driven luciferase activity, we first 

knocked down YAP with siRNA in Hepa1-6 cells, followed by transfection with the 

luciferase reporter vector. Luciferase activity decreased with increasing doses of 

siRNA (Figure 18B). Although the basal YAP level was quite high in the Hepa1-6 cell 

line, YAP was undetectable in the NCTC clone 1469 cell line (Figure 19); therefore, 

we decided to overexpress YAP in NCTC clone 1469 cells. Luciferase activity was 
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upregulated with increasing YAP expression (Figure 18B). To accomplish 

transcriptional activation, YAP must be able to form a transcription factor complex 

with TEAD4. VGLL4 is a competitive inhibitor of YAP that binds to TEAD, via the 

Tondu domain170. YAP, TEAD4, and VGLL4 were overexpressed together in the 

HEK293T cell line. Similar to the results observed in the NCTC clone 1469 cell line, 

the overexpression of YAP in the HEK293T cell line increased luciferase activity 

compared with the control group; however, luciferase activity did not increase when 

TEAD4 was overexpressed, which suggested that YAP is the limiting factor in 

YAP/TEAD4-mediated transcriptional activation. However, the combined 

overexpression of YAP and TEAD4 increased luciferase activity compared with the 

control group (Figure 18C). In contrast, luciferase activity was significantly decreased 

when either YAP or TEAD4 was overexpressed together with VGLL4 compared with 

the control group. Luciferase activity was particularly reduced, in a dose-dependent 

manner, when YAP and TEAD4 were overexpressed together with VGLL4 (Figure 

18C). These results suggested that the YAP/TEAD4 transcription factor complex can 

promote Nfkbia expression by regulating its promoter activity. 

 

 

 
Figure 18. YAP/TEAD4 complex targets the Nfkbia promoter.  
A. The luciferase reporter plasmid pGL3-Nfkbia was transfected into Hepa1-6 or NCTC clone 
1469 cells for 12 hours, followed by LPS (10 µg/ml) treatment for 24 hours, and luciferase activity 
was measured. B. A dual-luciferase reporter (DLR) assay was performed to detect luciferase 
activity 48 hours after the knockdown of Yap (siYap) in Hepa1-6 cells or the overexpression of 
YAP (pcDNA3.1-YAP) in NCTC clone 1469 cells. C. A DLR assay was performed after the co-
transfection of YAP, TEAD4, or VGLL4 overexpression plasmids and pGL3-Nfkbia in HEK293T 
reporter cells. Data sets are representative of at least three independent experiments. *p-
value<0.05, **p-value<0.01, ***p-value<0.001, ****p-value<0.0001. 
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Figure 19. YAP expression levels in Hepa1-6 cells and NCTC Clone 1469 cells.  
YAP expression levels in NCTC Clone 1469 and Hepa1-6 cell lysates were detected by Western 
blot. The YAP expression level is high in Hepa1-6 cells but extremely low in NCTC Clone 1469 
cells. 

 

ChIP assay was performed to determine whether the YAP/TEAD4 transcription factor 

complex interacts directly with the promoter region of Nfkbia and to identify which 

part of the promoter is bound by the complex. The entire promoter region was divided 

into two different clusters, fragment 1 and fragment 2, according to the distribution of 

TEAD4-binding sites (Figure 17). Two pairs of ChIP-qPCR primers for Nfkbia and 

control primers for Ctgf, which is a well-known YAP/TEAD4 target gene, were 

designed (Table 11). Hepa1-6 cells and NCTC Clone 1469 cells (1×107 cells) were 

harvested and fixed. Chromatin fragments of 200–1000 bp were generated by 

shearing with sonication. The TEAD4 antibody and Mouse-IgG antibody were 

incubated with the sheared chromatin fragments, to form agarose/TEAD4 

antibody/TEAD4 protein/DNA fragment complexes, which were collected by a brief 

centrifugation step. Finally, the DNA fragments were purified and detected by 

quantitative PCR. The ChIP results, using Ctgf primers as a positive control and 

negative control primers that target to the coding region of Nfkbia, showed that 

TEAD4 was able to specifically bind to the Ctgf promoter in Hepa1-6 cells expressing 

high levels of YAP but not in NCTC 1469 cells expressing low levels of YAP (Figure 

20A). The results of the ChIP assay performed with the negative control primers and 

a mock antibody (IgG) confirmed the quality of the ChIP assay results. When using 

specific primers for the Nfkbia promoter, the ChIP assay results indicated that 
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fragment 2 (F2) represents the primary segment of the promoter sequence that is 

responsible for complex regulation (Figure 20B). 

 

 
 
Figure 20. YAP/TEAD4 directly binds to the fragment 2 region of the Nfkbia promoter.  
Chromatin immunoprecipitation assay was performed to determine the interaction between 
TEAD4 and the Nfkbia promoter, using agarose-TEAD4 antibody and sonicated chromatin (200–
1000 bp). By incubating agarose-conjugated antibody with sonicated chromatin, the TEAD4 
antibody could bind to chromatin fragments cross-linked with TEAD4 proteins. The pulled-down 
chromatin fragments were purified and detected by quantitative PCR, using specific primers 
(Table 11). A. Ctgf positive and negative control primers were used for quality control of the ChIP 
assay. B. Specific primers targeting Nfkbia promoter were used for quantifying the pulled-down 
DNA fragments. Data sets are representative of at least three independent experiments. *p-
value< 0.05, ****p-value< 0.0001, ns, not significant. 

 

To confirm the interaction between the transcription factor complex and fragment 2, 

the TEAD4 protein was overexpressed and purified. EMSA indicated that no TEAD4-

DNA complex formed with the negative control DNA fragment, which did not contain 

a TEAD4-binding site. Nfkbia fragment 2 and the Ctgf positive control fragment 

formed a complex with the TEAD4 protein, in a dose-dependent manner (Figure 21). 

The EMSA results confirmed the direct interaction between TEAD4 and the Nfkbia 

promoter. 
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Figure 21. TEAD4 forms a protein/DNA complex with Nfkbia-F2.  
Electrophoretic mobility shift assay was performed to show the direct interaction of the 
YAP/TEAD4 complex and Nfkbia promoter by incubating TEAD4 (10-40 µg) with PCR-generated 
DNA fragments (Table 14) and subsequently performing gel electrophoresis. 

 

Because Nfkbia fragment 2 includes two TEAD4-binding sites, TB1 and TB2 (Figure 

17), we further attempted to determine which binding site was responsible for binding 

with the YAP/TEAD4 complex. Each TEAD4-binding motif, along with a 50 bp 

flanking sequence on each side, was cloned into a pGL3-basic luciferase reporter 

vector, in addition to the Ctgf promoter binding sites that was also cloned into 

luciferase reporter vector as a positive control. A DLR assay demonstrated that TB2 

is the dominant TEAD4-binding site in the Nfkbia promoter (Figure 22A). Furthermore, 

the luciferase activity of base substitution-mediated mutation of TB2 (mTB2) (Figure 

22B) was significantly decreased compared with that of TB2 (Figure 22A). To further 

confirm this result, the sequences of TB2 and mTB2 were cloned into the RFP 

reporter vector. When YAP-GFP-overexpressing Hepa1-6 cells were transfected with 

the RFP reporter vectors, RFP expression was markedly decreased in the mTB2-

expressing group compared with the TB2-expressing group (Figure 22C). RFP-

positive cells were counted by flow cytometry, as shown in Figure 22D. The 

percentages of RFP-positive cells were 11.03% ± 4.37% in the mTB2 group and 

38.97% ± 11.24% in the TB2 group. Taken together, these results illustrated that the 

YAP/TEAD4 transcription factor complex can directly bind to the TB2 TEAD4-binding 
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site, which is located proximal to the transcription start site, to promote Nfkbia 

expression. 

 

 
 
Figure 22. The YAP/TEAD4 complex directly binds to the TB2 binding site within Nfkbia-F2.  
A. Dual luciferase reporter assay was performed after cloning the TB1, TB2, and mutated TB2 
(mTB2) binding sites into the reporter plasmid. B. WT TB2 and mutant TB2 sequence information. 
Location of mutation (-26 to -21) in the Nfkbia promoter region (-977 to +34). Red letters show the 
mutant TB2. Green letters show the wildtype TB2. C. The mutated TB2 binding site led to weak 
RFP signals in YAP-GFP-overexpressed Hepa1-6 cells. TB2 or mTB2 were cloned into an RFP 
reporter plasmid. Plasmids were transfected into YAP-GFP-overexpressing Hepa1-6 cells. After 
48 hours, photos were obtained with an AxioObserver.Z1 Inverted Microscope (ZEISS). D. Flow 
cytometry was performed to detect RFP-positive cells, following the transfection of TB2- or 
mTB2-specific RFP reporter plasmids into YAP-overexpressing Hepa1-6 cells. Data sets are 
representative of at least three independent experiments. Scale bar is 100 µm. ***p-value<0.001, 
****p-value<0.0001; TB, TEAD-binding site. 

 

3.1.8 The TLR-MyD88-IRAK4-Hippo axis plays an important role in mouse liver 

immunity, in vivo 

Our previous study indicated that hepatic immune induction occurs at barely 

detectable levels in humanised liver-chimeric mice infected with HBV89. To 

investigate the hepatic TLR-MyD88-IRAK4-Hippo axis, in vivo, HBV-induced innate 

immune responses were mimicked by the TLR2 ligand Pam3CSK4 (1 mg/kg 

bodyweight, intravenous injection), which was administered to 2-month-old mice for 
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different lengths of time (0, 1, 2, and 6 hours). After mouse liver collection and 

appropriate sample preparation, qPCR, Western blotting, and ICC staining were 

performed to validate the previous findings, in vivo.  Quantitative PCR analysis 

demonstrated that the rapid immune response in the mouse liver occurred 

immediately following Pam3CSK4 injection, as indicated by sharp increases in Il6, 

Tnf, and Il1β expression levels (Figure 23A). Western blot analysis of whole-liver 

tissue lysates (Figure 23B) indicated that Pam3CSK4 treatment suppressed the 

phosphorylation of PP2A, 6 hours after treatment. The suppressed phosphorylation 

of MST1/2 was observed in two of three animals. However, YAP phosphorylation did 

not appear to be affected, whereas the phosphorylation of NF-κB was observed 6 

hours after treatment. Interestingly, the initial downregulation of IκBα levels, followed 

by the subsequent further increase of these levels, 1-2 hours after treatment, was 

observed, which was consistent with the in vitro findings. The nuclear translocation of 

YAP and NF-κB was observed in fixed liver tissues, one hour after Pam3CSK4 

administration, as assessed by ICC staining. After the first hour, both YAP and NF-κB 

were gradually excluded from the nucleus over time (Figure 23C). 
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Figure 23. The Pam3CSK4-induced TLR-MyD88-IRAK4-Hippo axis plays an important role 
in innate immunity in the mouse liver.  
A. Quantitative PCR was performed to detect hepatic Il6, Tnf, Il1β, and Nfkbia expression levels 0, 
1, 2 and 6 hours after the injection of Pam3CSK4 (1 mg/kg body weight, i.v.) in 2-month-old male 
mice (group size n = 3). B. PP2A, phosphorylated PP2A, MyD88, MST1/2, phosphorylated 
MST1/2, YAP, phosphorylated YAP, IκBα, NF-κB, and phosphorylated NF-κB were analysed by 
Western blotting after Pam3CSK4 treatment. C. Immunocytochemical staining was performed to 
visualise the intracellular localisation of YAP (green) and NF-κB (red) at 0, 1, 2, and 6 hours after 
Pam3CSK4 treatment. Data sets are representative of at least three independent experiments. 
Scale bar, 20 µm. kDa, kilodalton. 

 

In addition, LPS (2.5 mg/kg body weight, intraperitoneal injection) was also 

administered to 2-month-old mice, for different lengths of time. The qPCR data and 

the ICC staining results were consistent with those observed following Pam3CSK4 

treatment, whereas the western blot results were not that clear to show the change of 

phosphorylated NF-κB (Figure 24A-C). 
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Figure 24. The LPS-induced TLR-MyD88-IRAK4-Hippo axis plays an important role in 
innate immunity in the mouse liver.  
A. Quantitative PCR was performed to detect hepatic Il6, Tnf, Il1β, and Nfkbia expression levels 0, 
1, 2, and 6 hours after the injection of LPS (2.5 mg/kg body weight, i.p.) in 2-month-old male mice 
(group size n = 3). B. PP2A, phosphorylated PP2A, MyD88, MST1/2, phosphorylated MST1/2, 
YAP, phosphorylated YAP, IκBα, NF-κB, and phosphorylated NF-κB were analysed by Western 
blotting, after LPS treatment. C. Immunocytochemical staining was performed to visualise the 
intracellular localisation of YAP (green) and NF-κB (red) at 0, 1, 2, and 6 hours after LPS 
treatment. Data sets are representative of at least three independent experiments. Scale bar, 20 
µm. kDa, kilodalton. 

 

The early nuclear translocation of both NF-κB and YAP was clearly indicated by ICC 

staining, 1 hour after both Pam3CSK4 and LPS treatment; however, cytosolic protein 

fractions could still be detected (Figures 23C and 24C). This subcellular distribution 

and the possibility that not 100% of liver cells were fully activated after the i.v. 

injection of TLR ligands might explain the weak changes observed during the 

western blot analysis of total liver tissue. However, the obtained in vivo results 
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supported our hypothesis that the TLR-MyD88-IRAK4-Hippo axis is important for the 

rapid, innate immune response in the liver. 

 

3.1.9 TLR-MyD88-IRAK4-Hippo axis is important in PHHs 

To validate whether these findings in mice are also applicable to humans, we isolated 

PHHs from resected human livers. The PHHs were exposed to HBV particles or non-

particle control vehicle, for different lengths of time. Compared with those in the 

untreated group and the non-particle control group, the IL6, TNF, IL1Β, CTGF, and 

NFKBIA gene expression levels increased after HBV particle exposure, at the very 

early stage (Figure 25A). Western blotting confirmed a slight decline in PP2A and 

MST1/2 expression levels, 2 hours after HBV infection. Phosphorylated YAP sharply 

declined after 1 hour, and phosphorylated NF-κB appeared as early as 30 min after 

treatment with HBV particles (Figure 25B). Similar to the results obtained in PMHs, in 

PHHs, the very early disappearance of IκBα and its immediate rebound indicated 

rapid immune regulation. The mechanism that mediates this instant disappearance of 

IκBα remains an open question that requires further investigation. 
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Figure 25. HBV particle exposure induces the activation of the TLR2-MyD88-IRAK4-Hippo 
axis in PHHs.  
Primary human hepatocytes (PHHs) from four different donors were treated with cell culture-
derived HBV (MOI of 1000), for different lengths of time. A. The gene expression of IL6, TNF, 
IL1B, YAP, CTGF, and NFΚBIA was determined by quantitative PCR (normalised against ACTB, 
mean ± SEM). B. Western blotting was performed to determine the expression levels of PP2A, 
phosphorylated PP2A, MyD88, MST1/2, phosphorylated MST1/2, YAP, phosphorylated YAP, 
IκBα, NF-κB, and phosphorylated NF-κB after the exposure of PHHs to HBV. Data sets are 
representative of at least three independent experiments. kDa, kilodalton. 

 

Finally, ICC staining illustrated that HBV particles were recognised by PHHs and 

induced YAP and NF-κB nuclear translocation to regulate the rapid, innate immune 

response, after 1 hour of HBV exposure (Figure 26). These results further indicated 

that the TLR-MyD88-IRAK4-Hippo axis also plays an important role in the recognition 

of HBV particles in human hepatocytes and regulates the rapid, innate immune 

response by activating NF-κB and Hippo signalling. 

 

 
 
Figure 26. HBV particle exposure induces the nuclear translocation of YAP and NF-κB in 
PHHs.  
Primary human hepatocytes (PHHs) from four different donors were treated with cell culture-
derived HBV (MOI of 1000), for different lengths of time, on collagen I-coated coverslips. After 
fixation and permeabilisation, immunocytochemical staining was performed, using primary and 
fluorophore-conjugated secondary antibodies, to visualise the intracellular localisation of YAP 
(green) and NF-κB (red). Data sets are representative of at least three independent experiments. 
Scale bar, 20 µm. 
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3.1.10  TLR-MyD88-IRAK4-Hippo axis activation partially explains the situation 

in chronic HBV-infected patients 

The above findings were performed in models mimicking acute HBV infection. Next, 

the relevance of the TLR2-MyD88-IRAK4-Hippo axis was investigated in CHB 

patients. The ChIP dataset GSE83148171, which included liver biopsy samples from 

122 CHB patients and 6 uninfected controls, was reanalysed by GSEA, using 

hallmark, Kyoto Encyclopedia of Genes and Genomes (KEGG), and oncogenic gene 

sets from the Molecular Signatures Database (v7.0), which indicated significant 

alterations in TLR signalling, NF-κB signalling, the inflammatory response, and YAP 

signalling (Figure 27A). The gene expression levels of factors associated with the 

TLR2-MyD88-IRAK4-Hippo axis were compared between CHB and control samples 

(Figure 27B). Interestingly, hepatic TLR2 but not TLR4 was upregulated in CHB 

patients. Moreover, the expression level of STK4 (the gene encoding MST1) was 

significantly correlated with the expression levels of TLR2, NFΚB1, and IL1B (Figure 

27C). An intracellular effector of TLR2 signalling, MYD88, was upregulated in CHB 

patients, although IRAK4 was not. The relative expression levels of NFΚB1, RELA, 

IL6, and IL1Β also increased in the CHB group. The expression level of STK4 (the 

gene encoding MST1) was upregulated, whereas the expression levels of PPP2CA 

(the gene encoding PP2A), STK3 (the gene encoding MST2), and YAP were not 

affected. The expression levels of the YAP/TEAD response genes CTGF and 

NFΚBIA also did not differ between CHB and control patients (Figure 27B). These 
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findings suggested that hepatic TLR2 activation and NF-κB signalling may occur in 

CHB patients. 
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Figure 27. Hepatic gene expression signatures in chronic HBV-infected patients support 
the relevance of the TLR2-MyD88-IRAK4-Hippo axis during HBV infection.  
A. The GSE83148 data set (122 HBV-infected, 6 controls) was reanalysed to perform GSEA. 
Significant gene enrichment could be shown for TLR signalling (KEGG), NF-κB signalling, 
inflammatory responses (Hallmark), and the YAP signature (CORDENOSI). B. In addition, the 
relative expression levels of genes associated with TLR signalling (TLR2, TLR4, MYD88, IRAK4, 
NFΚBIA NFΚB1, RELA, IL6, IL1B, and TNF) and Hippo signalling (PPP2CA, STK3, STK4, YAP, 
and CTGF) were compared between these two groups. C. Correlation analysis between the 
STK4 expression level (Spearman’s) and the TLR2, NFΚB1, and IL1B expression levels was 
performed. ns, not significant. 

 

To further examine the role played by the TLR2-MyD88-IRAK4-Hippo axis during 

different phases of CHB, another GEO data set, GSE65359172, was analysed, 

comparing the different phases of chronic HBV infection. The TLR2, MyD88, IL1Β, 

and STK4 expression levels were significantly elevated during the immune-clearance 

phase compared with those in the immune-tolerant phase and the inactive-carrier 

phase (Figure 28). These data indicated that the TLR2-MyD88-IRAK4-Hippo axis 

was activated during the immune-clearance phase. Although GSEA of GSE83148171 

showed the enrichment of Hippo/YAP-associated genes in CHB patients (Figure 

27A), Hippo pathway activity, as indicated by CTGF and NFΚBIA gene expression, 

was not observed in GSE65359. This finding might be explained by the significantly 

elevated expression of STK4 (MST1), as MST1 cytoplasmic activity can inhibit 

YAP/TEAD transcriptional activity. Interestingly, the expression level of STK4 was 

significantly correlated with those of TLR2, NFΚB1, and IL1B (Figure 27C). This 

observation indicated that although TLR2 activation appears to occur during the 

immune-active phase of HBV infection, additional regulatory mechanisms may 

control the TLR2-MyD88-IRAK4-Hippo axis, in vivo, preventing inopportune Hippo 

pathway activity. As increasingly advanced tissue culture systems are developed, 

microtome slices from biopsies or resections could be utilised to perform HBV-related 

ex vivo studies in the future. 
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Figure 28. The TLR2-MYD88-STK4 axis is activated during the immune-clearance phase of 
chronic HBV infection.  
The GSE65359 data set was reanalysed to examine the relative expression levels of genes. The 
data set included 83 chronic hepatitis B patients (22 immune-tolerant, 50 immune-clearance, and 
11 inactive-carrier state). The TLR2, MYD88, IL6, IL1B, NFΚBIA, CTGF, and STK4 mRNA levels 
were determined for each group. ns, not significant. 

 

Whether HBV activates innate immunity or represses innate host defences continues 

to be debated. The Hippo pathway, which is known for growth control, has been 

suggested to play a vital role in immune regulation. Here, we comprehensively 

investigated the interaction between HBV-triggered innate immunity and Hippo 

signalling. The reanalysis of the GSE6959090 gene array of HBV-infected PHH 

samples identified HBV-related changes in Hippo and NF-κB signalling. 

Immunocytochemical staining and Western blot analysis revealed the time-

dependent nuclear translocation of YAP and NF-κB in HBV-exposed PMHs. The 

inhibition of TLR2 and MST1/2 highlighted a potential role for TLR2 and Hippo 

signalling in HBV-induced immunity. The results of loss- and gain-of-function 

experiments implied that YAP directly regulated IκBα expression. Functional 

investigations confirmed the regulation of Nfkbia promoter activity by the YAP/TEAD4 
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transcription factor complex. Furthermore, the administration of Pam3CSK4 to mice 

and the exposure of PHHs to HBV demonstrated the relevance of the TLR2-MyD88-

IRAK4-Hippo axis for the activation of HBV-induced innate immunity. Interestingly, 

the reanalysis of GSE83148171 indicated the hepatic activation of TLR2; however, 

Hippo activity in patients with chronic HBV infections appeared to be controlled by an 

additional, so far unknown mechanism. 
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3.2 HBsAg-mediated inactivation of Hippo signalling results in the 

accumulation of YAP and BMI1, contributing to HCC development by affecting 

the cell cycle and chromosomal instability 

 

3.2.1 HBsAg-transgenic mice develop hepatocellular carcinoma 

Transgenic mice expressing HBsAg (Tg[Alb-1HBV]Bri44; Alb/HBs) overexpress all 

HBV envelope proteins, as described elsewhere136. The overproduction of the HBV 

envelope polypeptide and the accumulation of toxic HBsAg in hepatocytes results in 

severe and prolonged hepatocellular injury, which triggers a programmed response 

within the liver136. This hepatocellular injury is characterised by inflammation, 

regenerative hyperplasia, transcriptional dysregulation, and aneuploidy136. The 

incidence of HCC in this transgenic mouse model is associated with sex, as almost 

100% of male transgenic mice develop HCC starting at the age of 8 months136. 

Numerous tumours can be observed on the livers of HBsAg-transgenic mice at 12 

months (Figure 29). 

 

 

 
Figure 29. Hepatocarcinogenesis occurs in HBsAg-transgenic mice.  
Mouse livers were harvested from 12-month-old WT and HBsAg-transgenic mice, and washed in 
PBS several times to remove blood. Cleaned livers were transferred into a 10 cm petri dish for 
imaging. 
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3.2.2 Characterisation of abnormal gene expression patterns in HBsAg-

transgenic mice 

To determine the abnormal gene expression pattern that correlates with HBsAg 

overexpression, microarray data (GSE84429, Liang K., 2012), generated from WT 

and HBsAg-transgenic mouse liver samples, were reanalysed by GSEA. The 

significant enrichment of YAP-associated genes, DNA repair-associated genes, 

protein serine-threonine kinase activity-associated genes, cell cycle-associated 

genes, DNA replication-associated genes, and centrosome-associated genes were 

observed for HBsAg-transgenic mice compared with WT mice (Figure 30). The 

enrichment results suggested that YAP target genes were upregulated in HBsAg-

transgenic mice compared with WT mice, which implied the inactivation of Hippo 

signalling. Furthermore, DNA replication- and cell cycle-associated gene enrichment 

suggested increased cell proliferation, whereas DNA repair- and centrosome-

associated gene enrichment suggested the existence of DNA damage and 

chromosomal instability. Interestingly, protein serine-threonine kinase activity-

associated gene enrichment indicated the frequent protein phosphorylation. 
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Figure 30. GSEA reanalysis of GSE84429 microarray data. 
GSEA analysis was performed, comparing WT and HBsAg-transgenic mice. The results indicated 
that YAP-associated genes, DNA repair-associated genes, protein serine-threonine kinase 
activity-associated genes, cell cycle-associated genes, DNA replication-associated genes, and 
centrosome-associated genes were enriched in HBsAg-transgenic mice. All enrichment plots 
suggested correlations among HBsAg overexpression and YAP activation, cell proliferation, DNA 
damage, and chromosomal instability. 

 

3.2.3 The Hippo signalling pathway is inactivated in HBsAg-transgenic mice 

YAP is a crucial effector, downstream of the Hippo signalling pathway. Because 

YAP-associated genes were upregulated in HBsAg-transgenic mice, the key 

components of the Hippo signalling pathway might be expressed abnormally in these 

mice. Therefore, the Stk3 and Stk4 expression levels (code for MST2 and MST1) 

were determined in WT mice (n = 19) and HBsAg-transgenic mice (n = 27), by qPCR. 

Both of these genes were downregulated in transgenic mouse livers (Figure 31), 

which indicated that the Hippo signalling pathway was suppressed, by a yet unknown 

mechanism in these transgenic mice. 

 

 
 
Figure 31. Stk3 and Stk4 expression levels are decreased in transgenic mice. 
Mouse liver samples were collected from 19 WT and 27 transgenic mice. Total RNA isolation was 
performed immediately after sample collection, with Qiazol reagent. After reverse transcription 
was performed, quantitative PCR was performed to detect the mRNA levels of Stk3 and Stk4 in 
WT and transgenic mice. *p-value< 0.05, ***p-value< 0.001. 

 

To further examine the pathogenesis in HBsAg-transgenic mice, the expression 

patterns of HBsAg and YAP were examined in transgenic mouse livers using HE and 
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immunohistochemical staining, to visualise all of the changes that occur during 

different stage of hepatocarcinogenesis. HE staining revealed changes in nuclear 

morphology, which included the increased incidence of nuclear inclusion in 

transgenic mice, which has been reported to be strongly associated with 

tumorigenesis173. The IHC staining of HBsAg and YAP showed that transgenic mice 

continued to produce HBsAg and upregulate YAP expression, over time (Figure 32). 

These staining results suggested that YAP activation might be linked to abnormal 

nuclear morphology. 

 

 

 
Figure 32. Pathological changes and YAP expression changes could be observed during 
different stage of hepatocarcinogenesis in HBsAg-transgenic mice. 
Mouse liver samples from WT and transgenic mice were collected and embedded in paraffin, at 2 
months, 8 months, and 12 months. HE staining was performed, to demonstrate the pathological 
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changes that occur in the transgenic mouse liver, particularly changes to nuclear morphology. 
The IHC staining of HBsAg showed that transgenic mice continually overexpress HBsAg in the 
liver. The IHC staining of YAP showed that YAP was upregulated during the mouse growth. Scale 
bar, 20 µm. 

 

To further study the nuclear structure in hepatocytes, immunofluorescence staining 

with Ki67 was performed in WT and transgenic liver sections, to visualise cell 

proliferation and cell division. As shown in Figure 33A, abnormal chromatid 

separation during mitosis was observed in transgenic mice, which was indicated by 

the observation of unpaired chromatids and centrosomes, suggesting the generation 

of aneuploidy. Therefore, PMHs were isolated from WT and transgenic mice, and 

DNA content analysis was performed by flow cytometry. As shown in Figure 33B, 

polyploidy and aneuploidy were markedly increased in transgenic mice compared 

with WT mice. Taken together, the inactivation of the Hippo signalling pathway 

promoted the increased nuclear translocation of YAP, which might play certain roles 

in the formation of polyploidy and aneuploidy in transgenic mice. 

 

 
 
Figure 33. Polyploidy and aneuploidy are increased in transgenic mice. 
A. Immunofluorescence staining was performed in moue liver sections, using the Ki67 antibody to 
visualise the nucleus, which revealed unpaired chromatids and centrosomes. B. PMHs were 
isolated from WT and HBsAg-transgenic mice and stained with Hoechst 33342 (10 µg/ml), for 20 
min at 37°C. Flow cytometry was subsequently performed to analyse the DNA content of PMHs. 
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3.2.4 The inactivation of Hippo signalling results in the nuclear accumulation 

of YAP and BMI1, leading to cell aneuploidy, chromosomal instability, and cell 

proliferation 

Our previous work showed that BMI1 is upregulated in HBsAg-transgenic mice125. As 

an oncogene, BMI1 has been shown to silence tumour suppressor genes, protect 

cells from apoptosis, by suppressing p16INK4a and p19ARF, promote the epithelial-

mesenchymal transition, and induce telomerase activity174. BMI1 has also been 

associated with DNA damage and repair processes174. Based on these known 

functions, IHC staining was performed against BMI1, Ki67, and alpha-fetoprotein 

(AFP), in both WT and transgenic mouse sections. As shown in Figure 34, BMI1 was 

upregulated in transgenic mouse liver with mice growth, as well as Ki67. The liver 

tumour marker AFP was upregulated significantly through the age of 12 months in 

transgenic mice. The inactivation of the Hippo signalling pathway plays a crucial role 

in the cell cycle, tumorigenesis, and chromosome instability175. The inhibition of 

MST1/2, which are key components of the Hippo pathway, has been hypothesised to 

induce cell polyploidy and aneuploidy in hepatocytes. Therefore, PMHs were isolated 

from WT mice and treated with XMU-MP-1 (an MST1/2 inhibitor, 5 μM), for 48 hours. 

After treatment, DNA content analysis was performed. As shown in Figure 35, 

consistent with the hypothesis, the inactivation of the Hippo signalling pathway 

induced both polyploidy and aneuploidy. 
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Figure 34. BMI1 is upregulated and associated with cell proliferation and 
hepatocarcinogenesis.  
Mouse liver samples from WT and HBsAg-transgenic mice were collected and embedded in 
paraffin, at 2 months, 8 months, and 12 months. IHC staining of BMI1, Ki67, and AFP showed 
changes in their expression patterns at different time points during hepatocarcinogenesis. 
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Figure 35. XMU-MP-1 induces polyploidy and aneuploidy. 
PMHs isolated from a WT mouse were treated with XMU-MP-1 (5 µM) or the same volume of 
DMSO, for two days. After treatment, PMHs were collected and stained with Hoechst 33342 (10 
µg/ml), for 20 min at 37°C, to perform DNA content analysis. 

 

To confirm the above findings, proteins associated with Hippo signalling, BMI 

signalling, the cell cycle, DNA damage, and cell proliferation were analysed in WT 

and HBsAg-transgenic PMHs. PMH lysates from WT and transgenic mice were 

investigated by western blot analysis. As shown in Figure 36A three forms of HBsAg 

were expressed in HBsAg-transgenic mice. MST1/2 and MOB1 were suppressed in 

transgenic mice, whereas phosphorylated YAP was markedly downregulated and 

total YAP was slightly upregulated (Figure 36B).  Here, cleaved MST1/2 indicated the 

MST activity, these forms were totally lacking in HBsAg-transgenic mice. All of these 

changes in the Hippo signalling pathway indicated the inactivation of Hippo signalling, 

resulting in the nuclear translocation of YAP. Interestingly, the molecular weights of 

LATS1/2 differed between WT and transgenic mice, which suggested that LATS1/2 

might interact with other proteins and form a complex. Because the presence of 

HBsAg was the only difference between WT and transgenic mice, LATS1/2 has been 

hypothesised to interact with HBsAg, forming a complex associated with the 

dysfunction of LATS1/2 and the phosphorylation of YAP. BMI1 was upregulated in 

transgenic mice compared with WT mice, which was consistent with the IHC staining 

results (Figure 34), whereas p16INK4a and p19ARF, which are downstream of BMI1, 

were both downregulated. Without the functions of p16INK4a and p19ARF, p53 was 

further downregulated, whereas cyclin D1 was upregulated, to promote cell 

proliferation, which was further confirmed by the decreased expression of Caspase 3 

in transgenic mice relative to WT mice (Figure 36C). The histone γH2AX is a maker 

of DNA damage176 and was found to be induced in transgenic mice (Figure 36C). All 

of these results suggested that the HBsAg-mediated inactivation of the Hippo 

signalling pathway resulted in the accumulation of YAP and BMI1 in the nucleus, 

which might associate with cell polyploidy and aneuploidy, chromosome instability 

and cell proliferation. 
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Figure 36. The nuclear accumulation of YAP and BMI1 lead to cell proliferation and DNA 
damage. 
Primary murine hepatocytes were isolated from WT and HBsAg-transgenic mice and lysed with 
RIPA buffer. Western blot was performed to detect the expression levels of A. HBsAg; B. Hippo 
signalling components (MST1/2, cleaved MST1/2, SAV1, LATS1/2, MOB, YAP and 
phosphorylated YAP); C. BMI1 and its downstream effectors (p53, p16, p19, Cyclin D1), γH2AX 
and Caspase 3. 

 

3.2.5 YAP-induced BMI1 promotes cell proliferation.  

Because YAP and BMI1 were synchronistical upregulated in HbsAg-transgenic mice 

and the YAP/TEAD4 transcription factor complex is an effector of the Hippo signalling 

pathway, Bmi1 has been suggested to be a potential target gene of YAP. The 

overexpression or knockdown of YAP in Hepa1-6 cells was associated with the 

respective up- or downregulation of BMI1 expression (Figure 37A and B), which 

indicated the regulation of Bmi1 by YAP. To further study the functions of BMI1, the 

BMI1 overexpression plasmids that overproduce GFP-fused BMI1 were transfected 
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in Hepa1-6 cells for 48 hours. As shown in Figure 37C, upregulated BMI1 increased 

the expression of Cyclin D1 which is a marker for transition between G1 and S phase. 

 

 

 
Figure 37. The gain- and loss-of-function of YAP regulate BMI1 expression. 
YAP was either overexpressed or knocked down in Hepa1-6 cells by the transfection of 
overexpression plasmids or siRNAs targeting YAP, respectively. After 48 hours of transfection, 
cells were collected for western blot analysis. A. YAP and BMI1 expression levels were detected 
in Hepa1-6 cells after the overexpression of YAP. B. YAP and BMI1 expression levels were 
detected in Hepa1-6 cells after the knockdown of YAP. C. GFP-fused BMI1 was overexpressed in 
Hepa1-6 cells, to validate the effects of BMI1 on the cell cycle. The data sets are representative 
of at least three independent experiments. kDa, kilodalton.  

 

To confirm this transcriptional regulation of the Bmi1 promoter, the same shRNA 

subclones and analysis methods described in section 3.1.6 were used for the 

following experiments. As shown by fluorescent imaging (Figure 38A), the RFP 

expression levels, indicating Bmi1 promoter activity (red), were clearly suppressed in 

YAP- and TEAD4-knockdown cells (green), which was confirmed by counting RFP-

positive cells through flow cytometry (Figure 38B). These results suggested that the 

YAP/TEAD4 transcription factor complex might regulate Bmi1 expression to promote 

cell proliferation. 
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Figure 38. The YAP/TEAD4 complex might interact with the Bmi1 promoter. 
Hepa1-6 cells that were stably transfected with GFP-expressing shRNA plasmids (Scramble, Yap, 
and Tead4) were co-transfected with the RFP reporter plasmid, to assess Bmi1 promoter activity. 
A. Immunocytochemistry and B. flow cytometry were utilised to determine the Bmi1 promoter-
driven RFP expression. Data sets are representative of at least three independent experiments. 
Scale bar, 20 µm. **p-value< 0.01, ****p-value< 0.0001. 

 

3.2.6 Bmi1 is a direct target gene of the YAP/TEAD4 transcription factor 

complex 

To study whether the Bmi1 promoter region is bound by the YAP/TEAD4 complex, 

the same prediction platform described in section 3.1.7 was used for bioinformatics 

analysis. Several TEAD4-binding sites were identified in the Bmi1 promoter region (–

 979 to +417, Figure 39), which were assembled into three clusters. 

 

 

 
Figure 39. Scheme showing the YAP/TEAD4-binding sites in the Bmi1 promoter region (–
 979 to +417, NM_007552). 
Yellow boxes represent the predicted TEAD4-binding sites, whereas the upper three lines show 
the ChIP-qPCR products, which represent the different fragment (F1, F2, and F3) in the ChIP 
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primers. Four binding sites were located in fragments 1 and 2, which were named TB1, TB2, TB3, 
and TB4. 

 

The promoter region was cloned into the pGL3-basic luciferase reporter vector, for 

use in the DLR assay. To investigate how the loss- or gain-of-function of YAP affects 

the Bmi1-driven luciferase activity, similar methods to those described in section 

3.1.7 were used for the luciferase reporter assay. After YAP was knocked down 

using siRNA in Hepa1-6 cells, the luciferase activity was found to decrease with an 

increasing dose of siRNA (Figure 40A). The overexpression of YAP in NCTC clone 

1469 cells was associated with the upregulation of luciferase activity (Figure 40A). By 

overexpressing YAP, TEAD4, and VGLL4 together in HEK293T cell lines, similar to 

the results observed in the NCTC clone 1469 cell line, the overexpression of YAP 

alone increased luciferase activity compared with that in the control group but not the 

overexpression of TEAD4 alone. Interestingly, the combined overexpression of YAP 

and TEAD4 markedly increased luciferase activity (Figure 40B). In contrast, 

luciferase activity was significantly decreased when either YAP or TEAD4 was 

overexpressed together with VGLL4. Luciferase activity was reduced, in a dose-

dependent manner, when YAP and TEAD4 were co-overexpressed with VGLL4 

(Figure 40B). These results suggested that the YAP/TEAD4 transcription factor 

complex can promote Bmi1 expression by regulating its promoter activity. 

 

 
 
Figure 40. The YAP/TEAD4 complex targets the Bmi1 promoter. 
A. A dual-luciferase reporter (DLR) assay was performed to detect luciferase activity, 48 hours 
after the knockdown of Yap (siYap) in Hepa1-6 cells or the overexpression of YAP (pcDNA3.1-
YAP) in NCTC clone 1469 cells. B. A DLR assay was performed after the co-transfection of YAP, 
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TEAD4 and VGLL4 overexpression plasmids in pGL3-Bmi1 and HEK293T reporter cells. Data 
sets are representative of at least three independent experiments. *p-value<0.05, **p-value<0.01, 
***p-value<0.001, ****p-value<0.0001. 

 

To determine whether the regulation of Bmi1 by YAP/TEAD4 occurs in a direct 

manner, similar methods (ChIP) to those described in section 3.1.7 were performed. 

The entire promoter region was divided into three different clusters, fragment 1, 

fragment 2, and fragment 3, according to the distribution of TEAD4-binding sites 

(Figure 39). Three pairs of ChIP-qPCR primers and control primers for Ctgf, were 

designed (Table 11). The ChIP results, using the positive control Ctgf primers and 

negative control primers, showed that TEAD4 was able to specifically bind to the Ctgf 

promoter in Hepa1-6 cells, which express high levels of YAP but not in NCTC 1469 

cells, which express low levels of YAP (Figure 41A). The negative control results 

confirmed the quality of the ChIP assay. The ChIP results, using specific primers for 

the Bmi1 promoter, indicated that fragment 2 (F2) represents the primary area of the 

promoter region that is responsible for complex regulation (Figure 41B). 

 

 
Figure 41. YAP/TEAD4 binds directly to the fragment 2 region of the Bmi1 promoter. 
Chromatin immunoprecipitation assay was performed to determine the interaction between 
TEAD4 and the Bmi1 promoter, using and agarose-TEAD4 antibody and sonicated chromatin 
(200 bp–1000 bp). A. Ctgf positive and negative control primers were used for quality control of 
the ChIP assay. B. Specific primers targeting Bmi1 promoter were used for quantifying the pulled-
down DNA fragments. Data sets are representative of at least three independent experiments. 
**p-value< 0.01, ****p-value< 0.0001. 

 

Because Bmi1 fragment 2 includes two TEAD4-binding sites, TB3 and TB4 (Figure 

39), further experiments were performed to determine which binding site was 

responsible for TEAD4 binding. Including TB1 and TB2, each TEAD4-binding motif, 
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plus a 50 bp flanking sequence on each side, was cloned into the pGL3-basic 

luciferase reporter vector, in addition to the Ctgf promoter binding sites which was 

also cloned into the luciferase reporter vector as a positive control. A DLR assay 

demonstrated that both TB3 and TB4 were the main TEAD4-binding sites in the Bmi1 

promoter (Figure 42A). Furthermore, the luciferase activities of bases-substitution-

mediated mutation of TB3 (mTB3) and TB4 (mTB4) were significantly decreased 

compared with those of TB3 and TB4 (Figure 42B). Taken together, these results 

illustrated that the YAP/TEAD4 transcription factor complex can directly bind to the 

TEAD4-binding regions of fragment 2, to promote Bmi1 expression. 

 

 
 

Figure 42. The YAP/TEAD4 complex directly binds to the TB3 and TB4 binding sites of 
Bmi1-F2. 
Dual luciferase reporter assay was performed after cloning the TB1, TB2, TB3, TB4, and mutated 
TB3 (mTB3) and TB4 (mTB4) binding sites into the reporter plasmid, in HEK293 cells. A. DLR 
assay was performed after cloning the TB1, TB2, TB3 and TB4 binding sites into the reporter 
plasmid. B. DLR assay was performed after cloning the mutated TB3 (mTB3) and mutated TB4 
(mTB4) binding sites into the reporter plasmid. Data sets are representative of at least three 
independent experiments. ****p-value< 0.0001. 

 

3.2.7 The disruptions of the YAP/TEAD complex suppresses BMI1 in HBsAg-

transgenic mice 

Because YAP-induced BMI1 was associated with DNA damage, chromosomal 

instability, and cell proliferation, in vivo experiments were performed in 6-month-old 

HBsAg-transgenic mice. The transgenic mice were treated with Verteporfin 

(YAP/TEAD4 inhibitor, 100 mg/kg) or the same volume of DMSO. The mice were 

injected on days 1, 2, and 3, by i.p. injection. On day 7, the mouse livers were 

Ct
rl.
Ct
gf

Bm
i1-
TB
1

Bm
i1-
TB
2

Bm
i1-
TB
3

Bm
i1-
TB
4

0
2
4
6
8
10

R
el
.L
uc
.a
ct
iv
ity ****

****

Ct
rl.
Ct
gf

Bm
i1-
TB
3

Bm
i1-
mT
B3

Bm
i1-
TB
4

Bm
i1-
mT
B4

0

5

10

15

20

R
el
.L
uc
.a
ct
iv
ity

****

****

A B



 107 

collected for experiments. The western blot results showed that Verteporfin treatment 

decreased YAP and BMI1 expression levels, which suggested that the 

downregulation of YAP in transgenic mice might control the development of HCC by 

decreasing the expression of BMI1. 

 

 
 
Figure 43. Downregulated YAP decreases BMI1 expression in transgenic mice. 
Transgenic mice were treated with Verteporfin (100 mg/kg) (n = 3) or the same volume of DMSO 
(n = 3), for 3 days. On day 7, mouse livers were collected for total protein isolation. Western blot 
was performed to detect YAP, phosphorylated YAP, and BMI1 expression levels. kDa, kilodalton. 

 

Chronic HBV infection is a key risk factor associated with the development of HCC. 

Our previous work showed that BMI1 is upregulated in (I) the livers HBsAg-

transgenic mice, (II) HBV-exposed PMHs, and (III) HBV-related HCC tissue 

sections125. Here, we investigated the relationship between Hippo signalling and 

BMI1 expression in HBsAg-mediated hepatocarcinogenesis. The reanalysis of a 

ChIP dataset showed that genes associated with Hippo signalling, cell cycle, 

centrosomal function, and DNA repair/replication were altered in HBsAg-transgenic 

mouse liver samples. Quantitative PCR and western blot results confirmed that the 

downregulation of MST1/2 was accompanied by the loss of YAP phosphorylation and 

the induction of BMI1 expression. The immunohistochemical staining of HBsAg-

transgenic mice liver sections further indicated that the expression of HBsAg induced 

the increased expression of YAP and BMI1, which resulted in cell proliferation and 

abnormal nuclear morphology. Flow cytometry revealed that polyploidy and 

aneuploidy also occurred in PMHs isolated from HBsAg-transgenic mice. The 

bioinformatics analysis of the Bmi1 promoter indicated the presence of several 
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TEAD4 bind sites. The ChIP assay results and the analysis of binding site mutations 

in DLR assays confirmed that the YAP/TEAD4 transcription factor complex was able 

to bind and activate the Bmi1 promoter. The Hepa1-6 cell line was transfected with 

an RFP-reporter plasmid containing the Bmi1 promoter region, and the knockdown of 

Yap or Tead4 resulted in decreased RFP signals. The Hippo signalling pathway plays 

a vital role in cell homeostasis. Our findings suggested that the HBsAg-mediated 

inactivation of the Hippo pathway resulted in increased BMI1 expression, possibly 

promoting hepatocarcinogenesis through alterations in the cell cycle and 

chromosomal stability. 
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4. Discussion 

 

4.1      HBV is recognised by TLR2 and activates the Hippo signalling pathway 

Chronic HBV infection is a high-risk factor for HCC. Current therapies for CHB 

remain limited to either pegylated interferon-α, or one of the five approved nucleoside 

analogue (NA) treatments177. Although viral suppression can be achieved in the 

majority of patients when treated with high-barrier-to-resistance new-generation NAs, 

HBsAg loss is only achieved in approximately 10% of patients for both classes of 

drugs after a follow-up of 5 years178. Whether HBV activates the innate immune 

response or represses innate host defences continues to be debated. Investigations 

examining the mechanisms through which HBV evades innate immune monitoring 

are urgently needed. The present study showed that (I) acute HBV infections 

concordantly induced TLR2 and Hippo signalling activity in primary hepatocytes, (II) 

Hippo pathway activation counter regulated innate immune responses by controlling 

NFΚBIA expression, both in vitro and in vivo, and (III) hepatic gene expression 

signatures associated with TLR2/MyD88/NF-κB signalling could be detected in CHB 

patients. 

 

Many studies in HBV-infected patients and primate models have reported that HBV 

infections are unable to induce an innate immune response70,75,179. However, these 

studies either focused on interferon responses or generally assessed HBV exposure 

for longer than 6 hours, after which it is difficult to detect a rapid, innate cytokine 

response. Yoneda et al. showed artefacts of inflammatory immune responses in 

PHHs treated with HBV for 40 hours90. However, the 40-hour exposure of HBV 

particles did not affect IL6 and IL1B production (Figure 6A), which suggested that the 

production of IL6 and IL1B peaked earlier and returned to a normal level before the 

examined 40 hour time point. In the present study, we chose 0.5, 1, and 2 hours as 

our main time points. We observed a rapid, innate immune response as soon as 30 

min after HBV exposure, which peaked between 1-2 hours after treatment, as 

assessed by the ICC staining of NF-κB. However, after 6 hours of HBV exposure, we 
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observed the return of these inflammatory factors to basal levels, which suggested 

that the active suppression of innate immunity occurred after 6 hours. These findings 

were further confirmed by the observed changes of IκBα after HBV exposure. After a 

0.5-hour exposure to HBV particles, IκBα disappeared and was restored gradually, 

between 1 and 2 hours (exemplarily, Figure 7B). Usually, the transcriptional and 

translational processes cannot regulate IκBα levels so quickly, except through 

modifications by protein kinases. However, the restoration of IκBα, the 

dephosphorylation of YAP, and the subsequent expression of Il6, Il1β, and Tnf were 

the focus of this study, and the mechanisms underlying the rapid disappearance of 

IκBα remains an open question for future studies. Here, we characterised the 

essential role played by Hippo signalling in the innate immune response to HBV 

infection. The activation of MST1/2 was important for the rapid innate immune 

response. In addition, YAP, the primary effector for Hippo signalling, was found to be 

crucial for balancing the overactivation of innate immunity with reduced tissue injury. 

The Hippo signalling pathway was originally defined as an intracellular kinase 

cascade that coupled organ size control and tumorigenesis. Therefore, this field has 

expressed a long-term interest in understanding how Hippo signalling activity is 

controlled during homeostasis. In Drosophila, Hpo and Wts are key components that 

are indispensable for toll receptor-induced innate immunity, via PII (an IRAK homolog) 

and MyD8899. However, the innate immunity in mammals is much more complicated 

than that in Drosophila. In this study, we utilised a TLR2 inhibitor and an MST1/2 

inhibitor to pretreat PMHs, prior to HBV exposure. When either TLR or Hippo 

signalling was inhibited, downstream NF-κB signalling was also substantially 

suppressed. Liu and Zheng et al. reported that MyD88/IRAK4, a downstream effector 

of TLRs, downregulates PP2A levels, to activate Hippo signalling during the innate 

immune response99,180. Here, we isolated PMHs from Myd88-/- or Irak4-/- mouse livers 

and exposed them to HBV. Interestingly, more YAP was observed to translocate into 

the nucleus, even without HBV exposure; moreover, no NF-κB was observed to 

translocate into the nucleus, even with HBV exposure. These findings suggested that 

the TLR2-IRAK4-MyD88 axis is likely required for HBV particle recognition and to 
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activate the innate immune response. MST1/2 has been shown to be activated by 

TLR2-IRAK1/4 and to regulate the expression of CXCL1 and CXCL2 during 

Mycobacterium tuberculosis infection122. Consistent with the results of previous 

studies, Irak4 or Myd88 knockout increased PP2A levels and decreased 

phosphorylated MST1/2 levels, further inducing YAP translocation into the nucleus 

and promoting IκBα expression, which repressed NF-κB nuclear translocation99. The 

present study is the first to report that the YAP/TEAD4 complex directly binds to the 

proximal binding site of the Nfkbia promoter region, to regulate IκBα expression. This 

fundamentally explains how the YAP/TEAD4 complex can balance the rapid innate 

immune response. 

 

4.2 Humanised mouse model for HBV infection study 

Mouse hepatocytes do not express the NTCP receptor, which is the cellular factor 

required for HBV entry165, and are, therefore, not susceptible to HBV infection. In this 

study, TLR2 expressed in PMHs recognised HBV particles as pathogens, without the 

process of infection. Our previous work demonstrated that HBV particles could 

facilitate TLR2 activation when binding to NTCP in PHHs89. Even after HBV particles 

were UV-irradiated, they remained able to activate the innate immune response in 

PHHs89. Moreover, although Kupffer cells are not thought to express NTCP, they are 

able to detect HBV particles and patient-derived HBsAg, through TLR2165. 

Importantly, our previous work125 showed that HBV exposure induces Il6, Tnf and 

Il1β expression in PMHs as well. Therefore, PMHs were initially chosen for the in 

vitro experiments performed in this study. PMH cultures are homogeneous and highly 

reproducible. To simulate HBV infections in mice, we treated mice with the TLR2 

agonist Pam3CSK4, by i.v. injection. Although this method does not sufficiently 

represent a real HBV infection, this model was useful for exploring the significance of 

the TLR2-MyD88-IRAK4-Hippo axis during rapid, innate immunity in the liver. Future 

studies might utilise a humanised mouse model, to develop an in vivo model for 

HBV-induced innate immunity. The initial approaches that examined early immune 

responses in HBV-infected liver-chimeric mice were unable to demonstrate or to 
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exclude hepatic immune-associated gene induction89. This model must be adopted 

towards immune induction, rather than stable HBV infection, to enable investigations 

of TLR and Hippo pathway activation, in the future. However, we also studied PHH 

cultures, with similar results, indicating that our findings are also relevant in humans. 

As tissue culture systems continue to be developed, more advanced liver biopsy 

culture methods have been established181-183. A tissue culture model could provide a 

growth environment more similar to the natural situation. In future studies, additional 

exploratory experiments will be performed, to facilitate the development of an HBV 

infection model. Highlighting the relevance of our study, a very recent publication 

reported that monocytes from CHB patients express higher levels of inflammatory 

cytokines than those from healthy donors. Furthermore, HBV induces the production 

of inflammatory cytokines, in vitro, via TLR2/MyD88/NF-κB signalling in 

monocytes165.The reanalysis of large-scale gene expression data171 from liver 

biopsies suggested increased hepatic TLR2/MyD88/NF-κB signalling in CHB patients. 

The role played by Hippo signalling during long-term, persistent HBV-infections was 

less pronounced in these datasets. However, our findings may have implications for 

the development of novel HBV treatment strategies. Immunotherapeutic strategies 

that are currently in clinical development include TLR7, TLR8, and RIG-I agonists 

(SB9200)184. Whether and how these ligands affect the Hippo pathway and 

contribute to immune control and tumorigenesis remains an important open question. 

 

4.3      HBsAg is a tumour inciter  

The results of the present study illustrated the kinetics and the magnitude of the 

effects associated with HBsAg overexpression-induced hepatocarcinogenesis in the 

HBsAg-transgenic mouse model. In this study, the HBsAg-associated findings 

indicated that the overproduction of HBV surface antigens initiates a series of events, 

characterised by polyploidy, aneuploidy, DNA damage/repair, cell proliferation, and 

inflammation responses to the development of HCC in transgenic mice. HBsAg is 

expressed as three differently sized polypeptides: the large surface polypeptides, the 

medium surface polypeptides, and the small surface polypeptides. Although the 
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HBsAg-transgenic mouse was first established decades ago, the mechanisms 

through which HBsAg induces the development of HCC remain still unclear. During 

the past decade, HBx has been a focus of research and has been reported to act as 

a coactivator that forms a complex with other transcription factors to promote 

tumorigenesis139,185-188. The small surface polypeptides are approximately 17 kDa in 

size, with a similar molecular weight as the HBx protein. In this study, LATS1/2 

proteins were found to be characterised at different molecular weights between WT 

and transgenic mice, which suggested that LATS1/2 might interact with HBsAg to 

form a complex, shifting the protein band on the western blot membrane. 

Unfortunately, associated experiments to confirm this hypothesis were not performed 

in this study. However, the direct-IP and Co-IP assays have been designed for the 

further analysis of potential interactions between HBsAg and LATS1/2. This study 

represents the first time that HBsAg might act as a suppressor of the Hippo signalling 

pathway, by decreasing and inactivating the expression of MST1/2 and MOB1 and 

potentially by forming a complex with LATS1/2. These changes resulted in increasing 

amounts of ungoverned YAP, which translocated into the nucleus to promote BMI1 

expression, leading to DNA damage, cell proliferation, aneuploidy, and chromosomal 

instability.   

 

The preS1/preS2/S sequence has been reported to encode a transcriptional activator, 

with potentially transforming properties189-191. These transcriptional effects can 

activate the protein kinase C-dependent c-Raf-1/MAP1-kinase signalling pathway, 

promoting transcription factors and increasing the proliferation rate of hepatocytes191. 

A truncated version of the large surface antigen has also been shown to promote the 

development of HCC in transgenic mice192. The medium surface antigens can bind to 

the promoter regions of oncogenes, to promote oncogene expression, including c-

myc, c-fos, and c-Ha-ras193,194. In HBsAg-transgenic mice, an interaction between 

HBsAg and Hippo signalling was observed; however, further studies remain 

necessary to determine the mechanisms through which Hippo signalling is 

suppressed. The Hippo signalling pathway regulates organ size, cell fate, cell 
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proliferation, and innate immunity. The inactivation of Hippo signalling has been 

associated with tumorigenesis, by allowing the nuclear translocation of 

dephosphorylated YAP. Here, HBsAg was found to suppress the Hippo signalling 

pathway, resulting in the accumulation of YAP in the nucleus, supporting the 

development of HCC. 

 

In HBsAg-transgenic mice, the overproduced HBsAg induces hepatocellular injury; 

however, HBsAg has also been shown to be retained in the endoplasmic reticulum 

(ER), causing ER-stress136,195. Overproduced HBsAg is folded and assembled into 

higher-order complexes, through covalent modifications. Because protein folding is a 

complex and error-prone process, the protein-folding capacity of the ER can easily 

be saturated, following various types of physiological and pathological insults, such 

as viral infection, mutant protein expression, ageing, and simple increases in the 

secretory protein synthesis196. Wu et al. reported that Hippo signalling plays a critical 

role in the ER stress-induced unfolded protein response (UPR)197. Mst1/2- or WW45-

deficient livers exhibited greatly enhanced UPRs, resulting in the gradually increasing 

levels of YAP, which was dependent on the induction of PKR-like ER kinase (PERK) 

signalling, a pathway that is required for cell survival197,198. In HBsAg-transgenic mice, 

ER stress was induced, whereas Hippo signalling was inactivated, leading to the 

ungoverned activation of UPRs. Individual UPR pathways have been associated with 

cancers, arising from diverse tissues199,200. In the future, more studies examining the 

relationships between ER stress and Hippo signalling in HBsAg-transgenic mice 

should be designed. Many of the mechanisms through which HBsAg promote the 

development of HCC remain poorly understood. Understanding these mechanisms 

will assist with the development of new therapeutic strategies for the treatment of 

CHB. 

 

4.4      Nuclear accumulation of YAP and BMI1 in the development of HCC 

Both YAP and BMI1 are oncoproteins. As the major effector of the Hippo signalling 

pathway, YAP forms a transcription factor complex with TEADs in the nucleus, 
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promoting the expression of target genes. BMI1 is a member of the polycomb protein 

group, and it contains a RING finger domain and a central helix-turn-helix-turn-helix-

turn motif201,202. BMI1 has various functions, including oncogenic activities, DNA 

damage protection and developmental activities. In HBsAg-transgenic mice, 

upregulated BMI1 suppressed p16INK4a and p19ARF, which subsequently increased 

Cyclin D1 and suppressed p53 expression. Cyclin D1 is responsible for the transit 

from the G1 phase to the S phase, whereas p53 is a gatekeeper of the G2/M phase 

of the cell cycle203. DNA damage had been observed in HBsAg-transgenic mice, as 

indicated by the upregulation of phosphorylated H2AX. The combination of frequent 

DNA damage and a bustling cell cycle can result in abnormal mitosis and 

chromosomal instability. Interestingly, several TEAD4 motifs were found in the Bmi1 

promoter region, which allowed the YAP/TEAD4 complex to directly promote BMI1 

expression. In our previous work, BMI1 was found to be upregulated in HBV-related 

HCC comparing with non-HBV-related HCC, which suggested that HBV infection 

may be associated with BMI1 upregulation and the development of HCC125. Here, we 

further reported that HBsAg-mediated YAP activation upregulated BMI1 expression, 

contributing to cell proliferation, abnormal mitosis, and chromosomal instability 

associated with the development of HCC. 

 

In the present study, Verteporfin, a YAP/TEAD4 inhibitor, was administered in 8-

month-old HBsAg-transgenic mice for 7 days, resulting in the downregulation of YAP 

and BMI1. However, in a first proof-of-principle a 7-day treatment was not sufficient 

to reduce DNA damage, chromosomal instability, or aneuploidy (data not shown) . In 

the future, long-term treatment should be tested, to observe the incidence of HCC 

and changes of markers associated with Hippo signalling, BMI1 signalling, DNA 

damage, cell cycle, and chromosomal instability. To confirm the YAP-BMI1 axis, in 

vivo, PTC596, a BMI1 inhibitor, should be administered in younger mice for long-term 

treatment, to observe changes in DNA damage, cell cycle, and chromosomal 

instability.  
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In conclusion, these findings directly link HBsAg overproduction with the inactivation 

of Hippo signalling. In clinical practice, HBV-associated, cirrhosis-free tumour 

development might be explained by HBsAg-YAP-BMI1-axis-mediated cell 

proliferation and chromosomal instability. 
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5. Summary 

In summary, we demonstrate that the Hepatitis B virus (HBV) was able to stimulate 

TLR2, which not only mediated NF-κB signalling but also activated the Hippo 

pathway, which regulated the innate immune response by producing and controlling 

inflammatory factors. YAP/TEAD4 functioned as a key regulator and was likely 

important for balancing the innate immune response through the induction of IκBα. In 

contrast to previous reports indicating that HBV acts as a "stealth virus”, our study 

showed that a rapid, innate immune response occurred at a very early stage, 

immediately after HBV exposure, which was subsequently suppressed by IκBα and 

further unknown mechanisms, which may explain the ability of HBV to evade innate 

immunity. This rapid, innate immune response is necessary for the host defence but 

can also induce tissue injury when the activation is too strong. The activation of the 

Hippo signalling effector YAP accompanied the TLR2-NF-κB-mediated immune 

response and negatively regulates the activation of NF-κB to reduce tissue injury. 

Taken together, our data indicated that the Hippo signalling pathway acts as a 

regulator of the rapid, innate immune response. These findings directly link hepatic 

inflammation with growth control mechanisms and might explain tumour progression 

in non-cirrhotic, HBV-infected patients. 

 

In HBsAg-transgenic mice, the overproduction of HBsAg caused the nuclear 

accumulation of YAP and BMI1, while simultaneously decreasing the expression of 

MST1/2 and MOB1, which are key components of the Hippo signalling pathway. In 

addition, the YAP/TEAD4 transcription factor complex promoted BMI1 expression, 

through directly binding to the promoter region of Bmi1. As an inhibitor of p16INK4a 

and p19ARF, BMI1 upregulation induces DNA replication and cell proliferation. DNA 

damage and unpaired chromatids were observed in transgenic mouse hepatocytes. 

These characteristic features promote chromosomal instability, leading to the 

development of hepatocellular carcinoma. HBsAg can be expressed as three 

different-sized surface polypeptides, and our findings suggested that the small 

HBsAg may interact with LATS1/2, forming a complex that additionally promotes the 
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dephosphorylation and subsequent nuclear translocation of YAP. The Hippo 

signalling pathway plays a vital role during cell homeostasis. Our findings suggested 

that the HBsAg-mediated Hippo pathway inactivation results in BMI1 accumulation, 

possibly promoting hepatocarcinogenesis by altering the cell cycle and decreasing 

chromosomal stability. 
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6. Zusammenfassung 

Zusammenfassend zeigen wir, dass das Hepatitis-B-Virus (HBV) in der Lage war, 

den TLR2 zu stimulieren, der nicht nur den NF-κB-Signalweg aktivierte, sondern 

auch den Hippo-Signalweg, welcher die angeborene Immunantwort durch die 

Produktion und Kontrolle von Entzündungsfaktoren regulierte. Als 

Transkriptionsfaktor fungierte YAP/TEAD4 wie ein Schlüsselregulator und scheint 

wichtig, um die angeborene Immunantwort durch die Induktion von IκBα zu 

kontrollieren. Im Gegensatz zu früheren Berichten, in denen vermutet wird, dass HBV 

als "heimliches Virus" keine Immunantworten auslöst, zeigte unsere Studie, dass 

unmittelbar nach der HBV-Exposition eine schnelle, angeborene Immunantwort in 

einem sehr frühen Stadium auftrat. Diese Immunantwort wurde anschließend durch 

IκBα und weitere unbekannte Mechanismen unterdrückt, was die Fähigkeit von HBV, 

sich der angeborenen Immunität zu entziehen, erklären könnte. Diese schnelle, 

angeborene Immunantwort ist für die Wirtsabwehr notwendig, kann aber auch eine 

Gewebeschädigung hervorrufen, wenn die Aktivierung zu stark ausfällt. Die 

Aktivierung des Hippo-Effektors YAP begleitete die TLR2-NF-κB-vermittelte 

Immunantwort und regulierte die Aktivierung von NF-κB auf negative Weise, was 

eine anhaltende entzündungsbedingte Gewebeschädigung vermeiden könnte.  

Zusammengenommen zeigen unsere Daten, dass der Hippo-Signalweg als Negativ-

Regulator der schnellen, angeborenen Immunantwort wirkt. Diese Erkenntnis stellt 

eine direkte Verbindung zwischen der Leberentzündung und den 

Wachstumskontrollmechanismen her und könnte die entzündungsassoziierte 

Tumorprogression bei nicht zirrhotischen, HBV-infizierten Patienten erklären. 
 
Zu dem verursachte die Überproduktion des HBV-Oberflächenantigens (HBsAg) in 

HBsAg-transgenen Mäusen die nukleäre Akkumulation von YAP und BMI1, während 

gleichzeitig die Expression von MST1/2 und MOB1, Schlüsselkomponenten des 

Hippo-Signalwegs, vermindert wurde. Darüber hinaus förderte der YAP/TEAD4-

Transkriptionsfaktor-Komplex die BMI1-Expression, indem er direkt an die 

Promotorregion von Bmi1 bindet. Als Inhibitor von p16INK4a und p19ARF beeinflusst 
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BMI1 die DNA-Replikation und Zellproliferation. Entsprechend wurden DNA-Schäden 

und ungepaarte Chromatiden in HBsAg-transgenen Maushepatozyten beobachtet. 

Diese charakteristischen Merkmale fördern die chromosomale Instabilität, was die 

Entwicklung eines Hepatozelluläres Karzinom begünstigt. Das HBsAg kommt in 

Form von drei unterschiedlich großen Polypeptiden vor. Unsere Ergebnisse legten 

nahe, dass das kleine HBsAg mit LATS1/2 interagieren und einen Komplex bilden 

kann, der zusätzlich die Dephosphorylierung und anschließende Translokation von 

YAP in den Zellkern fördern könnte.  

Der Hippo-Signalweg spielt eine wichtige Rolle bei der Zellhomöostase. Unsere 

Ergebnisse deuten darauf hin, dass die HBsAg-vermittelte Aktivierung des Hippo-

Signalwegs zu einer Akkumulation von BMI1 führt, diese fördert möglicherweise die 

Hepatokarzinogenese durch Veränderung des Zellzyklus und Erhöhung der 

chromosomalen Instabilität. 
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