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HBV infection remains a leading cause of death worldwide. IFN-α inhibits viral replication in vitro and in 
vivo, and pegylated IFN-α is a commonly administered treatment for individuals infected with HBV. The HBV 
genome contains a typical IFN-stimulated response element (ISRE), but the molecular mechanisms by which 
IFN-α suppresses HBV replication have not been established in relevant experimental systems. Here, we show 
that IFN-α inhibits HBV replication by decreasing the transcription of pregenomic RNA (pgRNA) and sub-
genomic RNA from the HBV covalently closed circular DNA (cccDNA) minichromosome, both in cultured 
cells in which HBV is replicating and in mice whose livers have been repopulated with human hepatocytes 
and infected with HBV. Administration of IFN-α resulted in cccDNA-bound histone hypoacetylation as well 
as active recruitment to the cccDNA of transcriptional corepressors. IFN-α treatment also reduced binding of 
the STAT1 and STAT2 transcription factors to active cccDNA. The inhibitory activity of IFN-α was linked to 
the IRSE, as IRSE-mutant HBV transcribed less pgRNA and could not be repressed by IFN-α treatment. Our 
results identify a molecular mechanism whereby IFN-α mediates epigenetic repression of HBV cccDNA tran-
scriptional activity, which may assist in the development of novel effective therapeutics.

Introduction
Hepatitis B Virus (HBV) infection remains a major health prob-
lem worldwide despite the availability of a highly effective preven-
tive vaccine. HBV is a noncytopathic hepatotropic DNA virus that 
belongs to the family Hepadnaviridae, whose members share a 
distinctive strategy for replication. HBV replication occurs in the 
cytoplasm within viral capsids (core particles), where a genome-
sized RNA replicative intermediate, termed the pregenome 
(pgRNA), is converted by the virally encoded RNA-dependent and 
DNA-dependent reverse transcriptase/polymerase into a specific 
open circular (OC) duplex DNA (1). Transcription in the nucleus 
of the pgRNA from the covalently closed circular DNA (cccDNA) 
is the critical step for genome amplification and ultimately deter-
mines the rate of HBV replication (2). The cccDNA, which also 
serves as the template for the transcription of all viral messen-
ger RNAs, is organized into a minichromosome in the nuclei of 
infected hepatocytes by histone and nonhistone proteins, and its 
function is regulated, similarly to cellular chromatin, by the activ-
ity of nuclear transcription factors, transcriptional coactivators 
and corepressors, and chromatin-modifying enzymes (2–4).

Current antiviral therapies involve the use of nucleoside analogs 
and pegylated IFN-α (5). IFN-α, a type I IFN, engages the IFN-α/β 
receptor complex to activate the intracellular Jak/Stat signaling 
pathway, which modulates the transcription of a diverse set of 
target genes, referred to as IFN-stimulated genes (ISGs) (6). ISG 

modulation results in an antiviral response in target cells aimed 
at limiting both viral replication and spreading. IFN-α has been 
reported to inhibit HBV replication through a variety of mecha-
nisms, including a block of RNA-containing core particle forma-
tion, an accelerated decay of replication-competent core particles, 
and degradation of the pgRNA (7–9).

An IFN-stimulated response element (ISRE) has been identified 
in the enhancer 1/X gene promoter region of the HBV genome 
(10), and IFN-α has been shown to suppress viral gene expression 
(11, 12). Subsequent studies failed to establish the role of IFN-α, 
the HBV ISRE, and the STAT proteins on HBV transcription (13). 
However, most studies were conducted in vitro or in a nonrepli-
cative context. We sought to employ relevant in vitro replicative 
models and in vivo infection systems to investigate whether IFN-
α targets cccDNA transcription to inhibit viral replication and 
attempted to define the molecular mechanisms of IFN-α repres-
sion. To this aim, we made use first of a plasmid-free HBV trans-
fection cell-based replication assay relying on the generation of 
transcriptionally active nuclear cccDNA to replicate HBV (3, 14). 
Second, SCID/beige mice transgenic for the urokinase plasmino-
gen activator (uPA) under control of the albumin promoter were 
used to repopulate mouse livers with human hepatocytes derived 
from a single liver donor (15, 16). This model minimizes the 
impact of host variation factors and allows the investigation of in 
vivo interactions occurring between HBV and human hepatocytes, 
the natural target cell of infection and replication. Our results 
indicate that IFN-α suppresses HBV replication by targeting the 
epigenetic control of cccDNA function and transcription.
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Results
IFN-α inhibits cccDNA transcription and HBV replication in HCC cells. 
Class I IFNs inhibit HBV replication in a variety of plasmid-
based replication assays in HCC cell lines and nonhuman pri-
mary hepatocytes (7, 17–20). We examined the impact of IFN-α 
treatment on cccDNA transcription and HBV replication in a 
cccDNA-driven replication system (3, 4). Equivalent numbers of 
HepG2 cells were transfected with linear WT HBV (genotype A) 
genomes and exposed to IFN-α (1000 U/ml). We confirmed that 
in IFN-α–treated HepG2 cells, STAT1 and STAT2 are rapidly 
phosphorylated (Supplemental Figure 1; supplemental material 
available online with this article; doi:10.1172/JCI58847DS1) and 
translocate to the nucleus to bind the promoter regions of ISGs to 
stimulate their transcription (data not shown and Supplemental 
Figure 2). Cells were harvested at the indicated times after trans-
fection (Figure 1, A and B), cytoplasmic viral core particles were 
isolated, and capsid-associated HBV DNA was quantified by real-
time PCR and analyzed by hybridization with a 32P-labeled full-
length HBV DNA probe. As shown in Figure 1, A and B, the level 
of capsid-associated HBV DNA and cccDNA molecules per cell 
was highest at 24 and 48 hours after transfection and decreased in 
the following days. IFN-α administration performed shortly after 
transfection strongly suppressed steady-state amounts of capsid-
associated HBV DNA compared with the viral loads determined 
in untreated cells, although the number of cccDNA copies per 
cell was not modified by IFN-α at 24 and 48 hours of treatment 
(Figure 1B). Notably, Northern blot analysis revealed that IFN-α 
treatment also lowered the steady-state levels of HBV transcripts in 
HBV-replicating cells. Both 3.5 kb pgRNA and 2.4–2.1 mRNA spe-

cies (preS/S RNA) levels were significantly reduced in IFN-α–treat-
ed cells (Figure 1C). Quantification of pgRNA levels by real-time 
PCR showed a 60% to 70% decrease after 24 and 48 hours of IFN-α 
treatment (Figure 1D), without affecting levels of cccDNA copies 
per cell (Figure 1B). These results confirm that IFN-α inhibits HBV 
replication in our system and indicate that IFN-α lowers steady-
state levels of HBV transcripts.

Several types of evidence support the notion that cccDNA tran-
scription is controlled by epigenetic modifications of cccDNA-
bound histones. Indeed, HBV replication and cccDNA transcrip-
tion are modulated by substances that interfere with the activity 
of known chromatin-modifying enzymes, such as class I/II histone 
deacetylases (3). Moreover, using the cccDNA ChIP assay, which 
couples a classical ChIP step with a cccDNA-specific real-time PCR 
to selectively detect the immunoprecipitation of cccDNA-bound 
histones and nonhistone proteins, we showed that cccDNA tran-
scriptional activity and HBV replication are controlled, both in cell 
culture systems and in vivo in the liver of chronic HBV carriers, by 
the acetylation status of cccDNA-bound H3 and H4 histones (2, 3).  
We found that 48 hours after transfection, cccDNA-bound H4 
histones were significantly hypoacetylated in IFN-α–treated cells, 
thus linking the repression of HBV transcription by IFN-α with 
cccDNA-bound histone hypoacetylation (Figure 1D).

The regulatory protein HBx is recruited onto the cccDNA 
minichromosome in HBV-replicating cells (4) and is required for 
both cccDNA transcription and HBV replication in the context 
of a natural HBV infection (21). In the absence of HBx, cccDNA-
bound histones are hypoacetylated, and the cccDNA transcribes 
significantly less pgRNA (4). We sought to assess whether the 

Figure 1
IFN-α inhibits HBV replication and cccDNA transcription in HCC cells. (A) Left panel: HepG2 cells were transfected with monomeric linear full-
length WT HBV adw (genotype A) genomes. HBV core particles were isolated from untreated and IFN-α–treated cells at the indicated time points 
after transfection. Results are expressed as number of HBV DNA copies per transfected cell. Right panel: Southern blot hybridization. OC, open 
circular duplex HBV DNA; DS, double-stranded HBV DNA replicative intermediates; SS, single-stranded HBV DNA replicative intermediates. 
(B) Left panel: cccDNA levels (copies per transfected cell) were analyzed by qPCR with selective cccDNA primers and β-globin primers (DNA 
sample normalization). Right panel: Southern blot analysis. (C) Left panel: pgRNA levels were analyzed by qPCR using pgRNA selective prim-
ers and GAPDH primers (equal loading of each RNA sample). Right panel: Northern blot analysis. pgRNA, HBV pregenomic RNA. (D) Cross-
linked chromatin was immunoprecipitated with a relevant control IgG or specific anti-AcH4 antibody and analyzed by qPCR with HBV cccDNA 
selective primers. Results are expressed as fold induction relative to the untreated cells using the comparative Ct method. (E) HepG2 cells were 
transfected with monomeric linear full-length WT or HBx mutant HBV genomes (4). Core particles HBV-DNA (left panel) and pgRNA (right panel) 
results are expressed as in Figure 1, A and C, respectively. All histograms show mean values from 3 independent experiments; bars indicate 
SD. P values were determined using Student’s t test. *P < 0.05, **P < 0.01, ***P < 0.001.
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repression of cccDNA transcriptional activity by IFN-α is medi-
ated by or requires HBx. As shown in Figure 1E, IFN-α inhibited 
capsid-associated HBV DNA and pgRNA levels to a similar extent 
in HepG2 cells replicating WT or HBx mutant viruses, indicating 
that the repression of cccDNA transcriptional activity by IFN-α is 
HBx independent.

IFN-α inhibits cccDNA transcription and HBV replication in chimeric 
uPA/SCID mice. The lack of efficient HBV infection models has 
greatly limited the study of the antiviral mechanisms induced 
by IFN-α in HBV-infected hepatocytes in vivo. To determine the 
impact of IFN treatment on intrahepatic viral activity, chimeric 
uPA/SCID mice were repopulated with primary human hepatocytes 
and infected with HBV in vivo (15). 10 HBV-infected mice display-
ing stable median viremia levels of 2 × 108 HBV DNA copies/ml 
(range, 2 × 107 to 6 × 108) received either daily injections of human 
IFN-α (n = 5) or saline (n = 5). Comparative analysis of viremia 
changes performed in single mice after 5 days of IFN treatment 
showed a significant reduction in viremia (range, 0.4 to 2.5 log; 
median, 0.8 log) compared with baseline in all animals analyzed 
(Figure 2A). Similarly to what we observed in HBV-replicating HCC 
cell lines, IFN-α treatment reduced both the levels of pgRNA and 
subgenomic RNAs (preS/S RNA) in all animals analyzed, as shown 
by Northern blot (Figure 2B) and real-time RT-PCR analysis (Figure 
2C) performed on liver tissues obtained 8 hours after the last IFN 
application, whereas no changes in the intrahepatic cccDNA load 
were observed (Figure 2D). Notably, the reduction of HBV RNA 
transcripts was accompanied by a sharp reduction of cccDNA-
bound histone H4 acetylation (Figure 2E). These data indicate that 
IFN-α exhibits a direct antiviral effect in infected primary human 
hepatocytes by inducing the hypoacetylation of cccDNA-bound 
histones and decreasing the levels of HBV transcripts in vivo with-
out any measurable effect on the size of the nuclear cccDNA pool.

The HBV ISRE mediates STAT1 and STAT2 recruitment on the cccD-
NA and IFN-α transcriptional repression. Next, we sought to inves-
tigate whether the ISRE element present on the HBV cccDNA is 
functional in vivo and might be therefore involved in the HBV 
transcriptional repression observed after IFN-α treatment. As 
shown in Figure 3A, STAT1, STAT2, and their phosphorylated 
forms all bind to the cccDNA in unstimulated cells. After IFN-α 
treatment, both cccDNA-bound phospho-STAT1 and phospho-
STAT2 and, to a lesser extent, STAT1 and STAT2, recruitment, 
are greatly reduced (Figure 3B). These results indicate that the 
HBV ISRE is functional in the context of HBV replication and 
that STAT binding to the cccDNA changes upon IFN-α treat-
ment. Although we do not have formal evidence, these results 
also suggest that, in response to IFN-α, there is a dynamic change 
in the quality of the complexes bound to the HBV ISRE with loss 
of phosphorylated STAT2 and STAT1 and a decrease of unphos-
phorylated STAT proteins. In this respect, it is noteworthy that 
chronic HBV infection of human hepatocytes transplanted in 
uPA/SCID mice impairs the induction of IFN-α target genes by 
inhibiting nuclear translocation of STAT1 (16). The presence 
of STAT1 and STAT2 complexes on the cccDNA before IFN-α 
treatment apparently defies the classical paradigm of the STATs 
as latent transcription factors in the cytoplasm, entering the 
nucleus to induce gene expression only in response to cytokine 
stimulation to bind DNA and activate their transcriptional pro-
gram, but it is not unprecedented. Using a ChIP-Seq approach, 
it has been shown that more than 85% of STAT1-binding peaks 
overlap before and after IFN-γ stimulation (22). Recently, using 
a ChIP-on-chip approach on a large subset of IFN-α direct target 
genes, we could show an occupancy of ISRE sites by STAT2 in 
about half of the promoters we studied in unstimulated HCC 
cells lines and primary human hepatocytes (23).

Figure 2
IFN-α inhibits cccDNA transcription and HBV replication in chimeric uPA/
SCID mice. Uninfected and chronically HBV infected (median, 2 × 108 
serum HBV-DNA copies/ml serum) chimeric uPA/SCID mice transplanted 
with thawed human hepatocytes received daily injections of human IFN-α 
(1,300 IU/g body weight) for 5 days or saline. (A) HBV viremia (log HBV-
DNA copies/ml serum) were determined in individual animals (n = 5) at 
baseline, shortly before IFN treatment, and 8 hours after the last adminis-
tration of IFN-α. (B) Representative Northern blot analysis from one IFN-α– 
treated mouse and one untreated mouse. (C) Steady-state levels of pre-
genomic RNA (left panel) and preS/S RNAs (right panel). Intrahepatic 
preS/S RNAs were determined by subtracting pgRNA amounts from total 
HBV RNAs (pgRNA + preS/S RNA) estimated in the same RNA prepara-
tion as described in Methods, and values were normalized using human-
specific GAPDH primers. (D) Intrahepatic cccDNA loads in IFN-α–treated 
(n = 5) and control (saline) HBV-infected mice (n = 5). Real-time qPCR 
analysis was performed using selective cccDNA primers, and β-globin 
primers were used to normalize cccDNA copies (median + SD) per human 
hepatocyte (expressed as human genome equivalents) determined in chi-
meric livers. (E) Cross-linked chromatin from liver samples of chronically 
HBV-infected untreated and IFN-α–treated (48 hours) uPA chimeric mice 
was immunoprecipitated with a relevant control IgG or specific anti-AcH4 
antibody. Immunoprecipitated chromatin was analyzed by qPCR as in 
Figure 1D. All histograms show mean values from 3 independent experi-
ments; bars indicate SD. 
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To confirm the role of STAT1 and STAT2 in mediating the effect 
of IFN-α on HBV replication, we generated a replication-compe-
tent HBV genome bearing ISRE-inactivating mutations (IRESmt) 
(ref. 13 and Figure 4A). As expected, cccDNA molecules harbor-
ing an ISREmt do not recruit STAT2 (Figure 4B). We found that 
ISREmt HBV transcribes less pgRNA (Figure 4C) and accordingly 
replicates less efficiently (Figure 4D). Importantly, pgRNA tran-
scription from the ISREmt HBV cccDNA is not repressed by IFN-α 
treatment (Figure 4C), supporting the notion that the ISRE indeed 
mediates IFN-α transcriptional repression of cccDNA transcrip-
tion. On the other hand, the observed reduction of pgRNA pro-
duction in untreated ISREmt HBV–replicating cells (Figure 4C) 
would suggest that the binding of STATs, and possibly of other 
transcription factors/coactivators, to the WT HBV ISRE contrib-
utes, in the absence of exogenous IFN-α, to cccDNA transcrip-
tion and replication. Furthermore, the replicative activity of the 
ISREmt HBV displays a reduced but still significant repression by 
IFN-α (Figure 4D) that likely reflects the contribution of the tran-
scription-independent effects mediated by IFN-α (7).

IFN-α affects the epigenetic control of the HBV cccDNA minichromo-
some. To gain further mechanistic insights in the epigenetic reg-
ulation of the HBV minichromosome function by IFN-α and to 
investigate how active cccDNA-bound STAT complexes are con-
verted into repressive ones, we performed additional cccDNA 
ChIP experiments. HBV-transfected HepG2 cells were exposed 
to IFN-α for 48 hours, and chromatin was immunoprecipitated 
using antibodies that specifically recognize the histone deacety-
lases HDAC1 and hSirt1, the polycomb protein enhancer of zeste 
homolog 2 (Ezh2), and the transcription factors YY1 (yin yang 1). 
HDAC1 and hSIRT1 were previously shown to bind the cccDNA, 
and their recruitment and activity correlated with decreased viral 
replication in cell culture and, in the case of HDAC1, in the liver 
of HBV chronic hepatitis patients (3, 4). YY1 is a ubiquitous zinc-
finger transcription factor of the Polycomb Group (PcG) protein 
family that, depending on the binding context, can activate or 

repress the transcription of many viral and cellular genes (24). 
YY1-binding sites have been located upstream of DR1 in the HBV 
genome (25). To exert its repressive function, YY1 interacts with 
different HDACs (26) and with Ezh2, a PcG chromatin-modify-
ing enzyme with histone lysine methyltransferase (HKMT) activity 
(27). As shown in Figure 5A, 48 hours after transfection, when the 
cccDNA-bound histones H4 are significantly hypoacetylated in 
IFN-α–treated cells (Figure 1D), the recruitment of HDAC1, Sirt1, 
Ezh2, and YY1 is increased. It is noteworthy that Ezh2 occupancy 
on the cccDNA is still conserved 48 hours after IFN-α treatment 
is stopped (Figure 5B). Accordingly, pgRNA transcription (Figure 
5B) and cytoplasmic HBV core particle production (Figure 5B) are 
both persistently repressed after IFN-α release. These results indi-
cate that IFN-α induces a persistent recruitment of several core-
pressors and components of the polycomb repressive complex 2 
(PRC2) that target histone tail acetylation and methylation, thus 
providing a molecular mechanism for long-term off-treatment 
IFN-α repression of HBV transcription (Figure 6).

Finally, we studied the impact of the ISRE mutation on cccDNA 
chromatin status in response to IFN-α. We found that the ISREmt 
HBV cccDNA does not recruit, as expected, STAT2 proteins and 
displays, according to its reduced transcription/replication capac-
ity, a reduced acetylation of cccDNA-bound H4 histones that is 
not further modified by IFN-α (Figure 5C). We also show that the 
ISREmt HBV cccDNA fails to recruit HDAC1 in response to IFN-α  
(Figure 5D), thus further linking the presence of a functional ISRE 
with the epigenetic changes of the cccDNA chromatin that char-
acterize the transcription repression response to IFN-α. Interest-
ingly, the ISREmt cccDNA displays an increased hSirt1 binding 
in the absence of IFN-α stimulation and further recruits hSirt1 in 
response to IFN-α stimulation. These observations suggest that 
the presence of hSirt1 on the ISREmt cccDNA might contribute to 
its reduced transcriptional activity in unstimulated cells, whereas 
its further recruitment after IFN treatment might mediate in part 
the IFN-α repression of the ISREmt HBV cccDNA.

Discussion
Together, our results identify a new molecular mechanism by which 
IFN-α inhibits HBV replication. We show that IFN-α inhibits ccc-
DNA-driven transcription of genomic and subgenomic RNAs, both 
in HBV-replicating cells in culture and in HBV-infected chimeric 
uPA/SCID mice repopulated with primary human hepatocytes. By 
generating a replication-competent HBV genome carrying ISRE-
inactivating mutations, we also linked IFN-α inhibitory activity 
with the presence of a functional ISRE. ISREmt HBV transcribes 
less pgRNA, replicates less efficiently, and, more importantly, can-
not be repressed by IFN-α. Both STAT1 and STAT2 transcription 
factors and their phosphorylated “active” forms are recruited on 
the cccDNA, and their binding is reduced by IFN-α treatment. 
Since, under the same experimental conditions, several cellular 
ISGs were activated (Supplemental Figure 1), one possible mecha-
nism to explain IFN-α–repressive activity on cccDNA transcrip-
tion might be an IFN-α–induced redistribution of active STAT1/
STAT2 complexes from the viral minichromosome to cellular 
target genes. However, we also found that, in response to IFN-α,  
cccDNA-bound histones become hypoacetylated and both com-
ponents of the transcriptional repressor complex PRC2, namely 
YY1 and Ezh2, and the histone deacetylases HDAC1 and hSirt1 are 
actively recruited on the cccDNA. These latter observations suggest 
an active mechanism for IFN-α repression of HBV transcription,  

Figure 3
STAT1 and STAT2 transcription factors are recruited on the cccDNA. 
(A) Cross-linked chromatin from HepG2 cells transfected with mono-
meric linear full-length HBV DNA was immunoprecipitated with a rel-
evant control IgG or specific anti-STAT1, anti–phospho-STAT1, anti-
STAT2, and anti–phospho-STAT2 antibodies. Immunoprecipitated 
chromatin samples were analyzed by real-time PCR with either HBV 
cccDNA selective primers (upper panel) or primers specific for the 
cyclin A2 coding region as a negative control (lower panel). (B) Chro-
matin was prepared from untreated and IFN-α–treated HepG2 cells 
transfected with WT HBV genomes. Immunoprecipitated chromatin was 
analyzed and results expressed as in Figure 1D. All histograms show 
mean values from 3 independent experiments; bars indicate SD.
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where changes of cccDNA-bound transcriptional regulators 
translate into changes in the epigenetic control of cccDNA mini-
chromosome function, rather than a simple “passive” relocation 
of ISFG3 complexes. It will be important in the future to define 
the precise nature of the signals that IFN-α provides in order to 
not only modify the composition and the function of STAT1- 
and STAT2-containing complexes, but also the organization of 
other cccDNA-bound transcription factors and regulators. In this 
respect, it has been recently reported that inflammatory signaling 
involving the induction of the TNF-α receptor/p38 MAPK cascade 
results in Ezh2 phosphorylation, increased binding to YY1, and 
transcriptional repression of target genes (28).

Virion productivity, being defined as the ratio between the 
number of intrahepatic relaxed circular HBV DNA and cccDNA 
molecules, depends on pgRNA synthesis and thus also reflects  
cccDNA transcription. From a more translational point of view, 
our data also provide a molecular frame explaining previous stud-
ies reporting a very strong HBV suppression, with a 99% inhibi-
tion of intrahepatic virion productivity, in patients who had been 
treated with the combination of IFN-α and the nucleotide ana-
log adefovir dipivoxil for 1 year (29). The observation that during 
the following 2 years, when patients were shifted to ADV mono-
therapy, the suppression of viral productivity was reduced to 76%, 
although the clinical benefit was maintained in most patients, 
suggests that IFN-α may have direct antiviral effects in vivo that 
are qualitatively different from those of HBV DNA polymerase 

inhibitors. Indeed, PEG–IFN-α results in the highest rate of off-
treatment sustained virological response after a 1-year course of 
therapy (5). This sustained virological suppression, achieved in 
30%–35% of HBeAg-positive patients and 20%–25% of HBeAg-
negative patients, is commonly thought to reflect the transition, 
induced by IFN-α treatment, to the “immune-control” phase that 
characterizes the inactive HBsAg carrier state. Our results indicate 
that IFN-α induces a persistent condition of “active epigenetic con-
trol” of HBV cccDNA minichromosome, involving all HBV tran-
scripts, that may contribute to the persistent, yet reversible, “off-
therapy” inhibition of HBV replication (Figure 6). Understanding  
IFN-α–induced mechanisms acting both at posttranscriptional 
(7, 12) and transcriptional levels to suppress HBV replication and 
how these IFN-α direct activities are linked with other signals 
from both adaptive and innate immune responses may assist in 
the development of more effective therapeutic approaches.

Methods
Cell cultures and IFN-α treatments. HepG2 hepatoma cells were maintained 

in DMEM supplemented with 10% FBS (Gibco; Invitrogen), 1% penicil-

lin/streptomycin, and 1% glutamine (Sigma-Aldrich). IFN-α was used at 

a final concentration of 1000 IU/ml and was added directly to the cul-

ture medium every 24 hours, starting 4 hours after transfection, unless 

otherwise indicated.

Transient transfection of full-length HBV DNA genomes. Monomeric linear 

full-length (14) WT and ISREmt HBV genomes were released from the 

pCR.HBV.A.EcoRI (4) and the pCR.ISREmt.A.EcoRI plasmids using 

EcoRI-PvuI (New England Biolabs) The pCR.ISREmt.A.EcoRI has been 

generated by site-directed mutagenesis (QuikChange Site-Directed 

Mutagenesis Kit; Stratagene Inc.) from the pCR.HBV.A.EcoRI plasmid. 

The oligonucleotides used for mutagenesis were as follows: sense, 5′-ATA-

CAAGCTAAACAGGCCTTTACCTTCTCGCCAACTTACAAG-3′; anti-

sense, 5′-CTTGTAAGTTGGGCAGAAGGTAAAGGCCTGTTTAGC-3′. 
These nucleotide substitutions in the ISRE sequence have been shown 

to abolish ISGF3 binding in EMSA assays (13), but do not alter the HBV 

polymerase polypeptide sequence. Linear HBV monomers were transfect-

ed into HepG2 human hepatoma cells using the Mirrus Bio transIT-LT1 

(Mir 2300A). Briefly, HepG2 cells were seeded at a density of 2–3 million 

cells in 100-mm-diameter Petri dishes and transfected 24 hours later with 

1 μg to 2 μg of digested HBV DNA. Unless specified otherwise, culture 

medium was changed 1 day after transfection and cells were harvested at 

the indicated times. All transfection included 0.5 μg of GFP expression 

vector to assess transfection efficiency (HepG2 cells, range 28%–32%). To 

exclude nonhomologous recombination events at the level of the 2 ends 

of the transfected linear HBV DNA and the possible generation of circular 

HBV DNA molecules carrying sequence modifications at the recombina-

tion site, the HBV region spanning the predicted ends of the linear dsDNA 

was amplified and sequenced (3).

Purification and quantification of core particles associated with HBV DNA from 

HBV-replicating cells. To purify HBV DNA from intracellular core particles, 

transfected cells were washed once with ice-cold PBS and lysed in 50 mmol 

Tris-HCl, pH 7.4, 1 mmol EDTA, and 1% NP-40 (lysis buffer A). Nuclei were 

pelleted by centrifugation for 1 minute at 10,000 g. The supernatant was 

adjusted to 100 mmol MgCl2 and treated with 100 mg/ml of DNase I for 30 

minutes at 37°C. The reaction was stopped by adding EDTA to a final con-

centration of 25 mmol. Protein was digested with 0.5 mg/ml proteinase K  

and 1% SDS for 2 hours at 50°C. Nucleic acids were purified by phenol-

chloroform (1:1) extraction and ethanol precipitation adding glycogen 

and examined by Southern blot analysis (3). HBV DNA was quantified by 

real-time PCR in a Light Cycler instrument (Roche) using the following  

Figure 4
HBV ISRE mediates IFN-α transcriptional repression. (A) Sequence of 
the HBV enhancer 1/X gene promoter around the HBV ISRE. ISRE muta-
tions are shown. The nucleotide substitutions do not alter the HBV poly-
merase polypeptide sequence. (B) Chromatin prepared from untreated 
and IFN-α–treated HepG2 cells transfected with WT or ISREmt HBV 
genomes was immunoprecipitated with a relevant control IgG or specific 
anti-STAT2 antibodies. Immunoprecipitated chromatin was analyzed 
by qPCR and results expressed as in Figure 1D. (C) mRNAs were pre-
pared from untreated and IFN-α–treated HepG2 cells transfected with 
WT and ISREmt HBV genomes, and HBV pregenomic RNA was quanti-
fied by qPCR using specific primers. GAPDH amplification was used to 
normalize for equal loading of each RNA sample. (D) Cytoplasmic HBV 
core particles were isolated from untreated and IFN-α–treated HepG2 
cells 48 hours after transfection with monomeric linear full-length WT or 
ISREmt genomes. Results are expressed as in Figure 1A. Results are 
shown as mean values from 3 independent experiments; bars indicate 
SD. P values were determined using Student’s t test. **P < 0.01.
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primers and probes: forward, 5′-CTCGTGGTGGACTTCTCTC-3′, and 

reverse 5′-CAGCAGGATGAAGAGGAA-3′. We also used specific FRET 

hybridization probes: 5′-CACTCACCAACCTCCTGTCCTCCAA-FL-3′, 
Red640, 5′-TGTCCTGGTTATCGCTGGATGTGTCT-3′. Amplifications 

were performed as follows: 95°C for 5 minutes, followed by 45 cycles at 

95°C for 10 seconds, 58°C for 10 seconds, and 72°C for 20 seconds.

HBV cccDNA quantification. HepG2 cells were collected at the indicated 

times after transfection, resuspended in lysis buffer A (see above), and incu-

bated 10 minutes at 4°C. Lysates were centrifuged 1 minute at 10,000 g;  

pelleted nuclei were resuspended in lysis buffer B (10 mM Tris-HCL,  

10 mM EDTA, 150 mM NaCl, 0.5% SDS, and 0.5 mg/ml protein K) and 

incubated overnight at 37°C. Nucleic acids were purified by phenol-chlo-

roform (1:1) extraction and ethanol precipitation. 500 ng aliquots of each 

extracted DNA were treated for 45 minutes at 37°C with 10 U plasmid 

safe DNase I (Epicentre Inc.). DNase was inactivated by incubating the 

reactions for 30 minutes at 70°C. Real-time PCR experiments were per-

formed in a Light-Cycler (Roche Diagnostics) using a 20 l reaction volume 

containing 20 ng of DNA, 3 mmol/l MgCl2, 0.5 mmol/l of forward and 

reverse primers, 0.2 mmol/l of 3′-fluorescein–labeled (FL-labeled) probe, 

and 0.4 mmol/l of 5′-Red640–labeled (R640-labeled) probe. Forward 

and reverse primers were as follows: 5′-CTCCCCGTCTGTGCCTTCT-3′ 
(NCCC1 nt 1548–1566) and 5′-GCCCCAAAGCCACCCAAG-3′ (CCCAS2 

nt 1903–1886), respectively. Hybridization probes were 5′-GTTCACG-

GTGGTCTCCATGCAACGT-FL-3′ and 5′-R640-AGGTGAAGCGAAGT-

GCACACGGACC-3′, respectively. Amplification was performed as 

follows: 95°C for 10 minutes, then 45 cycles of 95°C for 10 seconds, 

62°C for 10 seconds, and 72°C for 20 seconds. The efficacy of DNase 

treatment in the elimination of OC and SS forms of HBV DNA prior to 

PCR was confirmed by the abrogation of the PCR amplification of HBV 

DNA extracted from cytoplasmic viral particles by the nonselective HBV  

oligonucleotide primers targeting the HBs ORF (3). Globin amplifica-

tion was performed using the Light-Cycler Globin Control Kit (Roche 

Diagnostics). Serial dilutions of a plasmid containing a monomeric geno-

type A HBV insert (Clonit Srl.) were used as quantification standards. 

Southern blot analysis was performed following standard procedures as 

previously described (3).

HBV RNAs and cellular mRNA analysis. Total RNA was extracted from 

HepG2 cells 48 hours and 96 hours after transfection with 1 mg of linear 

monomeric HBV DNA using the TRIZOL reagent (Invitrogen) as recom-

mended by the manufacturer. The RNA samples were treated with RQ1 

RNase-Free DNase (Promega) for 30 minutes at 37°C and stored until used. 

RNA quality and quantity were monitored by ethidium bromide staining 

and by UV absorbance. For pgRNA analysis, 2 mg of DNase-treated RNA 

was reverse transcribed and amplified by the ThermoScript RT-PCR Sys-

tem (Invitrogen). Then 2 μl of each cDNA was quantified by real-time PCR 

analysis (Light Cycler; Roche Diagnostics) using the following pgRNA-

specific primers and probes: forward primer, 5′-GCCTTAGAGTCTCCT-

GAGCA-3′, reverse primer, 5′-GAGGGAGTTCTTCTTCTAGG-3′, FRET 

hybridization probes, 5′–AGTGTGGATTCGCACTCCTCCAGC-FL-3′, 
and Red640-5′ATAGACCACCAAATGCCCCTATCTTATCAAC-3′. The  

h-GAPDH housekeeping gene Light Cycler Set (Roche Diagnostics) was 

used to normalize the RNA samples.

For Northern blot analysis, 25 μg of total RNA per sample was sepa-

rated on a 1% formaldehyde-agarose gel and blotted onto Zeta-Probe GT 

membranes (Bio-Rad Laboratories). Radioactive probes were prepared by 

random priming protocol, using either full-length HBV DNA or 18S cDNA 

Figure 5
IFN-α modulates the epigenetic control of cccDNA func-
tion by affecting the recruitment of chromatin-modifying 
enzymes. (A) Cross-linked chromatin from untreated and 
IFN-α–treated HepG2 cells transfected with WT HBV 
genomes was immunoprecipitated with a relevant control 
IgG or anti-HDAC1, anti-YY1, anti-hSirt1 and anti-EzH2 
antibodies and analyzed as in Figure 1D. (B) HepG2 cells, 
transfected as in A, were either left untreated (96nt), or 
treated for 96 hours after transfection with IFN-α (96t), or 
treated with IFN-α for 48 hours and then left untreated for 
48 hours (48t + 48nt). Left panel: cross-linked chromatin 
immunoprecipitated with a relevant control IgG or anti-Ezh2 
antibody was analyzed as in Figure 1D. pgRNA (middle 
panel) and cytoplasmic core particles HBV-DNA (right panel) 
were quantified by real-time qPCR. Results are expressed 
as in Figure 1. (C and D) Chromatin was prepared from 
untreated and IFN-α–treated HepG2 cells transfected with 
WT or ISREmt HBV genomes and immunoprecipitated with 
a relevant control IgG or anti-AcH4 (B) or anti-HDAC1 (C) 
antibodies. Immunoprecipitated chromatin was analyzed by 
qPCR and results expressed as in Figure 1D. All histograms 
show the mean from 3 independent experiments; bars indi-
cate SD. P values were determined using Student’s t test. 
*P < 0.05; **P < 0.01; ***P < 0.001.
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templates and 32P α-dCTP (Amersham). After hybridization, the membrane 

was washed and exposed to X-Omat film (Kodak Inc.) at –80°C.

For the analysis of cellular ISG expression by TaqMan Low-Density 

Arrays (TLDAs) (Applied Biosystems), total RNAs were reverse transcribed 

using the Random Primers Superscript Kit (Invitrogen), and 200 ng of each 

complementary DNA was loaded in double on a 95-ISG customized TLDA 

with 18S RNA used as a control. TLDAs were run on an AB 7900HT ther-

mocycler, and real-time PCR data were collected and analyzed using the 

SDS 2.2 program (Applied Biosystems).

Generation of human chimeric mice, HBV infection experiments, and IFN 

treatment. Alb uPA transgenic mice (Jackson Laboratories) crossed with 

SCID/beige mice (Taconic Farms) were housed and maintained under 

specific pathogen–free conditions in accordance with institutional guide-

lines under approved protocols. The presence of the uPA transgene and 

the maintenance of the SCID phenotype were determined as reported 

(15). Three- to four-week-old homozygous uPA SCID/beige mice were 

anesthetized with isoflurane and injected intrasplenically with 1 × 106 

cryopreserved and thawed viable human hepatocytes (30) isolated from 

1 liver specimen obtained from a reduced size liver transplant. Informed 

consent was obtained from donors, and all procedures were approved by 

the ethical committee of the city and state of Hamburg according to the 

principles of the Declaration of Helsinki. Human hepatocyte repopula-

tion levels were determined by measuring HSA concentrations in mouse 

serum with the Human Albumin ELISA Quantitation Kit (Bethyl Labo-

ratories, Biomol GmbH) as recommended by manufacturers. Human chi-

meric animals displaying HSA concentrations of 1 or more mg/ml were 

used for the study. Ten to twelve weeks after mice received a single perito-

neal injection of HBV-positive mouse-derived serum (2 × 107 HBV DNA 

copies), stably infected animals were treated with IFN-α (1300 IU/g body 

weight, daily, in 200 μl), while control animals received saline. Liver speci-

mens removed at sacrifice were snap-frozen in liquid nitrogen for further 

histological and molecular analyses. All animal experiments were con-

ducted in accordance with the European Communities Council Directive 

(86/EEC), and were approved by the city of Hamburg, Germany.

Virological measurements in uPA chimeric mice. After homogenization 

of the mouse liver specimens, DNA and RNA were extracted in paral-

lel using the Master Pure DNA Purification Kit (Epicentre; Biozym) 

and RNeasy RNA Purification Kit (QIAGEN). Human hepatocyte 

Figure 6
Schematic representation of cccDNA chromatin changes in response to IFN-α treatment. cccDNA-bound histone acetylation status and the 
recruitment of chromatin-modifying enzymes onto the viral minichromosome change in relation to viral replication and IFN-α treatment. The draw-
ings reflect what is observed in an in vitro replication system. The translation into the clinical scenario as it is observed in patients (lower boxes) 
is inferred, and it awaits to be confirmed by ex vivo experiments. In the context of high HBV replication and in the absence of IFN-α treatment, 
cccDNA-bound histones are hyperacetylated, cccDNA-associated chromatin is in an open configuration, pgRNA is actively transcribed, and HBV 
replication is unrestricted (left drawing). The clinical correlate is an active HBV carrier with high HBV viremia, reflecting high levels of intrahepatic 
viral replication and liver disease progression. In response to IFN-α, HDACs (HDAC1 and Sirt1) substitute HAT enzymes (p300, CBP, and P/CAF) 
on the cccDNA, and a PRC2-repressor complex is recruited. This leads to histone deacetylation/methylation at specific lysine residues, a “closed” 
chromatin configuration, and a striking reduction of pgRNA transcription, HBsAg synthesis, and HBV replication (middle drawing). In the clinical 
setting, this would translate into a rapid serum HBsAg decline and viral suppression (inactive carrier) with disease remission. When treatment is 
stopped, the chromatin changes imposed by IFN-α tend to persist (right drawing) resulting in the “off-therapy” maintenance of the virological sup-
pression and clinical improvement (achieved in 30%–35% of HBeAg-positive patients and 20%–25% of HBeAg-negative patients). Darker forms 
in the middle and right drawings indicate components of the PRC2 complex whose recruitment has been directly investigated in this paper.
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genome equivalents and intrahepatic viral loads were determined per 

ng genomic DNA isolated from chimeric livers. After treating purified 

DNA with 20 U plasmid-safe DNase I (Epicentre; Biozym) to enrich the 

cccDNA fraction, intrahepatic cccDNA amounts were determined using  

cccDNA-specific primers and FRET probes as reported above. Cloned 

HBV DNA was used to establish a standard curve for quantification. 

cccDNA copies were normalized for human hepatocyte contents using 

the β-globin Quantification Kit (Roche Applied Science) (15, 29). Viral 

RNA was reverse transcribed using oligo-dT primers and the Transcrip-

tor Kit (Roche Applied Science) and quantified by using primers spe-

cific for pgRNA and total HBV-RNA (tot) sequences. Steady-state levels 

of intrahepatic preS/S RNAs were determined by subtracting pgRNA 

amounts from total HBV RNAs (pgRNA + preS/S RNA) estimated in 

the same RNA preparation as reported (31), and values were normalized 

using human-specific GAPDH primers (QuantiTect Primer Assay; QIA-

GEN) (15). Northern blot analysis was performed as described above.

ChIP assays. 48 hours after transfection with linear HBV monomers, 

HepG2 cells were resuspended in 1 ml of ChIP lysis buffer (50 mM 

Tris HCL, pH 8, 0.5% NP40, 1 mM EDTA, and 100 mM NaCL) and 

incubated 10 minutes at 4°C. The lysate was centrifuged at 10,000 g 

for 2 minutes to pellet the nuclei. The supernatant was removed, and 

the nuclei were fixed in 1% formaldehyde for 30 minutes at 4°C. Iso-

lated cross-linked nuclei were extracted with a 20 mM Tris, pH 8, 3 

mM MgCl2, 20 mM KCl buffer containing protease inhibitors, pelleted 

by microcentrifugation, and lysed by incubation in SDS lysis buffer 

(1% sodium dodecyl sulfate, 10 mM EDTA, 50 mM Tris-chloride, pH 

8.1) containing protease inhibitors. The resulting chromatin solution 

was sonicated for 5 pulses of 45 seconds at 80% power to generate 300- 

to 1000-bp DNA fragments using a Bioruptor Sonicator (Diagenode 

Inc). After microcentrifugation, the supernatant was diluted 1:10 in 

a dilution buffer (0.01% sodium dodecyl sulfate, 1.1% Triton X-100, 

1.2 mM EDTA, 16.7 mM Tris-chloride, pH 8.1, 167 mM NaCl, con-

taining protease inhibitors), precleared with blocked Protein G Plus 

(Pierce), and divided into aliquots. The chromatin was then subjected 

to immunoprecipitation for 14–16 hours at 4°C using antibodies spe-

cific to H4 (ab1791; Abcam), AcH4 (06-866, Upstate; rabbit polyclonal 

IgG recognizing histone H4, which is tetra-acetylated at lysines 6, 9, 

13, and 17), Sirt1 (sc15404/; Santa Cruz Biotechnology Inc.), HDAC1 

(no. 06-720; Upstate), STAT1 (sc476; Santa Cruz Biotechnology Inc.), 

STAT2 (sc476; Santa Cruz Biotechnology Inc.), phospho-STAT1 (9171; 

Cell Signaling), phospho-STAT2 (07224; Upstate), YY1 (sc1703; Santa 

Cruz Biotechnology Inc.), and EZH2 (3147; Cell Signaling). Immuno-

precipitations with nonspecific immunoglobulins (Santa Cruz Biotech-

nology Inc.) were included in each experiment as a negative control. After 

the reverse cross-linking, immunoprecipitated chromatin was purified 

by phenol/chloroform (1:1) extraction and ethanol precipitation and 

analyzed by either PCR amplification using specific primers for the HBV 

cccDNA (NCC1 and CCCAS) or real-time PCR using the same cccDNA 

primers and specific probes (FL and Red).

ChIP assays of liver specimens of chronically HBV-infected uPA chi-

meric mice were performed with the following modifications: liver tis-

sues were homogenized in 500 μl lysis buffer (5 mM PIPES, 85 mM KCl, 

0.5% NP40) and incubated at 4°C for 10 minutes. After microcentrifu-

gation, the pelleted nuclei were fixed in 1% formaldehyde for 15 min-

utes at 4°C. After sonication and dilution, the chromatin was subjected 

to immunoprecipitation for 14–16 hours at 4°C using antibodies spe-

cific to acetylated H4 (06-866; Upstate) or nonspecific immunoglobu-

lins (BD Biosciences). Immunoprecipitated DNA was extracted using 

the Master Pure DNA Purification Kit (Epicentre; Biozym). After treat-

ment with 20 U plasmid-safe DNAase I (Epicentre; Biozym), DNA was 

analyzed by real-time PCR using cccDNA-specific primers and FRET 

probes as reported above.

Immunoblotting. Cells were lysed in RIPA buffer (50 mM Tris, pH 7.6, 

1% NP-40, 140 mM NaCl, 0.1 % SDS), and the insoluble pellet was dis-

carded after centrifugation. Protein concentration was determined by 

the BCA protein assay reagent (Bio-Rad). Protein lysates were trans-

ferred to a nitrocellulose membrane and incubated with STAT1 (sc346; 

Santa Cruz Biotechnology Inc.) and STAT2 (sc476; Santa Cruz Biotech-

nology Inc.) antibodies.

Statistics. P values were determined using the 2-tailed Student’s t test. The 

Wilcoxon rank-sum test was used for nonparametric pair-wise compari-

sons. P < 0.05 was considered significant.
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