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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 
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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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