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A brief history of infectious hepatitis 

Infectious hepatitis was already known by Hippocrates, who described “epidemic jaundice” 

around 400 B.C
1
. The first attempt to combat infectious hepatitis was made around the 8

th
 

century A.D., when pope Zacharias ordered to quarantine individuals with jaundice to prevent 

its spread throughout Rome
2
. The greatest breakthrough in our knowledge of infectious 

hepatitis came in 1963, when Blumberg first described the “Australian antigen” (AuAg), a 

protein in serum collected from an aboriginal that precipitated in an Ouchterlony reaction with 

serum from a haemophiliac patient
3
. Not long after, in 1968, it was confirmed by two 

independent groups that the AuAg was specifically found in patients with “serum hepatitis”
4,5

. 

These discoveries led to the first antiviral tests to prevent a transfusion related viral infection, 

initially by using the Ouchterlony reaction, soon followed by other serological tests. Amongst 

others, the availability of these tests led to a great reduction in transfusion-associated 

hepatitis, from 30% to 10% of multiply transfused patients during the 1970s
1
. The discovery 

of AuAg, which was later characterized as the hepatitis B virus surface antigen (HBsAg), led 

to the development of a human serum-derived HBV vaccine
6
. This vaccine was approved by 

the FDA in 1982 and effectively included in national vaccination programs in the US and 

other countries in the early 1980s
7
. People infected with HBV have a cumulative risk of about 

25% of developing liver cancer during their lifetime
8
. It has been estimated that the number of 

HBV infections averted by serological testing of blood products and vaccination have caused 

the greatest reduction in the prevalence of a human cancer in history
1
. In 1976, Blumberg 

received the Nobel Prize in Physiology or Medicine for his work on HBV.  

 

Prevalence of hepatitis B virus infection 

In adults, acute HBV infection is mostly asymptomatic and generally cleared by an adaptive 

immune response within a year without therapeutic intervention. In a small subset of adults 

infected with HBV, about 10%, the adaptive immune response fails to eradicate the virus and 

the infection becomes chronic. Conversely, in children, the majority of HBV infections 

become chronic. Worldwide, an estimated 240.000.000 people are chronically infected with 

HBV (Fact sheet N°204, WHO)
9
. Most of these chronically infected people were infected as 

children, and have been infected for decades. Each year an estimated 780.000 people die as a 

consequence of HBV infection (Fact sheet N°204, WHO); the majority of these deaths are 

due to long-term, chronic HBV infections
10

. Worldwide, HBV prevalence is highest in 

Southeast Asia, Sub-Saharan Africa and South America, where chronic HBV prevalence is 

higher than 8% (Figure 1). 
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Figure 1. Worldwide prevalence of HBV infections and distribution of the major HBV 

genotypes. Chronic HBV rates: High: 8%, Moderate: 2-7%, Low: <2%. Permission obtained from 

Elsevier Ltd © The Lancet, 384, 2053–2063
11

. 

 

HBV in the Netherlands 

The first cases of “serum hepatitis” were described in Bremen (Germany) in 1885, in workers 

that had received a smallpox vaccination containing human lymph fluid
12

. In the Netherlands, 

blood donations have been serologically tested for the presence of the HBV surface antigen 

(HBsAg) since 1973. Since 2008, donations are also tested for the presence of HBV DNA
13

. 

In the Netherlands, HBV prevalence is low and mainly restricted to risk groups such as 

immigrants from highly endemic areas, men having sex with men, and intravenous drug users. 

Because of the low and restricted HBV endemicity in the Netherlands, the HBV vaccine was 

initially not included in the universal childhood vaccination programme. Instead, in 2002, a 

vaccination program was introduced directed at risk groups such as commercial sex workers, 

intravenous drug users and men having sex with men
14

. In 2011, based on a cost-effectiveness 

analysis, universal childhood vaccination was introduced in addition. The vaccination of risk 

groups, in combination with the introduction of HBV screening of blood donations has 

reduced HBV prevalence to a nadir of 0.8 per 100,000 persons in 2013
15,16

. To further 

increase the safety of blood donations, standard HBV testing was extended with testing for 

antibodies against the HBV core protein in 2011, primarily to detect so-called “occult” HBV 

infections, in which HBsAg, and often also HBV DNA, are undetectable
17

. 

 

The hepatitis B virus 

The hepatitis B virus is the archetype of the “hepadna” (for hepatotropic DNA viruses) family 

of viruses. Endogenised sequences of HBV ancestors (eHBVs) have been identified in 

zebrafinches, snakes, crocodiles and turtles
18,19

. The oldest eHBVs endogenised >207 million 




years ago, indicating that the hepadnaviuses have been around at least since the Early 

Mesozoic
19

. Hepadna viruses have a narrow host range and can only infect species related to 

their natural hosts; in the case of HBV the virus can only replicate in humans and nonhuman 

primates. Hepadna viruses that infect mammalian hosts are called orthohepadnaviruses. 

Several orthohepadnaviruses are known that replicate in a specific mammalian host
20

. These 

viruses are called after their respective hosts, e.g. the Woodchuck Hepatitis Virus (WHV)
21

 

and the Beechy Ground Squirrel Hepatitis Virus (GSHV)
22

. Recently, an orthohepadna virus 

species was discovered in bats
23,24

. A phylogenetic distinct genus of hepadna viruses, the 

avihepadnaviruses, infects avian hosts. A remarkable difference between orthohepadnaviruses 

and avihepadnaviruses is that the latter species does not express an X protein, which is 

required for the replication of all known orthohepadnaviruses. In humans, 10 different 

putative HBV genotypes (A-J) with more than 8% difference in their genome sequence have 

been identified
25

. Also various recombinants and subgenotypes (4-8% nucleotide difference) 

have been observed. The prevalence of these genotypes differs worldwide; while the majority 

of HBV infections in Asia are of either genotype B or C, and the majority of infections in 

Europe and the middle East are of the A and D genotype (Figure 1). The clinical 

characteristics of natural infections with different HBV genotypes differ, for instance 

infections with genotype C more commonly cause liver cirrhosis and HCC
26,27

.  

 

The HBV replication cycle 

The hepatitis B virus consists of an enveloped core particle that contains a partially double 

stranded DNA genome. This 3,200 base pair genome is the smallest known genome of a virus 

that infects humans
28,29

 and consists of four largely overlapping open reading frames (ORFs); 

the Core, Polymerase, Surface and X ORF, respectively (Figure 2). HBV DNA containing 

virus particles are 42 nm in diameter and can be distinguished by electron microscopy. 

Complete HBV virions are also called Dane particles, after D.S. Dane, who first described 

such particles and made a distinction between these particles and the much more prevalent 

HBsAg multimeres in the plasma of HBV infected patients
30

. HBV infection is initiated by 

binding of HBsAg to heparan sulfate proteoglycans on a hepatocyte
31

. Subsequently, HBV 

enters the cell via an incompletely understood process that involves interaction between 

HBsAg and the sodium taurocholate cotransporting polypeptide (NTCP)
32

. After release in 

the cytoplasm, the core particle is actively transported to the nuclear pore, where the core 

particle is degraded and the partially double stranded DNA genome is released into the 

nucleus
33

. This relaxed coiled DNA (rcDNA) is repaired by host enzymes to generate fully 

covalently closed circular DNA (cccDNA). The cccDNA is wrapped around histones and thus 

forms a chromatin template that is generally considered to act as a “minichromosome”, and 

that is subject to epigenetic modification. The epigenetic status of the cccDNA determines the 

rate of HBV RNA transcription
34-36

. The cccDNA contains four promoters and two enhancers, 

which regulate the transcription of the main viral RNAs
36

. The HBV core promoter regulates 

the transcription of the longest two viral RNA, the preCore RNA and the slightly shorter 

pregenomic RNA (pgRNA). From the PreCore RNA, the e antigen (HBeAg) is translated. 

From the pgRNA, the HBV Core- and polymerase (Pol) proteins are translated. The pgRNA 
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also serves as the template for viral DNA synthesis (reviewed in
37

). Upon Pol translation, the 

newly synthesized protein interacts, preferably in cis, with a specific region in the pgRNA 

called the epsilon (ε, from encapsidation) loop
38,39

. The interaction between Pol and the ε loop 

triggers a conformational change in Pol which initiates the encapsidation of the Pol-pgRNA 

complex in a new core particle
38,39

. Concomitantly, the presence of the ε loop is required and 

sufficient to initiate the encapsidation of heterologous RNA
38,40

. The ε loop adopts an 

extensive tertiary structure called stem-loop, and this structure is required for encapsidation
41

. 

Reverse transcription is initiated by interaction between HBV polymerase and a bulged region 

of ε, which results in the generation of a short oligonucleotide covalently linked to a tyrosine 

residue in Pol
42

. This short oligonucleotide translocates to a reverse complementary region at 

the 3’end of the pgRNA called direct repeat 1 (DR1) and serves as a primer for the initiation 

of reverse transcription. After reverse transcription, Pol translocates to the 3’end of the newly 

synthesized negative strand and partially synthesizes the positive strand to form the rcDNA 

found in mature HBV particles. Reverse transcription is exclusively initiated and completed 

after encapsidation of the pgRNA/Pol complex and requires several cellular chaperones
43

. The 

c terminus of the core protein interacts with nucleic acid, and disruption of this domain 

critically interferes with reverse transcription without affecting encapsidation
44

. Vice versa, 

the nucleic acid within the core particle also affects core particle structure. Core particles 

containing pgRNA or incompletely reverse transcribed rcDNA are called immature core 

particles and are phosphorylated on several residues
45

. Only after reverse transcription is 

completed, the core particles “mature” and are dephosphorylated
45,46

. Subsequently, these 

mature core particles can either shuttle back to the nucleus to increase the pool of cccDNA, or 

they are enveloped and excreted as new virions. Several factors determine which fate the 

rcDNA containing core particles undergo. It has been observed that cccDNA accumulation is 

negatively regulated by the amount of viral surface proteins available, suggesting that only 

when sufficient amounts of envelop proteins are produced, HBV DNA containing core 

particles are enveloped and excreted as new virions
47

. As a result of cccDNA accumulation, 

the amount of cccDNA copies in the 

infected hepatocyte ranges from 5-50 

copies/cell
48

. Intranuclear cccDNA 

accumulation contributes to the 

preservation of cccDNA during cell 

division
49

. 

 

Figure 2. Organisation of the HBV genome. 

(Permission obtained from MDPI © Minor, M. 

M. and Slagle, B. L. Viruses, 6, 4683-4702 

(2014)
50

. 

  




HBV proteins 

The HBV genome is extensively used. Beside the high degree of overlap of the four viral 

ORFs, functionally different proteins are produced from different start codons in the structural 

surface- and core genes. The different variants of the surface proteins are all structural 

proteins that are embedded in the viral envelope. Translation of the core ORF from the 

precore start codon generates an immune regulatory protein called the e antigen. Beside its 

structural genes, HBV encodes a polymerase to reverse transcribe its genomic material, and 

an accessory protein called X (Figure 2).  

 

Core 

The core protein is transcribed from the pregenomic RNA. Dimers of the core protein 

accumulate in the cytoplasm and the nucleus of the HBV infected hepatocyte
51

. The 

archetypical function of the core protein is the formation of the core particle that contains the 

rcDNA. Such core particles can have two sizes, which contain either 240 or 180 core proteins, 

respectively
52

. In the nucleus, core protein dimeres interact with the cccDNA and facilitate 

transcription
34,35

. 

 

HBeAg 

The HBV e antigen is translated from the preCore mRNA. The HBeAg ORF is completely in 

frame with the HBV core protein ORF, but its transcription is initiated 63 bases upstream of 

the core protein start codon. The n-terminal 21 amino acids (aa) of the resulting HBeAg 

precursor serve as a signalling peptide that direct it to the ER, where the n-terminal 11 aa are 

cleaved of. The HBeAg precursor is transported to the golgi apparatus, where the c-terminal 

44 aa are removed to form HBeAg, which is subsequently excreted
53

. Because of different 

folding, the tertiary structure of the HBeAg differs significantly from the HBV core antigen
54

. 

HBeAg production correlates with high levels of virus production during the first phases of 

the infection. When a sufficiently strong adaptive immune response does develop, the viral 

population is replaced by HBV mutants that do not produce HBeAg. The most commonly 

observed mutation that abolishes HBeAg expression is the G1896A mutation
55

, which results 

in a premature stop codon in the HBeAg ORF. As G1896 is part of the stem loop region of ε, 

the mutation is often compensated by the C1858T mutation, which restores base pairing in 

ε55
. This and other mutations that cause premature stop codons in the HBeAg ORF are 

concomitantly called precore (PC) mutations. PC mutations are always observed in the first 

63 bases the PreCore mRNA, which are not translated from the pregenomic RNA and 

therefore PC mutations do not affect HBV core production. Beside PC mutations, nucleotide 

substitutions are also commonly observed in the adjacent basal core promoter (BCP) region in 

HBeAg negative HBV infections
56

. Although the BCP is a part of the core promoter, BCP 

mutations occurring in vivo interfere with HBeAg expression but do not negatively affect 

HBV core protein production
57

.  
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rcDNA containing core particles undergo. It has been observed that cccDNA accumulation is 

negatively regulated by the amount of viral surface proteins available, suggesting that only 

when sufficient amounts of envelop proteins are produced, HBV DNA containing core 

particles are enveloped and excreted as new virions
47

. As a result of cccDNA accumulation, 

the amount of cccDNA copies in the 

infected hepatocyte ranges from 5-50 

copies/cell
48

. Intranuclear cccDNA 

accumulation contributes to the 

preservation of cccDNA during cell 

division
49

. 

 

Figure 2. Organisation of the HBV genome. 

(Permission obtained from MDPI © Minor, M. 

M. and Slagle, B. L. Viruses, 6, 4683-4702 

(2014)
50
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HBV proteins 

The HBV genome is extensively used. Beside the high degree of overlap of the four viral 

ORFs, functionally different proteins are produced from different start codons in the structural 

surface- and core genes. The different variants of the surface proteins are all structural 

proteins that are embedded in the viral envelope. Translation of the core ORF from the 

precore start codon generates an immune regulatory protein called the e antigen. Beside its 

structural genes, HBV encodes a polymerase to reverse transcribe its genomic material, and 

an accessory protein called X (Figure 2).  

 

Core 

The core protein is transcribed from the pregenomic RNA. Dimers of the core protein 

accumulate in the cytoplasm and the nucleus of the HBV infected hepatocyte
51

. The 

archetypical function of the core protein is the formation of the core particle that contains the 

rcDNA. Such core particles can have two sizes, which contain either 240 or 180 core proteins, 

respectively
52

. In the nucleus, core protein dimeres interact with the cccDNA and facilitate 

transcription
34,35

. 

 

HBeAg 

The HBV e antigen is translated from the preCore mRNA. The HBeAg ORF is completely in 

frame with the HBV core protein ORF, but its transcription is initiated 63 bases upstream of 

the core protein start codon. The n-terminal 21 amino acids (aa) of the resulting HBeAg 

precursor serve as a signalling peptide that direct it to the ER, where the n-terminal 11 aa are 

cleaved of. The HBeAg precursor is transported to the golgi apparatus, where the c-terminal 

44 aa are removed to form HBeAg, which is subsequently excreted
53

. Because of different 

folding, the tertiary structure of the HBeAg differs significantly from the HBV core antigen
54

. 

HBeAg production correlates with high levels of virus production during the first phases of 

the infection. When a sufficiently strong adaptive immune response does develop, the viral 

population is replaced by HBV mutants that do not produce HBeAg. The most commonly 

observed mutation that abolishes HBeAg expression is the G1896A mutation
55

, which results 

in a premature stop codon in the HBeAg ORF. As G1896 is part of the stem loop region of ε, 

the mutation is often compensated by the C1858T mutation, which restores base pairing in 

ε55
. This and other mutations that cause premature stop codons in the HBeAg ORF are 

concomitantly called precore (PC) mutations. PC mutations are always observed in the first 

63 bases the PreCore mRNA, which are not translated from the pregenomic RNA and 

therefore PC mutations do not affect HBV core production. Beside PC mutations, nucleotide 

substitutions are also commonly observed in the adjacent basal core promoter (BCP) region in 

HBeAg negative HBV infections
56

. Although the BCP is a part of the core promoter, BCP 

mutations occurring in vivo interfere with HBeAg expression but do not negatively affect 

HBV core protein production
57

.  
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Polymerase 

The HBV polymerase is the enzyme that converts the HBV pregenomic RNA into partially 

double stranded rcDNA. The HBV Pol protein is translated from the pregenomic RNA. Pol 

translation is initiated from a start codon downstream from the core protein start codon, in a 

cap independent manner
58

, probably by translation reinitiation
59

. The Pol protein has three 

functional domains; a reverse transcription (RT) domain that reverse transcribes the HBV 

RNA into DNA, an RNase H domain that degrades the viral RNA after it has been reverse 

transcribed, and an N-terminal terminal protein (TP) domain that is involved in Pol-mediated 

protein priming activity. In between the TP and RT domains Pol contains a spacer region of 

about 150 nucleotides that does not appear to be involved in Pol activity and can be deleted 

without functional concequence
60

. This region in Pol completely overlaps with the critical 

PreS region of the surface ORF. Thus, the tolerance of Pol to mutations in this region partially 

relieves the constraint overlapping open reading frames put on viral evolution
61

. The 5’end of 

the Pol ORF overlaps with the 3’end of the core ORF.  

 

The HBV surface proteins 

The HBV envelope contains three variants of the HBV surface protein (HBsAg), which are 

translated from two different viral RNAs that are driven by the S1 and S2 promoters, 

respectively. The HBsAg ORFs completely overlap with the Pol ORF. Based on their size, the 

different HBsAg proteins are named the small (S), middle (M) and large (L) HBsAg. The 

large HBsAg (LHBs) contains the PreS1 domain (108 or 119 aa, depending on genotype), the 

PreS2 domain (55 aa) and the S domain (226 aa). The S2 promoter regulates the transcription 

of the RNA that encodes the middle- (MHBs) and small (SHBs) surface proteins, which 

consist of the PreS2 and S domains, and the S domain only, respectively. Viral entry is 

initiated by an interaction between two positively charged residues in the antigenic loop 

(AGL, also called “a” determinant or antigenic domain) of the S protein with heparan sulfate 

proteoglycans (HSPGs) on a hepatocyte
62-64

. Next, the first 48 amino acids of the PreS1 

domain, which are present in the LHBs only, interact with the sodium taurocholate 

cotransporting polypeptide (NTCP)
32

. This interaction is essential for viral entry, albeit the 

subsequent steps by which NTCP interaction leads to membrane fusion are largely elusive.  

The majority of HBsAg produced in the infected hepatocyte is excreted as subviral particles 

(SVPs); multimeres composed of all three HBsAg variants that do not contain viral DNA. 

These multimeres form spheres of 25 nm in diameter and filaments (also called rods) of 22 

nm and a variable length. These SVPs are excreted in a 1000- to 100.000 fold excess relative 

to infectious Dane particles
65

.  

 

HBV splice-generated protein (HBSP) 

Several spliced HBV RNAs have been described
66,67

. At least one protein called HBV splice-

generated protein (HBSP), which consists of a part of the HBV Pol protein and a new ORF 




generated by the splicing event, is translated from spliced RNA during natural infection
66,68,69

. 

HBV spliced RNA translation products seem to be involved in evasion of innate immune 

responses and may contribute to the carcinogenic effect of HBV infection
70-72

. 

 

Protein X 

The hepatitis B virus protein X (HBx) is the only accessory protein in the HBV genome. HBx 

is the smallest HBV protein, and is translated from an mRNA that is driven by the HBV X 

promoter. HBx-like proteins are highly conserved amongst all known orthohepadna viruses, 

and their expression is a perquisite for the replication of these viruses
73-76

. HBx has a size of 

~17 kDa and does not have significant homology to other known proteins. No crystal 

structure of HBx is available. It has been suggested that HBx is highly unstructured and only 

obtains secondary structure under specific conditions
77

.  

HBx can transactivate RNA transcription and is critically involved in initiating and 

maintaining RNA transcription from the HBV cccDNA
36,74,78-85

. HBx interacts with various 

cellular components, and thereby affects cellular functions and processes (Figure 4). It is 

unclear how the cellular processes and functions modulated by HBx and the transcriptionally 

transactivated state of the HBV cccDNA are related to each other.  

 

HBV pathogenesis 

The early phases of chronic HBV infection are asymptomatic, but over decades the infection 

may lead to liver cirrhosis and the development of hepatocellular carcinoma (HCC). In the 

natural history of chronic HBV infection, four main stages can be distinguished. These stages 

can be distinguished by assessing HBV DNA, alanine transaminase (ALT, a measure for liver 

damage), and the presence of HBeAg. Patients can move from one stage to another in any 

order, and not all stages occur in all patients (Figure 3)
86

. At a low rate, (<1%/year) patients 

lose HBV chronicity and clear all markers of viral replication. Patients may also progress into 

a so called “occult” infection, in which low levels of HBV DNA are present in the serum and 

liver, but no HBsAg is detectable.  

 

Stage 1: The immune tolerant stage 

After infection with HBV has occurred, the development of an immune response is often 

delayed. These infections are called immune tolerant. HBV replication is not cytopathic, and 

although the viral load is high during this stage, no liver damage is evident. During this phase 

HBeAg is always detectable in the serum. Immune tolerant hepatitis B is mainly observed in 

children infected perinatally with HBV, in which case it usually lasts decades
87

. This stage 

also occurs in persons infected at later ages, but is generally of much shorter duration
88

. 
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domain, which are present in the LHBs only, interact with the sodium taurocholate 

cotransporting polypeptide (NTCP)
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(SVPs); multimeres composed of all three HBsAg variants that do not contain viral DNA. 
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is the smallest HBV protein, and is translated from an mRNA that is driven by the HBV X 

promoter. HBx-like proteins are highly conserved amongst all known orthohepadna viruses, 

and their expression is a perquisite for the replication of these viruses
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. HBx has a size of 

~17 kDa and does not have significant homology to other known proteins. No crystal 

structure of HBx is available. It has been suggested that HBx is highly unstructured and only 

obtains secondary structure under specific conditions
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HBx can transactivate RNA transcription and is critically involved in initiating and 

maintaining RNA transcription from the HBV cccDNA
36,74,78-85

. HBx interacts with various 

cellular components, and thereby affects cellular functions and processes (Figure 4). It is 

unclear how the cellular processes and functions modulated by HBx and the transcriptionally 

transactivated state of the HBV cccDNA are related to each other.  

 

HBV pathogenesis 

The early phases of chronic HBV infection are asymptomatic, but over decades the infection 

may lead to liver cirrhosis and the development of hepatocellular carcinoma (HCC). In the 

natural history of chronic HBV infection, four main stages can be distinguished. These stages 

can be distinguished by assessing HBV DNA, alanine transaminase (ALT, a measure for liver 

damage), and the presence of HBeAg. Patients can move from one stage to another in any 

order, and not all stages occur in all patients (Figure 3)
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. At a low rate, (<1%/year) patients 

lose HBV chronicity and clear all markers of viral replication. Patients may also progress into 

a so called “occult” infection, in which low levels of HBV DNA are present in the serum and 

liver, but no HBsAg is detectable.  

 

Stage 1: The immune tolerant stage 

After infection with HBV has occurred, the development of an immune response is often 

delayed. These infections are called immune tolerant. HBV replication is not cytopathic, and 

although the viral load is high during this stage, no liver damage is evident. During this phase 

HBeAg is always detectable in the serum. Immune tolerant hepatitis B is mainly observed in 

children infected perinatally with HBV, in which case it usually lasts decades
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. This stage 

also occurs in persons infected at later ages, but is generally of much shorter duration
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Stage 2: The immune clearance stage 

During the “immune clearance” stage, adaptive immune responses develop, which suppress 

viral replication. This phase differs from the immune tolerant phase by elevated and 

fluctuating ALT levels, as a result of the killing of infected hepatocytes by cytotoxic CD8+ T 

cells. In chronic HBV infection, the immune responses during the immune clearance stage are 

insufficiently strong to eradicate the virus
89,90

. As a result, multiple “rounds” of immune 

activity occur, which are accompanied by strong, temporal ALT elevations. Such temporal 

elevations in ALT are called “flares”. During the immune clearance stage, the HBeAg levels 

fluctuate and eventually HBeAg disappears from the blood, concomitant with the appearance 

of anti-HBeAg antibodies
86

. The duration of the immune clearance stage, and the age at which 

HBeAg seroconversion occurs, strongly influence the development of cirrhosis and HCC. 

 

Stage 3: The inactive stage 

Although the adaptive immune responses rarely clear all markers of viral replication in 

chronic HBV infection, they can suppress viral replication to a great extent. The infection is 

considered to be effectively suppressed when HBeAg has disappeared, anti-HBeAg antibodies 

are detectable, ALT has normalised, and the viral DNA load has stably dropped. The chance 

of developing chronic HBV infection-related symptoms is low during this phase, and 

generally no histological signs of liver damage are evident.  

 

Stage 4: The immune escape stage 

Inactive HBV infections reactivate in about 30% of patients. Reactivation can be caused by 

reduced immunological control or by viral escape mutations that prevent recognition by the 

adaptive immune system. Reactivation of HBV replication results in an increase in HBV 

DNA. HBV reactivation can be distinguished serologically from flares during the immune 

clearance stage by the absence of HBeAg. Usually reactivation is followed by an increase in 

hepatocyte killing by CD8+ T cells. As a result, both HBV DNA and ALT fluctuate during 

this phase and, on average, are increased as compared to the inactive phase.  

 

Occult HBV 

Adaptive immune responses can also induce “occult” HBV infection. Possibly, occult HBV 

infection is a stage occurring just before complete clearance of HBV infection. Occult HBV 

infection is defined by the chronic or intermitted presence of HBV DNA in the blood in the 

absence of HBsAg. The molecular biology of these occult infections differs. While in some 

cases of occult HBV infection HBsAg is not produced due to multiple mutations in the 

HBsAg gene itself
91,92

, occult infections can also occur without any HBsAg mutations. HBV 

genomes cloned from hepatocytes from patients with occult HBV infections in the absence of 




HBsAg mutations are completely replication competent in vitro, suggesting that 

immunological control can induce this state by regulating viral transcription rather than 

selecting HBV mutants
93,94

. In line with this observation, when the host immune system is 

suppressed, occult HBV infections can become overt again
95,96

. Blood donations from occult 

HBV donors may cause an HBV infection, largely depending on the recipients’ anti-HBsAg 

levels.  

 

Figure 3. The four stages 

of a HBV infection. The 

typical time course of a 

perinatally acquired chronic 

HBV infection. Not all 

stages occur in all patients, 

and the age at which stages 

occur and their duration 

vary. Permission obtained 

from Elsevier Ltd © Lok, A. 

S. Gastroenterology 132, 

1586–1594 (2007)
86

. 

 

 

Hepatocellular carcinoma  

Hepatocellular carcinoma (HCC) is an aggressive tumour with a poor prognosis, and is the 

third leading cause of cancer-related death worldwide (Reviewed in
97

). Infection with HBV 

increases the risk of developing hepatocellular carcinoma (HCC) by about a hundredfold
98

 to 

a cumulative lifetime risk of 25%
8
. The relative risk of developing HCC is increased during 

all stages of HBV infection
99,100

. Also occultly infected patients are still at increased risk of 

developing HCC
101

. In 2002 it was estimated that 60% of all liver cancers in developing 

countries and 23% of liver cancers in developed countries were directly attributable to HBV 

infection
102

. Despite the strong correlation between HBV infection and HCC occurrence, no 

single causative principle has been defined. Instead, several aspects of CHB are independent 

risk factors for developing HCC. In principle, HBV replication is not cytopathic, and in 

chronic HBV infections most liver damage is caused by adaptive immune responses during 

the immune active stages of the infection. The ongoing inflammation during these stages 

leads to cirrhosis, which is an important risk factor for developing HCC. The killing of HBV 

infected hepatocytes also causes a large increase in hepatocyte turnover
103

 and clonal 

expansion of single hepatocytes to populations of thousands of clones are observed in the 

liver in chronic HBV infections
103-107

. Within such clonal expansions HCC can develop by 

malignant transformation of hepatocytes
108

. In about 90% of HBV-related HCC cases, HBV 

DNA is integrated in the host DNA
109

, strongly suggesting that transformation occurs in 

hepatocytes previously infected with HBV. HBV DNA integration occurs in all 
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chromosomes, and may affect the activity or function of genes in which the integration 

occurs
109

. However, no specific cellular genes are consistently affected in HCC and clonal 

expansion does not correlate with specific integration sites
105

, indicating that disruption of 

host genes is not a mayor cause of HBV-related HCC. Integrated HBV DNA is often 

rearranged. Functional HBx, transactivation competent 3’truncated variants of HBx, and 

truncated HBsAg variants are frequently expressed from integrated HBV DNA in HCC, 

suggesting that the expression of these proteins contributes to malignant transformation
78,110-

114
. Both virus- and host factors contribute to the risk of developing HCC in CHB. For 

instance infection with genotype C
115

, male gender, higher age, higher viral load, core 

promoter mutations
116

, specific surface- and X gene mutations, and cirrhosis, are all 

independent risk factors for developing HBV-related HCC
117,118

. 

 

Immune responses against HBV 

The first line of defence against viral infection is the innate immune system. An innate 

immune response to a viral infection is mounted by a cell when pathogen associated 

molecular patterns (PAMPs) are recognised by cellular pattern recognition receptors (PRRs), 

such as the family of toll-like receptors (TLRs), the retinoic acid-inducible gene I-like 

receptors (RLRs) and the nucleotide oligomerization domain-like receptors (NLRs)(reviewed 

in
119

). Upon activation by a PAMP, PRRs induce the production of interferon, which locally 

activates the interferon response by autocrine and paracrine interferon receptor stimulation. 

Interferon receptor activation induces the production of both directly acting antiviral- and 

immune regulatory cytokines. Because of the central role of interferon in these responses, 

these antiviral- and immune regulatory proteins are commonly referred to as interferon 

stimulated genes (ISGs).  

The early stages of acute HBV infections are characterised by a lack of innate immune 

responses in the infected hepatocyte
120-122

. HBV may partially avoid TLR activation, for 

instance by retaining its DNA either shielded off in a core particle or in the nucleus, where it 

is not detected. HBV replication also interferes with TLR activation and the subsequent 

activation of signalling pathways required to induce interferon production
123

. HBx interferes 

with mitochondrial antiviral signalling protein (MAVS), an essential adapter for several 

PRRs
124,125

. HBeAg interferes with TLR activation
47,126

, and HBV polymerase interferes with 

IRF3 activation
127,128

. HBV replication probably suppresses the activation of an innate 

immune response in more, incompletely understood ways
141

. Because of the ability to 

replicate in the absence of innate immune activation, HBV is considered to be a “stealth” 

virus
129,130

.  

This stealth capacity may be essential for viral replication, as TLR stimulation strongly 

suppresses in vivo HBV replication. Several ISGs that are induced upon TLR activation,  such 

as APOBEC, MxA, MyD88, IDO, TRIM22 and IFITs, have been shown to be capable of 

interfering with HBV replication (reviewed in
131

). Concomitantly, interferons can reduce 

HBV replication by activating ISGs in the absence of an adaptive immune response
132

. These 




findings suggest that avoiding the development of an innate immune response directly 

benefits HBV replication.  

In adults, acute infection with HBV is mostly cleared within a couple of months. Strong 

CD4+ and CD8+ T cell responses against multiple HBV epitopes are observed during the 

clearance of acute infection
133

. HBV specific CD8+ T cells kill infected hepatocytes by 

cytolytic mechanisms but also produce cytokines such as TNF-α and IFN-γ, which clear HBV 

via non cytopathic mechanisms
134-136

. IFNγ production also leads to the recruitment of antigen 

non-specific immune cells by inducing the production of the chemokines CXCL9 and 

CXCL10. Beside HBV specific CD8+ T cells, the recruitment of these cells is essential to 

clear acute HBV infection
137

(Reviewed in
138

). A minority of acutely infected adults do not 

clear HBV infection and progresses into the immune active stage of chronic HBV infection. 

In children, HBV infection is characterised by an initial lack of both innate and adaptive 

immune responses against the virus (during the immune tolerant stage). When an adaptive 

immune response does develop after such an immune tolerant stage, it is not sufficient to 

control viral replication.  

Especially in immune tolerant HBV infections, the lack of innate immune activation 

contributes to the failure to mount an effective adaptive immune response. The lack of 

interferon production hampers the production of cytokines that coordinate the development of 

an adaptive immune response by attracting immune cells and stimulating their maturation. 

Interferon production is also important to directly stimulate the activity of dendritic cells, B 

cells, T cells and NK cells
139-143

. When an adaptive immune response has been mounted, 

interferon production would facilitate MHC production and antigen presentation, which 

enhance the recognition of infected cells by antigen specific T cells
144,145

. 

Another means by which HBV frustrates the development of an adaptive immune response, is 

the large amounts of HBsAg and HBeAg that is excreted into the blood. How these large 

amounts of viral proteins have a tolerogenic effect is incompletely understood. The sheer 

presence of large amounts of antigen in itself has a tolerogenic effect, especially towards 

CD4+ T cells
146-148

. However, HBsAg and HBeAg may also contribute to the tolerogenic state 

by directly interfering with effector functions of both innate and adaptive immune cells. 

HBeAg interferes with interleukin-18 (IL-18) mediated signalling, interferon-γ expression and 

inflammatory cytokine production by different immune cells
149-151

, and HBsAg interferes with 

dendritic cell function
152-154

. Taken together, HBV can persistently replicate in people and 

cause chronic infection by interfering with the innate and adaptive immune responses.  

 

Therapy 

Currently available drugs are not curative; therapeutic intervention is mainly targeted at 

preventing progression to cirrhosis and HCC
155

. As most liver damage is induced during the 

immune active and immune escape phases of the infection, the idea behind most treatment 

strategies is to treat during these phases to suppress viral replication sufficiently to go into the 

immune controlled phase of the infection. Although worldwide the guidelines differ 
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78,110-

114
. Both virus- and host factors contribute to the risk of developing HCC in CHB. For 

instance infection with genotype C
115

, male gender, higher age, higher viral load, core 

promoter mutations
116

, specific surface- and X gene mutations, and cirrhosis, are all 

independent risk factors for developing HBV-related HCC
117,118

. 

 

Immune responses against HBV 

The first line of defence against viral infection is the innate immune system. An innate 

immune response to a viral infection is mounted by a cell when pathogen associated 

molecular patterns (PAMPs) are recognised by cellular pattern recognition receptors (PRRs), 

such as the family of toll-like receptors (TLRs), the retinoic acid-inducible gene I-like 

receptors (RLRs) and the nucleotide oligomerization domain-like receptors (NLRs)(reviewed 

in
119

). Upon activation by a PAMP, PRRs induce the production of interferon, which locally 

activates the interferon response by autocrine and paracrine interferon receptor stimulation. 

Interferon receptor activation induces the production of both directly acting antiviral- and 

immune regulatory cytokines. Because of the central role of interferon in these responses, 

these antiviral- and immune regulatory proteins are commonly referred to as interferon 

stimulated genes (ISGs).  

The early stages of acute HBV infections are characterised by a lack of innate immune 

responses in the infected hepatocyte
120-122

. HBV may partially avoid TLR activation, for 

instance by retaining its DNA either shielded off in a core particle or in the nucleus, where it 

is not detected. HBV replication also interferes with TLR activation and the subsequent 

activation of signalling pathways required to induce interferon production
123

. HBx interferes 

with mitochondrial antiviral signalling protein (MAVS), an essential adapter for several 

PRRs
124,125

. HBeAg interferes with TLR activation
47,126

, and HBV polymerase interferes with 

IRF3 activation
127,128

. HBV replication probably suppresses the activation of an innate 

immune response in more, incompletely understood ways
141

. Because of the ability to 

replicate in the absence of innate immune activation, HBV is considered to be a “stealth” 

virus
129,130

.  

This stealth capacity may be essential for viral replication, as TLR stimulation strongly 

suppresses in vivo HBV replication. Several ISGs that are induced upon TLR activation,  such 

as APOBEC, MxA, MyD88, IDO, TRIM22 and IFITs, have been shown to be capable of 

interfering with HBV replication (reviewed in
131

). Concomitantly, interferons can reduce 

HBV replication by activating ISGs in the absence of an adaptive immune response
132

. These 




findings suggest that avoiding the development of an innate immune response directly 

benefits HBV replication.  

In adults, acute infection with HBV is mostly cleared within a couple of months. Strong 

CD4+ and CD8+ T cell responses against multiple HBV epitopes are observed during the 

clearance of acute infection
133

. HBV specific CD8+ T cells kill infected hepatocytes by 

cytolytic mechanisms but also produce cytokines such as TNF-α and IFN-γ, which clear HBV 

via non cytopathic mechanisms
134-136

. IFNγ production also leads to the recruitment of antigen 

non-specific immune cells by inducing the production of the chemokines CXCL9 and 

CXCL10. Beside HBV specific CD8+ T cells, the recruitment of these cells is essential to 

clear acute HBV infection
137

(Reviewed in
138

). A minority of acutely infected adults do not 

clear HBV infection and progresses into the immune active stage of chronic HBV infection. 

In children, HBV infection is characterised by an initial lack of both innate and adaptive 

immune responses against the virus (during the immune tolerant stage). When an adaptive 

immune response does develop after such an immune tolerant stage, it is not sufficient to 

control viral replication.  

Especially in immune tolerant HBV infections, the lack of innate immune activation 

contributes to the failure to mount an effective adaptive immune response. The lack of 

interferon production hampers the production of cytokines that coordinate the development of 

an adaptive immune response by attracting immune cells and stimulating their maturation. 

Interferon production is also important to directly stimulate the activity of dendritic cells, B 

cells, T cells and NK cells
139-143

. When an adaptive immune response has been mounted, 

interferon production would facilitate MHC production and antigen presentation, which 

enhance the recognition of infected cells by antigen specific T cells
144,145

. 

Another means by which HBV frustrates the development of an adaptive immune response, is 

the large amounts of HBsAg and HBeAg that is excreted into the blood. How these large 

amounts of viral proteins have a tolerogenic effect is incompletely understood. The sheer 

presence of large amounts of antigen in itself has a tolerogenic effect, especially towards 

CD4+ T cells
146-148

. However, HBsAg and HBeAg may also contribute to the tolerogenic state 

by directly interfering with effector functions of both innate and adaptive immune cells. 

HBeAg interferes with interleukin-18 (IL-18) mediated signalling, interferon-γ expression and 

inflammatory cytokine production by different immune cells
149-151

, and HBsAg interferes with 

dendritic cell function
152-154

. Taken together, HBV can persistently replicate in people and 

cause chronic infection by interfering with the innate and adaptive immune responses.  

 

Therapy 

Currently available drugs are not curative; therapeutic intervention is mainly targeted at 

preventing progression to cirrhosis and HCC
155

. As most liver damage is induced during the 

immune active and immune escape phases of the infection, the idea behind most treatment 

strategies is to treat during these phases to suppress viral replication sufficiently to go into the 

immune controlled phase of the infection. Although worldwide the guidelines differ 
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somewhat, in most countries this strategy is translated into therapeutic guidelines in which 

antiviral therapy is indicated for patients with a high viral load and elevated ALT.  

 

Interferon 

The first antiviral therapy that was used to reduce HBV replication was human leukocyte-

derived interferon (Interferon-α)
156

, which was later replaced by the more stable pegylated 

interferon-α (PegIFNα). PegIFNα mainly affects the lymphoid arm of the immune system. 

Several markers for functionality of natural killer (NK) cells, which are disturbed in CHB, are 

partially restored by interferon treatment
157

. Conversely, PegIFNα negatively affects the 

number of CD8+ T cells and does not restore functionality of HBV specific T cells
157,158

. This 

may explain that although a limited, 12-month course of PegIFNα can induce a switch from 

HBeAg positive to negative in about 25% of patients, PegIFNα does not affect the rate of 

HBV clearance
159,160

. Although a limited course of PegIFNα may sustainably improve HBV 

status in a fraction of patients, its use is hampered by severe side effects, injection as route of 

administration and high costs
161

.  

 

Nucleotide analogues 

Currently, the primary therapeutic option for treatment of chronic HBV infection are 

nucleotide analogues (NAs), of which several are approved for the treatment of chronic HBV 

infection
162-165

. Nucleotides interact with HBV Pol and critically interfere with the conversion 

of viral RNA into DNA. The main mechanism by which NAs interfere with Pol activity is 

their incorporation into the viral DNA, which terminates further elongation and thus prevents 

the production of HBV DNA. Some NAs may also suppress Pol-mediated protein priming
166

. 

For all NAs, mutations have been described that render Pol resistance
166

. Typically, these 

mutations reduce viral fitness and need to be “compensated” by other mutations to fully 

restore Pol functionality
166

. In vivo, there are large differences in the chance Pol will become 

resistant to a given NA. In HBV infected patients treated with lamivudine monotherapy, 

resistance develops in 23% of all patients within a year, and in 80% of patients within 5 years. 

Development of resistance seems to be less of a problem for entecavir and tenofovir. While 

resistance to entecavir develops after 5 years of monotherapy in only 1.2% of patients, 

resistance to tenofovir has not been observed in patients
167

. 

NAs prevent the formation of new viral DNA, but do not affect RNA transcription from 

already existing DNA. Therefore HBV protein production continues unhindered in patients 

treated with NAs. By preventing cccDNA accumulation and de novo infection of hepatocytes, 

prolonged NA therapy may lead to a complete disappearance of HBV DNA and a significant 

reduction in viral protein production. NA therapy does not lead to immunological control of 

the infection and has to be taken life long, as viral replication relapses when treatment is 

ceased.  

 

 




Combination therapy and therapeutics under development 

Several studies have revealed that combining NA therapy with a course of Peg-IFNα can 

induce more favourable virological and biochemical outcomes at the end of therapy as 

compared to a course of PegIFNα monotherapy alone. However, this initial difference is 

mostly lost after 6 months of follow-up (reviewed in
168

). Due to the disadvantages of 

PegIFNα therapy, much effort has focused on identifying those patients that will benefit from 

PegIFNα combined with NA therapy, i.e., those who will sustainably clear markers of viral 

replication. As it turns out, patients that benefit from PegIFNα therapy may be predicted by 

the levels of HBV DNA and HBsAg, and the decline in these during the first weeks of 

therapy
169,170

, the HBV genotype
171

, host genetic polymorphisms, such as e.g. IL28B
172

, 

IPS1
173

, SLC16A9
174

 and HLA-DP
175

, and the expression of chemokine receptors on NK 

cells
176

. Several other strategies to target HBV replication are currently under investigation. 

An HBV envelope protein derived polypeptide that inhibits HBV entry has recently entered 

clinical trials
177-179

. Strategies to interfere with the RNase H domain of the HBV 

polymerase
180

, HBV core particle assembly
181

, apoptosis
182

 and lymphotoxin-β receptor 

activation
183

 are in preclinical stages of development.  

 

 

Figure 4. HBx interacts with 

various cellular components. 

HBx modulates the 

transcription of host 

proteins
80,81,184-190

, affects 

several signalling 

pathways
189,191-197

, interferes 
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, and 

interferes with multiple DNA 

repair pathways
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Scope of this thesis 

 

Expression of the HBV accessory protein HBx is a requirement for viral replication. HBx 

affects various cellular processes, and thereby enables HBV RNA transcription (Figure 4). 

Thereby HBx drives the ongoing viral protein production during treatment of chronic HBV 

infection with currently available antivirals. In this thesis, we investigated how HBx supports 

HBV replication, and we performed studies to identify its function. In chapter 2 we 

determined the mutation rate of different parts of the HBV genome by analysing sequences 

from different time points in a cohort of people chronically infected with HBV. We show that 

the overlap of reading frames in the HBV genome restricts viral evolution and affects the 

mutation rate. The mutation rate negatively correlated with viral load, suggesting that when 

viral replication is suppressed, HBV may increase the mutation rate to facilitate the escape 

from adaptive immune responses. Because the secondary structure of HBx is not related to 

any known protein, and no crystallography-based tertiary structure is available, we have 

predicted the tertiary structure of HBx by ab initio computer modelling in chapter 3. Our 

model shows that HBx may have significant structural homology with the human thymine 

DNA glycosylase (TDG). In chapter 4 we show that HBx inhibits TDG-initiated DNA repair. 

Amongst the HBx interacting proteins described in the literature are various epigenetic 

modulators. The data we present in chapter 5 show that an important class of these proteins, 

the histone deacetylases, indeed suppress HBV replication, but that their activity is not 

affected by HBx. Therefore we applied subtractive mass spectrometry to systematically 

identify relevant HBx interacting proteins. As described in chapter 6, we identified one HBx 

interacting protein, talin-1, which was targeted for proteasomal degradation by HBx. 

Subsequent analysis revealed that talin-1 is a viral restriction factor, and that HBV replication 

critically depends on HBx-mediated talin-1 degradation. In chapter 7, we explored the 

possibility to target HBV transcription in HBx dependent- and independent ways. By 

screening 640 FDA approved drugs, we identified compounds that suppressed HBV 

replication by targeting HBV RNA transcription. The contents of this thesis are discussed in 

chapter 8. 
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Abstract 

 

For phylogenetic comparison of hepatitis B virus (HBV) isolates, often a region of the HBV 

surface gene is analysed. Because the HBV surface gene completely overlaps the HBV 

polymerase gene, its evolution is constrained and it may not be the best choice for genetic 

comparison of HBV isolates. Analysing serial sample pairs of 33 chronically HBV infected, 

untreated patients, with a cumulative follow-up of 184 years, the synonymous and 

nonsynonymous substitution rates of a part of the overlapping HBV surface and polymerase 

gene were compared to those of a nonoverlapping part of the HBV core gene. The substitution 

rate of the HBV core gene was higher (8.15 x 10
-4

 versus 4.57 x 10
-4

 substitutions/site/year) 

than that of the surface gene. The difference was mainly due to a significantly lower 

synonymous substitution rate in the surface gene, with dN/dS ratios of 0.412 in the core gene 

and 0.986 in the surface gene. Contrary to the core gene, the number of substitutions in the 

surface gene was higher in low viraemic hosts, who control HBV infection by suppressing 

replication. The number of substitutions in the core gene correlated more strongly with the 

duration of follow-up. The overlapping HBV surface and polymerase gene experience strong 

negative selection, which limits the number of substitutions. Because the HBV core gene 

reflects the duration of infection more accurately, it is more suitable for the analysis of short 

term viral evolution and of hepatitis B transmission chains. 

  




Introduction 

 

Hepatitis B virus (HBV) infection is an important cause of liver disease world wide. HBV is a 

small enveloped DNA virus belonging to the Hepadnaviridae group. It replicates through an 

intermediate RNA genome that is reversely transcribed into a partially double-stranded 

circular DNA genome. The HBV encoded polymerase is error prone, enabling the virus to 

quickly evolve under selection pressure such as the adaptive immune response and antiviral 

therapy. HBV features a relatively small genome of 3.2 kb with four overlapping open 

reading frames. Because of this overlap, evolution of a viral protein is constrained by the 

protein encoded by the overlapping reading frame
1,2

. The HBV nucleotide substitution rate 

has been estimated to be between 1.5 x 10
-5

 and 1.9 x 10
-4

 substitutions per site per year
3,4,5

, 

which is higher than the substitution rate of other DNA viruses, but not as high as that of 

retroviruses
6
.  

Previously, the nucleotide substitution rate of the HBV surface gene has been determined in 

chronically infected persons in the Netherlands, at 5.1 x 10
-4

 substitutions per site per year on 

average
7
. The HBV surface gene fully overlaps with the polymerase gene. In contrast, the 

HBV core gene has only a limited overlap with other HBV genes and therefore the 

substitution rate in the core gene is expected to be higher. Indeed it was recently shown in 

acutely infected patients that the diversity in the core gene was significantly higher than in the 

surface gene, enabling improved tracing of HBV transmission chains
8
. In the present study we 

determined the substitution rate of a non-overlapping part of the HBV core gene, in serial 

samples of a cohort of 33 untreated patients spanning 184 years of cumulative follow-up, and 

compared it to the substitution rate of a part of the overlapping HBV surface and polymerase 

genes.  

 

 

Materials and methods 

Patients and samples 

Thirty-three sample pairs (serum or plasma) were retrieved from hepatitis B patients, not 

receiving antiviral medication, in the Academic Medical Center in Amsterdam. The 

characteristics of the 33 patients are shown in Table 1. The samples were drawn between 
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January 1st 1990 and January 1st 2006. The cumulative time as covered by the 33 sample 

pairs was 67031 days (184 years).  The patients included in this study were previously 

described
7
. In the previous study, the HBV surface gene was analysed in paired samples of 40 

patients. The present study is limited to 33 of the 40 patients, because despite repeated 

attempts, in 7 sample pairs the quality of the obtained HBV core sequence was poor. The 7 

excluded persons were HBeAg negative patients with low viral loads. Fifteen HBeAg 

negative patients with low viral loads remained available for analysis. The average HBV 

DNA load in the 33 sample pairs is slightly higher as compared to the original 40 sample 

pairs, but this difference is not significant. No significant differences in gender, age, ALT, 

HBeAg status and follow-up time were found between the 33 patients in the present study and 

the 40 patients in the original cohort.  

Fifteen persons tested negative for HBV e-antigen at the start and end of follow-up, with 

average HBV DNA loads of 3.4 x 10
5
 cps mL

-1
 in the first and 1.8 x 10

5
 cps mL

-1
 in the last 

sample, see Table 2. Thirteen persons tested positive for the e-antigen, with an average HBV 

DNA load in the first and last sample of 5.3 x 10
8
 and 2.2 x 10

8
 cps mL

-1
. Two persons 

experienced conversion from e-antigen positivity to negativity during follow-up, with average 

viral loads decreasing from 1.7 x 10
9
 to 1.1 x 10

5
 cps mL

-1
. In 3 patients the e-antigen 

serostatus was not available (average HBV DNA load in first and last sample: 7.4 x 10
6
 and 

7.1 x 10
5
 cps mL

-1
). 

 

Hepatitis B virus DNA load 

To determine the levels of HBV DNA two commercially available quantitative HBV DNA 

assays were used: the bDNA assay (Bayer Healthcare, Tarrytown, NY, USA) and the Cobas 

Monitor assay (Roche Molecular Systems, Pleasanton, CA, USA). Historical HBV DNA test 

results of > 1x10
8
 cps mL

-1
 arbitrarily were assigned an HBV DNA load of 1x10

9
 cps mL-1. 

If no historical HBV DNA load was available, it was determined for this study using the 

Versant HBV bDNA 3.0 assay (Bayer Healthcare, Tarrytown, NY, USA). HBV DNA levels 

expressed in IU mL-1 were converted to cps mL
-1

 assuming that 1 IU equals 5.6 copies of 

HBV DNA. 

 

DNA amplification and sequence analysis 

We amplified the last part of the X gene and the first part of the core gene, referred to as the 

“core fragment” in this paper. The polymerase overlapping surface gene fragment, consisting 

of a part of the pre-S2 gene and the major part of the S-gene of each HBV isolate, was 

amplified by a nested PCR approach, as described before
7
. Viral nucleic acids were extracted 

from 200 l serum using the MagnaPure purification technique (Roche). The isolated 

RNA/DNA was recovered in 50 l elution buffer. A PCR-reaction (50 l) contained 5 l of 

the isolated DNA-solution, 2.5 mM MgCl2, 0.2 M of forward primer, 0.2 M of reverse 

primer, 0.2 mM of each dNTP, and 5 units AmpliTaq polymerase (Applied Biosystems) in a 




final concentration of 1 x AmpliTaq buffer. For the surface gene fragment we used the 

forward primer HBC2 (CTG.CTG.GTG.GCT.CCA.GTT.C; EcoRI nucleotide position 57 in 

HBV genome) and reverse primer S3 (TTG.GTA.ACA.GCG.GTA.TAA.AGG; EcoRI 

position 807); for the core fragment we used primers CF1 (EcoR1 position 1653; 

CATAAGAGGACTCTTGGA) and CR1 (EcoR1 position 2378; 

AGGCGAGGGAGTTCTTCT). Amplification was carried out by cycling through 

temperature levels of A: 94
o
 C (1 min), B: 94

o
 C (15 sec), C: 55

o
 C (15 sec), D: 68

o
 C (1 min), 

and E: 68
o
 C (1 min). Levels B through D were carried out 35 times before proceeding to 

level E. In the nested PCR we used 5 l of the product of the first PCR and primers OS1/2 

(GCT.GGT.GGC.TCC.AGT.TCM.GGA.ACA; EcoRI position 59) and OAS3 

(TGG.TAA.CAG.CGG.TAT.AAA.GGG.ACT; EcoRI position 806) to amplify the surface 

gene fragment, and the primers CF2 (EcoR1 position 1655; TAAGAGGACTCTTGGACT) 

and CR2 (EcoR1 position 2376; GCGAGGGAGTTCTTCTTC) to amplify the core fragment. 

All other conditions in the nested PCR were identical to the first PCR, except that levels B 

through D were carried out only 25 times before proceeding to level E. PCR amplicons were 

purified (Qiaprep spincolumn). The nucleotide sequence was determined on both strands 

using the 3.1 version of the Big Dye terminator chemistry and the nested PCR primers. 

Sequences were analysed on a 3700 DNA analyser (Applied Biosystems). A consensus 

sequence for each DNA fragment was generated on basis of the plus and minus strand 

sequence using DNAstar software (SeqMan version 3.61 and MegAlign version 3.17).  Due to 

poor quality of some core fragment sequences, the core gene sequences were cropped to 

nucleotides 1770 to 2265. Within this sequence, the core and X genes overlap between 

nucleotides 1814 to 1839. Therefore these nucleotides were excluded from the analysis, 

resulting in a total nonoverlapping sequence length of 468 bp per patient for the core 

fragment. For ambivalent nucleotides, the nucleotide with strongest signal was considered the 

nucleotide present at this position. Patient 6 had an insertion at HBV EcoRI position 1872 

(TTCAAGCCTCTCAAGCTGTGC) at both time points. Patient 8 had an insertion at HBV 

EcoRI position 1901 (CTTTGGGGCAATGGACATTGA) at both time points. These bases 

were excluded from analysis. In patient 24 a deletion occurred at EcoR1 position 2124 

(CCATTCTCTGCTGGGGG-AATTAATGACTCTAG). 

For GenBank accession numbers of the overlapping HBV surface gene nucleotide sequences, 

see ref
7
. The HBV core gene sequences are available via GenBank accession numbers 

HQ875063-HQ875128. 

 

Statistics 

To test for correlation between the HBV DNA level in plasma or serum and the number and 

rate of nucleotide substitutions; and between the length of follow-up and the number of 

nucleotide substitutions, we applied linear regression analysis. To compare the substitution 

rates of different genes between patients we used the Student’s t-test. Calculations were 

performed using GraphPad Prism version 4.00 (GraphPad Software, San Diego California 
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average HBV DNA loads of 3.4 x 10
5
 cps mL

-1
 in the first and 1.8 x 10

5
 cps mL

-1
 in the last 

sample, see Table 2. Thirteen persons tested positive for the e-antigen, with an average HBV 

DNA load in the first and last sample of 5.3 x 10
8
 and 2.2 x 10

8
 cps mL

-1
. Two persons 

experienced conversion from e-antigen positivity to negativity during follow-up, with average 

viral loads decreasing from 1.7 x 10
9
 to 1.1 x 10

5
 cps mL

-1
. In 3 patients the e-antigen 

serostatus was not available (average HBV DNA load in first and last sample: 7.4 x 10
6
 and 

7.1 x 10
5
 cps mL

-1
). 

 

Hepatitis B virus DNA load 
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assays were used: the bDNA assay (Bayer Healthcare, Tarrytown, NY, USA) and the Cobas 

Monitor assay (Roche Molecular Systems, Pleasanton, CA, USA). Historical HBV DNA test 

results of > 1x10
8
 cps mL

-1
 arbitrarily were assigned an HBV DNA load of 1x10

9
 cps mL-1. 

If no historical HBV DNA load was available, it was determined for this study using the 

Versant HBV bDNA 3.0 assay (Bayer Healthcare, Tarrytown, NY, USA). HBV DNA levels 

expressed in IU mL-1 were converted to cps mL
-1

 assuming that 1 IU equals 5.6 copies of 

HBV DNA. 

 

DNA amplification and sequence analysis 

We amplified the last part of the X gene and the first part of the core gene, referred to as the 

“core fragment” in this paper. The polymerase overlapping surface gene fragment, consisting 

of a part of the pre-S2 gene and the major part of the S-gene of each HBV isolate, was 

amplified by a nested PCR approach, as described before
7
. Viral nucleic acids were extracted 

from 200 l serum using the MagnaPure purification technique (Roche). The isolated 

RNA/DNA was recovered in 50 l elution buffer. A PCR-reaction (50 l) contained 5 l of 

the isolated DNA-solution, 2.5 mM MgCl2, 0.2 M of forward primer, 0.2 M of reverse 

primer, 0.2 mM of each dNTP, and 5 units AmpliTaq polymerase (Applied Biosystems) in a 




final concentration of 1 x AmpliTaq buffer. For the surface gene fragment we used the 

forward primer HBC2 (CTG.CTG.GTG.GCT.CCA.GTT.C; EcoRI nucleotide position 57 in 

HBV genome) and reverse primer S3 (TTG.GTA.ACA.GCG.GTA.TAA.AGG; EcoRI 

position 807); for the core fragment we used primers CF1 (EcoR1 position 1653; 

CATAAGAGGACTCTTGGA) and CR1 (EcoR1 position 2378; 

AGGCGAGGGAGTTCTTCT). Amplification was carried out by cycling through 

temperature levels of A: 94
o
 C (1 min), B: 94

o
 C (15 sec), C: 55

o
 C (15 sec), D: 68

o
 C (1 min), 

and E: 68
o
 C (1 min). Levels B through D were carried out 35 times before proceeding to 

level E. In the nested PCR we used 5 l of the product of the first PCR and primers OS1/2 

(GCT.GGT.GGC.TCC.AGT.TCM.GGA.ACA; EcoRI position 59) and OAS3 
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gene fragment, and the primers CF2 (EcoR1 position 1655; TAAGAGGACTCTTGGACT) 

and CR2 (EcoR1 position 2376; GCGAGGGAGTTCTTCTTC) to amplify the core fragment. 

All other conditions in the nested PCR were identical to the first PCR, except that levels B 

through D were carried out only 25 times before proceeding to level E. PCR amplicons were 

purified (Qiaprep spincolumn). The nucleotide sequence was determined on both strands 

using the 3.1 version of the Big Dye terminator chemistry and the nested PCR primers. 

Sequences were analysed on a 3700 DNA analyser (Applied Biosystems). A consensus 

sequence for each DNA fragment was generated on basis of the plus and minus strand 

sequence using DNAstar software (SeqMan version 3.61 and MegAlign version 3.17).  Due to 

poor quality of some core fragment sequences, the core gene sequences were cropped to 

nucleotides 1770 to 2265. Within this sequence, the core and X genes overlap between 

nucleotides 1814 to 1839. Therefore these nucleotides were excluded from the analysis, 

resulting in a total nonoverlapping sequence length of 468 bp per patient for the core 

fragment. For ambivalent nucleotides, the nucleotide with strongest signal was considered the 

nucleotide present at this position. Patient 6 had an insertion at HBV EcoRI position 1872 

(TTCAAGCCTCTCAAGCTGTGC) at both time points. Patient 8 had an insertion at HBV 

EcoRI position 1901 (CTTTGGGGCAATGGACATTGA) at both time points. These bases 

were excluded from analysis. In patient 24 a deletion occurred at EcoR1 position 2124 
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For GenBank accession numbers of the overlapping HBV surface gene nucleotide sequences, 

see ref
7
. The HBV core gene sequences are available via GenBank accession numbers 

HQ875063-HQ875128. 

 

Statistics 

To test for correlation between the HBV DNA level in plasma or serum and the number and 

rate of nucleotide substitutions; and between the length of follow-up and the number of 

nucleotide substitutions, we applied linear regression analysis. To compare the substitution 

rates of different genes between patients we used the Student’s t-test. Calculations were 

performed using GraphPad Prism version 4.00 (GraphPad Software, San Diego California 
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USA). To estimate the selection pressure on the HBV core and surface gene we calculated the 

dS/dN ratio in the samples using the HIV SNAP tool of the HIV sequence database
9
. 

We considered that in our patients the last sample of each sample pair more accurately reflects 

the final balance between the patient’s immunological defense and HBVs pursuit of 

persistence by adaptation. Therefore in our statistical analysis ‘the level of viremia' refers to 

the HBV DNA level in the last sample of each sample pair. In this report we consistently use 

‘substitution rate’ for the number of nucleotide changes per site per time unit, because 

‘mutation rate’ officially refers to the number of nucleotide changes per site per replication 

cycle. 

  

Results 

Comparison of the nucleotide substitution rate in HBV genes 

The nucleotide substitution rate of a 468 bp nonoverlapping part of the HBV genome, mostly 

belonging to the core gene, was compared to the nucleotide substitution rate of a 656 bp part 

of the overlapping surface/polymerase gene, by analysing follow-up samples of 33 chronic 

hepatitis B patients, infected with HBV genotype A, B, C, D or E. In the HBV core fragment, 

a total of 70 substitutions occurred (see Table 2), of which 40 were nonsynonymous. Thirteen 

of the 33 sequence pairs did not contain any substitution, whereas a maximum of 11 

substitutions was observed in one sample pair. Considering a cumulative follow-up time of 

184 years, the average core nucleotide substitution rate was 8.15 x 10
-4

 substitutions/site/year 

with an average dN/dS ratio of 0.412, see Table 3. 

 

 

Figure 1. The number of substitutions in 

the hepatitis B virus core and 

surface/polymerase gene fragment, of 33 

chronically HBV infected patients, and the 

duration of follow-up. Correlation between 

the number of substitutions and follow-up 

duration was determined by linear 

regression. 

 

 

In the 656 bp part of the surface gene a total of 55 nucleotide substitutions were observed, of 

which 42 were nonsynonymous for the surface reading frame. Fifteen of the 33 sequence pairs 

did not contain substitutions in the surface fragment and a maximum of 7 nucleotide 

substitutions was observed in one sample pair. Considering the follow-up time of 184 years, 

the average substitution rate in the surface/polymerase gene was 4.57 x 10
-4

 




substitutions/site/year). We found an average dN/dS ratio for the surface gene fragment of 

0.986. 

As the part of the surface gene we studied fully overlaps with the polymerase reading frame, 

we could determine substitutions in this reading frame. As the fragment was cropped by two 

bases, it contained not 55 but 53 substitutions, of which 24 were nonsynonymous for this 

reading frame. The dN/dS ratio for the polymerase gene fragment was 0.262. 

 

Next we analysed whether the substitution rates in the core and surface gene were correlated 

with the duration of follow-up, viral load, level of ALT, HBeAg status or HBV genotype 

(Table 2). As in the previous study
7
, a correlation was observed between the duration of 

follow-up and the number of substitutions in the surface gene (Fig. 1). This association 

between duration of follow-up and the number of substitutions was also observed for the core 
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Next we analysed whether the substitution rates in the core and surface gene were correlated 

with the duration of follow-up, viral load, level of ALT, HBeAg status or HBV genotype 

(Table 2). As in the previous study
7
, a correlation was observed between the duration of 

follow-up and the number of substitutions in the surface gene (Fig. 1). This association 

between duration of follow-up and the number of substitutions was also observed for the core 
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gene, for which it was stronger (slope = 0.325 for core versus slope = 0.212 for surface), and 

less variable (r
2
=0.19 for core versus r

2
=0.14 for surface).  

 

A strong inverse correlation was found between the viral load and the nucleotide substitution 

rate of the surface gene (slope -1.5 x 10
-4

 ± 5 x 10
-5

, r
2
=0.22, p=0.006), but not of the core 

gene (slope -3.4 x 10
-5

 ± 1.1 x 10
-4

, r
2
=0.0034, p=0.747) (Fig. 2). A negative HBeAg status 

was also significantly associated with a higher substitution rate (one-tailed T test, p=0.0034 

for the core gene and p=0.0004 for the surface gene)(Table 2), confirming a previous report
10

. 

Surprisingly, whereas the nucleotide substitution rate in the core gene was not significantly 

higher in patients with liver inflammation (ALT >50 U L
-1

 in the last sample), the substitution 

rate of the surface gene was significantly higher in patients without liver inflammation (ALT 

<50 U L
-1

 in the last sample)(two-tailed T-test p=0.0492). No significant correlation between 

the substitution rate and HBV genotype was found.  

 

Figure 2. The substitution rate in the 

hepatitis B virus core and 

surface/polymerase gene fragment, of 

33 chronically HBV infected patients, 

and the HBV load in the last sample of 

each patient. Correlation between the 

substitution rate and the viral load was 

determined by linear regression. 

 

 

Synonymous and nonsynonymous substitutions in HBV genes 

To determine the selection pressure on the different genes, we compared the total, 

synonymous and nonsynonymous substitution rates of the core, surface and polymerase genes 

of different patients. The synonymous substitution rates (dS) of the core- and polymerase 

gene were significantly higher than the dS of the surface gene (one-tailed paired T-tests, p= 

0.04 and p=0.0387, respectively) (Fig. 3a). The nonsynonymous substitution rate (dN) of the 

polymerase gene was significantly lower than those of the core- and surface genes (one-tailed 




paired T test, p=0.033 and p=0.019, respectively) (Fig. 3a). This is reflected by the dN/dS 

ratios of the different genes, which is the lowest for the polymerase gene, and highest for the 

surface gene. 

Higher levels of HBV viremia reflect less effective immune control of infection and less 

selective pressure on the virus. We investigated the relation between the dS and dN, and the 

levels of HBV DNA. An inverse correlation between viral load, and the dN of the surface 

gene (p=0.024), and the dS of the surface- and polymerase genes (p=0.0034 and p=0.016 

respectively) was observed (Fig. 3b). As expected, also when considered separately the dN 

and dS of the core gene did not show correlation with viral load (Fig. 3b). 

 

 

Figure 3. A. Comparison of synonymous- and nonsynonymous substitution rates in the core, 

polymerase and surface reading frame of 33 chronically HBV infected patients. P values were 

determined by one-tailed paired T tests. B: The synonymous- and nonsynonymous substitution rates of 

the hepatitis B virus core, surface and polymerase open reading frames of 33 chronically HBV 

infected patients, as a function of the HBV load in plasma obtained at the last timepoint of each 

patient. Correlation between the substitution rate and the viral load was determined by linear 

regression.  

 

Discussion 

To compare the nucleotide substitution rate in the HBV surface/polymerase and core gene, we 

analysed the number and the nature of substitutions occurring in 33 chronic hepatitis B 

patients, during a cumulative follow-up time of 184 years. To our knowledge, this is the most 

representative cohort for different HBV infection parameters used so far for the analysis of 

the substitution rate of HBV genes. The average substitution rate in the HBV core fragment 
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(8.15 x 10
-4

 substitutions/site/year) was higher than in the surface/polymerase fragment (4.57 

x 10
-4

 substitutions/site/year). These findings are in line with previous studies demonstrating 

that the genetic diversity in a cross-sectional set of samples is larger in the core region than in 

the surface gene region
8,11

.  

The HBeAg status of chronic HBV patients has been associated with severity of infection. 

Clearance of the e antigen is associated with a decrease of several logs in viral load and 

improved clinical prognosis
10

, indicating increased control of viral replication by the immune 

system. We showed that a negative HBeAg status is associated with a higher substitution rate 

in both the surface/polymerase and the core regions. This suggests that the speed of HBV 

evolution is influenced by the immune response of the host. 

 The inverse correlation between the substitution rate of the HBV surface gene and the 

viral load may reflect a relatively high immune pressure on the surface gene, as it is targeted 

by the adaptive immune system. We observed a dN/dS ratio of approximately 1 for the HBV 

surface gene, which was the highest of the HBV genes investigated in this study. Although a  

dN/dS ratio of 1 in it self does not point towards positive selection, it should be kept in mind 

that the dN/dS ratio, which was developed for assessing selection in divergent species, may be 

<1 despite strong positive selection within single populations, especially for micro-

organisms
12

. Therefore, the profound increase in the non-synonymous substitution rate at low 

viral load is indicative of positive selection on the surface gene. 

In contrast, the dN/dS ratio of the overlapping polymerase gene suggests negative selection on 

this open reading frame. The dN/dS ratio of the HBV core gene is indicative of strong 

negative selection which is in agreement with a previous report
4
. The observation that the 

substitution rate in the HBV core gene is not associated with the level of HBV viremia 

suggests that HBV core is not profoundly targeted by the immune system. HBV core-specific 

CD8+ T-cell responses are associated with viral control and clearance, hence patients capable 

of such responses might be underrepresented in this study population
13

.  

 To study transmission and evolution of HBV, phylogenetic trees are often constructed 

using HBV surface gene sequences. The reliability of these trees, especially when used for 

evolutionary research, depends on the assumed presence of a constant increase in variation 

per replication cycle. As the number of replication cycles during HBV infection is unknown, 

the duration of the infection is considered to be a good surrogate. We showed that the number 

of substitutions in the surface gene correlates with both the duration of follow-up and the level 

of HBV viremia. In contrast, the number of substitutions in the HBV core gene correlates only 

with the duration of follow-up, and therefore seems a more reliable predictor for the duration 

of infection, making it more suitable for phylogenetic comparison of HBV isolates.  
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Abstract 

 
Orthohepadnavirus (mammalian hosts) and avihepadnavirus (avian hosts) constitute the 
family of Hepadnaviridae and differ by their capability and inability for expression of protein 
X, respectively. Origin and functions of X are unclear. The evolutionary analysis at issue of X 
indicates that present strains of orthohepadnavirus started to diverge about 25,000 years ago, 
simultaneously with the onset of avihepadnavirus diversification. These evolutionary events 
were preceded by a much longer period during which orthohepadnavirus developed a 
functional protein X while avihepadnavirus evolved without X. An in silico generated 3D-
model of orthohepadnaviral X protein displayed considerable similarity to the tertiary 
structure of DNA glycosylases (key enzymes of base excision DNA repair pathways). 
Similarity is confined to the central domain of MUG proteins with the typical DNA-binding 
facilities but without the capability of DNA glycosylase enzymatic activity. The hypothetical 
translation product of a vestigial X reading frame in the genome of duck hepadnavirus could 
also been folded into a DNA glycosylase-like 3D-structure. In conclusion, the most recent 
common ancestor of ortho- and avihepadnavirus carried an X sequence with orthology to the 
central domain of DNA glycosylase. 
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Introduction 

 

The hepatitis B virus (HBV) particle contains a partially double stranded DNA genome of 
about 3200 base pairs1,2 with four partially overlapping reading frames encoding the C, S and 
X proteins and the error-prone viral reverse transcriptase or polymerase3,4. Besides human 
HBV, the subfamily of Orthohepadnaviridae includes similar virus strains isolated from 
gorilla, orangutan, chimpanzee, gibbon, woolly monkey, chuck and squirrel species. 
Infections by Avihepadnaviridae have been demonstrated in duck, goose, heron and stork 
species. About 300 million patients worldwide carry a chronic HBV infection5, which causes 
the death of over one million persons annually by liver failure or hepatocellular carcinoma6. 
Transgenic mice expressing the X protein in liver were prone to develop hepatocellular 
carcinoma7. However, the cellular pathways along which X induces hepatocellular carcinoma 
are fragmentary documented8. The X protein is 154 amino acids in size and displays direct or 
indirect interaction with host factors, thus modulating a plethora of cellular processes. Protein 
X interferes with transcription, signal transduction, cell cycle progress, protein degradation, 
apoptosis and chromosomal stability9-11. More specifically, heterodimer complex formation of 
X with its cellular target protein (HBX interacting protein, HBXIP) has been demonstrated, 
triggering deregulation of centrosome dynamics and mitotic spindle formation12. Another 
interaction involves DDB1 (Damaged DNA Binding Protein1), in which case protein X 
redirects the ubiquitin ligase activity of CUL4-DDB1 E3 complexes, which are intimately 
involved in the intracellular regulation of DNA replication and repair, transcription and signal 
transduction13. The X protein is well conserved among (mammalian) orthohepadnavirus, but 
absent in avihepadnavirus. Similarity of X with host cellular proteins appeared to be below or 
near the threshold level of detection and a crystal model of its 3D-structure is currently not 
available. 

Here, we present an in silico generated model of the X tertiary structure. The X model 
of choice is the best of the 5 alternative structures constructed by the modeling software. In 
docking experiments of the X structures with HBXIP or DDB1 into heterodimers, X model 1 
outperforms most other models regarding the interface stability of these complexes. Amino 
acid residues in X proven to be critical for dimer formation with HBXIP are among the 
contact residues of the interface. In heterodimers of DDB1 with full-length protein X, the 
interfaces contain most of the H-box -helical X residues that were described to be involved 
in a DDB1/H-box oligopeptide complex13. We have queried the PDB database for proteins 
displaying similarity with the X 3D-structure and found a striking similarity of X with 
members of the MUG family of DNA glycosylases, which are the key enzymes of the BER 
(base excision repair) pathway14. Even the hypothetical translation product of a vestigial X 
reading frame in duck hepadnavirus - after restoration of stopcodons into coding triplets15 - 
showed a 3D-structure with significant similarity to MUG proteins. Protein-DNA docking 
experiments indicated a binding capability of X protein to an oligodeoxynucleotide that has 
been analyzed by X-ray in complex with E. coli MUG DNA glycosylase16,17. From the 
evolutionary point of view, orthohepadnavirus and avihepadnavirus share a common protein 
X ancestor with orthology to DNA glycosylase. 
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Materials and methods 

 
The NCBI reference set served as a source of human HBV sequences. Hepadnavirus 
sequences of non-human hosts (other primates, woolly monkey, chuck, squirrel and birds) 
were downloaded from GenBank. X protein sequences were derived by translation of the 
appropriate reading frame in complete viral genomes. An ancestral and a consensus sequence 
of human HBV X protein was constructed from the same collection by means of the 
ANCESCON server18 and by BioEdit19, respectively. An HBV genotype D consensus 
sequence was available20. Sequences with relatively high similarity were aligned by 
ClustalW21 or by PROBCONS22 in case of low similarity. Alignments were combined by the 
profile-to-profile option of MUSCLE23 and subjected to rounds of manual refinement 
particularly at gap borders. The BEAST suite consisting of the modules Beauti, Beast, 
Logcombiner, TreeAnnotator v1.4.8, Tracer v1.4.1 and FigTree v1.2.324 was used locally and 
distantly on the BEAST server of the Computational Biology Service Unit at Cornell 
University (http://cbsuapps.tc.cornell.edu/beast.aspx) for phylogenetic reconstruction and 
tMRCA (time of the most recent common ancestor) estimation. An uncorrelated lognormal 
relaxed molecular clock was assumed to act via the JTT amino acid replacement model25 with 
gamma and invariant site heterogeneity. A constant population size was chosen as a 
demographic model. Identical analyses were done in parallel over a sufficient period of time 
to achieve convergence of Monte Carlo Markov chains. Relevant XML files are added as 
Supporting Information Files. DNA glycosylases are indicated by their PDB entry (lower 
case) with the chain identifier (upper case). The actual GenBank accession numbers are 
mentioned in table and figures. TimeTree26 estimates of species divergence were used to 
calibrate BEAST analyses for the determination of the rate of amino acid replacements in 
animal DNA glycosylases. 3D-models were generated by submission to the i-TASSER 
server27 and visualized by means of RasTop 2.2 (http://sourceforge.net/projects/rastop). 
Application of parent or template structures (server-detected or custom-supplied) is 
mentioned in the text. Protein-protein docking was achieved by ClusPro 1.028 and by ClusPro 
2.0, presently available as PIPER29. The usage of ALASCAN30 for the identification of 
protein-protein interfaces and the calculation of interface stability has been described 
previously31. Distances between amino acid residues were estimated by means of Chimera 
v1.632. Protein-DNA docking was performed by means of PatchDock33 and HEX34. Protein-
DNA interfaces were analyzed by means of ProTorP35. The servers DALILITE36 and 
MATRAS37 were used for the detection and comparison of proteins with similarity to the 
tertiary structure of X. These servers employ different algorithms to solve identical queries. 
MATRAS offered the option to generate pairwise similarity matrices reflecting relative 
positions of C-atoms in polypeptide chains. Dendrograms were constructed by feeding these 
matrices into the neighbor-joining tree building facility of MEGA v438.  
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Results 

Mutational rates and evolutionary dates 

A longitudinal study is available spanning the molecular evolution of hepatitis B virus over 25 
years39. A rate of nonsynonymous mutations of about 2x10-5 amino acid replacements per site 
per year (r/s/y) was calculated from these data. This figure was used as a prior value for the 
fixed mean rate of amino acid replacement in protein X of the available hepadnavirus species. 
In birds infected with avihepadnavirus, X protein is not expressed. However, Lin & 
Anderson15 have reported the presence of a vestigial X open reading frame in DNA of duck 
hepadnavirus. They deliberately reconstructed five stopcodons into coding triplets yielding a 
hypothetical translation product (138 AAs) with a hydrophilicity profile that closely matched 
that of mammalian X protein. Apparently, the nearly complete overlap of the vestigial X 
reading frame with functional polymerase and capsid coding sequences prevented the 
introduction of more deleterious frame shifts or deletions/insertions.  

 

 

 
Figure 1: Phylogeny and divergence time estimates of hepadnaviral protein X. 
(A) Virus strains are indicated by the common name of their hosts and the GenBank accession 
identifier. The evolutionary sequence of events is displayed in tree format. In the sequence marked 
“DuckVestigialX”, stopcodons were replaced by coding triplets. In the other avian sequences, gaps 
were introduced at stopcodon sites in the vestigial X reading frame prior to translation into protein. (B) 
Monte Carlo Markov Chain (MCMC) estimates and parameter statistics are given without decimal 
numbers for mean values and highest posterior density interval (HPD). Minor differences between 
corresponding numbers in A and B are due to the stochastic character of the MCMC algorithm. The 
XML file used for BEAST analysis is provided as Supporting Information File S1. 
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In the Duck_VestigialX sequence, we replaced stopcodon positions by amino acid residues 
accordingly and modified the other avian X sequences with a gap at each stopcodon position. 
The results of Bayesian phylogenetics based on protein X show that divergence of 
orthohepadnavirus and avihepadnavirus occurred more than 125,000 years ago (Fig 1, 95% 
HPD interval 78,297-313,500).  

Evolutionary events leading to the presently circulating virus strains started about 25,000 
years ago for both orthohepadnavirus and avihepadnavirus (95% HPD interval 13,179-
39,692). The clades of HBV in mammalian hosts correspond closely with the genotypes A-H. 
Protein X of HBV genotype G was found among the virus strains in apes instead of humans. 
Values for tMRCA emergence estimate the onset of divergence among the mammalian 
population at about 10,000 years ago (95% HPD interval 6,305-16,681). The corresponding 
BEAST xml file is provided as Supporting Information File S1. A tMRCA value of about 
7,000 years ago (95% HPD interval 5,287-9,270) was computed by similar analyses based on 
the polymerase proteins (gene size amounts more than 75% of the viral genome) of the NCBI 
reference set of human HBV genotypes A-H (Supporting Information File S2 and File S2c).  
 

 
 
Figure 2: 3D-model of the X-DDB1 heterodimeric complex. 
X protein is in red and the DDB1 domains A, B and C are in blue, green and magenta, respectively. 
The -helical C-terminal part of DDB1 is white colored. The H-box residues of protein X (88-101) 
and the residues Arg327, Leu328, Pro358, Ala381, Phe382 and Asn1005 of DDB1_C are in 
spacefilled format. The mean distance between the spacefilled residues of protein X and DDB1 
amounts 25Å, approximately. The corresponding PDB coordinate file of the complex is available as 
Supporting Information File S6. 
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The results support a common ancestral origin of protein X in ortho- as well as 
avihepadnavirus. This time point in hepadnavirus evolution marks the onset of gene 
inactivation of X in avihepadnavirus and the start of adaptation of X towards its present 
function in orthohepadnavirus. The long period of X protein evolution and the high rate of 
mutation in hepadnavirus genomes prevent sequence-based reconstructions of X ancestors. 
We therefore turned towards the tertiary structure of X and applied in silico modeling of 
protein X, because an X-ray structure is not available. 

 
In silico generation of HBx tertiary structure 

An HBV type D consensus sequence of X was submitted to i-TASSER27 for 3D modeling. 
Parent structures with similarity to protein X above the default threshold level were not found 
in the PDB database. Five candidate structures were obtained with C-score values in the range 
of -3.89 to -5.01. To verify if our X model is compatible with existing data, we performed in 

silico docking experiments with the X-binding proteins HBXIP and DDB1. As a crystal 
structure of HBXIP was not yet available, five models of the 3D-structure of HBXIP were 
generated by combined ab initio and homology modeling (parent structures in PDB were 
1j3w, 2hz5, 1bx4A, 1v5wA, 1hdoA and 1p9vA and C-scores ranged between -3.61 and -
4.58). Recently, a tertiary structure of HBXIP has been determined by means of X-ray 
diffraction40 revealing a striking similarity to the in silico generated models 1, 2, 3 and 5, but 
not 4. The ClusPro docking procedure generated 10 candidate dimer models for each 
combination of five X with five HBXIP monomer structures28. Using ALASCAN, all 250 
dimer models were subjected to computational alanine replacement scanning for the 
determination of their interface stability and composition30. The X/HBXIP model1/model1 
heterodimer complex scores among the top 10 as judged by docking parameters and among 
the top 3 for interface stability. Also, the tetrapeptide 137CRH140K of X, known to be 
obligatory for X-HBXIP complex formation12, was among the contact residues of the 
interface. The X/HBXIP model1/model1 heterodimer complex exclusively fulfilled all these 
conditions. PDB coordinate files of X model1 and HBXIP model1 are added as Supporting 
Information File S3 and File S4, respectively. Combined, the C-values of the monomer 
models, the stability of the X/HBXIP heterodimers and the composition of their interfaces 
indicate models 1 of both X and HBXIP as the best achievable results of 3D modeling. The 
3D-structure of the DDB1 interaction partner has also been determined by X-ray diffraction 
(PDBid 2b5m). Similar results were obtained for the complex between the proteins X and 
DDB141 in which case the binding nonapeptide 91KVLHKRTL99G participated in the 
interface, except 92V and 99G. This nonapeptide is the core sequence of the -helical motif 
called H-box13. The 3D-structure of the H-box/DDB1 complex revealed interactions of 
Arg96, Leu98 and Gly99 of the H-box 13-mer peptide with residues Arg327, Leu328, Pro358, 
Ala381, Phe382 and Asn1005 of the BPC domain at the opening of the BPA/BPC double 
propeller pocket of DDB1. We performed docking of DDB1 with protein X model1. Indeed, 
X protein is captured by the “mouth” of the BPA/BPC double propeller pocket with the H-box 
-helical motif directed towards its throat (Fig 2). Five similar structures with slightly 
different orientations were present in the top 10 solutions of the docking experiments 
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The results support a common ancestral origin of protein X in ortho- as well as 
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Arg96, Leu98 and Gly99 of the H-box 13-mer peptide with residues Arg327, Leu328, Pro358, 
Ala381, Phe382 and Asn1005 of the BPC domain at the opening of the BPA/BPC double 
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-helical motif directed towards its throat (Fig 2). Five similar structures with slightly 
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(hydrophobicity-favoured). We have selected the complex with the shortest distances between 
the C-atoms of the interacting residues as specified above (R96XtoR327DDB1, 23,7Å; 
L98XtoF382DDB1, 27.1Å; G99XtoN1005DDB1, 27.1Å). Computational replacement of H-
box amino acids by alanine generally affected the complex stability for all top 10 solutions. 
Residues outside of the H-box motif also participate at the X/DDB1 interface. Position and 
orientation of the X domain in the X/DDB1 3D-model is similar to that described for X-ray 
structures of DDB1 complexes with the 13-mer oligopeptide of X called H-box13 and with 
paramyxovirus V protein42. Distances between interacting residues are smaller in H-box-
DDB1 complexes than in the full-length X/DDB1 complex. The rigid docking procedure 
applied does not account for subsequent, local rearrangements due to natural protein 
flexibility. A PDB coordinate file of the complex is available as Supporting Information File 
S6. On basis of these criteria, we conclude that the in silico generated X protein model1 (Fig 
3) is most likely to mimic the natural tertiary structure of X (genotype D consensus sequence). 
Nearly identical 3D-models were generated for X consensus and ancestral sequences both 
derived from the NCBI reference set of the human HBV genotypes A-H. 
 

 
 
Figure 3: The model1 3D-

structure of protein X (genotype 

D consensus sequence). 
X protein is coloured by the default 
RasMol script “structure” according 
to its secondary structure 
determined by the Kabsch & Sander 
DSSP algorithm (red, yellow, blue 
and green for helices, sheets, turns 
and others, respectively). A PDB 
coordinate file is provided as 
Supporting Information File S3. 
 
 
 
 
 

 
The 3D-structure of protein X resembles that of DNA glycosylase 

Analysis of the sequence similarity of X with other sequences detects a minimum level of 
similarity. We therefore submitted the X 3D-structure model1 to the servers DALILITE and 
MATRAS querying the presence of similarly structured proteins in the PDB database. The 
Dali method uses a weighted sum of similarities of intra-molecular distances. MATRAS 
exerts protein tertiary structure comparison using a Markov transition model of evolution. 
Both servers identified the X tertiary structure as significantly related to the 3D-structure of 
DNA glycosylase (Table 1). DALILITE searched the PDB database for X similar structures 
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and ranked all positive hits, whereas MATRAS employed its own (non-redundant) subset of 
PDB structures and reported positive types of structures. Consequently, the first four 
MATRAS hits are equivalent to the upper 17 DALILITE hits, both displaying DNA 
glycosylases with different nucleotide specificities. The low value for amino acid identity 
(%id, Table 1) illustrates the low level of sequence similarity at this significant 3D-structural 
similarity. In addition, the hits 18 (DALILITE) and 5 (MATRAS) mark the transition of high-
to-low similarity of X protein with molecules other than DNA glycosylases. Structures of 
various DNA glycosylases and X protein are displayed individually in similar orientation and 
in overlay position (Fig 4). In a phylogenetic tree based on sequence alignment of protein X 
with a collection of DNA glycosylases14, X occupied the position of a member of the MUG 
family (Supporting Information File S5). However, the tree suffered from low bootstrap 
support and its topology was sensitive to minor rearrangements in the alignment probably due 
low sequence similarity.  
 
 

 
Figure 4: 3-Dimensional similarity between protein X and DNA glycosylase. 
DNA glycosylases are indicated by their PDB identifier and chain indicator (A/B). A superimposition 
of the backbone structures is shown in the upper right panel. 
 
DNA glycosylase proteins have been characterized by a conserved central domain with N- 
and C-terminal oligopeptide motifs representing critical residues of the active site. N- and C-
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terminal extensions present in mammalian and insect DNA glycosylase harbor SUMO-
interaction and SUMOylation consensus motifs and AT-hook motifs for non-specific DNA 
binding capacity14. Bacterial family-2 DNA glycosylase (i.e. the E. coli representative of 
MUG DNA glycosylase, pdb entry 1mug) only consists of the conserved central domain and 
differs from animal (“TDG”) glycosylases by the presence of a region for non-specific DNA 
binding and a capacity to interact with the complementary DNA strand opposite from the 
damaged base14. The structural similarity of DNA glycosylases with protein X is confined to 
the conserved central domain and the flanking oligopeptide motifs including the critical 
catalytic asparagine required for specific glycosylase activity are absent in X. E. coli MUG 
protein in complex with a self-complementary oligodeoxynucleotide carrying an abasic 
moiety in its center has been studied by X-ray analysis16,17. A DNA binding domain and 
orientation of the ligand towards the center of catalytic activity were described. We divided 
the PDB coordinate file of this complex (1mwi) into the two component chains (protein A and 
oligoDNA D). Subsequently, we constructed heterodimer complexes of protein X with chain 
D and redocked the chains A and D for control purposes. Indeed, considerable resemblance 
can be observed between X-DNA (Model8), 1mwiA-DNA (Model5, redocked) and the 
original 1mwiA-DNA crystal structure (Fig 5). Also, the redocked 1mwiA-DNA model5 
complex displayed the oligopeptide motifs specifying DNA glycosylase enzymatic activity in 
the protein/DNA interface region (Table 2). A large string of C-terminal residues in the 
docked complexes attends to the binding of this oligonucleotide. The absence of similarity 
between X and DNA glycosylase among these interface residues again underlines the 
importance of structure similarity compared to sequence conservation of these proteins. The 
relatively small protein-DNA interface in the crystal structure of 1mwiA-DNA may point to 
preferential selection of this orientation during the crystallization process that may be 
promoted by an enhanced flexibility around the few contact residues. These in silico results 
substantiate a significant relationship of X protein structure with that of the MUG family of 
DNA glycosylases. Although protein X is generally considered as devoid of DNA binding 
capacity, interaction of protein X with single-stranded DNA has been demonstrated by means 
of band-shift assays43. 
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Figure 5: DNA-binding ability of protein X compared with E. coli MUG DNA glycosylase. 
The original PDB coordinate file (1mwiA-DNA, crystal structure) was divided into the two 
component chains A (DNA glycosylase) and D (oligoDNA). Protein-DNA docking facilitated the 
formation of the dimer complexes X-DNA (M8) and 1mwiA-DNA (M5, redocked). Protein and DNA 
moieties are displayed in 2D-cartoon and space-filling format, respectively. Black-colored aminoacid 
residues mark the protein-DNA interfaces (see table 2 for their specification).  
 
 
We investigated whether the duck hypothetical X translation product (139 amino acid 
residues) can be folded into a tertiary structure with similarity to human X (154 AAs in 
length) and hence to MUG DNA glycosylase. Similarity between the 3D-structures of X 
(human and duck hepadnaviruses) and DNA glycosylases was measured by means of the 
DRMS (root mean square deviation) parameter indicating the relative positions of C-atoms 
(first C-atom in the side chain) in the 3D-structures of the proteins under investigation. DRMS 
values of proteins were put into a pairwise similarity matrix. By means of neighbor-joining 
cluster analysis, the relative similarities could be displayed as a dendrogram. Indeed, duck 
vestigial X folded into a structure with similarity to human X protein model1 by means of 
unconstrained modeling (Fig 6A). This similarity could further be improved by providing X 
model1 or DNA glycosylase (1wyw) as template structures for the modeling of duck X 
protein (Fig 6B and 6C, respectively). Neither similarity nor its improvement was observed 
after similar comparison of the N-terminal part of duck capsid protein with human X or DNA 
glycosylase. Like animal X protein, avian vestigial X also displays a tertiary structure, which 
resembles that of DNA glycosylase. A further reconstruction of X protein phylogeny towards 
cellular DNA glycosylase failed due to the large difference in mutational rates between virus 
and host sequences (2x10-5 vs.1x10-9 r/s/y, respectively). Partitioning of the data set in 
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BEAST reflecting this rate difference effectively reduced the time scale, but did not allow the 
repetitive comparison of a single amino acid replacement in DNA glycosylase with 5000 
replacements in X. Our results indicate a common ancestral origin of members of the MUG 
family of DNA glycosylases and protein X of ortho- as well as avihepadnavirus. 
 
 

 
Figure 6: Similarity dendrograms of DNA 

glycosylase and X 3D-structures. 

Matrices of pairwise DRMS values (relative 
positions of ßC atoms) were fed into the neighbor 
joining tree building facility of MEGA4. (A) 
After modeling of duck vestigial X (DV_HBx) 
without a user-defined template structure. (B) 
After modeling of duck vestigial X with 1wywA 
DNA glycosylase provided as template structure. 
(C) After modeling of duck vestigial X with X-
consensus 3D-structure provided as template 
structure. Note the size difference between the 
scale bars A and B or C. 
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Discussion 

 

The Bayesian analysis of X protein phylogeny showed that divergence of both ortho- and 
avihepadnavirus into the present strains started about 25,000 years ago and that their most 
recent common ancestor appeared to be about 125,000 years of age. Time calculations of 
these evolutionary events rely on the assumption of a constant rate of amino acid replacement 
during the entire period of evolution, of which only the recent 25 years are available for 
experimental verification39. A fixed mean rate of mutation does not preclude rate variation in 
time or locally along the sequence. Also, another fixed value for the mean rate of mutation 
obtained by advancing insight will proportionally alter these dates without affecting the 
evolutionary sequence of events. The time span of about 100,000 years between the MRCA 
and the onset of virus divergence may be considered as the childhood period of 
hepadnaviridae, during which orthohepadnavirus developed a functional protein X and 
avihepadnavirus evolved without X. Our results are in support of an ancestral hepadnaviral 
genome carrying an X sequence with orthology to the core domain of DNA glycosylase. The 
presence of a cellular DNA glycosylase gene in a virus genome is not unprecedented. The 
fully functional uracil-DNA glycosylase (UDG) gene of Herpes simplex virus prevents the 
accumulation of G:C  A:T transition mutations by means of base excision repair before 
replication. Family-1 (UDG) and family-2 (MUG) DNA glycosylases differ considerably by 
sequence, structure and repair mechanism44. Exchange of genomic information between virus 
and hosts is known to occur during the evolution of (mostly large) DNA viruses followed by 
selection and retention of genes that increase viral fitness45. The similarity between ortho- and 
avihepadnavirus protein X and the core domain of MUG DNA glycosylase suggests that an 
ancestral hepadnavirus might have “captured” the corresponding sequence from a host gene 
more than approximately 1000 centuries ago. However, avihepadnavirus replicates without X 
and apparently has found another solution during evolution. The host-to-virus gene transfer 
scenario may seem rather complicated given the extensive gene overlaps in the hepadnaviral 
genomes. The acquisition of an ancestral X sequence by the HBV genome may have occurred 
before its compression into overlapping genes. In this case, mutational rate constancy along 
the virus lineage of an originally cellular sequence is unlikely to occur. The availability of a 
bona fide tertiary structure of protein X promotes investigations into the pleiotropic spectrum 
by which X affects cellular functions like the ubiquitin ligase activity of CUL4-DDB1 E3 
complexes13,46. In conclusion, this study indicates an evolutionary relationship between the 
hepadnaviral protein X and cellular DNA glycosylase. 
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Supporting Information File legends 

 

Supporting files can be downloaded from: 
http://journals.plos.org/plosone/article?id=10.1371/journal.pone.0023392#s5 
 

File S1: BEAST xml file corresponding to Figure 1: Phylogeny and divergence time 

estimates of hepadnaviral protein X. 
 

File S2: Phylogeny of and divergence time estimates of human HBV genotypes A-H 

based on polymerase protein sequences. 

(A) GenBank entries refer to the NCBI reference set of HBV, of which the polymerase 
amino acid sequences were used for BEAST analysis. The evolutionary sequence of 
events is displayed in tree format with node ages. 
(B) Monte Carlo Markov (MCMC) estimates and parameter statistics are given without 
decimal numbers for mean values and highest posterior density interval (HPD). Minor 
differences between corresponding numbers in A and B are due to the stochastic 
character of the MCMC algorithm. 

 
File S2c: BEAST xml file corresponding to File S2: Phylogeny of and divergence time 

estimates of human HBV genotypes A-H based on polymerase protein sequences. 

 
File S3: PDB coordinate file of protein X tertiary structure (HBx type D consensus 

sequence). 

 

File S4: PDB coordinate file of HBXIP tertiary structure. 

 
File S5: Evolutionary position of HBx among DNA glycosylases. 

A: A phylogenetic tree of MUG proteins was constructed according to Cortazar et al. (2007, 
DNA Repair, 6, 489-504) with HBx (D-type consensus sequence) indicated in bold typeface. 
B: A similar tree (the same set of sequences with ancestor and consensus HBx derived from 
the NCBI reference set of HBV) was constructed after re-alignment by ProbCons (Do et al., 
2005, Genome Res., 156, 2, 330-340) followed by rounds of manual refinement with special 
attention at gap borders. 
 
 
File S6: PDB coordinate file of the protein X/DDB1 3D-complex. 
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Tables  

 

DALI Server:
No: Chain Zsc Lali %id Description

1 1mwiA 9.9 130 10 G/U mismatch-specific DNA glycosylase

2 1mwjA 9.8 130 10 G/U mismatch-specific DNA glycosylase

3 1mugA 9.7 130 10 G:T/U specific DNA glycosylase

4 1mtlB 9 125 10 G/U mismatch-specific DNA glycosylase

5 1mtlA 8.5 120 10 G/U mismatch-specific DNA glycosylase

6 1wywA 8.4 135 8 G/T mismatch-specific thymine DNA glycosylase

7 2c2pA 8.3 132 10 G/U mismatch-specific DNA glycosylase

8 2c2qA 8.2 132 8 G/U mismatch-specific DNA glycosylase

9 2d07A 7.8 133 7 G/T mismatch-specific thymine DNA glycosylase

10 1vk2A 6 119 13 Uracil DNA glycosylase TM0511

11 1l9gA 6 124 13 Uracil DNA glycosylase Thermotoga maritima

12 1ui1A 5.9 122 11 Uracil DNA glycosylase

13 1ui0A 5.7 121 9 Uracil DNA glucosylase

14 2d3yA 5.6 123 14 Uracil DNA glycosylase

15 2dp6A 5.5 126 13 Uracil DNA glycosylase

16 2demA 5.5 123 14 Uracil DNA glycosylase

17 2ddgA 5.4 122 15 Uracil DNA glycosylase

18 1cuwB 4.9 103 11 Cutinase

MATRAS Server:
No: Chain Zsc Lali %id Description

1 1wywA 81.09 159 6 G/T mismatch-specific thymine DNA glycosylase

2 2c2qA 70.73 153 9.1 G/U mismatch-specific DNA glycosylase

3 1mugA 59.77 121 7.8 G:T/U specific DNA glycosylase

4 2d3yA 51.77 159 13.6 Uracil DNA glycosylase

5 2jfnA 9.8 61 9.8 Glutamate racemase

Table 1: Structural relatives of HBx

 

“Chain” indicates the PDB entry (lower case) followed by the chain identifier (upper case). 
DALI and MATRAS results are ranked according to their Z-scores (Zsc) with threshold 
values of 2 and 5, respectively. “Lali” and “%id” indicate the length of the aligned 
polypeptide chains and the percentage of identical residues. Equal hits are in italic boldface. 
DALI queries apply to the entire PDB database, whereas MATRAS employs a representative 
portion of PDB that is updated weekly. 
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Number Name Number Name Number Name

33 PRO 16 GLY 36 ARG

34 LEU 17 ILE 82 LYS

35 GLY 18 ASN 143 GLY

36 THR 19 PRO 144 LEU

37 LEU 20 GLY 145 SER

38 SER 21 LEU 146 ARG
39 SER 22 SER

40 PRO 23 SER

41 SER 30 PHE

43 SER 32 HIS

45 VAL 34 ALA

96 ARG 35 ASN

115 CYS 74 THR

116 LEU 75 VAL

117 PHE 76 GLN

118 LYS 77 ALA

119 ASP 78 ASN

120 TRP 108 GLY

123 LEU 109 LYS

127 ILE 110 GLN

128 ARG 111 ALA

130 LYS 113 GLU

131 VAL 120 GLY

132 PHE 121 ALA

133 VAL 122 GLN

134 LEU 123 TRP

135 GLY 139 PRO

136 GLY 140 ASN

137 CYS 142 SER

138 ARG 143 GLY

139 HIS 144 LEU

140 LYS 145 SER

141 LEU 146 ARG
142 VAL 147 VAL

143 CYS

144 ALA

145 PRO

147 PRO

Amino acid Amino acid Amino acid

Table 2: Interface composition of protein-DNA complexes

(M8)

HBx-DNA   1mwiA-DNA 

(M5, redocked)

1mwiA-DNA

  (crystal structure)

 
Amino acid numbering refers to unaligned protein sequences. Bold-faced residues indicate the 
oligopeptide motifs specifying DNA glycosylase enzymatic activity. The critical catalytic 
asparagine residue (1mwiA-DNA, ASN18) is shown in italics. 
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Abstract 

 

The hepatitis B virus (HBV) genome encodes the X protein (HBx), an ubiquitous 

transactivator that is required for HBV replication. Expression of the HBx protein has been 

associated with the development of HBV infection-related hepatocellular carcinoma (HCC). 

Previously, we generated a 3D structure of HBx by combined homology and ab initio in silico 

modelling. This structure showed a striking similarity to the human thymine DNA 

glycosylase (TDG), a key enzyme in the base excision repair (BER) pathway. To further 

explore this finding, we investigated whether both proteins interfere with- or complement 

each others functions. Here we show that TDG does not affect HBV replication, but that HBx 

strongly inhibits TDG-initiated base excision repair (BER), a major DNA repair pathway. 

Inhibition of the BER pathway may contribute substantially to the oncogenic effect of HBV 

infection. 
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Introduction 

 

Infection with hepatitis B virus (HBV) is predominantly cleared in adults, but particularly in 

younger patients it often leads to chronic infection. As a result of the ongoing viral replication 

and the immunological response to the infection, about 25% of chronically infected patients 

develop liver cirrhosis, inflammation and, ultimately, hepatocellular carcinoma (HCC). 

Although an effective vaccine is available, an estimated 350 million people are currently 

chronically infected with HBV, resulting in an estimated 600.000 deaths per year. 

The HBV genome encodes a ubiquitous transactivator termed the HBV X protein (HBx), 

which is essential for HBV replication in vivo. Various lines of evidence indicate that HBx is 

at least partially responsible for the oncogenic effects of chronic HBV infection
1,2

. For 

instance, HBx is often expressed from integrated parts of the HBV genome in HCC tissue
1,3

, 

and mice expressing HBx in their liver either develop HCC spontaneously
4
 or display 

increased susceptibility to hepatocarcinogens
5
. Also, HBx was shown to impede the 

nucleotide excision repair (NER) pathway
6–8

. 

Although the exact function of the HBx protein is still unclear, several functions can be 

distinguished. HBx acts as a transactivator, which increases the transcription of mRNAs from 

the covalently closed circular DNA (cccDNA) of HBV by altering its epigenetic context
9
. 

Transactivational effects are guided by associations between HBx and various transcription 

factors
10–12

. HBx associates with DDB1
13–15

, and although this interaction is dispensable for 

the transactivation by HBx
16

, it is essential for HBV replication in vitro
17

 and for establishing 

HBV infection in animal models
18,19

. 

Previously we reported a striking similarity between the predicted structure of the HBx 

protein and the central domain of DNA glycosylases
20

. DNA glycosylases initiate base 

excision repair (BER) by glycosylation of the bond between a mismatched base and the 

phosphate backbone of a DNA strand. Among the proteins showing prominent 3D similarity 

to HBx is the human thymine DNA glycosylase (TDG). Besides its function in BER, TDG is 

a key regulator of transcription and involved in the epigenetic regulation of DNA in the 

context of both transcription and DNA repair
21

.  

In this paper, we establish a functional relation between HBx and TDG, substantiating the 

structural homology between HBx and the central domain of a member of the DNA 

glycosylase family. Our results indicate that TDG does not affect HBV replication in vitro, 

but we found that HBx strongly inhibits TDG-initiated BER. 

 

Materials and Methods 

Cell culture and transfection  

HEK 293 cells were maintained in Dulbecco’s Modified Eagle Medium without HEPES 

(DMEM)(LONZA, Basel, Swizerland) supplemented with 10% heat inactivated fetal calf 

serum, penicillin (100 U/mL) and streptomycin (100 g/mL) (Gibco Pen Strep). HepG2 cells 

were maintained in William's Medium E w/o L-Gln (LONZA, Basel, Swizerland), 
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Infection with hepatitis B virus (HBV) is predominantly cleared in adults, but particularly in 

younger patients it often leads to chronic infection. As a result of the ongoing viral replication 

and the immunological response to the infection, about 25% of chronically infected patients 

develop liver cirrhosis, inflammation and, ultimately, hepatocellular carcinoma (HCC). 

Although an effective vaccine is available, an estimated 350 million people are currently 

chronically infected with HBV, resulting in an estimated 600.000 deaths per year. 

The HBV genome encodes a ubiquitous transactivator termed the HBV X protein (HBx), 

which is essential for HBV replication in vivo. Various lines of evidence indicate that HBx is 

at least partially responsible for the oncogenic effects of chronic HBV infection
1,2

. For 

instance, HBx is often expressed from integrated parts of the HBV genome in HCC tissue
1,3

, 

and mice expressing HBx in their liver either develop HCC spontaneously
4
 or display 

increased susceptibility to hepatocarcinogens
5
. Also, HBx was shown to impede the 

nucleotide excision repair (NER) pathway
6–8

. 

Although the exact function of the HBx protein is still unclear, several functions can be 

distinguished. HBx acts as a transactivator, which increases the transcription of mRNAs from 

the covalently closed circular DNA (cccDNA) of HBV by altering its epigenetic context
9
. 

Transactivational effects are guided by associations between HBx and various transcription 

factors
10–12

. HBx associates with DDB1
13–15

, and although this interaction is dispensable for 

the transactivation by HBx
16

, it is essential for HBV replication in vitro
17

 and for establishing 

HBV infection in animal models
18,19

. 

Previously we reported a striking similarity between the predicted structure of the HBx 

protein and the central domain of DNA glycosylases
20

. DNA glycosylases initiate base 

excision repair (BER) by glycosylation of the bond between a mismatched base and the 

phosphate backbone of a DNA strand. Among the proteins showing prominent 3D similarity 

to HBx is the human thymine DNA glycosylase (TDG). Besides its function in BER, TDG is 

a key regulator of transcription and involved in the epigenetic regulation of DNA in the 

context of both transcription and DNA repair
21

.  

In this paper, we establish a functional relation between HBx and TDG, substantiating the 

structural homology between HBx and the central domain of a member of the DNA 

glycosylase family. Our results indicate that TDG does not affect HBV replication in vitro, 

but we found that HBx strongly inhibits TDG-initiated BER. 

 

Materials and Methods 

Cell culture and transfection  

HEK 293 cells were maintained in Dulbecco’s Modified Eagle Medium without HEPES 

(DMEM)(LONZA, Basel, Swizerland) supplemented with 10% heat inactivated fetal calf 

serum, penicillin (100 U/mL) and streptomycin (100 g/mL) (Gibco Pen Strep). HepG2 cells 

were maintained in William's Medium E w/o L-Gln (LONZA, Basel, Swizerland), 
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supplemented with 10% v/v inactivated fetal calf serum, 2 mM L-glutamin (LONZA, Basel, 

Swizerland), penicillin (100 U/mL), streptomycin (100 g/mL) and 5 uM Dexamethasone 

(Sigma Aldrich). HepG2 cells were maintained in a humidified 10% CO2 incubator at 37ºC 

and HEK 293 cells were maintained in a humidified 5% CO2 incubator at 37ºC. Twenty-four 

hours before transfection the cells were plated into 6- or 96-well culture plates. The calcium 

phosphate method was used for transfection. Briefly, plasmid DNA was diluted in 42 mM 

HEPES pH 7.2 and 2.5 M CaCl2 was added to a final concentration of 0.30 M CaCl2. The 

DNA mixture was added to an equal volume of 2x HEPES buffered saline (HBS)(275 mM 

NaCl, 10 mM KCl, 1.4 mM Na2HPO4, 42 mM HEPES pH 7.2) and after a 15 minute 

incubation at room temperature the mixture was added to the cells. Cells were cultured over 

night in a humidified 3% CO2 incubator at 37ºC and subsequently the medium was replaced. 

For the transfection of HepG2 cells, a construct expressing GFP was routinely transfected in 

parallel to asses that the transfection efficiency was >5%. Cell cultures were maintained in a 

humidified incubator at 37ºC supplemented with 5% (HEK 293) or 10% (HepG2) CO2. 

 

Expression vectors 

The R9 vector, containing a 1.2x overlength HBV DNA genome (subtype adw) in a pGEM 

7zf+ backbone, was kindly provided by Dr. Baumert
22,23

. To create an R9 vector lacking HBx 

expression (R9X), the Glu87STOP and Met103Arg mutations were introduced by site 

directed mutagenesis
22

. To generate mutations in both the complete and partial HBx ORF, the 

partially redundant part of the vector was removed by Pst1 digestion and ligated in the 

multiple cloning site of pcDNA 3.1A (-). The pGEM 7zf+ backbone vector containing the 

large part of the R9 HBV genome was re-ligated. The required mutations in both vectors were 

introduced sequentially by targeted mutagenesis (QuikChange II XL Site-Directed 

Mutagenesis Kit, Bio connect (Agilent Technologies)), according to the manufacturer’s 

instructions. Primer pairs used to generate a stop codon (Glu87Stop) were 5’ 

ACCACCGTGAACGCCCATTAGATCCTGCCCAAGGTCTTA 3’ and 5’ 

TAAGACCTTGGGCAGGATCTAATGGGCGTTCACGGTGGT 3’ and the primers used to 

remove an alternative start codon (Met103Arg) were 5’ 

GGACTCTTGGACTCCCAGCAAGGTCAACGACCGACCTTGAGG 3’ and 5’ 

CCTCAAGGTCGGTCGTTGACCTTGCTGGGAGTCCAAGAGTCC 3’ (substituted 

nucleotides in the primers are underlined). The presence of the substitutions was detected 

using AlwN1- and BsrD1 restriction and verified by sequencing. Subsequently, the small 

R9X fragment was removed from the pcDNA 3.1A (-) vector by Pst1 digestion and ligated 

into the Pst1 site of the partial R9X vector.  

The HSV-tagged HBx expression vector pHSV-HBx was generated by PCR 

amplification (Expand High Fidelity TAQ, Roche) of the HBx gene from the R9 vector using 

a forward primer containing the HSV-tag: 5’ 

GCAGAATTCATGAGCCAGCCAGAACTCGCTCCTGAAGACCCAGAGGATGCTGCT

AGGCTGTGCTGCC 3’ and reverse primer: 5’ 

TCCGGTACCTTAGGCAGAGGTGAAAAAGTTGC 3’. The obtained PCR product was 

digested with EcoR1 and Kpn1 and ligated in pcDNA 3.1A (-) multiple cloning site.  
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For the cloning of TDG, total RNA was isolated from HEK 293T cells using the 

RNeasy mini kit (Qiagen, Hilden, Germany) and cDNA was prepared using SuperScript™ 

First-Strand Synthesis System for RT-PCR (Invitrogen). For the construction of the Myc-

tagged TDG expression vector (pMyc-TDG), TDG was cloned from HEK 293T cDNA by 

PCR using the Expand High Fidelity PCR and the following primer pair: forward primer 

containing the Myc-tag 5’ 

GCAGAATTCATGGAGCAGAAACTCATCTCTGAAGAGGATCTGGAAGCGGAGAAC

GCGGGC 3’ and reverse primer 5’ CTCGGATCCTCAAGCATGGCTTTCTTCTTCC 3’. 

The obtained PCR product was digested with EcoR1 and BamH1 respectively, and ligated in 

the multiple cloning site of pcDNA 3.1A (-).  

 

HBV replication assay 

HepG2 cells were seeded in 6 well plates to reach a confluence of 30-40% at the moment of 

transfection. The HepG2 cells were transfected with 1 ug of the R9 or R9X construct per 

well using calcium phosphate transfection as described above. Increasing concentrations of 

pHSV-HBX and pMyc-TDG were cotransfected as indicated. After over night incubation, the 

medium was replaced and cells were maintained in a humidified incubator at 37ºC 

supplemented with 10% CO2 for 7 days. HepG2 cells were washed with PBS and harvested 

by trypsin digestion at 37ºC for 7 minutes. Trypsin (LONZA, Basel, Swizerland) was 

inactivated by addition of fresh culture medium and cells were washed with PBS (LONZA, 

Basel, Swizerland). Cell pellets were lysed in 1 ml iso-osmotic lysis buffer (140 mmol/L 

NaCl, 1.5 mmol/L MgCl2, 50 mmol/L Tris-HCl [pH 8.0]) containing 0.5% Nonidet P-40) for 

30 minutes on ice. To quantify capsid-associated HBV DNA, cell nuclei were pelleted at 400 

g. Supernatants were harvested and remaining cell debris was removed by 10 minute 

centrifugation at 21,000 g. Remaining non-encapsidated viral DNA was removed from 200 l 

cleared lysate by 1 × nuclease treatment for 45 minutes (Nuclease Mix, GE Healthcare 

Biosciences). Subsequently encapsulated viral DNA was purified using the Nucleospin Blood 

Kit (BIOKE) according to the manufacturer’s instructions. HBV DNA copy number was 

quantified by qPCR detecting a part of the core gene using forward primer 5’ 

GACCACCAAATGCCCCTAT 3’ and the reverse primer 5’ 

CGAGATTGAGATCTTCTGCGAC 3’ and the SYBR Green I Master (Roche) using the 

LightCycler® 480 system (Roche). The following program was used for qPCR: 10 min 95ºC, 

followed by 50 cycles of 10 sec 95ºC, 20 sec 59ºC, 30 sec 72ºC with a single acquisition 

during the 72ºC step. For quantification of the HBV DNA copy number, the HBV core PCR 

fragment was cloned in the pGEM
®

-T Easy vector (Promega) and serial dilutions of this 

vector were used as a standard curve in each run. Quantification was performed using Roche's 

LightCycler® relative quantification software (release 1.5.0). 

 

BER assay 

The BER assay was adapted from
24

. The pGL3-control vector (Promega, Madison, USA), 

containing a SV40 promoter driven luciferase reporter, was modified by insertion of an 
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annealed primer pair with two cohesive Nco1 ends containing a EcoR1 and Pst1 sites 

downstream of the luciferase start codon, into the Nco1 site of pGL3. For the BER assay, the 

pG/C (positive control), pG/T (mismatch) and pA/T (negative control) vectors were generated 

by ligation of annealed primer pairs using 1.55 pmol EcoR1 and Pst1 digested vector, 15.5 

pmol annealed primer pair and 400 units T4 DNA ligase (New England Biolabs) in a final 

volume of 500 l. The pA/T, pG/C and pG/T vectors respectively contained one nucleotide 

difference resulting in a stop codon at amino acid position 13 for pA/T, which served as a 

negative control in the assay; a tryptophan at amino acid position 13, which served as a 

positive control in the assay; a G/T mismatch in pG/T, which encodes a stop codon or a 

tryptophan, depending on whether the vector was repaired or not. The ligation product was 

purified using the GFX PCR DNA and gel band purification kit (GE Healthcare) and used for 

transfection. Transfection of HEK 293 cells was performed in a 96 well plate using 50 ng 

pG/T, pA/T or pG/C combined with the indicated amounts of pHSV-HBx or pMyc-TDG in 4-

fold.  

Twenty-four hours after transfection cells were lysed by addition of 25 ul luciferase substrate 

in concentrated lysis buffer containing 0.83 mM ATP, 0.83 mM luciferine-D, 18.7 mM 

MgCl2, 0.78 µM Na2H2P2O7, 38.9 mM Tris pH 7.8, 0.39% glycerol, 0.03% triton X-100 and 

2.6 M dithiothreitol. Luciferase activity was assessed using a luminometer (Berthold, Bad 

Wildbad, Germany). The activity of the pA/T (negative control) vector was subtracted from 

the activity of the pG/C and pG/T vectors, and the activity of the pG/T vector relative to the 

pG/C vector was taken as the measure for BER activity.  

 

Western blotting  

HEK 293T cells were cultured in 6 well plates and transfected with 1 ug of pMyc-TDG or 

pHSV-HBx per well. After trypsin digestion, the cells were washed with PBS and centrifuged 

at 400 g for 10 minutes. The cell pellet was lysed in 1 ml of RIPA lysis buffer (150 mM NaCl, 

1% Triton X-100, 0.5% sodium deoxycholate, 0.1% SDS, 50 mM Tris, pH 8.0) supplemented 

with Complete® EDTA free protease inhibitor (Roche). The lysate was denatured at 70ºC for 

10 minutes in 1× NuPAGE LDS sample buffer (Invitrogen) and 0.1 M DTT. Proteins were 

separated by electrophoresis on a 10% Bis-Tris gel (NuPAGE 10% Bis–Tris precast gel) 

together with the Odyssey Protein Weight Marker (LI-COR, Lincoln, NE, USA) using MES 

SDS running buffer (Invitrogen). Subsequently, proteins were transferred to a nitrocellulose 

membrane (Protran, Schleicher & Schuell, Dassel, Germany; 2 hours 150V) using NuPAGE 

transfer buffer. Blots were stained over night at 4°C in PBS (Gibco) supplemented with 0.01 

% Tween 20 (Merck) and 1% Protifar (Nutricia, Schiphol, The Netherlands) with a 

monoclonal mouse anti-c-Myc antibody (1:5.000; Calbiochem, San Diego, CA, USA) or 

mouse anti-HSV antibody (1:1000; Novagen). IRDye 800CW conjugated goat anti-mouse 

IgG (1:15,000; 926–32210, LI-COR, Lincoln, NE, USA) was used as secondary antibody to 

visualize the proteins using the Odyssey infrared image system (LI-COR).  

Statistical analysis 
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Statistical analysis was performed using GraphPad Prism (version 5). Significance of 

differences in HBV copy numbers and the effects of TDG and HBx on BER efficiency were 

determined by Student T test. 

 

 

Results 

TDG does not affect HBV replication 

First we established whether we could measure an effect of HBx on HBV replication in 

HepG2 cells. The R9 construct harbouring a 1.2x overlength HBV genome and a mutant R9 

construct (R9x) not expressing the HBx protein, were transfected in HepG2 cells. In line 

with other research
25

, HBV not expressing HBx was hindered in its replication in HepG2 cells 

and produced 41 % less HBV DNA (Fig. 1A). To ensure that the DNase treatment of the 

samples efficiently removed plasmid DNA containing the 1.2x overlength HBV genome, the 

HBV polymerase inhibitor lamivudine (3TC) was added to parallel cultures as a control. HBV 

DNA production was inhibited by lamivudine in a dose-dependent manner, indicating 

selective amplification of progeny DNA (Fig. 1B) 

 

 
Figure 1. Replication of HBV X

-
 is rescued by co-expression of HBx but not TDG. (A) HepG2 

cells were transfected with the R9 or R9X vector to induce HBV replication in the presence (HBV) 

or absence (HBV X
-
) of HBx. (B) Addition of lamivudine to the cultures inhibited production of 

capsid-associated HBV DNA, indicating selective amplification of progeny DNA (C) Production of 

capsid-associated HBV DNA by R9X was restored to wild-type levels by co-transfection of pHSV-

HBx. (D) Co-expression of Myc-TDG does not affect HBV replication regardless of the presence of 

HBx. The average and standard deviation of the HBV DNA copy number of seven independent 

experiments is given. * p<0.05, ** p<0.01. Significance was determined with a two-sided student’s T 

test. 
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To assess the effect of TDG on HBV replication, the R9 and R9x vectors were co-

transfected with increasing concentrations of plasmids expressing either HSV-tagged HBx 

(pHSV-HBx) or Myc-tagged TDG (pMyc-TDG). Indeed, replication of R9x could be 

rescued to wild-type level by co-transfection of pHSV-HBx (Fig. 1C). Co-transfection of 

pMyc-TDG could not rescue replication of the mutant and did not affect replication of the 

wild-type virus expressing HBx from its genome (Fig. 1D).  

 

HBx inhibits (TDG initiated) base excision repair 

As TDG is a key enzyme in the Base Excision Repair (BER) pathway, we investigated 

whether HBx could influence TDG initiated repair of a G/T mismatch. We used the 

glycosylase assay established by Li et al.
24

 with some minor adjustments (see materials and 

methods).  

The pG/C (positive control), pG/T (mismatch) and pA/T (negative control) vectors were 

transfected into HEK 293 cells and luciferase activity was assessed 24 hours after 

transfection. The pA/T vector showed only low level of luciferase activity as compared to the 

positive control pG/C vector. We observed an increased luciferase activity of the mismatched 

pG/T vector as compared to the negative control, indicating that the G/T mismatch is repaired 

in HEK293 cells to some extent. To analyse the effect of HBx on TDG initiated repair of a 

G/T mismatch, pHSV-HBx or pMyc-TDG were co-transfected with the pG/C, pA/T and pG/T 

vectors in HEK293 cells and luciferase activity was analysed 24 hours after transfection. In 

figure 2A the effect of HBx and TDG on BER activity is given as the ratio between the 

luciferase activity of pG/T and pG/C vectors corrected for the background luciferase activity 

of pA/T under the same condition. 

 

 

Figure 2. Base excision repair is inhibited by 

HBx. The effect of HBx and TDG on BER activity is 

given as the ratio between the luciferase activity of 

pG/T (mismatch) and pG/C (positive control) vectors 

after subtraction of the activity of the pA/T (negative 

control) vector. The activity of the pG/T vector was 

significantly less than the activity of the positive 

control, while co-transfection of pMyc-TDG restored 

the activity of the pG/T mismatch vector. Co-

transfection of pHSV-HBx resulted in a reduction of 

BER activity, regardless of cotransfection of pMyc-

TDG. Each bar depicts the mean and SEM of four 

measurements. DNA concentrations are expressed as 

ng/ml. EV: empty control vector. (B) Myc-TDG and 

HSV-HBx expression in HEK 293T cells was 

confirmed by Western blotting. * p<0.05, ** p<0.01.  
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Activity of the mismatched vector could be restored to the same level as the positive control 

by co-transfection of pMyc-TDG (Fig 2A), proving BER is essential for the activity of the 

pG/T vector and confirming the rate-limiting role of TDG in BER
26,27

. When pHSV-HBx was 

co-transfected with the mismatched vector, the luciferase activity was inhibited (Fig. 2; 

p=0.036) indicating that HBx inhibits BER of the mismatched pG/T vector in HEK 293 cells. 

When both pHSV-HBx and pMyc-TDG were cotransfected with the mismatched vector 

luciferase activity was also inhibited (Fig. 2A), indicating that HBx interferes with TDG 

initiated BER.  

As both HBx
28

 and TDG
29

 can form homodimeres, we investigated whether HBx inhibits 

TDG initiated BER through direct interaction between the two proteins by means of co-

immunoprecipitation and fluorescence microscopy of GFP fusion constructs. Our results 

indicate there is no direct interaction between the two proteins (data not shown). Using 

western blotting we established that TDG is not degraded in the presence of HBx (data not 

shown). Efficient expression of Myc-TDG and HSV-HBx in HEK 293T cells was confirmed 

by Western blotting (Fig. 2B) 

 

Discussion 

 

Previously we generated a model of the tertiary structure of the HBV X protein by in silico 

modelling using I-Tasser
20

. The model was validated by successful in silico docking to known 

HBx binding partners, but no crystal structure of HBx is available to confirm our model. 

Querying the PDB database for proteins with similar structure, we found that our model of 

HBx showed striking similarity with the central domain of various members of the MUG 

family of DNA glycosylases, which are the key enzymes of the base excision repair pathway. 

Scoring high among the different glycosylases was the human thymine DNA glycosylase 

(TDG).  

In this study we investigated a functional relation between HBx and TDG. Our results 

confirm the replication-enhancing role of HBx in vitro when replication in HepG2 cells was 

initiated by transfection of a 1.2 x overlength HBV clone that was either capable of  or 

deficient in HBx production. In the same model, we show that HBx, but not TDG could 

rescue replication of the virus deficient in HBx expression. TDG did not affect the replication 

of wildtype HBV either, indicating that TDG does not play a direct role in HBV replication. 

We observed that HBx strongly inhibits the TDG initiated base excision repair of a G/T 

mismatch in a manner not involving direct interaction between HBx and TDG. Inhibition of 

BER by HBx could be beneficial to HBV resulting in mutations in the cccDNA pool to allow 

selection of escape mutants, for instance when infected hepatocytes are subjected to adaptive 

immune responses. Indeed, an increase in the HBV mutation rate is seen when HBV viraemia 

is suppressed in the course of chronic infection
30,31

.  

Inhibition of BER may contribute to the chemotherapy resistant phenotype of HBx positive 

HCC
32

, considering that the cytotoxicity of 5-fluorouracil (5-FU) is mediated by TDG-

initiated BER
33

, and that HBV replication
34

 as well as HBx expression
35,36 have been 

demonstrated to induce resistance to 5-FU. Hence, it should be considered that treatment of 
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figure 2A the effect of HBx and TDG on BER activity is given as the ratio between the 

luciferase activity of pG/T and pG/C vectors corrected for the background luciferase activity 
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Figure 2. Base excision repair is inhibited by 

HBx. The effect of HBx and TDG on BER activity is 

given as the ratio between the luciferase activity of 

pG/T (mismatch) and pG/C (positive control) vectors 

after subtraction of the activity of the pA/T (negative 

control) vector. The activity of the pG/T vector was 

significantly less than the activity of the positive 

control, while co-transfection of pMyc-TDG restored 

the activity of the pG/T mismatch vector. Co-

transfection of pHSV-HBx resulted in a reduction of 

BER activity, regardless of cotransfection of pMyc-

TDG. Each bar depicts the mean and SEM of four 

measurements. DNA concentrations are expressed as 

ng/ml. EV: empty control vector. (B) Myc-TDG and 

HSV-HBx expression in HEK 293T cells was 

confirmed by Western blotting. * p<0.05, ** p<0.01.  
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HBx positive HCC with a DNA damaging chemotherapeutic may be more effective when the 

agent induces damage that is cytotoxic in the absence of BER.  

Because there is no direct interaction between HBx and TDG, it seems likely that HBx 

interferes with BER by either degrading or interacting in a dominant negative fashion with 

one of the proteins further downstream the BER pathway. Deregulation of DNA repair may 

benefit the viral replication. Indeed, the use of DNA-damaging agents which disrupt/activate 

DNA-repair pathways, is strongly associated with reactivation of HBV infections. Although 

such reactivations are also observed when the immune system is suppressed
37

, they are more 

common
38

 and occur earlier
39

 when therapy also induces DNA damage. Moreover, the DNA 

damaging agent doxorubicin strongly induces HBV replication in vitro in the absence of an 

immune response
39

.  

In conclusion, our finding that the HBx protein inhibits BER substantiates our hypothesis that 

there is a structural homology between HBx and the central domain of TDG. The inhibition of 

BER by HBx might contribute to the oncogenic effect of chronic HBV infection. 
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Abstract 

Aims: Hepatitis B virus (HBV) expresses an accessory protein called X (HBx), which 

supports HBV replication by increasing transcription from episomal templates. Here, we 

investigate whether HBx augments HBV replication by interfering with the deacetylation of 

HBV DNA associated histones by histone deacetylases (HDACs).  

Materials and methods:  To study the effect of HBx on episomal transcription, we transfected 

HEK 293 cells with luciferase expressing constructs together with HBx in the presence and 

absence of HDAC inhibitors. We confirmed our results in the context of the full HBV 

replication cycle in HepG2 cells. 

Results and conclusion: Inhibition of HDAC activity and HBx expression stimulated 

transcription from episomal DNA independently, showing that HBx does not affect the 

histone deacetylation. HDAC inhibitors also augmented HBV replication in vitro independent 

of HBx expression. This suggests that treatment with HDAC inhibitors can (re)activate HBV 

infection in patients with cleared or ongoing HBV infection. 
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Introduction 

 

Worldwide, chronic infections with the hepatitis B virus (HBV) affect more than 240,000,000 

people, and more than 780,000 people die each year as a consequence of HBV infection. The 

virus infects hepatocytes in the human liver. After entry, the core particle containing the 

partially double stranded HBV genome is transported to the nucleus, where the partially 

double stranded DNA genome is released into the nucleus and repaired by host enzymes to 

form a fully double stranded episome of covalently closed circular DNA (cccDNA). This 

episomal cccDNA is wrapped around histones and thus forms a minichromosome that is 

subject to various epigenetic modifications to both the cccDNA and the associated histones 
1
. 

It has been shown that these epigenetic modifications regulate the transcription of the viral 

RNAs
2, 3

.  

The HBV protein called X (HBx) is essential for HBV replication in vivo 
4
. In vitro, HBx acts 

as a transcriptional transactivator 
4-8

 that increases transcription from episomal DNA 

templates independent of promoter sequences 
9
. The capacity of HBx to transactivate 

transcription in vitro is related to its in vivo function and can therefore be used to study HBx 

functionality 
10

. It has been shown that HBx expression critically affects the epigenetic status 

of the cccDNA
1-3, 3, 11

. In the absence of HBx, the cccDNA-associated histones undergo 

modifications that effectively abrogate HBV RNA transcription. A hallmark of this 

transcriptional silencing in the absence of HBx is the deacetylation of the histones around 

which the cccDNA is wrapped
1, 11

.  

The acetylation status of histones is regulated by dynamic processes. Preceding and during 

transcription, histones are acetylated by histone acetyl transferases (HATs). Well-known 

members are the CREB-binding protein (CBP/p300) and transcription initiation factor TFIID 

subunit 1 (TAF1). These enzymes transfer the acetyl group from acetyl CoA to conserved 

lysine residues of histones, thereby reducing their charge. As a result, the binding between the 

histones and the DNA loosens, facilitating the binding of transcription factors, and 

transcription initiation and progression. The acetyl groups can be removed again from the 

histones by four structurally and functionally related classes of proteins called histone 

deacetylases (HDACs). Treatment of HBV infected cells with interferon- induces active 

recruitment of HDAC1 onto the cccDNA and leads to hypoacetylation of the associated 

histones
12

. Another deacetylase, sirtuin 1 (Sirt1), which deacetylates non-histone proteins, has 

also been implicated in HBV replication
12, 13

. Various compounds have been developed that 

inhibit HDACs with different specificities. 

HBx critically affects the acetylation status of the cccDNA associated histones, but it is 

currently unknown whether HBx expression leads to an increase in histone acetylation or 

prevents histone deacetylation. It has been observed that there is an increased recruitment of 

HDAC1 and Sirt1 onto the cccDNA in the absence of HBx
11

, but it is unknown whether this 
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is related to a difference in histone deacetylation. To settle this issue, we investigated whether 

HBx functionality was affected by HDAC inhibition. In line with the literature HDAC 

inhibition stimulated HBV replication by increasing RNA transcription. However, inhibiting 

HDAC activity did not affect the extent of transactivation by HBx on episomal templates. 

Therefore we conclude that HBx does not affect the rate of histone deacetylation by HDAC 

enzymes. As HDAC inhibition strongly stimulated HBV replication, our results suggest that 

when the clinical use of HDAC inhibitors is considered, the patient’s HBV status should be 

monitored.  

 

 

Materials and methods 

Cell culture and transfection 

HepG2 and HEK 293 cells were maintained as previously described. HepG2.2.15 cells are 

derived from HepG2 cells after stable transfection with cloned HBV DNA and continuously 

produce HBV
14

. The HepG2.2.15 cells were cultured similarly to the HepG2 cells except that 

they were maintained in a 5% CO2 humidified incubator. Transfection experiments were 

performed in HEK 293 and HepG2 cells using the calcium phosphate method as previously 

described 
15

. HDAC inhibitors were added when the medium was changed and luciferase 

activity was determined 24 hours later as previously described
15

. The fold activation induced 

by HBx is defined as the average luciferase activity in the presence of HBx divided by the 

average luciferase activity in the absence of HBx. 

 

HBV RNA quantification 

Total RNA was extracted using TriPure reagent (Roche). cDNA was prepared using random 

hexameres (Invitrogen) as primers and 200 U M-MLV reverse transcriptase (Promega, 

Madison, WI, USA) in the presence of 20 U RNAsin (Promega, Madison, WI, USA). HBV 

and -actin cDNA was quantified by PCR using the SYBR Green I Master (Roche) and a 

LightCycler® 480 system (Roche) using the primers Core-Fwd (5’ 

GACCACCAAATGCCCCTAT 3’) and Core-Rev (5’ CGAGATTGAGATCTTCTGCGAC 

3’) to quantify HBV RNA and BA-F: 5’-GGCCCAGTCCTCTCCCAAGTCCAC-3’and BA-

R: 5’- GGTAAGCCCTGGCTGCCTCCACC-3’ for -actin as described
15

.  

 

Expression vectors and HDAC inhibitors 

The pHSV-HBx vector expressing HSV-tagged HBx from the pcDNA 3.1A (-) vector was 

previously generated and described in detail
15

. The HBV core and X promoter sequences were 

amplified by PCR from the R9 vector (kindly provided by Dr. Baumert)
16

 using the primers: 

89 

 

Corepromoter-F: 5'-CCCGAGCTCCAAGGTCTTACATAAG-3'; Corepromoter-R: 5'-

CCCAAGCTTTGGAGGCTTGAACAGT-3'; Xpromoter-F: 5'-

CCCGAGCTCTGCGTGGAACCTTTGT-3'; Xpromoter-R: 5'-

CCCAAGCTTGGAAACGATGTATATT-3'. The HBV promoters were ligated in front of the 

luciferase gene in the pGL3Basic vector (Promega) to generate pCore-Luc and pX-Luc, 

respectively. The pBlue3'LTR-luc was obtained through the NIH AIDS Reagent Program, 

Division of AIDS, NIAID, NIH: from Dr. Rienk Jeeninga and Dr. Ben Berkhout
17

. The PDE-

Luc construct, expressing luciferase under control of the human phosphodiesterase 8A 

(PDE8A) promoter, was previously described
18

. As a vector control, the empty pcDNA 3.1 

A(-)(Invitrogen) was used. The following HDAC inhibitors were used in this study: Sodium 

butyrate (Sigma-Aldrich), Trichostatin A (TSA, Sigma-Aldrich), Valproate (Selleck), 

Entinostat (Selleck), MC1568 (Selleck).  

 

Statistics 

Data were analyzed using GrapPad Prism 5.01 (GraphPad Software, La Jolla, CA, USA). 

Significance of differences were determined by two-sided T testing. 

 

Results 

 

HDACs from different classes are involved in epigenetic silencing of transcription from 

episomal DNA elements 

In the infected hepatocyte, the HBV genomic material exists as an episomal DNA element 

called cccDNA, from which the viral RNA is transcribed. To evaluate the effect of HDAC 

inhibition on HBV transcription, we transfected HEK293 cells with constructs that serve as 

episomal DNA elements, from which luciferase is transcribed under control of different 

promoters. HEK 293 cells were transfected with a DNA construct expressing luciferase under 

control of the HIV LTR, and treated with HDAC inhibitors specific for different classes of 

HDACs. We observed that entinostat and MC1568, which specifically inhibit HDACs from 

class 1 or 2A respectively, enhance the luciferase activity (Fig. 1a). This indicates that 

HDACs from different classes are involved in suppressing transcription from episomal DNA. 

Treatment with the pan HDAC inhibitors butyrate and trichostatin A (TSA), or with the 

HDAC class 1 and 2A specific HDAC inhibitor valproate also enhanced episomal 

transcription (Fig. 1a). Next we investigated whether HDACs suppress episomal transcription 

in a promoter dependent fashion. HEK 293 cells were transfected with luciferase expressing 

constructs under control of the HIV-LTR (LTR-Luc), the human phosphodiesterase 8A (PDE-
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Luc), the HBV core (Core-Luc)

significantly in their basal activities (Fig. 1b). 

sodium butyrate increased transcription from the LTR

different extents, but did not affect the activity of the HBV X

the HDAC inhibitors was independent of the basal activity of the different promoters (Fig 1b 

and 1c). We next assessed the ef

episomal DNA elements in our model. In line with the literature

construct expressing HBx transactivated episomal transcription independent of the promoter 

driving the transcription (Fig 1c)

 

Figure 1. HDAC inhibition and sodium butyrate transactivate episomal transcription independently. 

(a) HEK 293 cells were transfected with construct expressing luciferase under control of the HIV

and treated for 24 hours with HDAC inhibitors as indicated. All HDAC inhibitors induced a 

significant increase in transcription. 

luciferase under control of the indicated promoters. Luciferase activity was determined 48 hours after 

transfection, showing that the basal activity of the promoters differed significantly. 

were transfected with constructs expressing luciferase under control of the indicated promoters and 

cotransfected with a construct expressing HBx (+ HBx) or treated for 24 hours with the HDAC 

inhibitor sodium butyrate (+ butyrate). HBx transactivated all promoters to the

effect of butyrate differed depending on the promoter driving transcription. *: p<0.05, **: p<0.01, 

***: p<0.001 

HBx does not interfere with HDAC activity

To investigate whether HBx affects the histone deacetylation, HEK 293 cells w

with a construct expressing luciferase under control of the HIV LTR promoter. Subsequently, 

the cells were treated with HDAC inhibitors. When an HBx expressing construct was 

cotransfected with the luciferase expressing construct in the pres

in luciferase activity was similar to that induced by HBx in the absence of Butyrate (Fig. 2a 

and Table 1). Also in the presence of HDAC inhibitors TSA, valproate, entinostat, and 

MC156, the effect of HBx on luciferase activi

expression in the absence of the HDAC inhibitors (Table 1). HDAC inhibition by sodium 
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Figure 2. Transcriptional transactivation by HBx is not affected by HDAC inhibition. 

cells were cotransfected with an LTR driven luciferase expression and a construct inducing HBx 

expression. In the presence of HDAC inhibit

(fold transactivation) remained similar. 

transfection with the R9 vector which contains a 1.2x overlenght HBV genome, and a mutant of this 

vector (R9HBx) devoid of HBx expression. HBV RNA was analyzed 3 days after transfection. 

Sodium butyrate stimulated HBV replication independent of HBx expression. 

which constitutively replicate HBV, were treated with 5 mM sodium butyrate for 

strong increase in HBV RNA relative to 

HDAC inhibition stimulates HBV replication independent of HBx activity

Next, we assessed the effects of HBx and HDAC inhibition on transcriptional activity from
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transfected with the R9 vector, which contains a 1.2x overlength HBV genome and initiates 

HBV replication. In parallel, we transfected HepG2 cells with an 

expression (R9x). When these cells were treated with sodium butyrate for 3 days, HBV 

RNA transcription increased in the presence and absence of HBx (2.3 and 2.2 fold increase 

respectively; Fig. 2b), indicating that the observed 

inhibition was independent of HBx. 

Additionally, the effect of HDAC inhibitors on HBV replication was analyzed in 

cells 
14, 19
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cccDNA. As a result, HepG2.2.15 cells constitutivel
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RNA production (Fig. 2c). 
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butyrate did not affect the HBx-mediated transactivation of the episomal transcription from 

Luc, and X-Luc constructs (Table 2).  

Transcriptional transactivation by HBx is not affected by HDAC inhibition. 

cells were cotransfected with an LTR driven luciferase expression and a construct inducing HBx 

expression. In the presence of HDAC inhibitor sodium butyrate, the relative effect of HBx expression 

(fold transactivation) remained similar. (b) HBV replication was induced in HepG2 cells by 
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Discussion 

 

In the absence of HBx, the HBV cccDNA is epigenetically silenced, effectively preventing 

viral replication. A hallmark of this silencing is the deacetylation of the HBV cccDNA 

associated histones
1-3, 11

. Here, we investigated whether the HBV X protein stimulates HBV 

replication by preventing the deacetylation of the cccDNA-associated histones. We observed 

that HDAC inhibitors with specificity towards different HDAC classes stimulated 

transcription from episomal DNA constructs. In contrast to the stimulation of episomal 

transcription by HBx, the effect of HDAC inhibitors depended on the promoter sequence. To 

assess whether HBx prevented histone deacetylation, the effect of HBx was analyzed in the 

presence of HDAC inhibitors. We observed no difference between fold-transactivation 

induced by HBx in the presence or absence of HDAC inhibitors, indicating that HBx does not 

directly interfere with histone deacetylation. In line with this, HDAC inhibition stimulated 

HBV replication in HepG2 cells to the same extent in the presence and absence of HBx. In the 

constitutively HBV producing cell line HepG2.2.15, HDAC inhibitors strongly enhanced 

HBV RNA transcription. Although HepG2.2.15 cells contain cccDNA, a contribution of 

increased transcription by HDAC inhibitors from integrated HBV DNA cannot be excluded.  

 

Conclusions 

 
Our data indicate that HBx does not affect HBV replication by interfering with the 

deacetylation of the cccDNA associated histones. Consequently, inhibition of HDAC activity 

stimulated HBV replication independent of HBx expression. Currently, the HDAC inhibitors 

voronistat, depsipeptide, and valproate are approved by the FDA for clinical use. It has been 

observed that treatment with HDAC inhibitor desipeptide could reactivate latent infections 

with HBV and other DNA viruses
20

. Several more HDAC inhibitors are investigated in phase 

I and II trials, mostly for the treatment of specific tumors such as HCC. In addition, HDAC 

inhibition is being studied as a strategy to reactivate and purge the latent reservoir of HIV 

infected cells in HIV infected patients. Our findings suggest that if treatment with an HDAC 

inhibitor is considered, the HBV infection status of the patient must be determined. 

Subsequently, in patients with past or ongoing HBV infection, HBV must be monitored to 

detect (re)activation of HBV in time. 
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Tables 

Table 1. Fold transactivation by HBx in the absence and presence of different HDAC inhibitors. 

HDAC inhibitor: Classes inhibited No inhibitor +HDAC inhibitor 

Sodium Butyrate All 1,90 (0.25) 1.60 (0.60) 

TSA All 1.21 (0.20) 1.68 (0.36) 

Sodium Valproate Class 1 and 2A 1.84 (0.35) 1.80 (0.53) 

Entinostat Class 1 1.57 (0.20) 1.73 (0.47) 

MC1568 Class 2A 1.46 (0.15) 2.05 (0.60) 

 

Values represent the mean (standard deviation) fold transactivation of three independent experiments. 

 

Table 2. Fold transactivation of different promoters by HBx in the absence and presence of 

HDAC inhibitor Sodium Butyrate.  

Promoter No inhibitor + Sodium butyrate 

LTR 1.90 (0.25) 1.60 (0.60) 

PDE 1.61 (0.26) 2.05 (0.27) 

Core 1.46 (0.32) 1.64 (0.40) 

X 1.68 (0.28) 1.91 (0.22) 

 

Values represent the mean (standard deviation) fold transactivation of three independent experiments. 
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Abstract 

 

The hepatitis B virus (HBV) expresses one accessory protein called X (HBx) that 
transactivates HBV RNA transcription and is essential for viral replication in vivo. HBx 
interacts with the host protein DDB1, and may utilise the DDB1 associated ubiquitin ligation 
machinery to induce the proteasomal degradation of a viral restriction factor. To identify this 
HBV replication restricting factor, we co-immunoprecipitated HBx interacting proteins using 
a biologically inactive GFP-HBx fusion construct in the presence and absence of wildtype 
HBx. Thereby we identified 2376 HBx interacting proteins, including DDB1 and other 
previously described HBx interacting proteins. The amount of talin-1 (TLN1) that precipitated 
with GFP-HBx was markedly reduced in the presence of wildtype HBx. We show that TLN1 
is indeed proteasomally degraded upon HBx expression. TLN1 links the cytoplasmatic tails of 
β-integrins to the actin cytoskeleton and is critically involved in the formation of focal 
adhesions. Disrupted focal adhesion kinetics have previously been associated with HBx 
expression. We show that TLN1 overexpression neutralizes the transcriptional transactivation 
by HBx but does not affect transcription in absence of HBx. Like HBx expression, shRNA 
mediated knockdown of TLN1 transactivated transcription. In HepG2 cells, TLN1 
knockdown stimulated HBV replication and prevented HBx from further augmenting HBV 
replication. This indicates that HBx-mediated TLN1 degradation is essential and sufficient to 
stimulate HBV replication in these cells. Our data show that TLN1 can act as a viral 
restriction factor that suppresses HBV replication, and that the HBV accessory protein X 
relieves this restriction by inducing TLN1 degradation. 

 

Importance 

 

Chronic infection with HBV is a mayor health burden, affecting an estimated 240.000.000 
people worldwide and causing more than 780.000 deaths per year. Current antiviral therapies 
are expensive and generally not curative because they fail to affect viral transcription in 
infected hepatocytes. The HBV accessory protein HBx is essential to maintain viral RNA 
transcription, and thereby drives the ongoing viral protein production. We show that HBx 
functions by inducing the degradation of TLN1, a restriction factor that suppresses HBV 
transcription. Knowledge of this mechanism may aid the development of antivirals that can 
counteract HBx function and curb the ongoing viral protein production during the treatment of 
chronic HBV infection.  
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Introduction 

 

The hepatitis B virus (HBV) is a member of the hepadna virus family, and infects hepatocytes 
in the human liver. After entry, the core particle releases the partially double stranded HBV 
genome in the nucleus, where it is subsequently repaired by host enzymes to form the HBV 
covalently closed circular DNA (cccDNA). This circular DNA template of about 3,200 base 
pairs encodes the HBV structural core and surface genes, its polymerase, which reverse 
transcribes the viral pregenomic RNA into the partially double stranded DNA, and one 
accessory protein called X (HBx). HBx expression is essential to initiate and maintain HBV 
replication in vivo

1-4. The mechanism by which HBx supports HBV replication is unknown. 
HBx expression affects various processes such as apoptosis, the cell cycle, and DNA repair. 
In the absence of HBx, viral RNA transcription from the HBV cccDNA is epigenetically 
silenced5-7. In most hepatoma derived cell lines, such as HepG2 cells, HBx expression 
stimulates HBV transcription but is not essential6,8-10. HBx can also transactivate transcription 
from other circular DNA templates11-14. The capacity to transactivate RNA transcription is 
related to the in vivo function of HBx15 and can be used to assess HBx functionality.   
For its function in vivo HBx requires an interaction with the damaged DNA binding protein 1 
(DDB1)16-23. DDB1 can form a complex with Cul4A and an E3 ring ubiquitin ligase that 
ubiquitinates substrate proteins, which are subsequently degraded by the proteasome. Various 
viral accessory proteins, such as simian immunodeficiency virus (SIV) vpx24, human 
immunodeficiency virus (HIV) vpr25, and paramyxovirus SV5-V protein26, are known to 
“hijack” this machinery by acting like a DDB1-Cul4A associated factor (DCAF) in order to 
specifically degrade a host protein that restricts viral replication. 
Reasoning that HBx may also function by inducing the degradation of a host protein that 
restricts HBV replication, we generated an eCFP-HBx fusion protein that failed to 
transactivate transcription but still interacted with previously identified HBx binding partners. 
To identify proteins degraded by HBx, we immunoprecipitated proteins interacting with this 
eCFP-HBx fusion construct in the presence and absence of HBx expression. Subtractive 
masspectrometric analysis revealed a strong reduction in the amount of talin-1 (TLN1) 
precipitating with eCFP-HBx in the presence of wildtype HBx. Subsequent analysis showed 
that TLN1 was indeed degraded by HBx and that TLN1 suppressed HBV replication by 
interfering with HBV RNA transcription.  

 

Materials and Methods 

 

Cell culture and transfection 

HEK 293 and HEK 293T cells were maintained in Dulbecco’s Modified Eagle Medium 
without HEPES (DMEM)(LONZA, Basel, Swizerland) supplemented with 10% heat 
inactivated fetal calf serum, penicillin (100 U/mL) and streptomycin (100 g/mL) (Gibco Pen 
Strep). HepG2 cells were maintained in William’s Medium E w/o L-Gln (LONZA, Basel, 
Swizerland), supplemented with 10% v/v inactivated fetal calf serum, 2 mM L-glutamin 
(LONZA, Basel, Swizerland), penicillin (100 U/mL), streptomycin (100 µg/mL) and 5 uM 
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Dexamethasone (Sigma Aldrich). HEK 293T and HepG2 cells were maintained in a 
humidified 10% CO2 incubator at 37ºC and HEK 293 cells were maintained in a humidified 
5% CO2 incubator at 37ºC. We used HEK 293 cells in the experiments in which 
transactivation of HBx was studied to prevent episomal replication of the vectors by the large 
T antigen present in HEK 293T cells. For subsequent Western blotting experiments we used 
HEK 293T cells because of their higher transfection efficiency. Twenty-four hours before 
transfection the cells were plated into 6- or 96-well culture plates. The calcium phosphate 
method was used for transfection. Briefly, plasmid DNA was diluted in 42 mM HEPES pH 
7.2 and 2.5 M CaCl2 was added to a final concentration of 0.15 M CaCl2. The DNA mixture 
was added to an equal volume of 2x HEPES buffered saline (HBS)(275 mM NaCl, 10 mM 
KCl, 1.4 mM Na2HPO4, 42 mM HEPES pH 7.2) and after a 15 minute incubation at room 
temperature the mixture was added to the cells. Cells were incubated overnight in a 
humidified 3% CO2 incubator at 37ºC and subsequently the medium was replaced. Luciferase 
activity was determined 48 hours after transfection. 

 
Expression vectors and lentiviral transduction 

The pHSV-HBx vector expressing HSV-tagged HBx was previously generated and 
described27. This vector was used to generate pHSV-HBx.R96E using targeted mutagenesis 
(QuikChange II XL Site-Directed Mutagenesis Kit, Bio connect (Agilent Technologies, Santa 
Clara, CA, USA)), according to the manufacturer’s instructions. The primer pairs used were 
HBx.R96E-Fwd (5’-CCCAAGGTCTTACATAAGGAGACTCTTGGAGTCCCAGC-3’) and 
HBx.R96E-Rev (5’-GCTGGGAGTCCAAGAGTCTCCTTATGTAAGACCTTGGG-3’). As 
a vector control, the empty pcDNA 3.1 A(-)(Invitrogen, Carlsbad, CA, USA) was used. For 
the construction of plasmids expressing the fusion protein eCFP-HBx-HSV, HBx was cloned 
by PCR from the pHSV-HBx construct using primers containing an EcoR1 restriction site in 
the forward primer and a Kpn1 restriction site in the reverse primer. The PCR product was 
cloned in-frame with eCFP in pcDNA 3.1A (-) vectors. The HBV replication assay was 
previously described in detail27. The following reagent was obtained through the NIH AIDS 
Reagent Program, Division of AIDS, NIAID, NIH: pBlue3'LTR-luc from Dr. Rienk Jeeninga 
and Dr. Ben Berkhout28,29. The PDE-Luc constructs, expressing luciferase under control of the 
human PDE8A promoters was previously described30. To generate the hEF1-Luc construct, 
expressing luciferase under control of the human elongation factor 1 promoter, the luciferase 
gene from the LTR-Luc construct was amplified using the primers FW_Luciferase_BamHI 
(5’-GATAGGATCCATGGAAGACGCCAAAAAC-3’) and REV-Luciferase-Kpn1 (5’- 
CTATGGTACCTTACACGGCGATCTTTCC-3’). The amplification product was digested 
with BamH1 and Kpn1 and ligated after the hEF1 promoter in a lentiviral vector digested 
with the same enzymes31. The TG-Luc construct bearing a luciferase reporter under control of 
the thyroglobulin promoter was a kind gift of Dr. A. Ilgun32. The R9 vector, which contains a 
1.2 x overlength HBV DNA genome (subtype adw) in a pGEM 7zf+ backbone was kindly 
provided by Dr. Baumert33,34. The R9HBx vector was previously described in27. The GFP-
TLN1 construct (Addgene plasmid 26724) was derived from Addgene and was previously 
described35. The TLN2 expressing construct was a kind gift of Dr. Iwamoto. The primers to 
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generate the luciferase reporters under control of the different HBV promoters were adapted 
from Du et al.36 to make them suitable to the HBV adw subtype. Using these primers, the 
different promoter and Enhancer I sequences were amplified by PCR from the R9 vector. The 
primers used to amplify the HBV promoters and the HBV Enhancer I sequence were: 
Corepromoter-F: 5'-CCCGAGCTCCAAGGTCTTACATAAG-3'; Corepromoter-R: 5'-
CCCAAGCTTTGGAGGCTTGAACAGT-3'; S1promoter-F: 5'-
CCCGAGCTCTGCCTTACTTTTGGAAG-3'; S1promoter-R: 5'-
CCCAAGCTTTTATATAGAATACCAGCC-3'; S2promoter-F: 5'-
CCCGAGCTCTTTGCGGGTCACCATA-3'; S2promoter-R: 5'-
CCCAAGCTTCCTGACTGCCGATTGGT-3'; Xpromoter-F: 5'-
CCCGAGCTCTGCGTGGAACCTTTGT-3'; Xpromoter-R: 5'-
CCCAAGCTTGGAAACGATGTATATT-3'; HBVEnhancer1-F: 5'-
GGGGGTACCGTATACAAGCTAAACA-3'; HBVEnhancer1-R: 5'-
CCCGAGCTCTGCGCTGATGGCCTATGG-3'. The PCR products containing the HBV 
promoters were cut with SacI and HinDIII and ligated in front of the luciferase reporter of the 
pGL3Basic vector (Promega). The constructs that also contained the HBV Enhancer I 
sequence were generated from these constructs by cloning of HBV Enhancer I containing 
PCR product cut with KpnI and SacI in the respective vectors cut with the same enzymes. All 
constructs were validated by sequencing the BigDye Terminator v1.1 Cycle Sequencing kit 
(ABI Prism, Applied Biosystems, Foster City, CA, USA), according to the manufacturer's 
protocol on a 3730xl DNA analyser (Applied Biosystems). Sequencing conditions were 5 min 
at 94 °C, 45 cycles of 15 s at 94 °C, 10 s at 50 °C, 2 min at 60 °C, and a 10 min extension at 
60 °C. The shRNAs targeting TLN1 (#1: TRCN0000123104, #2: TRCN0000123105 and #3: 
TRC0000123107) and the control shRNA (SHC001) in a pLKO.1 backbone were derived 
from the MISSION™ TRC-Hs 1.0 library (Sigma-Aldrich St. Louis, MO, USA). shRNA #1 
and control shRNA were also used to generate the VSV-G-pseudotyped lentiviruses by 
cotransfection of 1 µg of these constructs together with 0.67 µg pCMV-VSV-G, 0.47 µg 
pREV and 1.22 µg pMDL per well in a 6 well plate. 24 hours after the medium change the 
supernatant was harvested and filtered. HepG2’s were transduced in 6 well plates for 24 
hours. Subsequently the medium was changed and two days later the cells were reseeded for 
transfection experiments. 

 
Luciferase assay 

Luciferase activity was measured 48 hours after transfection by adding 25 l substrate (0.83 
mM ATP, 0.83 mM D-luciferin (Duchefa, Haarlem, The Netherlands), 18.7 mM MgCl2, 0.78 
M Na2H2P2O7, 38.9 mM Tris pH 7.8, 0.39% (v/v) glycerol, 0.03% (v/v) Triton X-100, and 
2.6 M dithiothreitol) directly to the culture medium. Luminescence was measured for 1 s per 
well using a luminometer (Berthold, Bad Wildbad, Germany). All experiments were 
performed in triplicate. The amount of DNA transfected per well was kept constant by 
cotransfection of our vector control. 
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qPCR and quantification of HBV DNA in core particles  

To assess the effect of HBx and the different shRNA constructs on PDE8A and TLN1 
mRNA, HEK 293T cells were transfected in a 6 well plate with 200 ng per well of a vector 
control or pHSV-HBx. Forty-eight hours after transfection, total RNA was purified using 
TriPure Isolation Reagent (Roche, Basel, Switzerland) according to the manufacturer’s 
instructions. cDNA was prepared using random hexameres (Invitrogen) and 200 U M-MLV 
reverse transcriptase (Promega, Madison, WI, USA) in the presence of 20 U RNAsin 
(Promega, Madison, WI, USA) according to the manufacturer’s instructions. Subsequently, 2 
µl of cDNA was used in a quantitative PCR using the SYBR Green I Master (Roche) and a 
LightCycler® 480 system (Roche). PDE8A cDNA was quantified relative to -actin cDNA 
using the primers TLN1-F: 5’- CTGGTGCAGAGCTGCAAGGC-3’ and TLN1-R: 5’ 
CACTGACTCAGCTGCATGGC 3’ for TLN1, PDE8A-1 F: 5’-CGTTTTATA-
CAGTATGCAAATCCT-3’ and PDE8A-1 R: 5’-GCTTTGACGTCTAGTGAGCC-3’ for 
PDE8A and BA-F: 5’-GGCCCAGTCCTCTCCCAAGTCCAC-3’and BA-R: 5’- 
GGTAAGCCCTGGCTGCCTCCACC-3’ for -actin. The following program was used for 
qPCR: 10 min 95ºC, followed by 50 cycles of 10 sec 95ºC, 20 sec 59ºC, 30 sec 72ºC with a 
single acquisition during the 72ºC step. The quantification of HBV DNA in core particles was 
previously described in detail27. Briefly, HBV replicating HepG2 cells were lysed in iso-
osmotic lysis buffer. After removal of cell nuclei and debris, lysates were treated with DNase 
to remove non encapsidated DNA before HBV DNA was quantified. 

 
Western blotting 

For Western blotting, proteins were immunoprecipitated proteins or cells were treated as 
indicated and subsequently dissolved in RIPA buffer (150 mM NaCl, 1% Triton X-100, 0.5% 
sodium deoxycholate, 0.1% SDS, 50 mM Tris, pH 8.0) supplemented with Complete® EDTA 
free protease inhibitor (Roche).  Immunoprecipitated proteins or treated cell lysates were 
loaded on a 10% Bis-Tris gel (NuPAGE 10% Bis–Tris precast gel) together with the Odyssey 
Protein Weight Marker (LI-COR, Lincoln, NE, USA) and separated by electrophoresis using 
MES SDS running buffer (Invitrogen). Subsequently, gel separated proteins were blotted on a 
nitrocellulose membrane (Protran, Schleicher & Schuell, Dassel, Germany; 2 hours 150V) 
using NuPAGE transfer buffer. Blots were stained overnight at 4°C in PBS (Gibco) 
supplemented with 0.1 % Tween 20 (Merck) and 5% BSA (United states biochemical corp., 
Cleveland Ohio). The following antibodies were used to visualize proteins: mouse 
monoclonal anti DDB1 (1:1000; BD transduction laboratories™); SC-1616 anti-ß-actin 
antibody (1:200; Santa Cruz Biotechnology, Santa Cruz, CA, USA); Mouse monoclonal anti-
non-muscle Myosin IIA antibody (1:1000; Abcam ab55456); mouse monoclonal anti talin-1 
(1:200, Abcam [93E12] ab104913); Rabbit monoclonal anti talin-2 antibody (1:10,000, 
Abcam ab108967). IRDye 800CW conjugated goat anti-mouse IgG or 680LT conjugated 
donkey anti rabbit (1:15,000; 926–32210, LI-COR, Lincoln, NE, USA) were used as 
secondary antibodies to visualize expression using the Odyssey infrared image system (LI-
COR).  
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Immunoprecipitation and mass spectrometry 

HEK 293 cells were seeded in 6 well plates and transfected with 1 µg of eCFP-HBx 
expressing vector per well, and cotransfected with 500 ng of empty vector or HSV-HBx 
expressing vector. 48 hours after transfection cells from three 6 well plates per condition were 
harvested by trypsin digestion, the cells were pelleted at 400 g for 10 minutes in 50 ml PBS. 
The cells were lysed in one ml of lysis buffer L (20 mM Hepes, 0.5 M NaCl, 1 mM EDTA, 
0.25% Triton X-100, 1 mM EGTA supplemented with Complete® EDTA free protease 
inhibitor (Roche). Immunoprecipitations were performed using a polyclonal antibody against 
GFP (1 µl per IP, AB290, BIO connect) and 25 µl ProtG beads (Thermo scientific). After an 
overnight incubation at 4ºC rotating, the beads were washed 4 times with IP buffer (25 mM 
Tris, 150 mM NaCl, pH 7,2) supplemented with protease inhibitor (Roche).  
Immunoprecipitated proteins were dissolved in 1x sample buffer (NuPAGE LDS loading 
buffer, Life Technologies) supplemented with 0.1 M DTT, incubated for 5 min at 95°C, 
separated on a 4%-12% NuPAGE Novex Bis-Tris gel (Life Technologies) and visualized 
using Coomassie Brilliant Blue (CBB) staining (Imperial Protein Stain, Thermo Scientific). 
Each gel lane was cut in eight slices and proteins were in-gel digested with trypsin (37). 
Peptides were loaded onto Empore-C18 StageTips38, eluted with 80% ACN, 0.5% acetic acid 
and analysed by mass spectrometry. 

 
Mass spectrometry data acquisition 

Digested peptides were loaded onto a C18 pre-column (Acclaim Pepmap100, 75 m × 2 cm, 
C18 3 m 100 Å, Thermo Scientific) and separated by a C18 analytical column (Acclaim 
Pepmap RSLC, 75 m × 15 cm, C18 2 m 100 Å, Thermo Scientific) coupled online to a 
linear trap quadrupole (LTQ)-Orbitrap XL-ETD (Thermo Scientific) via a nanoelectrospray 
ion source (Nanospray Flex Ion Source, Thermo Scientific) with a spray voltage of 2.0 kV. 
Peptides were loaded for 10 min at 4% mobile phase (80% ACN, 0.5% acetic acid) and eluted 
by increasing the mobile phase from 4-30% (10-110 min) and 30-60% (110-135 min), 
followed by a 5 minute wash to 95% and a 10 min regeneration at 4%. Full scan MS spectra 
were acquired in the Orbitrap analyser with a resolution of 60,000 at m/z 400, and a target 
value of 1,000,000 charges. The 5 most intense precursor ions in the full scan with a charge 
state of 2+ or higher were selected for collision-induced dissociation (CID) using an isolation 
width of 2 Da, a 30% normalized collision energy and an activation time of 30 ms. CID 
spectra were acquired in the linear ion trap. All data were acquired with Xcalibur software. 

 
Mass spectrometry data analysis 

The RAW MS files were analysed using the MaxQuant computational platform, version 
1.3.6.039 and Proteome Discoverer 1.4 software (Thermo Scientific). For Maxquant analysis, 
proteins and peptides were identified using the Andromeda search engine by querying the 
human Uniprot database (release-2012 01, 81,213 entries)40 enabling the ‘match between run’ 
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qPCR and quantification of HBV DNA in core particles  

To assess the effect of HBx and the different shRNA constructs on PDE8A and TLN1 
mRNA, HEK 293T cells were transfected in a 6 well plate with 200 ng per well of a vector 
control or pHSV-HBx. Forty-eight hours after transfection, total RNA was purified using 
TriPure Isolation Reagent (Roche, Basel, Switzerland) according to the manufacturer’s 
instructions. cDNA was prepared using random hexameres (Invitrogen) and 200 U M-MLV 
reverse transcriptase (Promega, Madison, WI, USA) in the presence of 20 U RNAsin 
(Promega, Madison, WI, USA) according to the manufacturer’s instructions. Subsequently, 2 
µl of cDNA was used in a quantitative PCR using the SYBR Green I Master (Roche) and a 
LightCycler® 480 system (Roche). PDE8A cDNA was quantified relative to -actin cDNA 
using the primers TLN1-F: 5’- CTGGTGCAGAGCTGCAAGGC-3’ and TLN1-R: 5’ 
CACTGACTCAGCTGCATGGC 3’ for TLN1, PDE8A-1 F: 5’-CGTTTTATA-
CAGTATGCAAATCCT-3’ and PDE8A-1 R: 5’-GCTTTGACGTCTAGTGAGCC-3’ for 
PDE8A and BA-F: 5’-GGCCCAGTCCTCTCCCAAGTCCAC-3’and BA-R: 5’- 
GGTAAGCCCTGGCTGCCTCCACC-3’ for -actin. The following program was used for 
qPCR: 10 min 95ºC, followed by 50 cycles of 10 sec 95ºC, 20 sec 59ºC, 30 sec 72ºC with a 
single acquisition during the 72ºC step. The quantification of HBV DNA in core particles was 
previously described in detail27. Briefly, HBV replicating HepG2 cells were lysed in iso-
osmotic lysis buffer. After removal of cell nuclei and debris, lysates were treated with DNase 
to remove non encapsidated DNA before HBV DNA was quantified. 

 
Western blotting 

For Western blotting, proteins were immunoprecipitated proteins or cells were treated as 
indicated and subsequently dissolved in RIPA buffer (150 mM NaCl, 1% Triton X-100, 0.5% 
sodium deoxycholate, 0.1% SDS, 50 mM Tris, pH 8.0) supplemented with Complete® EDTA 
free protease inhibitor (Roche).  Immunoprecipitated proteins or treated cell lysates were 
loaded on a 10% Bis-Tris gel (NuPAGE 10% Bis–Tris precast gel) together with the Odyssey 
Protein Weight Marker (LI-COR, Lincoln, NE, USA) and separated by electrophoresis using 
MES SDS running buffer (Invitrogen). Subsequently, gel separated proteins were blotted on a 
nitrocellulose membrane (Protran, Schleicher & Schuell, Dassel, Germany; 2 hours 150V) 
using NuPAGE transfer buffer. Blots were stained overnight at 4°C in PBS (Gibco) 
supplemented with 0.1 % Tween 20 (Merck) and 5% BSA (United states biochemical corp., 
Cleveland Ohio). The following antibodies were used to visualize proteins: mouse 
monoclonal anti DDB1 (1:1000; BD transduction laboratories™); SC-1616 anti-ß-actin 
antibody (1:200; Santa Cruz Biotechnology, Santa Cruz, CA, USA); Mouse monoclonal anti-
non-muscle Myosin IIA antibody (1:1000; Abcam ab55456); mouse monoclonal anti talin-1 
(1:200, Abcam [93E12] ab104913); Rabbit monoclonal anti talin-2 antibody (1:10,000, 
Abcam ab108967). IRDye 800CW conjugated goat anti-mouse IgG or 680LT conjugated 
donkey anti rabbit (1:15,000; 926–32210, LI-COR, Lincoln, NE, USA) were used as 
secondary antibodies to visualize expression using the Odyssey infrared image system (LI-
COR).  
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Immunoprecipitation and mass spectrometry 
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state of 2+ or higher were selected for collision-induced dissociation (CID) using an isolation 
width of 2 Da, a 30% normalized collision energy and an activation time of 30 ms. CID 
spectra were acquired in the linear ion trap. All data were acquired with Xcalibur software. 

 
Mass spectrometry data analysis 

The RAW MS files were analysed using the MaxQuant computational platform, version 
1.3.6.039 and Proteome Discoverer 1.4 software (Thermo Scientific). For Maxquant analysis, 
proteins and peptides were identified using the Andromeda search engine by querying the 
human Uniprot database (release-2012 01, 81,213 entries)40 enabling the ‘match between run’ 

HBx induces TLN1 degradation 103



104 
 

option. To search for precursor and fragment ions, an initial maximal mass deviation of 20 
ppm and 0.5 Da, respectively, was required. Trypsin with full enzyme specificity and only 
peptides with a minimum length of 7 amino acids were selected. A maximum of two missed 
cleavages was allowed. Carbamidomethylation (Cys) was set as fixed modification, while 
Oxidation (Met) and N-acetylation as variable modifications. For protein and peptide 
identification, we required a maximum false discovery rate (FDR) of 1%. Reverse and 
contaminant hits were eliminated from the output files. For Proteome Discoverer analysis, 
peptides were identified using the SEQUEST HT search algorithm by querying the human 
Uniprot database uniprot-organism-9609-AND-keyword-kw-0181.fasta. In the SEQUEST HT 
search a precursor mass tolerance of 10 ppm was allowed. Fragment mass tolerance was 0.6 
Da. Trypsin with full enzyme specificity and only peptides with a minimum length of 7 amino 
acids were selected. A maximum of two missed cleavages was allowed. 
Carbamidomethylation (Cys) was set as fixed modification, while Oxidation (Met) and N-
acetylation as variable modifications. Peptide spectral matches (PSM) were validated using 
percolator based on q-values at a 1% FDR. With Proteome Discoverer, peptide identifications 
were grouped into proteins according to the law of parsimony and filtered to 1% FDR. 

 
Software and statistics  

Data from luciferase experiments and qPCR analysis were analysed using GrapPad Prism 
5.01 (GraphPad Software, La Jolla, CA, USA). Significance of differences in luciferase 
activity and mRNA expression were determined by two-sided T testing.  
 
 

Results  

 

HBx transactivates transcription by inducing the degradation of a host protein 

Although HBx expression is essential for in vivo HBV replication, the virus can replicate in 
HepG2 cells in the absence of HBx1-4,6,8-10. We induced HBV replication in HepG2 cells by 
transfection with the R9HBx vector, which contains a 1.2 x overlength head-to-tail HBV 
genome lacking functional HBx expression. The absence of HBx resulted in lower viral 
replication as compared to wild type R9 HBV. HBV replication could be restored by 
cotransfection of a construct expressing HBx, showing that HBx protein expression augments 
viral replication in this in vitro model (Fig. 1A). It has been described that HBx can act as a 
broad transactivator in vitro, and that the capacity to transactivate is related to its in vivo 
function15. To investigate under which conditions HBx can transactivate transcription in HEK 
293 cells, we transfected HEK 293 cells with luciferase reporters. Cotransfection of an HBx 
expressing construct markedly increased the transcriptional activity of luciferase reporters 
under control of the endogenous HBV promoters (Fig. 1B) and several unrelated promoters 
(Fig. 1C). Transactivation by HBx did not depend on the promoters’ basal activity (S1A Fig.) 
or the presence of HBV enhancer 1 (S1B Fig.), and maximum transactivation was already 
reached by the lowest HBx concentration tested (S1C-E Figs.). HBx was able to interact with 
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DDB1 in HEK 293 cells (Fig. 1D). The well described HBx.R96E mutant, which does not 
interact with DDB1, failed to transactivate luciferase reporters in HEK 293 cells (Fig. 1b 
S1B-E Figs.). HBx also failed to transactivate promoters in the presence of proteasome 
inhibitor MG132, indicating that proteasomal degradation is required for transactivation by 
HBx (Fig. 1E). While HBx efficiently transactivated a phosphodiesterase 8A (PDE8A) 
promoter driven luciferase reporter (Fig. 1C), PDE8A mRNA transcription from the 
chromosomal promoter was not affected by HBx (Fig. 1F). These findings indicate that the 
transcriptional transactivation by HBx in HEK 293 cells involves the proteasomal degradation 
of a host protein.  
 

  

 
Figure 1. HBx transactivates transcription by inducing proteasomal degradation of a host 

protein. (A) HBV replication was initiated in HepG2 cells by transfection of a construct containing a 
1.2 fold overlength HBV genome that initiates the full HBV replication cycle. The replication of a 
mutant lacking HBx was impaired but could be rescued by cotransfection of a construct that expresses 
HBx. (B,C) Activity of luciferase reporter constructs, cotransfected with plasmids expressing HBx or 
the HBx.R96E mutant that does not interact with DDB1, into HEK 293 cells 48 hours after 
transfection. The luciferase reporters were under control of the hepatitis B core (c), X (x), S1 (S1) and 
S2 (S2) promoters, or the HIV-1 LTR (LTR), the human elongation factor 1 (hEF1), the 
phosphodiesterase 8A (PDE8A), or thyroglobulin (TG) promoters. (D) eCFP-HBx was expressed in 
HEK 293-T cells and lysates were immunoprecipitated with anti GFP. A Western blot of SDS-page 
separated proteins was stained with anti-DDB1, showing that in these cells HBx interacts with DDB1. 
(E) Activity of the HBV core promoter 48 hours after cotransfection with HBx in the absence and 
presence of proteasome inhibitor MG132, showing that transactivation by HBx critically depends on 
proteasomal degradation. (F) mRNA production from the chromosomal PDE8A promoter in the 
absence and presence of HBx reveals that transactivation by HBx is specific for extrachromosomal 
templates. *: P<.05, **: P<.01, ***: P<0.001 
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293 cells, we transfected HEK 293 cells with luciferase reporters. Cotransfection of an HBx 
expressing construct markedly increased the transcriptional activity of luciferase reporters 
under control of the endogenous HBV promoters (Fig. 1B) and several unrelated promoters 
(Fig. 1C). Transactivation by HBx did not depend on the promoters’ basal activity (S1A Fig.) 
or the presence of HBV enhancer 1 (S1B Fig.), and maximum transactivation was already 
reached by the lowest HBx concentration tested (S1C-E Figs.). HBx was able to interact with 

105 
 

DDB1 in HEK 293 cells (Fig. 1D). The well described HBx.R96E mutant, which does not 
interact with DDB1, failed to transactivate luciferase reporters in HEK 293 cells (Fig. 1b 
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HBx induces the degradation of talin-1  

To identify the host protein that is degraded upon interaction with HBx, we employed 
immunoprecipitation using an HBx - enhanced Cyan Fluorescent Protein fusion protein 
(eCFP-HBx). We noticed that while this eCFP-HBx construct could still co-precipitate the 
HBx interacting protein DDB1(Fig. 1D), it failed to transactivate transcription in HEK 293 
cells (data not shown). As eCFP is large as compared to HBx, we speculate that the eCFP-
HBx fusion protein would still interact with the protein targeted for degradation, but that 
steric hindrance of the GFP protein may prevent the formation of the HBx-DDB1-Cul4 
complex required to induce its proteasomal degradation. To identify the host protein that is 
specifically degraded by wild type HBx, eCFP-HBx was expressed in HEK 293 cells in the 
presence and absence of wild type HBx. Cells were lysed and eCFP-HBx co-precipitating 
proteins were separated by SDS-page and visualized by colloidal blue staining, but we did not 
observe an eCFP-HBx interacting protein that was specifically degraded in the HEK 293 cells 
expressing wild type HBx (Fig. 2A). Next, we analysed all proteins that precipitated with 
eCFP-HBx using mass spectrometry. Peptides from 2376 (MaxQuant analysis, S1 Table) and 
2885 (Proteome Discoverer analysis, S2 Table) proteins were identified. From the identified 
proteins heat shock 70 kDa protein 1A/1B (HSP1A/HSP1B), which was previously described 
to interact with HBx41, was the protein most abundantly co-precipitated with eCFP-HBx in 
both conditions (S2A Fig.), showing that eCFP-HBx indeed has not lost the capacity to 
interact with previously described HBx interacting proteins. We observed that for several 
proteins the number of identified peptides was enriched in the immunoprecipitation in the 
absence of wild type HBx (Fig. 2B and S2B Fig.). This suggested that these proteins are 
possible targets for HBx-DDB1 mediated degradation. The three proteins that were most 
enriched in the absence of wild type HBx and for which more than 10 unique peptides were 
detected, were selected for further analysis: myosin heavy chain 9 (MYH9), talin-1 (TLN1) 
and elongation factor Tu, mitochondrial (TUFM).  
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Figure 2. HBx induces proteasomal degradation of talin-1. (A) HEK 293 cells were transfected 
with eCFP-HBx (left), or eCFP-HBx + wild type HBx and lysed 48 hours post transfection. eCFP-
HBx was immune precipitated and interacting proteins were separated by SDS-page and visualized 
using colloidal blue staining. (B) Scatter plots of the ratio  of the number of unique peptides in the 
immunoprecipitation in the absence/presence of HBx as a function of the number of unique peptides in 
the immunopreciptitation in the presence of HBx, based on MaxQuant analysis of mass spectrometry 
data. (C) Western blot analysis of lysates of HEK 293T cells stained with antibodies against the 
indicated proteins. HBx expression resulted in degradation of TLN1 but did not affect MYH9 or 
TUFM expression. (D) HBx expression induced TLN1 degradation in a dose-dependent matter. (E) 
HEK 293-T cells were transfected with constructs expressing either HBx or a short hairpin RNA 
(shRNA) against TLN1. While HBx expression did not affect TLN1 mRNA production, expression of 
the shRNA against TLN1 resulted in mRNA degradation. (F) Western blot analysis of lysates of HEK 
293T cells stained with antibodies against the indicated proteins. HBx-mediated degradation could be 
prevented by adding proteasome inhibitor MG132. The HBX.R96E mutant did not affect TLN1 levels.  
 
We observed that wild type HBx expression in HEK 293T cells did not induce the 
degradation of MYH9 or TUFM, indicating that wild type HBx efficiently competed with 
eCFP-HBx for binding to MYH9 and TUFM, but that wild type HBx did not induce their 
proteasomal degradation (Fig. 2C). When we expressed HBx in HEK 293T cells, we observed 
a marked reduction in TLN1 protein levels (Fig. 2C). Further research indicated that HBx 
induced TLN1 degradation in a dose-dependent manner (Fig. 2D), without affecting the 
TLN1 mRNA expression levels (Fig. 2E). Expression of the HBx.R96E mutant did not affect 
TLN1 levels and addition of proteasome inhibitor MG132 prevented HBx-mediated TLN1 
degradation (Fig. 2F), confirming that HBx needs to interact with DDB1 to induce 
proteasomal degradation of TLN1. In addition, the levels of talin-2 (TLN2), which is highly 
homologous to TLN1 (74% amino acid sequence identity), were not affected by HBx 
expression (S3A Fig.). 

 
Talin-1 suppresses HBV replication by interfering with RNA transcription 

Next, we analysed whether TLN1 is indeed the host protein restricting the transcription from 
our luciferase reporters in HEK 293 cells. To reduce TLN1 protein levels, HEK 293 cells 
were transfected with plasmids expressing shRNAs targeting TLN1. shRNA expression 
induced a strong reduction of TLN1 mRNA (Fig. 2E) and protein levels (Fig. 3A) 48 hours 
post transfection. Like HBx expression, shRNA mediated reduction of TLN1 levels markedly 
increased transcription from luciferase reporters under control of the HBV core- (Fig. 3B), 
HBV X- and human PDE8A promoters (S3B and C Figs.). Conversely, overexpression of a 
GFP-TLN1 fusion construct prevented HBx mediated transactivation of luciferase reporters 
under control of the HBV core (Fig. 3C), and human PDE8A promoters (S3D Fig.) in a dose 
dependent manner. This effect was highly specific for HBx expression, as GFP-TLN1 
overexpression did not affect transcription from these reporters in the absence of HBx. In 
contrast, overexpression of TLN2 did not affect HBx-mediated transactivation of a luciferase 
reporter under control of the HBV core promoter (Fig. 3D). To assess the effect of TLN1 on 
the full HBV replication cycle, we generated a lentiviral vector to express TLN1 shRNA #1. 
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the shRNA against TLN1 resulted in mRNA degradation. (F) Western blot analysis of lysates of HEK 
293T cells stained with antibodies against the indicated proteins. HBx-mediated degradation could be 
prevented by adding proteasome inhibitor MG132. The HBX.R96E mutant did not affect TLN1 levels.  
 
We observed that wild type HBx expression in HEK 293T cells did not induce the 
degradation of MYH9 or TUFM, indicating that wild type HBx efficiently competed with 
eCFP-HBx for binding to MYH9 and TUFM, but that wild type HBx did not induce their 
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a marked reduction in TLN1 protein levels (Fig. 2C). Further research indicated that HBx 
induced TLN1 degradation in a dose-dependent manner (Fig. 2D), without affecting the 
TLN1 mRNA expression levels (Fig. 2E). Expression of the HBx.R96E mutant did not affect 
TLN1 levels and addition of proteasome inhibitor MG132 prevented HBx-mediated TLN1 
degradation (Fig. 2F), confirming that HBx needs to interact with DDB1 to induce 
proteasomal degradation of TLN1. In addition, the levels of talin-2 (TLN2), which is highly 
homologous to TLN1 (74% amino acid sequence identity), were not affected by HBx 
expression (S3A Fig.). 

 
Talin-1 suppresses HBV replication by interfering with RNA transcription 

Next, we analysed whether TLN1 is indeed the host protein restricting the transcription from 
our luciferase reporters in HEK 293 cells. To reduce TLN1 protein levels, HEK 293 cells 
were transfected with plasmids expressing shRNAs targeting TLN1. shRNA expression 
induced a strong reduction of TLN1 mRNA (Fig. 2E) and protein levels (Fig. 3A) 48 hours 
post transfection. Like HBx expression, shRNA mediated reduction of TLN1 levels markedly 
increased transcription from luciferase reporters under control of the HBV core- (Fig. 3B), 
HBV X- and human PDE8A promoters (S3B and C Figs.). Conversely, overexpression of a 
GFP-TLN1 fusion construct prevented HBx mediated transactivation of luciferase reporters 
under control of the HBV core (Fig. 3C), and human PDE8A promoters (S3D Fig.) in a dose 
dependent manner. This effect was highly specific for HBx expression, as GFP-TLN1 
overexpression did not affect transcription from these reporters in the absence of HBx. In 
contrast, overexpression of TLN2 did not affect HBx-mediated transactivation of a luciferase 
reporter under control of the HBV core promoter (Fig. 3D). To assess the effect of TLN1 on 
the full HBV replication cycle, we generated a lentiviral vector to express TLN1 shRNA #1. 
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HepG2 cells were transduced with this lentiviral vector, resulting in a decrease in TLN1 
mRNA (S3E Fig.). Upon induction of HBV replication by transfection with the R9HBx 
vector, the TLN1 knockdown cells produced five-fold more HBV DNA in core particles (Fig. 
3E). Replication of HBV in the presence of functional HBx also increased in the TLN1 
knockdown cell-line, indicating that the low level of HBx produced by the wild type virus 
accounts for restricted TLN1 degradation, enough to support HBV replication. In TLN1 
knockdown cells, HBx was unable to augment HBV replication, showing that TLN1 
degradation is essential and sufficient for the function of HBx.  
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Discussion  
 
Expression of the HBV accessory protein X is required for in vivo HBV replication. HBx 
interacts with DDB1, a host protein often “hijacked” by viral accessory proteins to induce the 
degradation of a host protein that interferes with viral replication16-23. We observed that in 
HEK 293 cells, HBx-mediated transcriptional transactivation required interaction with DDB1 
and proteasomal degradation. By applying subtractive mass spectrometry, we identified TLN1 
as an HBx interacting protein that is degraded in the presence of HBx in these cells. 
Disruption of TLN1 levels by shRNA-mediated knockdown or by HBx expression enhanced 
transcription driven by viral and non-viral promoters. HBx-transactivated transcription could 
be restored to basal levels by overexpression of (GFP-)TLN1. In the absence of HBx, 
transcription was not affected by similar levels of TLN1 overexpression. In HepG2 cells, 
TLN1 knockdown stimulated HBV replication and prevented HBx from further augmenting 
viral replication. These data demonstrate that HBx-mediated TLN1 degradation is a crucial 
factor in the regulation of HBV RNA transcription (Fig. 3F).   
 

 
Figure 3. Talin-1 interferes with HBV replication by suppressing RNA transcription. (A) 
Western blot of lysates of HEK 293-T cells 48 hours after transfection with plasmids expressing 
shRNAs against TLN1, showing that all shRNAs against TLN1 reduce TLN1 protein level. (B) HEK 
293 cells were transfected with a luciferase reporter under control of the HBV core promoter, and 
cotransfected with the plasmids expressing shRNAs against TLN1, showing that TLN1 knockdown 
efficiently transactivates transcription. (C) Cotransfection of a vector expressing a biologically active 
GFP-TLN1 fusion protein with a luciferase reporter under control of the HBV core promoter 
prevented transactivation by HBx in a dose dependent manner. (D) Activity of a luciferase reporter 
under control of the HBV Core promoter 48 hours after cotransfection with a construct expressing 
TLN2. TLN2 overexpression did not affect transactivation by HBx. (E) HepG2 cells were transduced 
with a lentivirus expressing the shRNA against TLN1. HBV replication was initiated by transfection 
of the 1.2x overlenght HBV containing R9 vector or its mutant (R9HBx) lacking HBx expression. 
HBV DNA in core particles in the cytoplasm of the cells was analyzed 7 days post transfection. (F) 
Schematic representation of HBx function. *: P<.05, **: P<.01, ***: P<0.001 
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TLN1 links the cytoplasmic domain of  integrins to the actin cytoskeleton and is involved in 
the formation of focal adhesions42,43. Like HBx, TLN1 has been involved in a broad range of 
processes such as cell viability and apoptosis, proliferation, migration, signal transduction and 
transcription. In the cytoplasm, TLN1 forms a compact, autoinhibiting heterodimer that 
shields of the active domains44. Upon activation and monomerisation, TLN1 links the 
cytoplasmic domain of  integrins to the actin cytoskeleton, a fundamental process in the 
formation of focal adhesions42,43,45. Notably, it has been observed that HBx expression 
disrupts the formation of focal adhesions46,47 and modulates the activity of the associated focal 
adhesion kinase48.  

Several findings suggest that TLN1 can affect transcription, albeit the mechanism has not 
been defined in detail. In drosophila, TLN1 strongly suppresses the DE-cadherin and shotgun 
promoters49. Interestingly, it was suggested in a comment that “Because talin has not been 
detected in the nucleus, it may affect transcription by sequestering a transcription factor in the 
cytoplasm”50. In line with this suggestion, interactions at the cell membrane seem 
fundamentally involved in transcriptional regulation51 and can have a profound effect on 
transcriptional regulation52. The involvement of TLN1 in HBV replication suggests that the 
lack of these interactions in vitro may contribute to the large difference between the effects of 
HBx expression on HBV replication in vitro and in vivo

8.  

Chronic infection with HBV is the mayor etiological agent associated with hepatocellular 
carcinoma (HCC), and various lines of evidence suggest that HBx is involved in oncogenic 
transformation. In HCC, HBx is frequently expressed from chromosomally integrated HBV 
DNA fragments53, and transgenic mice expressing HBx in their livers spontaneously develop 
HCC54,55. TLN1 is frequently overexpressed in various types of cancer and serum TLN1 
levels have been associated with HCC progression. TLN1 expression correlates with HCC 
dedifferentiation56. Notably, HBV replication is inversely correlated to the hepatocyte 
differentiation state57. Possibly, TLN1 mediated suppression of HBV replication involves 
integrin signaling, as genetic polymorphisms in the integrin v gene are associated with HBV 
chronicity and HCC58.  

TLN1 has previously been implicated to play a role in the replication of other viruses. TLN1 
suppresses the replication of retroviruses, although the inhibition is not related to viral 
transcription59. The human cytomegalovirus protein pUL135 was shown to interact with 
TLN1 and to disrupt the interaction between infected cells and the extracellular matrix60. In 
leukocytes, TLN1 is critically involved in the initiation of adaptive immune responses by 
activating integrins following cytokine-61 or T cell receptor stimulation62,63.  
Here, we identified TLN1 as a viral restriction factor that suppresses HBV replication by 
interfering with viral RNA transcription. HBx relieves this restriction by inducing TLN1 
degradation. Knowledge of this mechanism may aid the development of antivirals that 
interfere with HBx and suppress HBV RNA transcription. Such antivirals may complement 
existing treatments by suppressing the ongoing viral antigen production in chronically 
infected patients.
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Supplementary Materials 

 

 
Figure S1. Transcriptional transactivation by HBx. (A) Basal activity of luciferase reporters under 
control of the HBV promoters in vectors in the absence and presence of the HBV Enhancer I 48 hours 
after transfection in HEK 293 cells. (B) Activity of the different HBV promoters in presence Enhancer 
I 48 hours after cotransfection with HBx or HBx.R96E expressing constructs. (C-E) Activity of the 
luciferase reporters under control of the HIV-1 LTR (LTR), the human elongation factor 1 (hEF1) 
or the phosphodiesterase 8A (PDE8A) promoters respectively 48 hours after cotransfection with HBx 
or HBx R96E expressing constructs in HEK 293 cells. **: P<.01, ***: P<0.001 

 
 

 
Figure S2. Peptide spectral matches of HBx interacting proteins. (A,B) The number of peptide 
spectral matches identified in the immunoprecipitation in the absence of wild type HBx is plotted 
versus the number of peptide spectral matches in the immunoprecipitation in the presence of wild type 
HBx based on Proteome Discoverer analysis of mass spectrometry data.  
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Figure S3. Talin-1 suppresses transcription and is specifically degraded in the presence of HBx (A) 
Western blot analysis of TLN2, showing TLN2 levels were not affected by HBx expression. (B,C) 

HEK 293 cells were transfected with luciferase reporters under control of the HBV X- and human 
PDE8A promoters, and cotransfected with the plasmids expressing shRNAs against TLN1, showing 
that TLN1 knockdown efficiently transactivates transcription. (D) Cotransfection of a vector 
expressing a biologically active GFP-TLN1 fusion protein with a luciferase reporter under control of 
the HBV X promoter prevented transactivation by HBx in a dose dependent manner. (E) TLN1 
mRNA in HepG2 cells 48 hours after transduction with the lentivirus expressing shRNA against 
TLN1. 

 

 

Supplementary Table legends 
 

Table S1. Protein groups identified in the immunoprecipitation experiments based on mass 
spectrometry data analyzed by MaxQuant.  
 
Table S2. Protein groups identified in the immunoprecipitation experiments based on mass 
spectrometry data analyzed by Proteome Discoverer. 
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Abstract 

 

In the treatment of chronic hepatitis B virus (HBV) infection, polymerase inhibitors 

successfully suppress HBV DNA production. However, the production of viral proteins 

continues unhindered, which hampers viral clearance. Here, we screen for compounds that 

suppress HBV transcription, which would prevent viral protein production. 640 FDA-

approved drugs were evaluated for their ability to inhibit HBV transcription in a transfection-

based HBV reporter assay. The assay was performed in the presence and absence of the HBV 

accessory protein X (HBx), which is essential for in vivo HBV RNA transcription. We 

observed that in the absence of HBx 47, and in the presence of HBx 24 compounds 

suppressed transcription by more than 20%. We selected the 24 most potent compounds in 

each condition for further analysis. On average, the selected compounds reduced transcription 

by 33.9% (Range: 24.1%-65.8%) in the absence of HBx expression, and 30.6% (Range: 

20.4%-48.9%) in the presence of HBx. The two selections of 24 compounds had 12 

compounds in common, resulting in a final selection of 36 compounds, which were evaluated 

for their capacity to suppress HBV replication in constitutively HBV replicating HepG2.2.15 

cells. Twenty-three of these compounds reduced HBV replication by interfering with RNA 

transcription. Further analysis revealed that one of the compounds, terbinafine, potently and 

specifically suppressed HBx-mediated HBV RNA transcription in HepG2 cells. Inhibition of 

HBV protein production is a promising step towards HBV clearance. In combination with an 

HBV polymerase inhibitor, the added suppression of HBV RNA transcription may markedly 

improve antiviral treatment outcome. 









Introduction 

 

After acute infection with hepatitis B virus (HBV), most adults clear the infection, while the 

majority of children develop chronic HBV infection (CHB). Although HBV vaccination has 

greatly reduced HBV incidence in many areas, worldwide the number of people with CHB 

still increased from an estimated 223 million people in 1990 to 240 million in 2005
1
. 

Consequently, CHB is still a major healthcare problem that is responsible for more than 

780.000 deaths annually. 

HBV infects human hepatocytes. After cellular entry, the viral DNA genome is released into 

the nucleus where it is processed by host proteins into fully double stranded covalently closed 

circular DNA (cccDNA). HBV pregenomic RNA (pgRNA) is packaged into core particles 

together with the viral polymerase, which reversely transcribes the pgRNA into a partially 

double stranded viral DNA genome. The core particles are enveloped and secreted, but can 

also be shuttled back to the nucleus to increase the cccDNA pool. Beside mature virus, HBV 

infected hepatocytes excrete large amounts of the viral surface protein (HBsAg), and often 

also of the HBV e-antigen (HBeAg). The presence of these antigens has been linked to failure 

to develop a successful immune response
2,3

. In natural infection, partial immunological 

control of HBV replication correlates with the disappearance of HBeAg, and a reduction of 

serum HBV DNA levels. At a very low rate, concomitant with the appearance of functional 

HBV-specific CD8+ T cells, CHB patients clear all markers of viral replication
4
. 

Currently the therapeutic options for CHB are long-term treatment with the nucleotide 

analogues entecavir or tenofovir; or a course of pegylated interferon α (PegIFNα)
5-8

. 

Nucleotide analogues block the conversion of the pgRNA into DNA, preventing the 

production of infectious mature virus and the production of new cccDNA. Nucleotide 

analogues do not affect the production of viral antigens. PegIFNα activates innate immune 

pathways that interfere with viral replication. In some experimental systems interferon 

partially suppresses HBV transcription
9,10

, but in CHB patients PegIFNα treatment does not 

prevent viral protein production.  

HBV encodes one accessory protein called X (HBx) that is essential for HBV replication in 

vivo. In the absence of HBx, the HBV cccDNA is epigenetically inactivated, eventually 

completely preventing HBV RNA transcription. It is unknown how HBx affects HBV 

transcription. In animal models, HBx-deficient HBV replicates poorly
11

 or not at all
12-14

, and 

shRNA-mediated knockdown of HBx can potently suppress viral replication even after HBV 

infection is established
15

.  

Here, we investigate whether the pathways modulated by HBx are targets for therapeutic 

intervention. We use a semi high-throughput, transfection-based in vitro HBV transcription 

assay to screen the 640 compounds in ENZO’s FDA approved drug library for compounds 

that suppress HBV transcription. The screen identified 36 HBV transcription inhibitors, of 

which the majority indeed suppressed HBV replication in hepatoma derived HepG2.2.15 
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cells. One HBV transcription inhibitor specifically suppressed HBx mediated transcriptional 

transactivation, suggesting functional interference. Application of the compounds identified in 

this study for treatment of CHB may improve antiviral therapy outcome by specific 

interference with the viral protein production, which is not affected by HBV polymerase 

inhibitors.  

 

Materials and Methods 

 

Cell culture and transfection 

HEK 293 cells were maintained in Dulbecco’s Modified Eagle Medium without HEPES 

(DMEM)(LONZA, Basel, Swizerland) supplemented with 10% heat inactivated fetal calf 

serum, penicillin (100 U/mL) and streptomycin (100 g/mL) (Gibco Pen Strep) in a 

humidified 5% CO2 incubator at 37ºC. HepG2  and HepG2.2.15 cells were maintained in 

William’s Medium E w/o L-Gln (LONZA, Basel, Swizerland), supplemented with 10% v/v 

inactivated fetal calf serum, 2 mM L-glutamin (LONZA, Basel, Swizerland), penicillin (100 

U/mL), streptomycin (100 µg/mL) and 5 uM Dexamethasone (Sigma Aldrich). HepG2 cells 

were maintained in a humidified 10% CO2 incubator at 37°C, and HepG2.2.15 cells were 

maintained in a humidified 5% CO2 incubator at 37°C. Twenty-four hours before transfection 

the cells were plated into 96-well (HEK 293), 24 well (HepG2.2.15) or 6-well (HepG2) 

culture plates. The calcium phosphate method was used for transfection. Briefly, plasmid 

DNA was diluted in 42 mM HEPES pH 7.2 and 2.5 M CaCl2 was added to a final 

concentration of 0.15 M CaCl2. The DNA mixture was added to an equal volume of 2x 

HEPES buffered saline (HBS)(275 mM NaCl, 10 mM KCl, 1.4 mM Na2HPO4, 42 mM 

HEPES pH 7.2) and after a 15 minute incubation at room temperature the mixture was added 

to the cells. Cells were incubated overnight in a humidified 3% CO2 incubator at 37ºC and 

subsequently the medium was replaced and compounds were added. The amount of DNA 

transfected per well was kept constant by cotransfection of our vector control. 

 

Expression vectors 

The pHSV-HBx vector expressing HSV-tagged HBx was previously generated and was 

previously described
16

. The R9 vector, which contains a 1.2 x overlength HBV DNA genome 

(subtype adw) in a pGEM 7zf+ backbone, was kindly provided by Dr. Baumert
17,18

. To create 

an R9 vector lacking HBx expression (R9X), the Glu97STOP and Met103Arg 

mutations were introduced by site directed mutagenesis as described previously 
16,17

. The 

primers to generate the luciferase reporters under control of the HBV core promoter were 

adapted from Du et al.
19

 to make them suitable to the HBV adw subtype and were as follows: 

Corepromoter-F: 5'-CCCGAGCTCCAAGGTCTTACATAAG-3'; Corepromoter-R: 5'-

CCCAAGCTTTGGAGGCTTGAACAGT-3'. Using these primers, the HBV core promoter 

was amplified by PCR from the R9 vector. The PCR product containing the HBV core 









promoter was cut with SacI and HinDIII and ligated in front of the luciferase reporter of the 

pGL3Basic vector (Promega). As a vector control, the empty pcDNA 3.1 A(-)(Invitrogen) 

was used. All constructs were validated by BDT sequencing. 

 

Compounds and screening assay 

The 640 compounds in the Screen-Well FDA approved Drug Library (BML-2841 v.1.5, Enzo 

Life Sciences) were screened for their effect on HBV transcription. The compounds were 

supplied in 96 well plates, each plate containing 80 compounds at a concentration of 2 mg/ml 

in DMSO. For each plate that was screened, one 96 well plate was seeded with HEK 293 cells 

and after 24 hours transfected with pCore-Luc alone or pCore-Luc and pHSV-HBx and 

subsequently treated with compounds at a final concentration of 20 g/ml and 1% DMSO. 

The remaining 16 wells were also transfected and treated with vehicle (DMSO) to serve as 

controls. To assess the relative effect of compounds on luciferase transcription, luciferase 

activity was normalized as a percentage of the row average. For further characterization, 

terbinafine and physostigmine sulfate were purchased from Sigma-Aldrich (St. Louis, MO, 

USA). 

 

Cell viability 

Cell viability was assessed by MTT assay. Thiazolyl Blue Tetrazolium Blue (MTT) was 

purchased from Sigma-Aldrich (St. Louis, MO, USA). After 24 hour incubation with 

compounds, MTT was added to a final concentration of 0.5 mg/ml and cells were incubated 

for another 3 hours in a humidified 5% CO2 incubator at 37ºC. Next, medium was aspirated, 

100 µl DMSO was added and absorbance was read out at 580 nm. Background was 

determined by measuring absorption at 655 nm and subtracted from the measurement at 580 

nm. The effect of compounds on HepG2 and HepG2.2.15 cell viability was assessed by 

microscopy. After 6 days of culture in absence of compounds, confluence reached 95-100%. 

When in presence of a compound confluence was below 80%, that compound was excluded 

(indicated in Table 1). Compounds that reduced confluence to below 95% were designated as 

causing mild (cellular growth inhibition 0-15%) and are indicated Table 1. 

 

Luciferase assay 

Luciferase activity was measured 24 hours after adding compounds by adding 25 l substrate 

(0.83 mM ATP, 0.83 mM D-luciferin (Duchefa, Haarlem, The Netherlands), 18.7 mM 

MgCl2, 0.78 M Na2H2P2O7, 38.9 mM Tris pH 7.8, 0.39% (v/v) glycerol, 0.03% (v/v) 

Triton X-100, and 2.6 M dithiothreitol) directly to the culture medium. Luminescence was 

measured for 1 s per well using a luminometer (Berthold, Bad Wildbad, Germany).  
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Expression vectors 

The pHSV-HBx vector expressing HSV-tagged HBx was previously generated and was 

previously described
16

. The R9 vector, which contains a 1.2 x overlength HBV DNA genome 

(subtype adw) in a pGEM 7zf+ backbone, was kindly provided by Dr. Baumert
17,18

. To create 

an R9 vector lacking HBx expression (R9X), the Glu97STOP and Met103Arg 

mutations were introduced by site directed mutagenesis as described previously 
16,17

. The 

primers to generate the luciferase reporters under control of the HBV core promoter were 

adapted from Du et al.
19

 to make them suitable to the HBV adw subtype and were as follows: 

Corepromoter-F: 5'-CCCGAGCTCCAAGGTCTTACATAAG-3'; Corepromoter-R: 5'-

CCCAAGCTTTGGAGGCTTGAACAGT-3'. Using these primers, the HBV core promoter 

was amplified by PCR from the R9 vector. The PCR product containing the HBV core 









promoter was cut with SacI and HinDIII and ligated in front of the luciferase reporter of the 

pGL3Basic vector (Promega). As a vector control, the empty pcDNA 3.1 A(-)(Invitrogen) 

was used. All constructs were validated by BDT sequencing. 

 

Compounds and screening assay 

The 640 compounds in the Screen-Well FDA approved Drug Library (BML-2841 v.1.5, Enzo 

Life Sciences) were screened for their effect on HBV transcription. The compounds were 

supplied in 96 well plates, each plate containing 80 compounds at a concentration of 2 mg/ml 

in DMSO. For each plate that was screened, one 96 well plate was seeded with HEK 293 cells 

and after 24 hours transfected with pCore-Luc alone or pCore-Luc and pHSV-HBx and 

subsequently treated with compounds at a final concentration of 20 g/ml and 1% DMSO. 

The remaining 16 wells were also transfected and treated with vehicle (DMSO) to serve as 

controls. To assess the relative effect of compounds on luciferase transcription, luciferase 

activity was normalized as a percentage of the row average. For further characterization, 

terbinafine and physostigmine sulfate were purchased from Sigma-Aldrich (St. Louis, MO, 

USA). 

 

Cell viability 

Cell viability was assessed by MTT assay. Thiazolyl Blue Tetrazolium Blue (MTT) was 

purchased from Sigma-Aldrich (St. Louis, MO, USA). After 24 hour incubation with 

compounds, MTT was added to a final concentration of 0.5 mg/ml and cells were incubated 

for another 3 hours in a humidified 5% CO2 incubator at 37ºC. Next, medium was aspirated, 

100 µl DMSO was added and absorbance was read out at 580 nm. Background was 

determined by measuring absorption at 655 nm and subtracted from the measurement at 580 

nm. The effect of compounds on HepG2 and HepG2.2.15 cell viability was assessed by 

microscopy. After 6 days of culture in absence of compounds, confluence reached 95-100%. 

When in presence of a compound confluence was below 80%, that compound was excluded 

(indicated in Table 1). Compounds that reduced confluence to below 95% were designated as 

causing mild (cellular growth inhibition 0-15%) and are indicated Table 1. 

 

Luciferase assay 

Luciferase activity was measured 24 hours after adding compounds by adding 25 l substrate 

(0.83 mM ATP, 0.83 mM D-luciferin (Duchefa, Haarlem, The Netherlands), 18.7 mM 

MgCl2, 0.78 M Na2H2P2O7, 38.9 mM Tris pH 7.8, 0.39% (v/v) glycerol, 0.03% (v/v) 

Triton X-100, and 2.6 M dithiothreitol) directly to the culture medium. Luminescence was 

measured for 1 s per well using a luminometer (Berthold, Bad Wildbad, Germany).  
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Quantification of HBV RNA transcription and virus production  

HepG2.2.15 cells were seeded in 24 well plates in the presence of candidate compounds at a 

final concentration of 20 g/ml compound and 1% DMSO. Control wells were treated with 

DMSO only. After three days of culture, medium was refreshed and supplemented with fresh 

compounds. HepG2 cells were transfected with the R9 vector or its mutant R9∆X to initiate 

HBV replication in the presence and absence of HBx, respectively. After transfection, 

medium was changed and compounds were added at the indicated concentrations. DMSO was 

added to a final concentration of 2% under all conditions. After three days of culture, medium 

was refreshed and supplemented with fresh compounds. To assess virus production, 

encapsidated HBV DNA in the supernatant of HBV replicating cells was quantified by qPCR 

as described previously 
16

. To assess HBV RNA production, total RNA of HBV replicating 

cells was purified using TriPure Isolation Reagent (Roche) according to the manufacturer’s 

instructions. To degrade remaining DNA contamination, the RNA was treated with RQ1 

RNAse free DNAse (Promega) and cleaned up using the NucleoSpin® RNA Clean-up kit 

(Macherey-Nagel). cDNA was prepared using random hexameres (Invitrogen) and 200 U M-

MLV reverse transcriptase (Promega, Madison, WI, USA) in the presence of 20 U RNAsin 

(Promega, Madison, WI, USA) according to the manufacturer’s instructions. Subsequently, 2 

µl of cDNA was used in a quantitative PCR using the SYBR Green I Master (Roche) and a 

LightCycler® 480 system (Roche). HBV cDNA was quantified relative to -actin mRNA 

cDNA. The qPCR primers used to amplify HBV cDNA were previously described 
16

 and the 

primers to quantify -actin mRNA cDNA were BA-F: 5’-

GGCCCAGTCCTCTCCCAAGTCCAC-3’and BA-R: 5’- GGTAAGCCCTGGCTG-

CCTCCACC-3’. The following program was used for qPCR: 10 min 95ºC, followed by 50 

cycles of 10 sec 95ºC, 20 sec 59ºC, 30 sec 72ºC with a single acquisition during the 72ºC step. 

 

Data analysis and statistics 

The heatmap that shows the effect of the different compounds on HBV replication in our 

assay was generated using the HeatMapImage module from GenePattern 
20

. The 

measurements of HBV replication in HepG2 and HepG2.2.15 were analyzed using GrapPad 

Prism 5.01 (GraphPad Software, La Jolla, CA, USA). HBx specificity of compounds 

inhibiting HBV RNA production by >50% was determined by a one-sided t test. Significance 

of differences in luciferase activity and HBV DNA production were all determined by two-

sided t tests. The IC50 and IC90 for terbinafine were calculated from using linear regression 

analysis using GrapPad Prism 5.01.  









Results 

 

Identification of compounds that suppress HBV transcription using a luciferase-based, semi 

high throughput assay  

The 640 compounds in ENZO’s FDA-approved drug library were screened for suppression of 

HBV transcription. Before assessing their effect on transcription, cytotoxic compounds were 

excluded from further analysis. Cytotoxicity of the compounds was analyzed using the MTT 

assay on HEK 293 cells that were exposed to the compounds at a final concentration of 20 

µg/ml for 24 hours. In total 360 of the 640 compounds reduced MTT activity by more than 

10%, and were excluded from further analysis (Figure 1, Table S1).  

To screen for compounds that suppress 

HBV transcription in a semi high 

throughput manner, we generated a DNA 

construct from which luciferase is 

transcribed under control of the HBV 

core promoter, pCore-Luc. When HEK 

293 cells were transfected with this 

construct, we observed that HBx 

expressed from a cotransfected construct 

(pHSV-HBx) transactivated luciferase 

transcription, indicating that the 

regulatory mechanisms modulated by 

HBx are present in these cells. To screen 

for HBV transcription inhibitors among 

the 280 selected non-toxic compounds, 

HEK 293 cells were transfected with 

pCore-Luc and cotransfected with 

pHSV-HBx or empty vector DNA 

(EV)(Figure 1). Subsequently, 

transfected cells were treated for 24 

hours with the different compounds at a 

final concentration of 20 µg/ml after 

which luciferase activity was assessed. 

Based on three independent experiments, 

compounds were ranked on their 

capacity to reduce transcription in the 

absence (Table S2) and presence (Table 

S3) of HBx, respectively.  

Figure 1. Schematic overview of library screen  

workflow 
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Quantification of HBV RNA transcription and virus production  
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CCTCCACC-3’. The following program was used for qPCR: 10 min 95ºC, followed by 50 

cycles of 10 sec 95ºC, 20 sec 59ºC, 30 sec 72ºC with a single acquisition during the 72ºC step. 
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assay was generated using the HeatMapImage module from GenePattern 
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measurements of HBV replication in HepG2 and HepG2.2.15 were analyzed using GrapPad 

Prism 5.01 (GraphPad Software, La Jolla, CA, USA). HBx specificity of compounds 
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of differences in luciferase activity and HBV DNA production were all determined by two-
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analysis using GrapPad Prism 5.01.  
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excluded from further analysis. Cytotoxicity of the compounds was analyzed using the MTT 

assay on HEK 293 cells that were exposed to the compounds at a final concentration of 20 

µg/ml for 24 hours. In total 360 of the 640 compounds reduced MTT activity by more than 

10%, and were excluded from further analysis (Figure 1, Table S1).  

To screen for compounds that suppress 

HBV transcription in a semi high 

throughput manner, we generated a DNA 

construct from which luciferase is 

transcribed under control of the HBV 

core promoter, pCore-Luc. When HEK 

293 cells were transfected with this 

construct, we observed that HBx 

expressed from a cotransfected construct 

(pHSV-HBx) transactivated luciferase 

transcription, indicating that the 

regulatory mechanisms modulated by 

HBx are present in these cells. To screen 

for HBV transcription inhibitors among 

the 280 selected non-toxic compounds, 

HEK 293 cells were transfected with 

pCore-Luc and cotransfected with 

pHSV-HBx or empty vector DNA 

(EV)(Figure 1). Subsequently, 

transfected cells were treated for 24 

hours with the different compounds at a 

final concentration of 20 µg/ml after 
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HBx expression stimulated transcription by ~20% in our assay, we therefore consider 20% 

inhibition as a cutoff for compound activity. We observed 24 compounds which suppressed 

transcription by more than 20% in the presence of HBx, and 47 compounds which suppressed 

transcription by more than 20% in the absence of HBx. The 24 compounds suppressing HBV 

replication in the presence of HBx, as well as the 24 most potent inhibitors in the absence of 

HBx, were selected for further analysis. The two selections of 24 compounds had 12 

compounds in common, resulting in a final selection of 36 compounds. On average, the 

selected compounds reduced transcription by 33.9% (Range: 24.1%-65.8%) in the absence of 

HBx expression, and 30.6% (Range: 20.4%-48.9%) in the presence of HBx. Two of the 12 

compounds suppressing transcription in the presence of HBx (dexamethasone and 

nimesulide), also suppressed in the absence of HBx but were not in the top 24; resulting in the 

12-14-10 distribution as summarized in Fig. 2A and 2B. 

 

 

Figure 2. Overview of compounds that suppress HBV transcription. (A) Heatmap of the 24 most 

potent inhibitors of HBV transcription in the presence and absence of HBx, respectively. Values 

represent transcriptional activity of a luciferase reporter that represents the HBV cccDNA after 24 

hours of treatment with the indicated compounds from ENZO’s FDA approved drug library. (B) HBx-

dependency of compounds suppressing transcription by more than 20%. 14 compounds suppressed 

HBV transcription in our assay in the presence and absence of HBx. 









Table 1. Effect of HBV transcription inhibitors on HBV replication in HepG2.2.15 cells 

Compound name HBV DNA 

production (% 

control) 

HBV RNA 

transcription (% 

control) 

Cellular growth 

inhibition 

Lomerizine 72,96 7,95 - 

Terbinafine 46,07 16,63 - 

Capsaicin 49,79 16,75 - 

Bromocriptine mesylate 46,01 18,78 - 

Methyldopa 38,70 21,49 - 

Physostigmine sulfate 140,72 29,70 - 

Trequinsin·HCl 38,55 31,41 - 

Nimesulide 71,49 50,76 - 

Fenoldopam·HCl 70,41 53,08 - 

Finasteride 96,13 73,33 - 

Levodopa 43,70 81,99 - 

DL-Isoproterenol 84,74 83,10 - 

Hydrocortisone 68,05 83,37 - 

Abamectin 71,20 87,48 - 

Etidronate 75,97 91,73 - 

Glipizide 81,66 103,10 - 

Disodium Cromoglycate 111,64 120,12 - 

Benserazide 75,01 121,30 - 

Tranilast 76,99 124,99 - 

Dexamethasone 96,13 140,49 - 

Clodronic acid 214,07 190,64 - 

Dipyridamole 272,75 219,77 - 

Melengestrol Acetate 43,39 17,67 0-15% 

Cilnidipine 21,91 34,14 0-15% 

Nifedipine 24,25 66,03 0-15% 

Calcipotriene 31,83 79,50 0-15% 

Bexarotene 86,49 120,22 0-15% 

Lapatinib ditosylate N.D. N.D. 15-50% 

Itraconazole N.D. N.D. 15-50% 

Manidipine N.D. N.D. 15-50% 

Tolmetin N.D. N.D. 15-50% 

Loratadine N.D. N.D. >50% 

Oxatomide N.D. N.D. >50% 

Mifepristone N.D. N.D. >50% 

Ethacrynic Acid N.D. N.D. >50% 

Vatalanib N.D. N.D. >50% 

HBV DNA production and HBV RNA transcription by HepG2.2.15 cells treated for 6 days with the 

indicated compounds at a concentration of 20 ug/ml in the presence of 1% DMSO. N.D.: Not 

determined.    
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Benserazide 75,01 121,30 - 

Tranilast 76,99 124,99 - 

Dexamethasone 96,13 140,49 - 

Clodronic acid 214,07 190,64 - 

Dipyridamole 272,75 219,77 - 

Melengestrol Acetate 43,39 17,67 0-15% 

Cilnidipine 21,91 34,14 0-15% 

Nifedipine 24,25 66,03 0-15% 

Calcipotriene 31,83 79,50 0-15% 

Bexarotene 86,49 120,22 0-15% 

Lapatinib ditosylate N.D. N.D. 15-50% 

Itraconazole N.D. N.D. 15-50% 

Manidipine N.D. N.D. 15-50% 

Tolmetin N.D. N.D. 15-50% 

Loratadine N.D. N.D. >50% 

Oxatomide N.D. N.D. >50% 

Mifepristone N.D. N.D. >50% 

Ethacrynic Acid N.D. N.D. >50% 

Vatalanib N.D. N.D. >50% 

HBV DNA production and HBV RNA transcription by HepG2.2.15 cells treated for 6 days with the 

indicated compounds at a concentration of 20 ug/ml in the presence of 1% DMSO. N.D.: Not 

determined.    
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Effect of HBV transcription inhibitors on HBV replication 

Next, we assessed the effect of the 36 selected compounds on HBV replication. In 

HepG2.2.15 cells, HBV replication is initiated from integrated HBV DNA and as a result 

these cells constitutively replicate HBV
21,22

. When HepG2.2.15 cells were exposed to our 

candidate compounds for 6 days, we observed that 9 compounds affected cell viability and 

these were excluded from further analysis (Table 1). Of the 27 remaining compounds, 23 

suppressed the production of encapsidated HBV DNA in the supernatant and 19 suppressed 

HBV RNA transcription (Figure 3A and Table 1), albeit that some compounds had a minor 

effect on cell growth (Table 1). The HBV DNA production correlated well with the HBV 

RNA transcription, indicating that most compounds indeed suppressed HBV replication by 

interfering with HBV transcription (Figure 3B). However, some individual compounds 

differentially affected HBV DNA and HBV RNA transcription, which might indicate that 

these compounds can differentially affect the different HBV promoters and/or affect 

additional steps in HBV replication.  

 

Figure 3. Effect of HBV transcription inhibitors on HBV replication in HepG2.2.15 cells. (A) 

HepG2.2.15 cells, which constitutively replicate HBV, were treated with the compounds that 

suppressed HBV transcription in our screen. Compounds that affected HepG2.2.15 cell viability were 

excluded. Each dot represents the effect of a single compound. 23/27 compounds investigated 

suppressed the production of encapsidated HBV DNA in the supernatant and 19/27 suppressed HBV 

RNA transcription. (B) HBV RNA transcription correlated well with HBV DNA production. (C) 

Overview of compounds with an IC50 below 20 mg/ml for suppressing HBV RNA transcription 

and/or HBV virus production. 

 









We observed that 10 compounds suppressed HBV DNA production by more than 50% and 9 

compounds suppressed HBV RNA transcription by more than 50%. 7 compounds suppressed 

both HBV RNA transcription and HBV DNA production (Figure 3C). The current clinical 

application and maximum duration of therapy for compounds with an antiviral effect is 

summarized in Table S4. 

 

Terbinafine suppresses HBV RNA transcription in an HBx-dependent manner and strongly 

reduces virus production 

In HepG2.2.15 cells HBx expression strongly augments HBV RNA transcription
23,24

. We 

observed that seven HBV compounds suppressed HBV RNA transcription in HepG2.2.15 

cells by more than 50%, indicating that they may functionally interfere with HBx. Four of 

these compounds (trequinsin, terbinafine, physostigmine and capsaicin) suppressed HBV 

transcription in our transfection based assay by more than 20% in the presence, but not in the 

absence of HBx (Figure 1, Table 1). However, the difference in transcriptional inhibition in 

the presence and absence of HBx was only significant for terbinafine and physostigmine 

(Figure 1, Table 1) and for these compounds HBx specificity could be confirmed in a dose 

dependent manner (Figure 4A,B). Next, we investigated the effect of terbinafine and 

physostigmine on the full HBV replication cycle in the presence and absence of HBx. HepG2 

cells were transfected with the R9 vector, which contains a 1.2x overlength copy of the HBV 

genome and initiates viral replication, and a mutant of this vector devoid of HBx expression, 

R9X
16,17

. This mutant transcribed 78% less HBV RNA and produced 84% less HBV DNA 

in the supernatant.  

When HBV replicating HepG2 cells were treated with physostigmine, we observed some 

HBx-specific inhibition of RNA transcription at the highest concentrations tested, but this 

trend was not significant (Supplementary figure 1A). Physostigmine did not significantly 

affect HBV virus production (Supplementary Figure 1B).  

When HBV replicating HepG2 cells were treated with terbinafine for 6 days, we observed that 

terbinafine in a dose dependent manner suppressed HBV RNA transcription in the presence of 

HBx, but that terbinafine only had minor effect on HBV RNA transcription in the absence of 

HBx (Figure 4C). This suggests that terbinafine indeed counteracts the stimulation of HBV 

RNA transcription by HBx. In the presence of HBx, terbinafine suppressed HBV RNA 

transcription in HepG2 cells with 113.9 ± 14.14-1.413 ± 0.4563 %/µg/ml (half maximal 

inhibitory concentration (IC50): 40 µg/ml, 90% inhibiting concentration (IC90): 73 µg/ml). 

Terbinafine also strongly and dose dependently suppressed HBV virus production in HepG2 

cells in the presence of HBx, with 93.93 ± 8.229-1.596 ± 0.2655 %/µg/ml (IC50: 29 µg/ml, 

IC90: 53 µg/ml). Surprisingly, terbinafine also suppressed HBV virus production in HepG2 

cells in the absence of HBx expression, with 15.52 ± 1.365-0.3245 ± 0.04403 %/µg/ml (IC50: 

24 µg/ml, IC90: 43 µg/ml)(Figure 4D). Terbinafine did not affect HepG2 viability at the 

highest concentration tested. 

128 Chapter 7











Effect of HBV transcription inhibitors on HBV replication 
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cells by more than 50%, indicating that they may functionally interfere with HBx. Four of 

these compounds (trequinsin, terbinafine, physostigmine and capsaicin) suppressed HBV 

transcription in our transfection based assay by more than 20% in the presence, but not in the 

absence of HBx (Figure 1, Table 1). However, the difference in transcriptional inhibition in 

the presence and absence of HBx was only significant for terbinafine and physostigmine 
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cells were transfected with the R9 vector, which contains a 1.2x overlength copy of the HBV 

genome and initiates viral replication, and a mutant of this vector devoid of HBx expression, 
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. This mutant transcribed 78% less HBV RNA and produced 84% less HBV DNA 

in the supernatant.  

When HBV replicating HepG2 cells were treated with physostigmine, we observed some 

HBx-specific inhibition of RNA transcription at the highest concentrations tested, but this 

trend was not significant (Supplementary figure 1A). Physostigmine did not significantly 

affect HBV virus production (Supplementary Figure 1B).  

When HBV replicating HepG2 cells were treated with terbinafine for 6 days, we observed that 

terbinafine in a dose dependent manner suppressed HBV RNA transcription in the presence of 

HBx, but that terbinafine only had minor effect on HBV RNA transcription in the absence of 

HBx (Figure 4C). This suggests that terbinafine indeed counteracts the stimulation of HBV 

RNA transcription by HBx. In the presence of HBx, terbinafine suppressed HBV RNA 

transcription in HepG2 cells with 113.9 ± 14.14-1.413 ± 0.4563 %/µg/ml (half maximal 
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24 µg/ml, IC90: 43 µg/ml)(Figure 4D). Terbinafine did not affect HepG2 viability at the 

highest concentration tested. 
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Figure 4. Terbinafine interferes with HBx-mediated transcription. (A,B) HEK 293 cells were 

transfected with a construct that represents the HBV cccDNA and cotranssfected with a vector from 

which HBx is expressed. 24 hours of treatment with terbinafine or physostigmine suppressed RNA 

transcription specifically in the presence of HBx. (C) HepG2 cells were transfected with the R9 

construct or the R9∆X construct, which contain a 1.2x overlength copy of the HBV genome and 

initiate HBV replication in the presence and absence of HBx, respectively. Terbinafine suppressed 

HBV RNA transcription in HepG2 cells in a dose dependent manner in the presence of HBx only. (D) 

Terbinafine-mediated suppression of HBV RNA transcription strongly reduced HBV virus production 

in a dose dependent manner in the presence and even significantly reduced HBV virus production in 

absence of HBx. 

 

Discussion 

 
Chronic infection with hepatitis B virus is a major healthcare problem, and currently available 

therapeutic options are not curative. A major hurdle to clear HBV infection is the lack of 

effect of current therapy on the ongoing production of viral proteins. These proteins are 

produced from viral RNA that is transcribed from existing cccDNA in already infected 

hepatocytes. To overcome this problem, we investigated the possibility to inhibit HBV 









transcription using compounds in ENZO’s FDA approved drug library, which typically can 

exert a biological effect in humans at tolerable concentrations.  

We identified 47 compounds that suppressed HBV transcription by more than 20% in the 

absence of HBx expression, and 24 compounds that suppressed HBV transcription by more 

than 20% in the presence of HBx. We further investigated the most potent transcription 

inhibitors in HepG2.2.15 cells. The effect of the compounds on virus production correlated 

well with their effect on HBV RNA transcription, indicating that the compounds indeed 

suppressed transcription from the HBV cccDNA, confirming the validity of our transfection-

based transcription assay. However, we cannot exclude some compounds affect other steps in 

the viral replication cycle and/or differentially affect the four HBV promoters. Such effects 

may be responsible for the outliers with a disturbed correlation between the effect on HBV 

RNA transcription and DNA production of some compounds. 

The most potent inhibitor of HBV RNA transcription in HepG2.2.15 cells identified in our 

screen was lomerizine, an L-type calcium channel (LTCC) blocker, which reduced HBV 

RNA transcription by 92%. We identified two more L-type calcium channel blockers, 

cilnidipine and nifedipine, that also efficiently suppressed HBV replication in HepG2.2.15 

cells. Interestingly, in our transfection-based assay LTCC blockers suppressed HBV 

transcription better in the absence- than in the presence of HBx, suggesting that in HEK 293 

cells HBx can partially counteract the effect of these compounds. HBx expression induces the 

release of calcium from the mitochondria and the resulting increase in intracytosolic calcium 

is critical to its function. The expression and function of LTCC has not been investigated in 

hepatocytes, but in other cell types these transporters mediate extracellular calcium influx. 

Our results indicate that blocking LTCC in HEK 293 cells affects HBV transcription by 

decreasing intracellular calcium. HBx can partially counteract the effect of LTCC blockers by 

releasing calcium from the mitochondria. In HepG2.2.15 cells LTCC blockers potently 

suppressed HBV replication in the presence of HBx, suggesting that in these cells HBx cannot 

fully compensate for the decrease in intracellular calcium levels. Whether this mechanism can 

be therapeutically applied to suppress HBV replication in vivo will depend on the in vivo 

expression and function of L-type calcium channels in the liver; and on the occurrence of 

unwanted side effects. To assess their suitability for the treatment of CHB, the effects on 

HBV replication could be assessed in animal models of HBV replication, in the context of in 

vivo expression of L-type calcium channel expression. LTCC blockers are orally available, do 

not have severe side effects, and can be administered for more than a year
25,26

. 

Two of the compounds that efficiently suppressed HBV transcription in HepG2.2.15 cells, 

bromocriptine mesylate and levodopa, are dopamine receptor agonists
27

. Dopaminergic 

signaling in vivo has profound effects on several aspects of hepatocyte function
28,29

, and our 

results suggest that these effects effectively suppress HBV transcription and that they can be 

induced in hepatocytes using FDA approved drugs. Drugs that affect dopamine signaling are 

by nature psychoactive, and in general have severe side effects. However, these drugs are 

widely used, and possibly their effect on CHB can be derived from medical records in 
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countries where HBV is highly endemic. Dopamine receptor agonists are administered for 

years under treatment conditions for diseases such as Parkinson’s disease, suggesting that 

these compounds could be safely administered to complement the treatment for chronic HBV 

infection
27

.  

Other HBV transcription inhibitors identified in our screen also potently suppressed HBV 

replication, but for these no common mechanism was evident (Table 2). It remains unclear 

whether all compounds we identified could reach sufficiently high concentrations in the liver 

to effectively suppress HBV replication in chronically infected patients. However, all 

compounds we investigated have been approved by the FDA because they can achieve a 

biological effect in humans at tolerable concentrations. 

HBV replication in vivo critically depends on HBx expression
12,14

. The capacity to 

transactivate RNA transcription in vitro is related to the essential role of HBx in vivo
30

. Two 

of the compounds that efficiently suppressed HBV RNA transcription in HepG2.2.15 cells, 

terbinafine and physostigmine, specifically suppressed HBV transcription in our transfection 

based assay in the presence of HBx. Therefore we investigated whether these compounds 

functionally counteract HBx. In HepG2 cells, physostigmine did not reduce HBV RNA 

transcription in a dose dependent manner, although in the presence of HBx some inhibition 

was observed at the highest concentrations we tested. Nevertheless, physostigmine did not 

suppress HBV virus production in HepG2 cells and therefore is not suitable for treatment of 

CHB and we did not investigate this compound further. 

For terbinafine our results indicate that also in HepG2 cells this compound specifically 

counteracts transcriptional transactivation by HBx. Terbinafine potently suppressed HBV 

RNA transcription in a dose-dependent manner in the presence of HBx, but it only had a 

minor, not significant effect on HBV RNA transcription in the absence of HBx. The reduction 

of HBV RNA transcription strongly affected HBV virus production, which was reduced 

stronger than HBV RNA transcription was reduced by equal amounts of terbinafine. Even the 

minor effect of terbinafine on HBV RNA transcription in the absence of HBx significantly 

affected HBV virus production.  

Terbinafine (SF 86-327, Lamisil) is an allylamine derivate that was originally identified as an 

inhibitor of fungal squalene epoxidase
31,32

. In addition it interferes with various pathways in 

eukaryotic cells, affecting processes such as the cell cycle, viability and apoptosis
33

. 

Terbinafine can be safely administered to patients for more than a year without severe side 

effects. The antiviral effect of terbinafine is not related to the canonical clinical function, 

inhibiting squalene epoxidase. The peak plasma concentration of terbinafine after four weeks 

of administration of the most commonly used clinical dose, 250mg, is 1.70 ± 0.77 µg/ml
34

. 

This is below the IC50 of the antiviral effect of terbinafine observed in HepG2.2.15 and 

HepG2 cells. However, higher dosages, up to 1000 mg/day have also been reported to be safe 

for prolonged use
35

. Terbinafine is highly hydrophobic and the concentration widely differs 

between different tissues
36

. After intravenous injection, terbinafine predominantly distributes  









to the liver, suggesting that the concentrations in this organ might be higher than the peak 

plasma concentration and may reach levels sufficient to interfere with HBV replication. Like 

other antifungal agents, terbinafine can cause severe acute liver injury in patients with and 

without a preexisting liver condition
37

. These exacerbations are rare, even in highly HBV 

endemic countries, such as Taiwan, where terbinafine is prescribed without prior HBV 

Table 2: Mechanism of action of compounds with an IC50 below 20uM for suppressing 

HBV RNA transcription and/or HBV virus production. 

*: Percentage suppression of HBV transcription in the absence and presence of HBx. HBx specific 

compounds are indicated in bold; **: Percentage suppression of encapsidated HBV DNA production 

by HepG2.2.15 cells relative to control; ***: Percentage suppression of HBV RNA transcription in 

HepG2.2.15 cells relative to control; ****: The effect of Terbinafine is not related to its capacity to 

inhibit squamous epoxidase, as this protein is not expressed by eukaryotic cells. Terbinafine affects 

various processes in eukaryotic cells
33

. Compounds are ranked by their capacity to suppress HBV 

RNA transcription in HepG2.2.15 cells. LTCC: L-type calcium channel; TTCC: T-type calcium 

channel; NTCC: N-type calcium channelPDE3: Phosphodiesterase 3. 

Compound 

name: 

Suppression of HBV replication (% control) Mechanism of Action: 

 Transcription * DNA** RNA***  

 No HBx + HBx  

Lomerizine  31% 19% 27% 92% LTCC and TTCC 

blocker
39

 

Terbinafine 0% 22% 54% 83% Squamous epoxidase 

inhibitor
31

, 

unknown**** 

Capsaicin 5% 20% 50% 83% Vanilloid receptor 

subtype 1 activator
40

 

Melengestrol 

Acetate 

34% 2% 57% 82% steroidal progestin
41

 

Bromocriptine 

mesylate 

39% 22% 54% 81% Dopamine receptor 

agonist
27

 

Methyldopa 30% 8% 61% 79% α-adrenergic receptor 

agonist
42

 

Physostigmine 

sulfate  

8% 20% -41% 70% Cholinesterase 

inhibitor
43

 

Trequinsin·HCl 19% 26% 61% 69% PDE3 inhibitor
44

 

Cilnidipine 31% 13% 78% 66% LTCC and NTCC 

blocker
45

 

Nifedipine 35% 15% 76% 34% LTCC blocker
45

 

Calcipotriene 

(Calcipotriol) 

51% 34% 68% 20% Vitamin D-like
46

 

Levodopa 

  

35% 13% 56% 18% Dopamine receptor 

agonist
27
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. Nevertheless, liver damage, as indicated by an increased ALT level, is a 

contraindication for terbinafine use. Therefore terbinafine should only be studied in CHB 

patients already on HBV polymerase inhibitor maintenance therapy, in whom ALT is 

normalized. 

There is a need for drugs that interfere with the ongoing production of HBV proteins in CHB 

patients, in whom HBV DNA is suppressed by HBV polymerase inhibitor maintenance 

therapy. Using an innovative screening approach, we identified two classes of FDA-approved 

drugs, and several individual FDA-approved drugs that potently suppressed HBV RNA 

transcription in vitro. Application of these drugs in chronic hepatitis B patients, together with 

an HBV polymerase inhibitor, may substantially reduce viral protein production, facilitating 

clearance of the infection. 
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Supplementary information: 

 

 

Supplementary figure 1. Effect of physostigmine on HBV replication in HepG2 cells. HepG2 cells 

were transfected with the R9 construct or the R9dX construct, which contain a 1.2x overlength copy of 

the HBV genome and initiate HBV replication in the presence and absence of HBx, respectively. (A) 

High concentrations of physostigmine suppressed HBV RNA transcription in HepG2 cells in a dose 

dependent manner independent of HBx expression. (B) Physostigmine did not affect HBV virus 

production in HepG2 cells.  

 

Supplementary Table legends 

 

Supplementary Table 1: MTT activity after 24 hours of treatment with the indicated compounds 

Supplementary Table 2: Luciferase activity after 24 hours treatment with the indicated 

compounds in the presence of HBx expression 

Supplementary Table 3: Luciferase activity after 24 hours treatment with the indicated 

compounds in the absence of HBx expression 
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Currently, an estimated 240.000.000 people are chronically infected with HBV. To a minority 

of these patients treatment is available. Antiviral therapy can suppress HBV replication but 

does not lead to viral clearance and has to be taken life long to prevent HBV related 

pathogenesis. An estimated 780.000 people die each year as a consequence of HBV infection.  

In the nucleus of an infected hepatocyte, the HBV genome exists as a covalently closed 

circular DNA (cccDNA) element, from which the HBV RNA is transcribed. This HBV RNA 

is translated into the viral structural proteins and polymerase, and serves as a template for the 

production of new genomic HBV DNA. Beside this, a viral mRNA is transcribed that encodes 

the only HBV accessory protein, X (HBx), the expression of which is a prerequisite for HBV 

replication.  

In this chapter, we aim to define the functions of HBx in relation to its structure and influence 

on cellular processes, such as DNA repair and RNA transcription. We delineate the role of the 

HBx interacting proteins damage-specific DNA binding protein 1 (DDB1) and talin-1 (TLN1) 

in HBV replication, and examine the suitability of HBx as a therapeutic target to prevent viral 

protein production. We discuss how this may critically improve the treatment of chronic HBV 

infected people by breaking the immunological tolerance to the virus.   

 

Origin and structure of HBx 

The majority of the HBV genome consists of overlapping open reading frames (ORFs), which 

limits the possibilities to conserve favourable mutations in one gene to mutations that do not 

critically affect the overlapping reading frame. Due to this “lifestyle”, evolution of the 

overlapping ORFs is mainly driven by adaptive immune responses against the encoded 

proteins. Concomitantly, overlapping parts of the HBV genome are less suitable to use as a 

“molecular clock” to investigate transmission chains and date back common ancestors than 

nonoverlapping parts (Chapter 2).  

The small HBV genome contains four ORFs, of which one encodes a ~154 aa viral accessory 

protein called X (HBx). All orthohepadnaviruses encode an HBx homolog, the expression of 

which is pivotal to their replication
1-5

. The primary structure of HBx is not related to a known 

protein. HBx does not directly interact with the HBV cccDNA and probably does not have 

enzymatic activity or other features that would offer cues about a possible mechanism by 

which HBx supports HBV replication. HBx can be expressed and produced in many cell 

types, including yeast, but so far this has not yielded suitable material to generate an X-ray 

crystallography based tertiary structure of HBx. NMR spectroscopy experiments with purified 

HBx suggest a highly unstructured nature
6, 7

.  

We generated a model of the tertiary structure of HBx by computer modelling, which turned 

out to resemble the central domain of the human thymine DNA glycosylase (TDG)(chapter 

3). This structural similarity suggests that HBx and TDG may share a common ancestor that 

was present in a common ancestor of avi- and orthohepadnaviruses. However, phylogenetic 

support for this hypothesis could not be generated due to the large differences in the 
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substitution rates between humans and HBV. More recent, ancestral hepadnavirus DNA 

sequences have been identified endogenised in the genomes of zebrafinches and turtles
8, 9

. 

These “genomic fosil” sequences of an actual avihepadna virus ancestor did not contain any 

HBx- like sequences, suggesting that this gene was absent in the common ancestors of current 

hepadnaviruses. This implies that orthohepadnaviruses evolved from avihepadnaviruses and 

consequently that the HBx gene evolved by segmental duplication rather than the insertion of 

a common ancestor of the HBx- and TDG genes
8, 9

. These findings challenge the view that 

HBx and TDG evolved from a common ancestor. In line with this, HBx does not have the 

enzymatic properties of TDG, and TDG overexpression cannot restore the replication of HBx 

deficient HBV (Chapter 4). The analogous evolution of HBx and TDG may be related to an 

interaction with a common binding partner.  

 

Function of HBx in HBV replication  

In eukaryotes, five mayor DNA repair pathways guard the integrity of the genomic material: 

the nucleotide excision repair (NER), base excision repair (BER), mismatch repair (MMR), 

double strand break repair (DSBR), and homologous recombination (HR) pathways. 

Expression of HBx disrupts several of these DNA repair pathways
10-16

. HBx-induced DNA 

damage is an important factor in HBV pathology
10, 17-20

. Thus, disrupting DNA repair may be 

a positive trait of HBx supporting HBV replication, or may be a side effect of another process 

more fundamental to the HBx-mediated support of HBV replication.  

When the chromosomal DNA is damaged, cells react by mounting a DNA damage response 

(DDR). DNA damage activates several kinases, such as the ataxia telangiectasia mutated 

(ATM) and ataxia telangiectasia and Rad3 related (ATR) kinases, which activate the 

pathways leading to either DNA repair of apoptosis
21

. Replication of most, if not all viruses, 

provokes a DDR, for instance upon detection of viral genomic material by the host cell, or 

during viral replication-induced aberrant cell cycle transitions. Many viruses utilise the host 

machinery for replicating their genomic material, which may also lead to DDR activation. As 

such, it is not surprising that components of the DDR have evolved to suppress viral 

replication, while vice versa viruses have adapted to replicate in the presence of an activated 

DDR. Consequently, activation of a DDR may suppress and/or stimulate
22-24

 viral replication, 

and even is required for the replication of some viruses. HBV replication activates the ATM- 

and ATR pathways, and ATM activation substantially activates HBV replication
19, 25-28

. Also 

when DNA damage pathways are ectopically activated, for instance in patients receiving 

DNA damaging chemotherapy, HBV replication is frequently (re)activated
29-31

. This suggests 

that the signalling pathways involved in the DDR benefit HBV replication. 

When viral persistence is threatened by an adaptive immune response, the HBx-mediated 

suppression of DNA repair may benefit viral persistence by increasing the substitution rate of 

the HBV cccDNA. HBx interferes with the TDG-initiated BER pathway (Chapter 4). TDG 

initiates BER by glycosylating the bond between the phosphate backbone and a thymine or 

uracil residue mismatched to a guanidine residue, and therefore BER deficiency results in G-

to-A and C-to-T mutations. Interestingly, by suppressing BER, HBx may facilitate the 




generation of hepatitis B virus e antigen (HBeAg) negative HBV variants, as the most 

commonly observed precore mutation, the G1896A mutation, and the most commonly 

observed compensatory mutation, the C1858T mutation, could both result from BER 

deficiency.  

Suppression of DNA repair can also negatively affect HBV replication. The noncytotoxic 

degradation of nuclear HBV cccDNA critically depends on the glycosylation of cytidines in 

the cccDNA upon their deamination by apolipoprotein B mRNA editing enzyme, catalytic 

polypeptide-like 3 (APOBEC3) proteins
32

. In suppressing BER, HBx acts downstream of the 

glycosylation step (Chapter 4), suggesting that the HBx-mediated BER inhibition under these 

conditions would result in HBV cccDNA degradation rather than repair.  

 

Transcriptional regulation 

 

Expression of HBx is critical for the initiation and maintenance of HBV RNA transcription in 

vivo
4, 5, 33-39

. HBx also modulates transcription of host genes and thereby affects the 

expression of various cellular proteins (e.g. transcription factor IIH (TFIIH)
15

, nuclear factor 

kappa-light-chain-enhancer of activated B cells (NF-κβ)40
, interleukin 6 (IL-6)

41
, 

transforming growth factor-β 1 (TGF-β 1)
42

 andsecreted frizzled-related proteins 1 (SRFP1) 

and 5 (SFRP5)
43

) and micro RNA’s (MiR’s, e.g. MiR-216b
44

, MiR-221
45

, MiR-21
41

, MiR-

520b
46

, MiR-205
47

 and MiR-132
48

). While chromosomal host promoters may be activated or 

repressed by HBx, repositioning these promoters to an extrachromosomal template renders 

them subject to transactivation by HBx (Chapter 5)
49, 50

. HBx expression transactivates 

transcription from HBV cccDNA, but not integrated HBV DNA
39

. Thus, the specificity of 

HBx for transactivating HBV transcription seems to be related to the nature of the cccDNA as 

a transcriptional template, rather than to specific promoter sequences driving viral RNA 

transcription. HBx does not interact directly with the cccDNA, but may associate with the 

cccDNA
51

, possibly by interacting with transcriptional regulators. HBx locally modulates the 

epigenetic status of the cccDNA
52

. In line with this, HBV transcriptional activity highly 

correlates with the methylation status of the cytosine residues in CpG islands in the 

cccDNA
53

, as well as the acetylation status of the HBV cccDNA-associated histones
4, 54, 55

. 

HBx affects the methylation status of promoters genomewide
56-59

, but apparently does not 

affect cccDNA methylation
39

. In the absence of HBx, the cccDNA associated histones are 

rapidly hypoacetylated
4, 60

. Vice versa, the acetylation status of the cccDNA associated 

histones determines the rate of HBV RNA transcription
33, 52

. Histones in cellular chromatin 

are acetylated by histone acetyl transferases (HATs) preceding cellular processes such as 

DNA repair and transcription, but are also locally acetylated during RNA transcription by 

RNA polymerase-associated HATs. Histones are deacetylated by histone deacetylases 

(HDACs). It has been speculated, and is still widely believed, that HBx supports HBV RNA 

transcription by locally modulating key players in the epigenetic regulation of HBV RNA 

transcription. However, we have shown that HBx transactivates HBV RNA transcription 

regardless of the activity of the most relevant class of these epigenetic modulators, the 

HDACs (Chapter 5). This means HBx does not directly affect the acetylation status of the 
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. HBx expression transactivates 

transcription from HBV cccDNA, but not integrated HBV DNA
39

. Thus, the specificity of 

HBx for transactivating HBV transcription seems to be related to the nature of the cccDNA as 

a transcriptional template, rather than to specific promoter sequences driving viral RNA 

transcription. HBx does not interact directly with the cccDNA, but may associate with the 

cccDNA
51

, possibly by interacting with transcriptional regulators. HBx locally modulates the 

epigenetic status of the cccDNA
52

. In line with this, HBV transcriptional activity highly 

correlates with the methylation status of the cytosine residues in CpG islands in the 

cccDNA
53

, as well as the acetylation status of the HBV cccDNA-associated histones
4, 54, 55

. 

HBx affects the methylation status of promoters genomewide
56-59

, but apparently does not 

affect cccDNA methylation
39

. In the absence of HBx, the cccDNA associated histones are 

rapidly hypoacetylated
4, 60

. Vice versa, the acetylation status of the cccDNA associated 

histones determines the rate of HBV RNA transcription
33, 52

. Histones in cellular chromatin 

are acetylated by histone acetyl transferases (HATs) preceding cellular processes such as 

DNA repair and transcription, but are also locally acetylated during RNA transcription by 

RNA polymerase-associated HATs. Histones are deacetylated by histone deacetylases 

(HDACs). It has been speculated, and is still widely believed, that HBx supports HBV RNA 

transcription by locally modulating key players in the epigenetic regulation of HBV RNA 

transcription. However, we have shown that HBx transactivates HBV RNA transcription 

regardless of the activity of the most relevant class of these epigenetic modulators, the 

HDACs (Chapter 5). This means HBx does not directly affect the acetylation status of the 
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cccDNA associated histones, but the acetylation of the cccDNA associated histones follows 

another process, i.e., follows an HBx-mediated increase in RNA transcription. 

 

HBx interacting proteins 

 

HBx is a small protein that lacks enzymatic activity, and may interact with a host protein to 

exert its function. Various HBx interacting proteins have been identified
61-74

. These 

interactions may involve common domains between the interactors (e.g. the SH3 domain), but 

no functionally relevant domain in- or class of proteins has been identified. HBx modulates 

transcription from both host- and viral genes. HBx interacts with several transcription 

factors
75

 and enhances their activity
34, 35, 76, 77

. However, this enhancement is not consistently 

related to direct interactions between HBx and these transcription factors
50, 78, 79

. Likewise, 

other HBx interacting proteins have been implicated in HBV replication, but with one 

peculiar exception none of these interactions is fundamental for HBx function. The interaction 

between HBx and the damage-specific DNA binding protein 1 (DDB1)
12

 is conserved in all 

orthohepadna virus HBx-like proteins
80

 and is required for HBx-mediated transcriptional 

transactivation
80, 81

 and supporting in vivo replication
82

. DDB1 is a human protein that forms a 

complex with either of the cullin 4 proteins (CUL4A or CUL4B) and an E3 ubiquitin ligase. 

This complex is capable of polyubiquinating protein substrates, which are subsequently 

degraded by the proteasome. Substrate proteins are linked to the complex by DDB1-cullin4 

associated factors (DCAFs), which thereby create substrate specificity. DDB1 is particularly 

interesting because it is more often “hijacked” by viral accessory proteins that link a specific 

host protein to DDB1, and thereby induce their ubiquitination, and degradation (Figure 1). 

Host proteins targeted by viral accessory proteins typically restrict viral replication and hence 

are called (viral) restriction factors, although not all viral restriction factors are targeted by 

viral accessory proteins. Examples of viral accessory proteins that target restriction factors in 

a DDB1 dependent manner are the human immunodeficiency virus type 1 (HIV-1) proteins 

viral infectivity factor (vif), viral protein r (vpr), which target the their respective targets 

apolipoprotein B mRNA editing complex 3 (APOBEC3, reviewed in
83

) and uracil DNA 

glycosylase 2 (UNG-2), respectively. The human immunodeficiency virus type 2 (HIV-2) 

viral protein x (vpx) and the paramyxovirus SV5-V protein utilise DDB1 to induce the 

degradation the SAM domain- and HD domain-containing protein 1 (SAMHD1)
84, 85

 and 

signal transducer and activator of transcription 1 (STAT1)
86

 proteins, respectively. 

Various findings suggest that HBx may act as a DDB1-Cullin4 associated factor (DCAF), and 

functions by inducing the degradation of a restriction factor. X-ray crystallography revealed 

that HBx amino acids 88-100 form an α helix that interacts with a specific pocket in DDB1
87

. 

Similar α helices are found in various human DCAFs and in the SV5-V protein, and are 

required for interaction with DDB1
87

. The interaction between this helix and DDB1, and the c 

terminal part of HBx are both required for HBx function, and DDB1 stabilises HBx
81

. SV5-V 

competes with HBx binding to DDB1 and prevents HBx-mediated effects on cell viability
88

. 

Finally, it is possible to restore the activity of an HBx mutant not interacting with DDB1 by 

fusion of this mutant to DDB1, while fusion to a Cul4 binding deficient DDB1 did not result 




in HBx activity
87, 89

. These findings argue against HBx interfering with the interaction 

between DDB1 and another DCAF, or HBx itself being a target for DDB1-mediated 

proteasomal degradation, and therefore suggest that HBx may indeed act as a DCAF (Fig. 1). 

 

 

Figure 1. Like other viral accessory proteins, HBx interacts with DDB1. This interaction may induce 

the degradation of a host protein that restricts viral replication. 

The interaction between HBx and DDB1 is required for the transactivation of HBV RNA 

transcription (Chapter 6)
80-82, 89

. This implies that HBx induces the degradation of a host 

protein that suppresses HBV RNA transcription. As no previously identified HBx interacting 

proteins is degraded upon HBx interaction, we sought to identify such a protein. Using 

subtractive mass spectrometry, we identified talin-1 (TLN1) as an HBx interacting protein 

that is degraded upon interaction with HBx (Chapter 6). Recently, interaction between HBx 

and TLN1 was confirmed when TLN1 was identified by mass spectrometry amongst 277 HBx 

interacting proteins
90

. 

 

Talin-1 is a viral restriction factor targeted by HBx 

 

HBx interacts with DDB1 to induce the degradation of a host protein, which is essential for 

HBx function
4, 39, 81, 82, 88, 89

. Of all HBx interacting proteins we identified, only TLN1 is 

proteasomally degraded upon HBx expression (Chapter 6). Reduction in TLN1 levels, by 

HBx-mediated degradation or shRNA-mediated knockdown, results in a promoter 

independent increase in RNA transcription. TLN1 overexpression specifically prevents HBx-

mediated transactivation, but does not affect RNA transcription in the absence of HBx. These 

results show that the transactivation of RNA transcription from extrachromosomal DNA 

elements by HBx is related to the degradation of TLN1. Constitutive knockdown of TLN1 

stimulates HBV replication and prevents HBx from further stimulating HBV replication, 

which confirms that HBx stimulates in vitro HBV replication by inducing TLN1 degradation 

(Chapter 6).  
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cccDNA associated histones, but the acetylation of the cccDNA associated histones follows 

another process, i.e., follows an HBx-mediated increase in RNA transcription. 

 

HBx interacting proteins 

 

HBx is a small protein that lacks enzymatic activity, and may interact with a host protein to 

exert its function. Various HBx interacting proteins have been identified
61-74

. These 

interactions may involve common domains between the interactors (e.g. the SH3 domain), but 

no functionally relevant domain in- or class of proteins has been identified. HBx modulates 

transcription from both host- and viral genes. HBx interacts with several transcription 

factors
75

 and enhances their activity
34, 35, 76, 77

. However, this enhancement is not consistently 

related to direct interactions between HBx and these transcription factors
50, 78, 79

. Likewise, 

other HBx interacting proteins have been implicated in HBV replication, but with one 

peculiar exception none of these interactions is fundamental for HBx function. The interaction 

between HBx and the damage-specific DNA binding protein 1 (DDB1)
12

 is conserved in all 

orthohepadna virus HBx-like proteins
80

 and is required for HBx-mediated transcriptional 

transactivation
80, 81

 and supporting in vivo replication
82

. DDB1 is a human protein that forms a 

complex with either of the cullin 4 proteins (CUL4A or CUL4B) and an E3 ubiquitin ligase. 

This complex is capable of polyubiquinating protein substrates, which are subsequently 

degraded by the proteasome. Substrate proteins are linked to the complex by DDB1-cullin4 

associated factors (DCAFs), which thereby create substrate specificity. DDB1 is particularly 

interesting because it is more often “hijacked” by viral accessory proteins that link a specific 

host protein to DDB1, and thereby induce their ubiquitination, and degradation (Figure 1). 

Host proteins targeted by viral accessory proteins typically restrict viral replication and hence 

are called (viral) restriction factors, although not all viral restriction factors are targeted by 

viral accessory proteins. Examples of viral accessory proteins that target restriction factors in 

a DDB1 dependent manner are the human immunodeficiency virus type 1 (HIV-1) proteins 

viral infectivity factor (vif), viral protein r (vpr), which target the their respective targets 

apolipoprotein B mRNA editing complex 3 (APOBEC3, reviewed in
83

) and uracil DNA 

glycosylase 2 (UNG-2), respectively. The human immunodeficiency virus type 2 (HIV-2) 

viral protein x (vpx) and the paramyxovirus SV5-V protein utilise DDB1 to induce the 

degradation the SAM domain- and HD domain-containing protein 1 (SAMHD1)
84, 85

 and 

signal transducer and activator of transcription 1 (STAT1)
86

 proteins, respectively. 

Various findings suggest that HBx may act as a DDB1-Cullin4 associated factor (DCAF), and 

functions by inducing the degradation of a restriction factor. X-ray crystallography revealed 

that HBx amino acids 88-100 form an α helix that interacts with a specific pocket in DDB1
87

. 

Similar α helices are found in various human DCAFs and in the SV5-V protein, and are 

required for interaction with DDB1
87

. The interaction between this helix and DDB1, and the c 

terminal part of HBx are both required for HBx function, and DDB1 stabilises HBx
81

. SV5-V 

competes with HBx binding to DDB1 and prevents HBx-mediated effects on cell viability
88

. 

Finally, it is possible to restore the activity of an HBx mutant not interacting with DDB1 by 

fusion of this mutant to DDB1, while fusion to a Cul4 binding deficient DDB1 did not result 




in HBx activity
87, 89

. These findings argue against HBx interfering with the interaction 

between DDB1 and another DCAF, or HBx itself being a target for DDB1-mediated 

proteasomal degradation, and therefore suggest that HBx may indeed act as a DCAF (Fig. 1). 

 

 

Figure 1. Like other viral accessory proteins, HBx interacts with DDB1. This interaction may induce 

the degradation of a host protein that restricts viral replication. 

The interaction between HBx and DDB1 is required for the transactivation of HBV RNA 

transcription (Chapter 6)
80-82, 89

. This implies that HBx induces the degradation of a host 

protein that suppresses HBV RNA transcription. As no previously identified HBx interacting 

proteins is degraded upon HBx interaction, we sought to identify such a protein. Using 

subtractive mass spectrometry, we identified talin-1 (TLN1) as an HBx interacting protein 

that is degraded upon interaction with HBx (Chapter 6). Recently, interaction between HBx 

and TLN1 was confirmed when TLN1 was identified by mass spectrometry amongst 277 HBx 

interacting proteins
90

. 

 

Talin-1 is a viral restriction factor targeted by HBx 

 

HBx interacts with DDB1 to induce the degradation of a host protein, which is essential for 

HBx function
4, 39, 81, 82, 88, 89

. Of all HBx interacting proteins we identified, only TLN1 is 

proteasomally degraded upon HBx expression (Chapter 6). Reduction in TLN1 levels, by 

HBx-mediated degradation or shRNA-mediated knockdown, results in a promoter 

independent increase in RNA transcription. TLN1 overexpression specifically prevents HBx-

mediated transactivation, but does not affect RNA transcription in the absence of HBx. These 

results show that the transactivation of RNA transcription from extrachromosomal DNA 

elements by HBx is related to the degradation of TLN1. Constitutive knockdown of TLN1 

stimulates HBV replication and prevents HBx from further stimulating HBV replication, 

which confirms that HBx stimulates in vitro HBV replication by inducing TLN1 degradation 

(Chapter 6).  
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The results presented in chapter 6 of this thesis strongly suggest that TLN1 suppresses HBV 

RNA transcription, and that HBx can relieve this suppression by inducing TLN1 degradation. 

HBx expression is essential for the initiation and maintenance of HBV RNA transcription
4
. In 

our study, we initiate HBV replication in HepG2 cells by transfection, and thereby circumvent 

the natural initiation of HBV replication. In this model, HBV can replicate in the absence of 

HBx, and although the stimulation of HBV RNA transcription is related to the essential role 

of HBx in vivo, we cannot exclude that HBx affects the initiation of HBV RNA transcription 

independent of TLN1 degradation. Several cell lines and animal models have been developed 

that can be infected with HBV and in which HBx deficiency does not lead to productive 

infection. It would be interesting to investigate the effect of TLN1 on the initiation of HBV 

replication in the absence of HBx in such models to establish whether inducing TLN1 

degradation indeed fully explains HBx function (reviewed in
91

).  

Our findings do not indicate the mechanism behind TLN1 mediated suppression of HBV 

replication. Transcriptional repression by TLN1 has previously been described, but the 

mechanism behind this repression was not defined
92, 93

. The canonical function of TLN1 is 

forming a link between the extracellular matrix and the actin cytoskeleton
94

. TLN1 interacts 

with the cytoplasmatic tails of β-integrins, membrane spanning extracellular matrix sensors 

that also provide adherence to the environment. TLN1 is required for integrin processing
95

, 

and the initiation and abrogation of integrin signalling
96

. TLN1 is a crucial component of 

focal adhesions, which are small, dynamic structures in the cell membrane. Focal adhesions 

provide adherence and are crucial for the inside-out and outside-in signalling between the cell 

and its environment. The dynamics of focal adhesions involve several kinases, such as the 

focal adhesion kinase (FAK) 
97

 and the extracellular signalling related kinase (ERK)
97

. Focal 

adhesions regulate pathways such as the PI3K/AKT pathway
97, 98

, and RAS/RAF/MAPK 

pathway
50, 99, 100

, and modulate levels of second messengers such as Ca
2+

 and inositol 

trisphosphate (IP3). Thereby focal adhesions integrate intracellular and extracellular signals, 

and can modulate various, if not all, cellular processes, including transcriptional regulation
101

. 

Regulation of focal adhesion dynamics involves the proteolytical and proteasomal 

degradation of structural proteins. Also TLN1 contains various proteolytical cleavage sites 

and is cleaved into several fragments with known and unknown biological functions. TLN1 

concentrates in the centrosomes during cytokinesis and is functionally involved in 

cytokinesis
102-104

. TLN1 interacts with an innate immune effector, promyelocytic leukemia 

(PML, TRIM19)
105

. Interestingly, TDG also interacts with PML, and colocalises with PML 

bodies
106

. 

In line with its function, HBx expression disturbs several TLN1-related processes. 

Recognition of TLN1 as a major host factor involved in HBV replication may substantially 

improve current in vitro models of HBV replication. Indeed, extracellular matrix components 

such as collagen and fibronectin substantially enhance HBV replication in vitro
107, 108

. HBx 

expression increases Ca
2+

 and IP3 levels
109

, leads to β-1 integrin redistribution and irreversibly 

stimulates β-1 integrin activation
110

. TLN1 is required for integrin activation, therefore this 

observation suggests that not all TLN1 may be subject to HBx-mediated degradation. In line 

with this, we observed only limited TLN1 degradation, indicating that indeed not all TLN1 is 




degraded by HBx (Chapter 6). TLN1 is a large protein and subject to various modifications 

and functionally different confirmations. For instance in the cytoplasm, TLN1 forms a tight 

dimer, in which most domains are shielded off
111

. Selective TLN1 degradation may be 

responsible for the activation of the focal adhesion related pathways that is observed upon 

HBx expression and which supports HBV replication. HBx expression also induces aberrant 

cytokinesis independent of transactivating HBV RNA transcription
112

. During 

prometaphase/metaphase, cells overexpressing HBx frequently show either multipolar 

spindles and three or more centrosomes, or unipolar spindles
112-114

. In these cells, HBx is 

enriched in the centrosome fraction
112

.  

 

Protein X as a therapeutic target 

 

Although at a low rate, chronic HBV carriers do sometimes clear all markers of viral 

replication, indicating that complete control of HBV replication, i.e., functional cure from 

chronic HBV infection, is in principle possible. However, the rate at which patients 

spontaneously clear all markers of viral replication is probably not affected by currently 

available therapies
115-117

. These suppress HBV replication by preventing HBV DNA 

production and cccDNA amplification (nucleoside analogues) or by stimulating innate 

immune activity ((PEG-) interferon). The ongoing viral protein production from existing 

HBV cccDNA is not targeted by these therapies and prevents the development of sufficiently 

strong adaptive immune responses. Such a response would be a perquisite to eliminate the 

HBV cccDNA from infected hepatocytes and achieve complete clearance of all markers of 

viral replication. 

As HBx has a critical role in maintaining HBV RNA transcription, novel treatments 

interfering with HBx function may substantially improve therapy outcome by reducing viral 

protein production. Indeed in animal models, HBV does not replicate in the absence of HBx, 

and in established HBV infection, shRNA mediated reduction of HBx levels can reactivate 

the adaptive immune response against HBV. 

HBx stimulates HBV RNA transcription by inducing TLN1 degradation (Chapter 6). We 

observed that proteasome inhibitor MG132 could interfere with HBV replication. In other 

experimental systems treatment with proteasome inhibitors has led to mixed outcomes. Some 

proteasome inhibitors such as bortezomib and carfilzomib are approved for the treatment of 

multiple myeloma. However, the side effects of these compounds are presumably too severe 

to be used in the treatment of chronic HBV. Depending on the in vivo effectiveness of these 

compounds in suppressing HBV replication, their use may be considered in otherwise life 

threatening HBV exacerbations. Possibly, more substrate specific inhibitors with less side 

effects could be developed that could interfere with HBx function by suppressing the 

degradation of ubiquinated TLN1. 

We observed that overexpression of the HBx.R96E mutant prevented transactivation by HBx 

without having obvious other effects (unpublished observations). This suggests that shielding 

off the domain of TLN1 that interacts with HBx may be possible without disturbing TLN1 
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The results presented in chapter 6 of this thesis strongly suggest that TLN1 suppresses HBV 

RNA transcription, and that HBx can relieve this suppression by inducing TLN1 degradation. 

HBx expression is essential for the initiation and maintenance of HBV RNA transcription
4
. In 

our study, we initiate HBV replication in HepG2 cells by transfection, and thereby circumvent 

the natural initiation of HBV replication. In this model, HBV can replicate in the absence of 

HBx, and although the stimulation of HBV RNA transcription is related to the essential role 

of HBx in vivo, we cannot exclude that HBx affects the initiation of HBV RNA transcription 

independent of TLN1 degradation. Several cell lines and animal models have been developed 

that can be infected with HBV and in which HBx deficiency does not lead to productive 

infection. It would be interesting to investigate the effect of TLN1 on the initiation of HBV 

replication in the absence of HBx in such models to establish whether inducing TLN1 

degradation indeed fully explains HBx function (reviewed in
91

).  

Our findings do not indicate the mechanism behind TLN1 mediated suppression of HBV 

replication. Transcriptional repression by TLN1 has previously been described, but the 

mechanism behind this repression was not defined
92, 93

. The canonical function of TLN1 is 

forming a link between the extracellular matrix and the actin cytoskeleton
94

. TLN1 interacts 

with the cytoplasmatic tails of β-integrins, membrane spanning extracellular matrix sensors 

that also provide adherence to the environment. TLN1 is required for integrin processing
95

, 

and the initiation and abrogation of integrin signalling
96

. TLN1 is a crucial component of 

focal adhesions, which are small, dynamic structures in the cell membrane. Focal adhesions 

provide adherence and are crucial for the inside-out and outside-in signalling between the cell 

and its environment. The dynamics of focal adhesions involve several kinases, such as the 

focal adhesion kinase (FAK) 
97

 and the extracellular signalling related kinase (ERK)
97

. Focal 

adhesions regulate pathways such as the PI3K/AKT pathway
97, 98

, and RAS/RAF/MAPK 

pathway
50, 99, 100

, and modulate levels of second messengers such as Ca
2+

 and inositol 

trisphosphate (IP3). Thereby focal adhesions integrate intracellular and extracellular signals, 

and can modulate various, if not all, cellular processes, including transcriptional regulation
101

. 

Regulation of focal adhesion dynamics involves the proteolytical and proteasomal 

degradation of structural proteins. Also TLN1 contains various proteolytical cleavage sites 

and is cleaved into several fragments with known and unknown biological functions. TLN1 

concentrates in the centrosomes during cytokinesis and is functionally involved in 

cytokinesis
102-104

. TLN1 interacts with an innate immune effector, promyelocytic leukemia 

(PML, TRIM19)
105

. Interestingly, TDG also interacts with PML, and colocalises with PML 

bodies
106

. 

In line with its function, HBx expression disturbs several TLN1-related processes. 

Recognition of TLN1 as a major host factor involved in HBV replication may substantially 

improve current in vitro models of HBV replication. Indeed, extracellular matrix components 

such as collagen and fibronectin substantially enhance HBV replication in vitro
107, 108

. HBx 

expression increases Ca
2+

 and IP3 levels
109

, leads to β-1 integrin redistribution and irreversibly 

stimulates β-1 integrin activation
110

. TLN1 is required for integrin activation, therefore this 

observation suggests that not all TLN1 may be subject to HBx-mediated degradation. In line 

with this, we observed only limited TLN1 degradation, indicating that indeed not all TLN1 is 




degraded by HBx (Chapter 6). TLN1 is a large protein and subject to various modifications 

and functionally different confirmations. For instance in the cytoplasm, TLN1 forms a tight 

dimer, in which most domains are shielded off
111

. Selective TLN1 degradation may be 

responsible for the activation of the focal adhesion related pathways that is observed upon 

HBx expression and which supports HBV replication. HBx expression also induces aberrant 

cytokinesis independent of transactivating HBV RNA transcription
112

. During 

prometaphase/metaphase, cells overexpressing HBx frequently show either multipolar 

spindles and three or more centrosomes, or unipolar spindles
112-114

. In these cells, HBx is 

enriched in the centrosome fraction
112

.  

 

Protein X as a therapeutic target 

 

Although at a low rate, chronic HBV carriers do sometimes clear all markers of viral 

replication, indicating that complete control of HBV replication, i.e., functional cure from 

chronic HBV infection, is in principle possible. However, the rate at which patients 

spontaneously clear all markers of viral replication is probably not affected by currently 

available therapies
115-117

. These suppress HBV replication by preventing HBV DNA 

production and cccDNA amplification (nucleoside analogues) or by stimulating innate 

immune activity ((PEG-) interferon). The ongoing viral protein production from existing 

HBV cccDNA is not targeted by these therapies and prevents the development of sufficiently 

strong adaptive immune responses. Such a response would be a perquisite to eliminate the 

HBV cccDNA from infected hepatocytes and achieve complete clearance of all markers of 

viral replication. 

As HBx has a critical role in maintaining HBV RNA transcription, novel treatments 

interfering with HBx function may substantially improve therapy outcome by reducing viral 

protein production. Indeed in animal models, HBV does not replicate in the absence of HBx, 

and in established HBV infection, shRNA mediated reduction of HBx levels can reactivate 

the adaptive immune response against HBV. 

HBx stimulates HBV RNA transcription by inducing TLN1 degradation (Chapter 6). We 

observed that proteasome inhibitor MG132 could interfere with HBV replication. In other 

experimental systems treatment with proteasome inhibitors has led to mixed outcomes. Some 

proteasome inhibitors such as bortezomib and carfilzomib are approved for the treatment of 

multiple myeloma. However, the side effects of these compounds are presumably too severe 

to be used in the treatment of chronic HBV. Depending on the in vivo effectiveness of these 

compounds in suppressing HBV replication, their use may be considered in otherwise life 

threatening HBV exacerbations. Possibly, more substrate specific inhibitors with less side 

effects could be developed that could interfere with HBx function by suppressing the 

degradation of ubiquinated TLN1. 

We observed that overexpression of the HBx.R96E mutant prevented transactivation by HBx 

without having obvious other effects (unpublished observations). This suggests that shielding 

off the domain of TLN1 that interacts with HBx may be possible without disturbing TLN1 
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function. Screening for such compounds would be a considerable effort, but conceptually the 

approach seems interesting as it may be applicable to identify compounds that interfere with 

the function of viral accessory proteins, and lead to the development of a new class of 

antivirals that act on viral accessory proteins. 

It may be possible to functionally interfere with HBx by other means than preventing TLN1 

degradation. HBx-induced TLN1 degradation modulates the levels of several second 

messengers, activates several kinases, and the activity of cellular pathways. The extent to 

which individual modulations are important for the transcriptional transactivation by HBx is 

unclear. To investigate the possibility to interfere with HBV transcription by modulating 

relevant pathways using small molecules, we screened the 640 bioactive compounds in 

ENZO’s FDA approved drug library for HBV RNA transcription inhibitors (Chapter 7). 

Among the HBV RNA transcription inhibitors that efficiently suppressed HBV replication 

were several L-type calcium channel (LTCC) blockers. Calcium is an important second 

messenger that is increased in HBx expressing cells and that positively regulates HBV 

transcription. Also dopamine receptor agonists suppressed HBV RNA transcription. LTCC 

blockers and dopamine receptor agonists suppresses transcription independent of HBx, and 

may also suppress the transcription of other episomally replicating DNA viruses, such as the 

human papillomavirus (HPV) and the Epstein-Barr virus (EBV)
118

. The dopamine receptor 

agonists and LTCC blockers we identified are approved by the FDA for application in people 

and their application in the treatment of chronic HBV may benefit therapy outcome.   

We identified one compound, terbinafine, which specifically and efficiently interfered with 

HBx mediated stimulation of HBV RNA transcription (Chapter 7). Terbinafine was 

originally identified as an inhibitor of the fungal enzyme squamous epoxidase, but has also 

been reported to modulate various cellular pathways. Several of these pathways are also 

modulated by HBx expression, and may be related to TLN1 depletion (Table 1).  

Future research will have to show if the pathways targeted by terbinafine are indeed critical 

for HBx function in vivo, and whether non-toxic dosages of terbinafine can effectively 

suppress HBx function in people with chronic HBV infection.  

 

  




Concluding remarks 

Viruses travel light, and the hepatitis B virus is a striking example of the efficiency by which 

viruses can use their genome. The high degree of overlap of the HBV genes leaves little space 

for adaptation. We observed that in immune tolerant patients with a high viral load virtually 

no nucleotide substitutions occur in the overlapping parts of the HBV genome. This reflects 

that the HBV has optimally adapted to its human host. The substitution rates in the 

nonoverlapping parts of the HBV genome are more suitable for the analysis of short-term 

viral evolution and transmission chains. 

HBV encodes one accessory protein HBx, which is essential for viral replication. The tertiary 

structure of HBx resembles the central domain of human TDG, although the function of HBx 

is not directly related to TDG. HBx is able to suppress the TDG-initiated BER pathway, 

which may contribute to viral escape and the oncogenic effect of HBx. 

HBx-mediated modulation and transactivation of gene expression involves chromatin 

remodelling with concomitant changes in histone acetylation status. However, the 

transcriptional effects of HBx are independent of the histone deacetylation rate, which 

indicates that modulation of the acetylation status of the HBV cccDNA associated histones is 

a consequence, and not in itself a cause, of HBx mediated transcriptional transactivation. 

HBx mediated transactivation may be driven by degradation of a host protein. The HBx 

interacting proteins TLN1 is proteasomally degraded upon HBx expression. Indeed, TLN1 

suppresses HBV transcription, and knockdown of TLN1 results in efficient HBV replication 

independent of HBx expression.  

HBx is critical to maintain HBV RNA transcription and thereby facilitates the ongoing HBV 

protein production during chronic HBV infection and during treatment. This ongoing protein 

production critically interferes with the reactivation of the adaptive immune response against 

HBV. HBV transcription may be inhibited by several FDA approved compounds. The 

application of these compounds in the treatment of chronic HBV infection may improve 

therapy outcome, and possibly shut down HBV protein production, presumably a premise for 

the reestablishment of an adaptive immune response against the virus.  

~ 

A significant part of our genome consists of DNA sequences that are related to viruses; the 

battered remains of an ever ongoing arms race. Viruses have always been there to threaten us, 

and always will be. We live in interesting times, in which science offers us an increasing 

arsenal of means to combat viruses and protect us from the diseases they cause. In the past 

years I had the opportunity to experience, and contribute, to the progress in our understanding 

of the hepatitis B virus and the ongoing search for a cure. Beside my results, for what they are 

worth, I found there is certain beauty to viruses, the marvellous molecules they consist of, and 

the elegance with which they manoeuvre through the narrow niches and bottlenecks they 

encounter. It is a tragic and dangerous beauty fit to biology’s fallen angels, as old as life, but 

forever banned from its kingdom. 
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function. Screening for such compounds would be a considerable effort, but conceptually the 

approach seems interesting as it may be applicable to identify compounds that interfere with 

the function of viral accessory proteins, and lead to the development of a new class of 

antivirals that act on viral accessory proteins. 

It may be possible to functionally interfere with HBx by other means than preventing TLN1 

degradation. HBx-induced TLN1 degradation modulates the levels of several second 

messengers, activates several kinases, and the activity of cellular pathways. The extent to 

which individual modulations are important for the transcriptional transactivation by HBx is 

unclear. To investigate the possibility to interfere with HBV transcription by modulating 

relevant pathways using small molecules, we screened the 640 bioactive compounds in 

ENZO’s FDA approved drug library for HBV RNA transcription inhibitors (Chapter 7). 

Among the HBV RNA transcription inhibitors that efficiently suppressed HBV replication 

were several L-type calcium channel (LTCC) blockers. Calcium is an important second 

messenger that is increased in HBx expressing cells and that positively regulates HBV 

transcription. Also dopamine receptor agonists suppressed HBV RNA transcription. LTCC 

blockers and dopamine receptor agonists suppresses transcription independent of HBx, and 

may also suppress the transcription of other episomally replicating DNA viruses, such as the 

human papillomavirus (HPV) and the Epstein-Barr virus (EBV)
118

. The dopamine receptor 

agonists and LTCC blockers we identified are approved by the FDA for application in people 

and their application in the treatment of chronic HBV may benefit therapy outcome.   

We identified one compound, terbinafine, which specifically and efficiently interfered with 

HBx mediated stimulation of HBV RNA transcription (Chapter 7). Terbinafine was 

originally identified as an inhibitor of the fungal enzyme squamous epoxidase, but has also 

been reported to modulate various cellular pathways. Several of these pathways are also 

modulated by HBx expression, and may be related to TLN1 depletion (Table 1).  

Future research will have to show if the pathways targeted by terbinafine are indeed critical 

for HBx function in vivo, and whether non-toxic dosages of terbinafine can effectively 

suppress HBx function in people with chronic HBV infection.  

 

  




Concluding remarks 

Viruses travel light, and the hepatitis B virus is a striking example of the efficiency by which 

viruses can use their genome. The high degree of overlap of the HBV genes leaves little space 

for adaptation. We observed that in immune tolerant patients with a high viral load virtually 

no nucleotide substitutions occur in the overlapping parts of the HBV genome. This reflects 

that the HBV has optimally adapted to its human host. The substitution rates in the 

nonoverlapping parts of the HBV genome are more suitable for the analysis of short-term 

viral evolution and transmission chains. 

HBV encodes one accessory protein HBx, which is essential for viral replication. The tertiary 

structure of HBx resembles the central domain of human TDG, although the function of HBx 

is not directly related to TDG. HBx is able to suppress the TDG-initiated BER pathway, 

which may contribute to viral escape and the oncogenic effect of HBx. 

HBx-mediated modulation and transactivation of gene expression involves chromatin 

remodelling with concomitant changes in histone acetylation status. However, the 

transcriptional effects of HBx are independent of the histone deacetylation rate, which 

indicates that modulation of the acetylation status of the HBV cccDNA associated histones is 

a consequence, and not in itself a cause, of HBx mediated transcriptional transactivation. 

HBx mediated transactivation may be driven by degradation of a host protein. The HBx 

interacting proteins TLN1 is proteasomally degraded upon HBx expression. Indeed, TLN1 

suppresses HBV transcription, and knockdown of TLN1 results in efficient HBV replication 

independent of HBx expression.  

HBx is critical to maintain HBV RNA transcription and thereby facilitates the ongoing HBV 

protein production during chronic HBV infection and during treatment. This ongoing protein 

production critically interferes with the reactivation of the adaptive immune response against 

HBV. HBV transcription may be inhibited by several FDA approved compounds. The 

application of these compounds in the treatment of chronic HBV infection may improve 

therapy outcome, and possibly shut down HBV protein production, presumably a premise for 

the reestablishment of an adaptive immune response against the virus.  

~ 

A significant part of our genome consists of DNA sequences that are related to viruses; the 

battered remains of an ever ongoing arms race. Viruses have always been there to threaten us, 

and always will be. We live in interesting times, in which science offers us an increasing 

arsenal of means to combat viruses and protect us from the diseases they cause. In the past 

years I had the opportunity to experience, and contribute, to the progress in our understanding 

of the hepatitis B virus and the ongoing search for a cure. Beside my results, for what they are 

worth, I found there is certain beauty to viruses, the marvellous molecules they consist of, and 

the elegance with which they manoeuvre through the narrow niches and bottlenecks they 

encounter. It is a tragic and dangerous beauty fit to biology’s fallen angels, as old as life, but 

forever banned from its kingdom. 
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Summary 

 

The human body has to continuously defends itself against viruses, however viruses have 
adapted to overcome these defence mechanisms. Some viruses can do so only for a limited 
time. For instance Rhinoviruses, which cause the common cold, can infect us, but within a 
couple of weeks our immune system has learned to recognise the virus and the infection is 
cleared. Other viruses will, once infection has established, be present for the rest of our lives. 
Mostly immune responses to these viruses do develop, but although these responses may limit 
viral replication, they are insufficiently strong to completely clear the virus. Infections with 
the hepatitis B virus differ in their duration. In adults that become infected, the virus is 
generally recognised well by the immune system and cleared within a couple of months. 
Conversely, in children that become infected generally no immune response against the virus 
develops, and when immune responses do develop they are not sufficiently strong to fully 
control HBV replication. Failure to clear spontaneous infection results in chronic HBV 
infection, which may lead to liver cirrhosis specific livercancers called hepatocellular 
carcinoma (HCC). An estimated 240,000,000 people are chronically infected with HBV, and 
an estimated 780.000 people die each year as a consequence of HBV infection. 
The HBV infected hepatocyte produces infectious HBV particles, but next to this excretes 
large amounts of viral protein in the blood. Nucleoside analogues, which are currently used to 
treat chronic HBV infection, can prevent the generation of infectious virus but do not curb the 
viral protein production. Chronic HBV infections are also treated with a limited course of 
interferon, which permanently reduces viral replication in a subset of treated patients. This 
suppression of HBV replication only reduces the risk of HBV related pathology. Amongst 
others because of the lack of a curative therapy, the number of people chronically infected 
with HBV is still rising.   
The hepatitis B virus produces one accessory protein from its genome that is essential for viral 
replication: The X protein. Expression of this protein X, abbreviated HBx, is essential to 
initiate and maintain HBV RNA transcription, and thereby, viral protein production. Because 
of this critical role in HBV replication, we have tried to delineate the mechanism by which 
HBx supports HBV replication.  
In chapter 2, we have taken a closer look at the mutations that accumulate in the HBV 
genome in chronically infected patients. The HBV genome contains overlapping open reading 
frames for different viral proteins, and open reading frames that only encode one protein. We 
observed that the substitution rate in the nonoverlapping reading frames of the HBV genome 
was higher than the substitution rate in overlapping reading frames of the HBV genome. In 
patients that suppressed viral replication, as evidenced by a reduced viral load, we observed 
an increase in the number of substitutions occurring in the overlapping- but not in the single 
reading frames. Due to their higher and more constant substitution rate, the nonoverlapping 
reading frames of the HBV genome are more suitable to analyse short-term viral evolution 
and transmission chains.  
To gain more insights in how HBx may function, we predicted the structure of HBx using 
computer modelling (Chapter 3). This structure turned out to be highly homologous to the 
human thymine DNA glycosylase (TDG), a protein canonically involved in initiating the base 
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excision repair (BER) pathway. We next investigated whether the structural homology 
between HBx and TDG translated into functional redundancy. As described in chapter 4, 
TDG overexpression could not compensate for the loss of HBx in supporting HBV 
replication. However, we did observe that HBx interfered with the TDG-initiated BER 
pathway. Our experiments demonstrated a structural homology between HBx and TDG, but 
show that the function of HBx is not directly related to TDG function. Our experiments 
demonstrated a structural homology between HBx and TDG, but show that the function of 
HBx is not directly related to TDG function.  
After HBV has entered a hepatocyte, the viral DNA is processed into a covalently closed 
circular DNA (cccDNA) genome, from which HBV RNA is transcribed. In the absence of 
HBx, specialised host enzymes called histone deacetylases (HDACs) remove the acetyl 
groups from the cccDNA-associated histones. This increases the interaction between the 
histones and the cccDNA, which prevents viral RNA transcription. Because of the prominent 
role of HDACs in HBV replication, we investigated the effect of inhibiting these enzymes in 
chapter 5. We observed that suppressing HDACs indeed stimulated HBV RNA transcription. 
However, the increase in RNA transcription was independent of the effect of HBx expression, 
which excludes that HBx functions by interfering with HDAC activity. 
HBx interacts with various host proteins. One of these is the damage-specific DNA binding 
protein 1 (DDB1). Accessory proteins from other viruses are known to function by interacting 
with DDB1, and thereby link another host protein to the DDB1-associated protein degradation 
machinery. In chapter 6 we show that HBx interacts with DDB1 in HEK 293 cells, that this 
interaction is essential to stimulate HBV RNA transcription by inducing the degradation of a 
host protein. We identified proteins that interact with HBx in these cells in the presence and 
absence of functional HBx by mass spectrometry. One of the HBx interacting proteins, talin-1 
(TLN1), was indeed degraded in the presence of functional HBx. Subsequent experiments 
revealed that TLN1 indeed suppresses HBV transcription, and that in absence of TLN1 HBV 
replicates efficiently and HBx cannot further stimulate HBV replication. These results show 
that HBx enables HBV replication by inducing the degradation of TLN1.  
The finding of the involvement of TLN1 in HBx function significantly contributes to our 
understanding of HBV replication, but does not directly provide cues on how to counteract 
HBx function. In chapter 7 we investigated whether it is possible to suppress HBV RNA 
transcription in vitro using FDA approved drugs. Thereby we identified several classes of 
compounds that reduce HBV replication by suppressing HBV RNA transcription. By 
analysing the effect of HBV transcription suppressing compounds in the presence and absence 
of HBx, we established that one compound, terbinafine, functionally interfered with the HBx-
mediated transcriptional transactivation of HBV RNA trancription. Application of these 
compounds may increase the efficiency of antiviral treatment of chronic HBV infection by 
reducing HBV transcription, and thereby the ongoing HBV protein production. Such a 
reduction in viral antigen production seems a perquisite for the reactivation of the adaptive 
immune response against HBV. 
HBV has an enormous capacity to evade and sabotage our immune responses. Although it is 
rare, it does happen that people mount a sufficiently strong immune response and fully clear 
chronic HBV infection, even after having been infected for decades. Thus, the ultimate goal 
of HBV treatment should be to create the premises that would allow such a re-initiation of a 
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sufficiently strong antiviral response. The results in this thesis contribute to our understanding 
of how the hepatitis B virus protein X supports HBV replication, and how we may inhibit this. 
Our findings may contribute to the development of curative therapy for people chronically 
infected with HBV.  
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Samenvatting 

 
Ons lichaam verdedigt zich continu tegen virussen die proberen zich in onze cellen te 
vermenigvuldigen, maar omgekeerd hebben virussen zich aangepast om deze verdediging te 
omzeilen. Sommige virussen kunnen dat maar even vol houden, zoals een Rhinovirus, dat bij 
mensen verkoudheid veroorzaakt. Dit virus kan cellen in onze neusholte infecteren, maar 
wordt al snel herkend door ons immuunsysteem. Vervolgens worden het virus en de cellen die 
ermee geïnfecteerd zijn snel opgeruimd. Andere virussen hebben verschillende eigenschappen 
ontwikkeld waardoor ons immuunsysteem ze niet meer goed genoeg herkent om ze op te 
ruimen. Het hepatitis B virus zit er tussenin. Bij volwassen mensen die geïnfecteerd raken 
wordt het virus vaak snel herkend en kan het immuunsysteem het virus opruimen. Als 
kinderen geïnfecteerd worden met HBV duurt het lang voordat er een immuun respons tegen 
het virus optreedt, en deze immuun respons is dan bijna altijd te zwak om het virus echt 
helemaal op te ruimen. Naar schatting zijn er wereldwijd ongeveer 240.000.000 mensen 
chronisch geïnfecteerd met HBV. Tijdens deze chronische HBV infectie repliceert het virus in 
levercellen, wat op zichzelf geen lever schade veroorzaakt. Het zijn juist de suboptimale 
immuun responsen die een langdurige, subklinische leverontsteking veroorzaken die 
uiteindelijk kan leiden tot levercirrose en een specifieke vorm van leverkanker; het 
zogenaamde hepatocellulaire carcinoom (HCC). Naar schatting overlijden er ieder jaar 
ongeveer 780.000 mensen aan de gevolgen van HBV infectie.  

Een met HBV geïnfecteerde levercel produceert naast nieuwe, infectieuze HBV deeltjes grote 
hoeveelheden HBV eiwitten, die worden uitgescheiden in de bloedbaan. Met de nucleoside 
analogen die op dit moment gebruikt worden om HBV infectie te behandelen kan de aanmaak 
van nieuwe virusdeeltjes worden voorkomen, maar deze middelen zorgen er niet voor dat het 
virus wordt opgeruimd en verhinderen ook niet de productie van virale eiwitten. De enige 
andere mogelijkheid om HBV infectie te behandelen is de toediening van interferon, hetgeen 
ook niet tot genezing leidt maar bij een deel van de behandelde patiënten het immuun systeem 
in staat stelt de virale replicatie blijvend te onderdrukken en de kans op HBV gerelateerde 
ziekte vermindert. 

Om te kunnen repliceren in een levercel moet het hepatitis B virus een bepaald eiwit maken: 
het X eiwit. Dit eiwit zorgt er voor dat de productie van HBV RNA goed verloopt. Omdat het 
X eiwit (vaak afgekort als HBx) zo belangrijk is voor HBV replicatie hebben we in dit 
proefschrift geprobeerd meer inzicht te krijgen in de functie en werking van het X eiwit.  
In hoofdstuk 2 hebben we gekeken naar de mutaties die optreden in het hepatitis B virus in 
chronisch geïnfecteerde patiënten. Het HBV genoom kan onderverdeeld worden in 
verschillende overlappende leesramen die coderen voor verschillende virale eiwitten. In het 
grootste gedeelte van het HBV genoom overlappen verschillende leesramen elkaar; het DNA 
in deze gedeelten bevat dus de instructies voor de aanmaak van twee verschillende eiwitten. 
In deze delen zagen we vooral mutaties optreden als de hoeveelheid virus in het bloed laag 
was. Dit betekent dat er in deze delen van het HBV genoom vooral mutaties in het virus 
ontstaan als de virale replicatie onder controle gehouden wordt door een afdoende sterke 
immuunrespons. In de niet overlappende delen traden niet alleen meer mutaties op, maar 
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zagen we ook dat het aantal mutaties onafhankelijk was van de hoeveelheid virus in het bloed 
van de patiënten. Dit betekent dat het aantal mutaties in de niet overlappende delen van het 
HBV genoom een betere maat is voor de analyse van HBV evolutie op korte tijdschalen, en 
dat deze delen beter inzicht kunnen geven in virus overdrachtspatronen.  
Om er achter te komen hoe het X eiwit zou kunnen werken hebben we de structuur van het X 
eiwit voorspeld met een computermodel (hoofdstuk 3). De structuur van het X eiwit bleek 
sterk overeen te komen met de structuur van het menselijk eiwit thymine DNA glycosylase 
(TDG). Dit eiwit is betrokken bij het opstarten van een DNA-reparatieproces dat “Base 
Excision Repair” ofwel BER wordt genoemd. We hebben vervolgens onderzocht of de functie 
van HBx gerelateerd is aan die van TDG. In hoofdstuk 4 beschrijven we dat overexpressie 
van TDG geen effect heeft op HBV replicatie. Wel zagen we dat HBx het door TDG 
geïnitieerde DNA reparatieproces verstoorde. Onze proeven laten zien dat HBx en TDG qua 
structuur op elkaar lijken, maar dat er geen overeenkomsten zijn in de functie van beide 
eiwitten. 

Nadat HBV een gastheercel is binnengedrongen vormt het HBV DNA een circulair genoom 
(cccDNA) in de celkern. Dit cccDNA fungeert als mal voor het maken van HBV RNA. In 
afwezigheid van HBx verwijderen gespecialiseerde enzymen, de zogenoemde “histone 
deacetylases” of kortweg HDACs, de acetylgroepen van de histonen waaraan het cccDNA 
gebonden is. Dit zorgt voor een sterkere binding tussen de histonen en het cccDNA, waardoor 
dit condenseert en de transcriptie van viraal RNA wordt stilgelegd. Vanwege het belang van 
deze HDACs in HBV replicatie hebben we in hoofdstuk 5 gekeken naar het effect van het 
remmen van deze enzymen op virale transcriptie. We zagen dat het remmen van HDACs 
resulteert in een verhoging van de transcriptie van HBV RNA. Echter, deze verhoging in 
RNA transcriptie is helemaal onafhankelijk van het effect van HBx op transcriptie. Deze 
experimenten sluiten uit dat HBx functioneel interfereert met de activiteit van HDACs. 
HBx gaat veel interacties aan met menselijke eiwitten in de levercel. Een van die eiwitten is 
het “damage-specific DNA binding protein 1” ofwel DDB1 eiwit. Er zijn een aantal eiwitten 
van andere virussen bekend die aan DDB1 binden met als doel de afbraak van een ander eiwit 
te induceren. In hoofdstuk 6 laten we zien dat ook in HEK 293 cellen HBx een interactie met 
het DDB1 eiwit aangaat, en dat deze interactie leidt tot verhoogde HBV RNA transcriptie 
waarbij de degradatie van een menselijk eiwit van essentieel belang is. Vervolgens hebben we 
deze cellen gebruikt om de bindingspartners van HBx te identificeren. Één van deze 
bindingspartners, talin-1 (TLN1), werd inderdaad afgebroken in de aanwezigheid van HBx. 
Vervolgproeven lieten zien dat TLN1 de transcriptie van HBV RNA remt, en dat het hepatitis 
B virus zich in afwezigheid van TLN1 goed kan vermenigvuldigen zonder dat het HBx eiwit 
aanwezig hoeft te zijn. Dit duidt erop dat HBx de replicatie van HBV mogelijk maakt door de 
afbraak van TLN1 te induceren. 

De werking van HBx, en de betrokkenheid van TLN1 daarin, is erg belangrijk voor ons begrip 
over hoe HBV werkt, maar levert niet direct aanknopingspunten op om de werking van HBx 
te remmen. In hoofdstuk 7 hebben we gekeken of er bestaande geneesmiddelen zijn die in 

vitro HBV RNA productie kunnen remmen. Een aantal klassen van bestaande 
geneesmiddelen bleken inderdaad de replicatie van HBV te remmen door RNA transcriptie te 
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onderdrukken. Door te kijken naar het effect van deze stoffen in de aan- en afwezigheid van 
HBx hebben we de stof terbinafine geïdentificeerd als remmer van HBx geïnduceerde HBV 
RNA transcriptie. Mogelijk kunnen de door ons geïdentificeerde geneesmiddelen de 
bestaande behandeling van chronische HBV infectie ondersteunen door de virale RNA 
transcriptie en dus ook de virale eiwitproductie te remmen. Een dergelijke reductie in virale 
eiwitproductie lijkt een voorwaarde voor het activeren van de immuunrespons tegen HBV bij 
chronische infectie.  

De resultaten die in dit proefschrift beschreven staan dragen bij aan ons begrip hoe het X 
eiwit HBV replicatie mogelijk maakt, en hoe we dit tegen kunnen gaan. Deze nieuwe 
inzichten in de functie van het X eiwit kunnen bijdragen aan het ontwikkelen van 
therapievormen die chronische HBV infecties blijvend genezen. 
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Dankwoord 

Na zo’n vijf jaar zit het er op en hebben we, om met Kavafis te spreken, Ithaka bereikt. Wat 

we er ook van verwacht hadden, dit is het geworden, het stelt mij in ieder geval niet teleur. 

Hans en Neeltje, als mijn promotor en copromotor zijn jullie samen met mij op weg gegaan, 

ik ben jullie veel dank verschuldigd voor al jullie hulp en vertrouwen. 

 

Neeltje, het was niet altijd een makkelijke reis. We wisten de weg niet, die was er ook niet, en 

hebben flinke omwegen gemaakt. Maar wat hebben we ook mooie dingen gezien, en 

ontzettend veel geleerd. Laestrygonen en cyclopen zijn we wel degelijk tegengekomen, die 

moesten overwonnen of omzeild worden. Jij zag altijd wel een weg, en verloor daarbij Ithaka 

nooit uit het oog. Je bent een van de allerbeste in je vak, ons vak, en ik beschouw het als een 

groot voorrecht door jou te zijn opgeleid. 

 

Hans, jij nam mij indertijd als dolende student onder je hoede. We besloten dat de wereld 

moet weten wat dat X eiwit nou doet, en zijn dat gaan uitzoeken. Je hebt me ooit verteld dat 

het betere de vijand is van het goede. Na vijf jaar ben ik er wel achter dat je, ook over één 

eiwit van één virus, nooit alles zult kunnen weten. Wetenschap is meer te weten komen, nooit 

alles. We weten nu meer van dat rare X eiwit, en dat lijkt me goed. Op al de momenten 

waarop dat nodig was, dan was je er met je rust, raad en daad. Ik heb veel van je geleerd. 

 

Karel, aan jou kun je het opzuiveren en kwantificeren van HBV RNA in cytoplasmatische 

core partikeltjes uit met HBV DNA getransfecteerde cellen met een gerust hart overlaten, en 

dat kan van niet veel mensen gezegd worden! Je weet altijd precies waar je mee bezig bent, 

dank je wel dat je mijn paranimf wilt zijn! Dankzij Ad (ook bedankt!) en jou was het lab op 

M01 altijd de fijne, veilige omgeving waarin ik de afgelopen jaren met zo veel plezier mijn 

experimenten kon doen. 

 

Go, ook jij staat straks naast me als paranimf, en dat vind ik een buitengewoon geruststellend 

idee. We hebben wel voor hetere vuren gestaan samen... Vita Brevis, ik hoop dat we nog veel 

lange dagen zullen hebben om toffe dingen te doen. Haidee! 

 

Formijn, jouw model van X was het eerste dat ons een richting gaf in de weg die tot dit 

proefschrift heeft geleid. Maartje, bedankt voor je essentiële hulp met de massaspectrometrie. 

Jullie beiden ook bedankt voor alle uitleg en de gezelligheid waarmee we samen tot wat we 

weten zijn gekomen. Shamly, Marjolein & Mattie, ik mocht jullie begeleiden bij jullie stages 

en scriptie, en vond het enorm inspirerend om daarbij zien hoe jullie groeiden in ons vak. Ik 

hoop dat jullie iets van me geleerd hebben, bedankt voor de leuke tijd, dat vond ik het in ieder 

geval, en voor alles wat ik van jullie heb geleerd. 

 

Esther, Janine, Judith, Martijn, Pawel, Viviana, thanks for all the good times as roomies at 

M01-106! Thijs en Tom, tijdens mijn laatste maanden op M01 hebben wij als laatste der 

Mohicanen “het kippenhok” bezet gehouden. Jullie laten je allebei door niets of niemand gek 

maken, en houden gewoon de moed erin, dat heeft me in die tijd erg geholpen, bedankt 

daarvoor! Heel veel succes met jullie verdere onderzoek! Lauren, thanks for alle gezelligheid, 

party on! Louis, laatste aanwinst in M01’s clubje bier- en punkrock liefhebbers! Als ik een 

aan HBV gerelateerd probleem op mij lever had kon ik altijd bij jou, Aniki, Femke en Meike 

terecht, dank jullie wel voor alle leerzame presentaties en discussies! Rob, bedankt voor de 

koffie! Nina, met jouw talent en zorgzaamheid voor je vak en de mensen om je heen heb je de 
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wereld heel veel goeds te geven. Ramin, you’re so radical in believing that one should be 

kind, work hard, and act out of care. Thank you both for believing in a better world. 

 

Agnes, Annelies, Arginell, Brigitte, Carla, Chrissta, Danielle, Eric, Erik, Evelien, Ester, 

Esther, Hanneke, Inês, Irma, Janine, John, Jörg, Joris, Kris, Lara, Maaike, Maarten, Maartje, 

Madeleine, Maggy, Margarita, Marit, Martijn, Nataliya, Nienke, Olga, Peter, Rene, Renee, 

Sebastiaan, Theo, Vladimir, Vladimir, Yasin, Zelda, en iedereen van EXIM, dank jullie wel 

voor de leuke jaren in het AMC! Ik heb altijd veel plezier gehad in, en ontzettend veel geleerd 

van al jullie interessante presentaties over jullie onderzoek bij EXIM. Het was allemaal wel 

een stuk lastiger geworden, en sommige dingen waren simpelweg onmogelijk geweest, zonder 

al die keren dat ik van jullie materialen, apparaten en kennis gebruik kon maken. Het draaiend 

houden van een lab als dat op M01 is echt teamwork, en ik ben blij dat ik deze tijd als 

onderdeel van een team heb mogen meemaken. Ik wil ook graag iedereen bedanken die de 

afgelopen jaren tijd heeft vrijgemaakt voor het organiseren van alle leuke EXIM symposia, 

borrels en feestjes. Dank jullie wel! 

 

Peggy, I hope you are enjoying your well deserved retirement! Jackie and Loretta, thank you 

too for all the kind help before and at the international HBV meetings. Mo & Anita, dank 

jullie wel voor alle ondersteuning en hulp de afgelopen jaren! 

 

Janine, Katja, Lena, Marc, Maura, Olliver, Tassilo, and all others working on HBV in 

Hamburg, thank you for all the great times and interesting discussions at the international 

meetings. This thesis is finished, but it has not closed the book on that peculiar X protein. I’ll 

soon start on the next chapter, so we will certainly keep in touch! Professor Protzer and group, 

thank you for the great day-and-a half I spent as your guest last year! It was an exciting, 

interesting and very “gemütlich” time! I’m greatly looking forward to joining you in Munich! 

 

Arthur, mon Admiral, it was the best of times, it was the worst of times, en voor al die tijden 

wil ik je hier graag bedanken. Als ik alle rare, spannende, vaak hilarische, en soms ook 

verdrietige avonturen die we samen hebben meegemaakt had moeten missen was het allemaal 

wel erg saai geweest... Wim den Herder! Bedankt voor alle mooie muziek! We hebben een 

mooie “bucket list” om 2016 mee te beginnen, dat gaat helemaal goedkomen! 

Jongens van het open café, ondertussen zijn we dan toch echte meneren geworden... Mark, 

wat mis ik vaak de tijd dat we samen op het bankje zaten en niets anders nodig hadden dan 

elkaar. Jarmil, bedankt voor alle mooie jaren dat we samen woonden in Amsterdam. Je hebt 

een heel groot hart op de juiste plek, ik weet zeker dat Anne en jij fantastische ouders zullen 

zijn voor Stijn. Guido en Alexander, ik ben blij dat jullie na veel omzwervingen weer veilig 

terug zijn in Nederland. Alexander & Nida, Bertrand & Yvonne, Edwin & Carmen, Laurens 

& Ilona, Govert & Sofie, en al jullie kleintjes, bedankt voor de mooie bruiloften en alle andere 

feestjes! 

 

Adriën, Christiaan, Daphne, Daniëlla, David, Elisabeth, Flora, Gati, Herman, Igor and family, 

and all my friends in Pirot, Jim, Levien, Maarten, Marie, Michiel, Piet, Raoul, Rozan, Sara, 

Sjon, Sofie, Yoni, Zlata, bedankt voor alle leuke muziekavonden, oud en nieuw feestjes, het 

passen op Jim, de boottochtjes, de stads- bos- berg- modder- nacht- strand- en andere 

wandelingen, de goede gesprekken, paddestoelenexcursies, rakia, en alle fijne tijd die we 

hebben gedeeld de afgelopen jaren. Kirsten, mama Kirsten, dank je wel voor al je goede 

zorgen zo over de afgelopen jaren. Wouter, ik mocht getuigen dat jij de lieve, betrouwbare 

man bent die je een meisje als Kirsten gunt. Ik ben blij dat jullie elkaar gevonden hebben. 
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Karel van Dam, jou en de Universiteit van Amsterdam graag wil bedanken voor het IP3 

programma dat jij hebt opgezet. Ik heb er veel gelijkgestemde geesten ontmoet, en een aantal 

daarvan zijn nog steeds mijn beste vrienden. De vele leraren en anderen waarvan ik geleerd 

heb voor ik aan dit proefschrift begon, met name Machiel Keestra, Maarten Boerlijst, Pedro, 

Olaf Kop, en Gerard Copijn, wil ik bedanken. 

 

Merijn en Myrte, jullie zijn het liefste broertje en zusje dat iemand zich maar wensen kan. 

Jullie excelleren allebei in jullie eigen manier om de wereld een beetje beter te begrijpen, en 

een beetje beter te maken. We zijn samen opgegroeid, en ik hoop dat we nog lang samen door 

zullen blijven groeien. Robert, bedankt voor alle goede gesprekken. Mijn lieve oma’s, ik ben 

heel blij dat jullie mijn proefschrift allebei nog kunnen zien! Het weten dat jullie en al mijn 

ooms, tantes, neefjes en nichtjes er zijn geeft een basis waarvoor ik jullie allemaal heel 

dankbaar ben! Papa en mama, dank jullie wel voor de fijne tijd toen thuis was waar we samen 

woonden. Pa, ik denk vaak aan het begin van mijn opleiding tot wetenschapper als het 

moment dat je voor Merijn en mij op een lange wandeling in het bos het atoommodel van 

Rutherford in het zand tekende. Die weg gaat verder, eindeloos, vanaf de deur waar hij begon. 

Mama, waar die wegen me ook brengen, waar jij bent voel ik me altijd thuis. 

 

Allie, lieverdje van mij. Thank you so much for proofreading my articles, introduction, and 

discussion, and for being there for me during this process. When times were hard there was no 

place in the world where I could find rest like in your arms.  
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wel erg saai geweest... Wim den Herder! Bedankt voor alle mooie muziek! We hebben een 

mooie “bucket list” om 2016 mee te beginnen, dat gaat helemaal goedkomen! 

Jongens van het open café, ondertussen zijn we dan toch echte meneren geworden... Mark, 

wat mis ik vaak de tijd dat we samen op het bankje zaten en niets anders nodig hadden dan 

elkaar. Jarmil, bedankt voor alle mooie jaren dat we samen woonden in Amsterdam. Je hebt 

een heel groot hart op de juiste plek, ik weet zeker dat Anne en jij fantastische ouders zullen 

zijn voor Stijn. Guido en Alexander, ik ben blij dat jullie na veel omzwervingen weer veilig 

terug zijn in Nederland. Alexander & Nida, Bertrand & Yvonne, Edwin & Carmen, Laurens 

& Ilona, Govert & Sofie, en al jullie kleintjes, bedankt voor de mooie bruiloften en alle andere 

feestjes! 

 

Adriën, Christiaan, Daphne, Daniëlla, David, Elisabeth, Flora, Gati, Herman, Igor and family, 

and all my friends in Pirot, Jim, Levien, Maarten, Marie, Michiel, Piet, Raoul, Rozan, Sara, 

Sjon, Sofie, Yoni, Zlata, bedankt voor alle leuke muziekavonden, oud en nieuw feestjes, het 

passen op Jim, de boottochtjes, de stads- bos- berg- modder- nacht- strand- en andere 

wandelingen, de goede gesprekken, paddestoelenexcursies, rakia, en alle fijne tijd die we 

hebben gedeeld de afgelopen jaren. Kirsten, mama Kirsten, dank je wel voor al je goede 

zorgen zo over de afgelopen jaren. Wouter, ik mocht getuigen dat jij de lieve, betrouwbare 

man bent die je een meisje als Kirsten gunt. Ik ben blij dat jullie elkaar gevonden hebben. 
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Karel van Dam, jou en de Universiteit van Amsterdam graag wil bedanken voor het IP3 

programma dat jij hebt opgezet. Ik heb er veel gelijkgestemde geesten ontmoet, en een aantal 

daarvan zijn nog steeds mijn beste vrienden. De vele leraren en anderen waarvan ik geleerd 

heb voor ik aan dit proefschrift begon, met name Machiel Keestra, Maarten Boerlijst, Pedro, 

Olaf Kop, en Gerard Copijn, wil ik bedanken. 

 

Merijn en Myrte, jullie zijn het liefste broertje en zusje dat iemand zich maar wensen kan. 

Jullie excelleren allebei in jullie eigen manier om de wereld een beetje beter te begrijpen, en 

een beetje beter te maken. We zijn samen opgegroeid, en ik hoop dat we nog lang samen door 

zullen blijven groeien. Robert, bedankt voor alle goede gesprekken. Mijn lieve oma’s, ik ben 

heel blij dat jullie mijn proefschrift allebei nog kunnen zien! Het weten dat jullie en al mijn 

ooms, tantes, neefjes en nichtjes er zijn geeft een basis waarvoor ik jullie allemaal heel 

dankbaar ben! Papa en mama, dank jullie wel voor de fijne tijd toen thuis was waar we samen 

woonden. Pa, ik denk vaak aan het begin van mijn opleiding tot wetenschapper als het 

moment dat je voor Merijn en mij op een lange wandeling in het bos het atoommodel van 

Rutherford in het zand tekende. Die weg gaat verder, eindeloos, vanaf de deur waar hij begon. 

Mama, waar die wegen me ook brengen, waar jij bent voel ik me altijd thuis. 

 

Allie, lieverdje van mij. Thank you so much for proofreading my articles, introduction, and 

discussion, and for being there for me during this process. When times were hard there was no 

place in the world where I could find rest like in your arms.  
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