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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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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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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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