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a b s t r a c t

As a major therapy for hepatitis B virus (HBV) infection, Interferon alpha (IFN-alpha) triggers intracel-
lular signal transduction including JAK-STAT pathway to produce various antiviral effector mechanisms.
However, patients with chronic hepatitis B usually show low response to IFN-alpha treatment and
the underlying mechanism remains unclear. In the present study, HepG2 and HepG2.2.15 cells were
used to examine the Type I IFN receptors expression, phosphorylation and methylation of STAT1.
STAT1–PIAS1 interaction in cells was tested by protein co-immunoprecipitation. The potential improve-
ment of S-adenosylmethionine (SAM) in the antiviral effect of IFN-alpha was also investigated. Our data
demonstrated that both chains of the Type I IFN receptors were expressed for a much higher extent in
HepG2.2.15 cells than in HepG2 cells. HBV inhibited dramatically the methylation rather than the phos-
FN-alpha antagonistic activity phorylation of STAT1, which was consistent with an increased STAT1–PIAS1 interaction. Combined with
IFN-alpha, SAM treatment effectively improved STAT1 methylation and attenuated STAT1–PIAS1 bind-
ing, followed by increased PKR and 2′,5′-OAS mRNA expression, thus significantly reducing the HBsAg,
HBeAg protein levels and HBV DNA load in the supernatant of HepG2.2.15 cells. Less STAT1 methylation
and subsequent increased STAT1–PIAS1 interaction are involved in the mechanism of the IFN-alpha-
antagonistic activity of HBV. By improving STAT1 methylation, SAM can enhance the antiviral effect of

IFN-alpha.

. Introduction

Hepatitis B virus (HBV) is the most common hepatitis virus that
auses chronic infection of human liver (Lavanchy, 2005). More
han 400 million people worldwide have been infected and many of
hem develop chronic liver disease, evolving eventually into cirrho-
is and hepatocellular carcinoma (HCC). An estimated one million
eople die annually by HBV infection (McMahon, 2005). Currently,
reatment with Interferon alpha (IFN-alpha) is one of the major
herapies that have been approved for chronic hepatitis B (CHB)
atients. But even treated with the pegylated IFN-alpha, only 30%
f the CHB patients proved to be sensitive as indicated by clearance
f HBeAg and HBV DNA together with a normal ALT level (Férir et
l., 2008). The underlying reason for the low response to IFN-alpha

reatment in CHB patients remains unclear, although it has been
onsidered to involve multiple causes including both virus-related
nd host-specific factors.
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Previous studies have demonstrated that nucleocapsid HBV pro-
teins could be involved in a deficient IFN-alpha response (Foster et
al., 1993; Rosmorduc et al., 1999). The main and most important
signal pathway activated by IFNs is the JAK–STAT pathway (Der
et al., 1998; Nikol’skiı̆ and Vasilenko, 2000). By binding to Type
I IFN receptors, IFN-alpha triggers the oligomerization and tyro-
sine phosphorylation of the receptors followed by the activation of
receptor-associated Janus tyrosine kinase (JAK). The activated JAK
subsequently phosphorylates STAT2 and STAT1, respectively. Phos-
phorylated STATs then form hetero-dimers and translocate into the
nucleus where they bind to specific DNA elements in the promoters
of target genes to initiate their transcription. The genes targeted by
JAK–STAT signaling include several antiviral genes such as dsRNA-
dependent protein kinase, 2′,5′-oligoadenylate synthetase, P56 and
MxA (O’Shea and Visconti, 2000; Pestka, 2000).

The JAK–STAT pathway is subjected to down-regulation by a
variety of negative regulators including protein tyrosine phos-

phatases (PTPs), suppressor of cytokine signaling (SOCS) proteins
and protein inhibitor of activated STAT (PIAS) (Starr and Hilton,
1999). PIAS1 is the main member of PIAS family, which specifically
associates with STAT1 and only inhibits the binding of the dimeric
form of STAT1 to the promoters of STAT1 target genes, but not with

http://www.sciencedirect.com/science/journal/01663542
http://www.elsevier.com/locate/antiviral
mailto:zju.zhichen@gmail.com
dx.doi.org/10.1016/j.antiviral.2009.10.011
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ther STAT proteins. Recent studies have demonstrated that STAT1
an be catalyzed by protein arginine methyltransferase 1 (PRMT1)
nd methylation of STAT1 is functionally essential for STAT1 since
t prevents the binding of PIAS1. In contrast, the demethylation of
TAT1 enhances its association with PIAS1 (Liao et al., 2000; Liu et
l., 2004; Mowen et al., 2001; Shuai and Liu, 2003).

Viruses, including DNA and RNA viruses, have consequently
volved ways to interfere with action of IFN-alpha through encod-
ng proteins that impair the methylation modification of STAT1.
t has been reported that expression of hepatitis C virus (HCV)
roteins in liver cells of transgenic mice could decrease STAT1
ethylation and consequently increase association of STAT1 with

IAS1 (Blindenbacher et al., 2003). In addition, reduced methyla-
ion of STAT1 and enhanced PIAS1–STAT1 binding have also been
bserved in liver biopsies from HCV infected patients and cells that
xpress HBV proteins (Christen et al., 2007; Duong et al., 2004).

In the present study, we have analyzed the IFN-alpha signaling
hrough the JAK–STAT pathway by using two different liver cell
ines, one of them is stably transfected with HBV genomes. Our
esults suggest that less STAT1 methylation contributes at least in
art to the resistance of HBV-infected liver cells to IFN-alpha. S-
denosylmethionine (SAM), as the most commonly used methyl
onor, could be used to enhance the antiviral effect of IFN-alpha by

mproving STAT1 methylation in HBV-infected liver cells.

. Materials and methods

.1. Reagents

Human IFN-alpha and S-adenosylmethionine were obtained
rom Sigma (Sigma–Aldrich Quimica, Madrid, Spain). Anti-STAT1
ntibody was purchased from Cell Signaling Technology (Bio-
oncept, Allschwil, Switzerland). Anti-phospho-STAT1 (Tyr 701)
ntibody, anti-PIAS1 antibody, together with the monoclonal anti-
odies to methyl- and dimethylarginine were purchased from
bcam (Abcam Limited, Cambridge, United Kingdom). Anti-IFNAR1
ntibody and anti-�-actin antibody were purchased from Santa
ruz (Santa Cruz Biotech, Heidelberg, Germany). Anti-IFNAR2 anti-
ody was purchased from PBL Biomedical Labs (PBL Biomedical
abs Inc., NJ).

.2. Cell lines and cell culture

HepG2 cells were maintained in Dulbecco’s modified Eagle’s
edium (DMEM, Thermo Electron, Waltham, MA) containing

0% fetal bovine serum (GIBCO, GrandIsland, NY) and antibi-
tics (50 IU/mL penicillin, 50 mg/mL streptomycin). HepG2.2.15
ells, which derived by transfecting HepG2 cells with a plasmid
ontaining HBV DNA, were maintained in DMEM supplemented
ith 2 mol/L l-glutamine, 50 IU/mL of penicillin, 50 mg/mL of

treptomycin (GIBCO, GrandIsland, NY), 500 �g/mL of G418
Sigma–Aldrich Quimica, Madrid, Spain), 10% fetal bovine serum,
t 37 ◦C in an humidified incubator at 5% CO2. HepG2.2.15 cells
onstitutively express HBsAg, HBeAg, HBcAg and support full HBV
eplication (Sells et al., 1987). All these cells were seeded at a den-
ity of 1 × 106 cells/well and maintained in a confluent state for 2–3
ays before being treated with antiviral compounds.

.3. Cell extracts, immunoprecipitation and immunoblotting

For both immunoblotting and immunoprecipitation, the cells

ere washed with ice-cold phosphate-buffered saline and lysed in

ysis buffer containing 50 mM Tris–HCl pH 8.0, 150 mM NaCl, 1%
P-40, 0.5% sodium deoxycholate, 0.1% SDS, 1 mM phenylmethyl-

ulfonyl fluoride, 1 mM benzamidine, 5 �g/mL aprotinin, 3 �g/mL
epstatin, and 5 �g/mL leupeptin. Cell lysates were then clarified
h 85 (2010) 463–469

at 12,000 rpm for 20 min at 4 ◦C, and the protein concentration in
the supernatant was determined by the Pierce BCA Protein Assay
Kit (Thermo Fisher Scientific Inc., Rockford). For immunoblotting,
the cell lysates were boiled in 2× SDS sample buffer (0.125 M
Tris–HCl pH 6.8, 4% SDS, 20% glycerol, 2% mercaptoethanol, and
0.02% bromphenol blue). For immunoprecipitation, the lysates
were incubated with antibody and protein A/G-Sepharose (Santa
Cruz Biotech, Heidelberg, Germany) overnight at 4 ◦C. The immuno-
complexes were washed five times with lysis buffer, and the
immunoprecipitated proteins were removed from protein A/G-
Sepharose by boiling in 2× SDS sample buffer and loaded onto
SDS-PAGE. After SDS-PAGE and transfer onto polyvinylidene diflu-
oride membranes, proteins were treated with a primary antibody
and then with a horseradish peroxidase-conjugated secondary
antibody. Bound antibody was detected by enhanced chemilumi-
nescence (Thermo Fisher Scientific Inc., Rockford) and exposed to
X-ray film. Densitometric analyses were performed using Glyko
BandScan software (Glyko, Inc.).

2.4. RNA isolation, reverse transcription, and real-time PCR
analysis

Total RNA was isolated from cultured cells according to Man-
ufacturer’s instructions (Invitrogen, Carlsbad, CA). cDNA was
synthesized using random hexamer primers and RNase H-reverse
transcriptase (Promega, Madison, WI). Relative quantitative real-
time PCR was performed using SYBR-green I Premix ExTaq on
the ABI Prism 7900 (Applied Bio systems, Foster, CA) follow-
ing the Manufacturer’s instructions. The following primer pairs
were used: 2′,5′-OAS (139 bp) F: 5′-ACTCCCAGTTCAACATGG-3′

R: 5′-TGAAGCTGCTGTTTCAGG-3′, PKR (250 bp) F: 5′-
AGGCAGTTAGTCCTTTAT-3′ R: 5′-AGATATGCAAGTTTAGCG-3′,
GAPDH (80 bp) F: 5′-GCTCCTCCTGTTCGACAGTCA-3′ R: 5′-
ACCTTCCCCATGGTGTCTGA-3′. All PCR assays were performed
in duplicate, and data were analyzed with the ABI Prism Detec-
tion system using the comparative threshold cycle method as
previously described (Tang et al., 2007).

2.5. Virological assessment

HBsAg, HBeAg levels of the supernatants were determined by
time-resolved fluorescent immuno assay kit (TRFIA) according to
the Manufacturer’s instructions. HBV DNA was extracted from
supernatants of culture cells and quantified by using a commercial
polymerase chain reaction (PCR) diagnostic kit with a detect limit
of 500 copies/mL (PG Biotech, Shenzhen, China). The decreased
percentage was calculated according to the following formula:
decreased percentage (%) = (C control − C tester)/C control × 100%.

2.6. Statistical interpretation

Data were analyzed with SPSS 12.0 for Windows (SPSS Inc.,
Chicago, IL). Statistical analysis was performed using the ANOVA
and T-test to assess differences between groups. A probable value
of P < 0.05 was considered to be statistically significant.

3. Results

3.1. High-level expression of IFNAR in HBV-infected liver cells

Type I IFN receptor consists of two subunits, IFNAR1 and IFNAR2.

To test whether the presence of HBV could affect the IFN-alpha
signaling, we examined firstly the IFNAR1 and IFNAR2 expres-
sion in HepG2 and HepG2.2.15 cells stimulated with or without
IFN-alpha. As shown in Fig. 1, both IFNAR1 and IFNAR2 were abun-
dantly expressed in HepaG2 and HepG2.2.15 cells. Densitometric
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Fig. 1. High-level expression of IFNAR in HBV-infected liver cells. (A) HepG2 and HepG2.2.15 cells were treated with or without 1000 IU/mL IFN-alpha for 30 min respectively.
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qual amounts of total cell protein extracts were immunoblotted with either anti-
rotein per lane. The results were representative of three independent experiments.
sing software Glyko Bandscan 5.0. Protein levels were normalized against those o
hree independent experiments. The P values were obtained using the T-test (*P < 0

nalyses indicated that with or without IFN-alpha treatment, the
xpression levels of IFNAR1 and IFNAR2 were evidently higher in
epG2.2.15 cells than in HepG2 cells. Furthermore, IFN-alpha treat-
ent changed neither in HepG2 cells nor in HepG2.2.15 cells the

xpression level of either of the two subunits.
.2. IFN-alpha dependent STAT1 phosphorylation is intact in
BV-infected liver cells

In view of the crucial role of STAT1 phosphorylation in IFN-
lpha signaling, we decided to check whether HBV could potentially

ig. 2. IFN-alpha dependent STAT1 phosphorylation in HBV-infected liver cells. (A) HepG
f IFN-alpha for 30 min. Equal amounts of total cell protein extracts were immunoblot
s a loading control. Shown is a representative of results from three independent exper
ensitometry using software Glyko Bandscan 5.0. There were significant differences am
ars were calculated from three independent experiments. The P values were obtained u
ith IFN-alpha. HepG2.2.15 cells were stimulated with IFN-alpha for the indicated tim

nd anti-STAT1 antibody. An anti-�-actin antibody was used to verify loading of protein
mmunoblotting. Shown is a representative of results from three independent experimen
1 or anti-IFNAR2 antibody. An anti-�-actin antibody was used to verify loading of
th IFNAR2 and IFNAR1 intensities in western blots were quantified by densitometry
in respectively. Data are expressed as mean ± S.D. Error bars were calculated from
P < 0.01).

influence the phosphorylation of STAT1 responding to IFN-alpha.
We treated HepG2.2.15 and HepG2 cells with different doses of
IFN-alpha, and the phosphorylated STAT1 was detected by west-
ern blot using a specific anti-phospho-STAT1 antibody. As shown
in Fig. 2A, no detectable STAT1 phosphorylation was found in IFN-
alpha untreated HepG2.2.15 and HepG2 cells. In contrast, addition
of IFN-alpha stimulated the phosphorylation of STAT1, in a time-

and concentration-dependent manner (Fig. 2B and C). Withing the
same tested times and with the same concentrations, IFN-alpha
led completely to a parallel generation of STAT1 phosphorylation
in HepG2 and HepG2.2.15 cells (Fig. 2B).

2 and HepG2.2.15 cells were treated with varying concentrations (0–2000 IU/mL)
ted with anti-phospho-STAT1 antibody. The membrane was reblotted for STAT1
iments. (B) The densities of STAT1 and phosphorylated STAT1 were quantified by
ong various dose groups (both P < 0.05). Data are expressed as mean ± S.D. Error
sing the ANOVA test. (C) Time course of STAT1 phosphorylation after stimulation

e points. The membrane was immunoblotted with anti-phospho-STAT1 antibody
per lane. Total STAT1 and phosphorylated STAT1 expression were determined by
ts.



466 J. Li et al. / Antiviral Research 85 (2010) 463–469

Fig. 3. Less STAT1 methylation and association increased STAT1–PIAS1 binding in HBV-infected liver cells. (A) HepG2 and HepG2.2.15 cells were treated with 1000 IU/mL of
IFN-alpha for 30 min, respectively. In these cells, both STAT1 methylation (immunoprecipitation with antibody to methyl- and dimethylarginine (MDA), western blot with
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nti-STAT1 antibody) and the binding of PIAS1 to STAT1 (immunoprecipitation wi
nalysis. STAT1 protein was used as a loading control. (B) HepG2 and HepG2.2.15 ce
as determined by immunoblotting with an anti-PIAS1 antibody. An anti-�-actin a

esults from three independent experiments.

.3. Less STAT1 methylation and association increased
TAT1–PIAS1 binding in HBV-infected liver cells

Members of the PIAS family can negatively regulate the
ytokine-activated JAK–STAT pathway in vitro (O’Shea and

atford, 2004). Cells lacking PIAS1 have shown enhanced antivi-
al responses (Liu et al., 2004). Studies have demonstrated that
he methylation of STAT1 on Arg-31 appears to be involved in
TAT1–PIAS1 association as unmethylated STAT1 can be bound
nd inactivated by PIAS1 (Duong et al., 2006). To test the pos-
ibility that HBV could down regulate the methylation of STAT1
hereby inhibiting the expression of antiviral effectors due to an
ncreased STAT1–PIAS1 interaction, we carried out experiments to

easure the STAT1 methylation and to determine STAT1–PIAS1
ssociation. In HepG2 and HepG2.2.15 cells, we immunoprecip-
tated the methylated proteins with a specific anti-methyl- and
imethylarginine antibody, then stained the proteins with an
nti-STAT1 antibody. As shown in Fig. 3A, compared to HepG2
ells in which marked methylated STAT1 was represented, in
epG2.2.15 cells, less detectable STAT1 methylation was revealed.
o-immunoprecipitation (Co-IP) experiment was then performed

n HepG2.2.15 cells, and the result demonstrated an enhanced asso-
iation of PIAS1 with STAT1 (Fig. 3B). Also no difference of the PIAS1
xpression was observed in these two cells (Fig. 3C). These results
ndicate that HBV induces less STAT1 methylation and up-regulates
TAT1–PIAS1 binding in Hep2.2.15 cells.

.4. S-adenosylmethionine addition reverses STAT1 methylation

S-adenosylmethionine (SAM) is available in many countries as
drug used for the treatment of liver diseases such as alcohol-

nduced liver damage. Its supplementation can restore hepatic
lutathione deposits and attenuate liver injury (Lieber et al., 1990).
AM has been used in many reactions to transfer methyl group
o the nitrogen or oxygen residues in many different compounds
Grillo and Colombatto, 2005). PRMT1 uses SAM as the methyl
roup donor for STAT1 methylation. To test if addition of SAM
an improve HBV-induced decrease in methylation of STAT1, we
reated HepG2.2.15 cells with SAM and quantified the methylation
evel of STAT1. As shown in Fig. 4, compared to HepG2 cells, less

TAT1 methylation was detected in HepG2.2.15 cells. Strikingly,
AM addition effectively increased STAT1 methylaion which was
ery close to the level in HepG2 cells. Consistently with this change
n STAT1 methylation, a decreased STAT1–PIAS1 association was
lso detected.
i-STAT1 antibody, western blot with anti-PIAS1 antibody) were detected by Co-IP
re treated with 1000 IU/mL of IFN-alpha for 30 min, respectively. PIAS1 expression

dy was also used to verify loading of protein per lane. Shown is a representative of

3.5. S-adenosylmethionine improves the antiviral effect of
IFN-alpha

dsRNA-dependent protein kinase (PKR), an IFN-inducible ser-
ine/threonine kinase, is a key mediator of IFN-alpha inducible
antiviral activity (Clemens and Elia, 1997). Like PKR, 2′,5′-
oligoadenylate synthetase (OAS) is synthesized in an inactive form
and utilizes dsRNA as a cofactor. The 2′,5′-OAS binds to and acti-
vates RNase L, which degrades cellular and viral RNAs (Randall
and Goodbourn, 2008). We then tested if SAM could improve
the antiviral effect of IFN-alpha by detecting the PKR and 2′,5′-
OAS transcription levels. We first compared the IFN-alpha induced
2′,5′-OAS, PKR mRNA levels in HepG2 and HepG2.2.15 cells after
pretreatment of these cells with or without SAM. Real-time PCR
analysis showed that the induction of 2′,5′-OAS and PKR mRNA
was impaired in HepG2.2.15 cells compared to HepG2 cells, but
both could be enhanced by pretreating the cells with SAM (Fig. 5A).

Furthermore, we hypothesized that the HBV replication in
HepG2.2.15 cells could also be changed by SAM treatment. To
test this hypothesis, we quantified HBsAg and HBeAg protein lev-
els together with HBV genomic DNA in the culture medium of
HepG2.2.15 cells. As shown in Fig. 5B, treatment with SAM and IFN-
alpha together led to a significant reduction of medium HBsAg and
HBeAg. Consistently, the HBV DNA load in the culture medium also
decreased (Fig. 5C). These results indicate that SAM can improve
the antiviral effect of IFN-alpha in HBV-infected cells.

4. Discussion

In the present study, we applied HepG2 and HepG2.2.15 cells to
analyze the HBV-caused low response of hepatocytes to IFN-alpha
stimulation. Our results showed that HBV infection downreg-
ulates methylation rather than the phosphorylation of STAT1,
which was consistent with an increased STAT1–PIAS1 interac-
tion. Combined with IFN-alpha, S-adenosylmethionine effectively
improved the STAT1 methylation and attenuated STAT1–PIAS1
binding, followed by increased mRNA expression of PKR, 2′,5′-OAS
in HBV-infected liver cells. Thus we suggested that less STAT1
methylation and subsequent increased STAT1–PIAS1 interaction
is involved in the mechanism of IFN-alpha antagonistic activity

of HBV. S-adenosylmethionine can sensitize in a great degree the
antiviral effect of IFN-alpha by improving STAT1 methylation.

IFN-alpha is the first substance licensed to treat CHB patients
and has been used for many decades. Only approximately 30%
of treated patients develop a sustained virologic response. The
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Fig. 4. S-adenosylmethionine addition reverses STAT1 methylation. HepG2 cells were treated with 1000 IU/mL of IFN-alpha for 30 min. HepG2.2.15 cells were stimulated
with IFN-alpha (1000 IU/mL) for 30 min with or without pretreatment with SAM (263.66 nmol/L) for 3 h. (A) In these cells, STAT1 methylation and the binding of PIAS1 to
STAT1 were detected by Co-IP analysis. STAT1 protein level was used as a loading control. Shown is a representative of results from three independent experiments. (B) The
intensities of STAT1-associated PIAS1, methylated STAT1 and STAT1 in western blots were quantified by densitometry using software Glyko Bandscan 5.0. Data are expressed
as mean ± S.D. Error bars were calculated from three independent experiments. The P values were obtained using the ANOVA test (**P < 0.01, *P < 0.05).

Fig. 5. S-adenosylmethionine improves the antiviral effect of IFN-alpha. (A) HepG2 cells were treated with 1000 IU/mL of IFN-alpha for 6 h. HepG2.2.15 cells were stimulated
with IFN-alpha (1000 IU/mL) for 6 h with or without treatment with SAM (263.66 nmol/L) for 18 h. The induction of the interferon target gene was measured with real-time
PCR. The fold decreases of target gene mRNA was calculated as several fold increase of the mRNA amounts in IFN-alpha-treated samples versus that in untreated samples. (B)
HepG2.2.15 cells were stimulated with IFN-alpha (1000 IU/mL) for 10 days with or without a treatment with SAM (263.66 nmol/L) for 18 h. Then, supernatants were collected
and assayed for the presence of HBsAg and HBeAg by TRFIA. (C) Extracellular HBV DNA was analyzed by using a commercial polymerase chain reaction (PCR) diagnostic kit.
Data are expressed as mean ± S.D. Error bars were calculated from three independent experiments. Samples were done at least in triplicate. The P values were obtained using
the ANOVA test (*P < 0.05, **P < 0.01).
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ause of treatment failure in non-responders is not fully under-
tood, but recently interference of HBV with IFN-alpha-induced
AK–STAT signaling has emerged as a possible escape strategy
f HBV contributing to viral persistence and disease progression.
BV polymerase protein has been demonstrated to inhibit the
TAT1 nuclear translocation induced by IFN-alpha (Wu et al., 2007).
OCS-1, which can inhibit the catalytic activity of JAK, is highly
xpressed in liver tissues of CHB patients (Vlotides et al., 2004;
hao et al., 2008). Our research demonstrated that HBV-induced
nhibition occurred not in the recognition level as both IFNAR1
nd IFNAR2 expression is even higher in HBV-infected liver cells
Fig. 1A). In addition, consistent with previous opinion that viral
nfection do not affect IFN-alpha-induced tyrosine phosphoryla-
ion of STAT1 (Heim et al., 1999), STAT1 phosphorylation remains
ntact when the hepatocytes constitutively express HBV proteins
Fig. 2C). Thus, resistance to IFN-alpha in HBV-infected liver cells

ust occur downstream.
Furthermore, we detected less STAT1 methylation and increased

TAT1–PIAS1 binding, followed by reduced mRNA expression of
KR and 2′,5′-OAS in HBV-infected liver cells. It has been proposed
hat STAT1 can be catalyzed by PRMT1 at Arg-31 within the N-
erminal region. Interestingly, the interaction of PIAS1 with STAT1
ccurs just at the N terminus of STAT1 (aa1–191) where Arg-31
s located. Thus, methylation is functionally essential for STAT1
s unmethylated STAT1 can be bound and inactivated by PIAS1.
emoval of PIAS1 can enhance the binding of STAT1 to the promoter
f IFN-alpha-sensitive gene, such as PKR, P56, MxA and 2′,5′-OAS
Liao et al., 2000; Mowen et al., 2001). However, whether STAT1
rotein can be methylated by PRMT1 is still controversial. Some
roups do not support the proposed model and suggest that PRMT1
oes not affect STAT1 function with respect to transcriptional reg-
lation (Komyod et al., 2005; Meissner et al., 2004; Weber et al.,
009). In accordance with the report by Christen et al. (2007), we
onsistently confirmed that STAT1 is involved in the impairment
f IFN-alpha signaling by regulating the interaction with PIAS1 in
methylation-dependent manner during HBV infection. Although

t has been proposed that HBV proteins can enhance expression of
P2Ac which interacts directly with PRMT1 thus inhibiting PRMT1
nzymatic activity (Christen et al., 2007), the underlying reason for
he low level of STAT1 methylation in HBV-infected cells is not yet
lear.

Subsequently, we found that SAM can sensitize to a great degree
he antiviral effect of IFN-alpha by improving STAT1 methyla-
ion. SAM is one of the most frequently used enzyme substrates.
ts sulfonium group enables it to be recognized as the major

ethyl donor in all living organisms. PRMT1 always uses SAM
or STAT1 methylation (Grillo and Colombatto, 2005). Combined
ith IFN-alpha, SAM treatment significantly reduced the HBsAg

nd HBeAg protein levels and the HBV DNA in the supernatant of
BV-infected cells. Consistent with our results, addition of SAM and
etaine significantly improved the antiviral efficacy of IFN-alpha

n HCV replicon cells (Duong et al., 2006). Also the clinical trial
amed “Chronic hepatitis C non-responder study with AdoMet and
etaine” (NCT00310336) is currently recruiting participants. It will
lso be interesting to test if SAM can improve IFN-alpha efficacy in
he treatment of CHB patients.

More interestingly, recent research suggested that PRMT1
ethylates PIAS1 at Arg-303 in vitro or vivo. PIAS1 methylation

an trigger the interaction between STAT1–PIAS1 and enforce the
elease of STAT1 from its target gene promoters, which subse-
uently results in the turn off of STAT1-activated transcription

Weber et al., 2009). This mechanism seems to be contradictive to
he one proposed by our study. Furthermore, it cannot be ruled out
hat PRMT1 has a regulatory effect on both proteins and could cause
ame gene expression in response to different stimulus. Indeed,
he role of PRMT1 in the regulation of PIAS1 or STAT1 methyla-
h 85 (2010) 463–469

tion during IFN-alpha stimulation remains unclear. Also whether
knockdown of PIAS1 expression could modulate the methylation
of STAT1 needs to be investigated in the future.

Taken together, our data demonstrate that less STAT1 methyla-
tion and subsequent increased STAT1–PIAS1 interaction is involved
in the mechanism of IFN-alpha antagonistic activity to HBV. SAM
can sensitize to a great degree the antiviral effect of IFN-alpha by
improving STAT1 methylation. Combination of IFN-alpha and S-
adenosylmethionine could be a new potential therapeutic strategy
for patients with chronic HBV infection.

Acknowledgments

This work is supported by the National Basic Research Program
(973 Program) (2007CB512905), the National Natural Science Fund
(30771918) and the Major National S&T Projects for Infectious Dis-
eases (11th Five Year) (2008ZX10002-007).

References

Blindenbacher, A., Duong, F.H., Hunziker, L., Stutvoet, S.T., Wang, X., Terracciano,
L., Moradpour, D., Blum, H.E., Alonzi, T., Tripodi, M., La Monica, N., Heim, M.H.,
2003. Expression of hepatitis c virus proteins inhibits interferon alpha signaling
in the liver of transgenic mice. Gastroenterology 124, 1465–1475.

Christen, V., Duong, F., Bernsmeier, C., Sun, D., Nassal, M., Heim, M.H., 2007. Inhibition
of alpha interferon signaling by hepatitis B virus. J. Virol. 81, 159–165.

Clemens, M.J., Elia, A., 1997. The double-stranded RNA-dependent protein kinase
PKR: structure and function. J. Interferon Cytokine Res. 17, 503–524.

Der, S.D., Zhou, A., Williams, B.R., Silverman, R.H., 1998. Identification of genes dif-
ferentially regulated by interferon alpha, beta, or gamma using oligonucleotide
arrays. Proc. Natl. Acad. Sci. U.S.A. 95, 15623–15628.

Duong, F.H., Filipowicz, M., Tripodi, M., La Monica, N., Heim, M.H., 2004. Hepatitis C
virus inhibits interferon signaling through up-regulation of protein phosphatase
2A. Gastroenterology 126, 263–277.

Duong, F.H., Christen, V., Filipowicz, M., Heim, M.H., 2006. S-Adenosylmethionine
and betaine correct hepatitis C virus induced inhibition of interferon signaling
in vitro. Hepatology 43, 796–806.

Férir, G., Kaptein, S., Neyts, J., De Clercq, E., 2008. Antiviral treatment of chronic
hepatitis B virus infections: the past, the present and the future. Rev. Med. Virol.
18, 19–34.

Foster, G.R., Goldin, R.D., Hay, A., McGarvey, M.J., Stark, G.R., Thomas, H.C., 1993.
Expression of the terminal protein of hepatitis B virus is associated with failure
to respond to interferon therapy. Hepatology 17, 757–762.

Grillo, M.A., Colombatto, S., 2005. S-adenosylmethionine and protein methylation.
Amino Acids 28, 357–362.

Heim, M.H., Moradpour, D., Blum, H.E., 1999. Expression of hepatitis C virus pro-
teins inhibits signal transduction through the Jak-STAT pathway. J. Virol. 73,
8469–8475.

Komyod, W., Bauer, U.M., Heinrich, P.C., Haan, S., Behrmann, I., 2005. Are STATS
arginine-methylated? J. Biol. Chem. 280, 21700–21705.

Lavanchy, D., 2005. Worldwide epidemiology of HBV infection, disease burden, and
vaccine prevention. J. Clin. Virol. 34 (Suppl. 1), S1–S3.

Liao, J.Y., Fu, Y.B., Shuai, K., 2000. Distinct roles of the NH2- and COOH-terminal
domains of the protein inhibitor of activated signal transducer and activator
of transcription (STAT) 1 (PIAS1) in cytokine-induced PIAS1–Stat1 interaction.
Proc. Natl. Acad. Sci. U.S.A. 97, 5267–5272.

Lieber, C.S., Casini, A., DeCarli, L.M., Kim, C.I., Lowe, N., Sasaki, R., Leo, M.A., 1990. S-
adenosyl-l-methionine attenuates alcohol-induced liver injury in the baboon.
Hepatology 11, 165–172.

Liu, B., Mink, S., Wong, K.A., Stein, N., Getman, C., Dempsey, P.W., Wu, H., Shuai, K.,
2004. PIAS1 selectively inhibits interferon-inducible genes and is important in
innate immunity. Nat. Immunol. 5, 891–898.

McMahon, B.J., 2005. Epidemiology and natural history of hepatitis B. Semin. Liver
Dis. 25 (Suppl. 1), 3–8.

Meissner, T., Krause, E., Lödige, I., Vinkemeier, U., 2004. Arginine methylation of
STAT1: a reassessment. Cell 119 (587–589), 589–590, discussion.

Mowen, K.A., Tang, J., Zhu, W., Schurter, B.T., Shuai, K., Herschman, H.R., David, M.,
2001. Arginine methylation of STAT1 modulates IFNalpha/beta-induced tran-
scription. Cell 104, 731–741.

Nikol’skiı̆, N.N., Vasilenko, K.P., 2000. STAT pathway of intracellular signaling. J. Evol.
Biochem. Physiol. 36, 655–661.

O’Shea, J.J., Visconti, R., 2000. Type 1 IFNs and regulation of TH1 responses: enigmas
both resolved and emerge. Nat. Immunol. 1, 17–19.
O’Shea, J.J., Watford, W., 2004. A peek at PIAS. Nat. Immunol. 5, 875–876.
Pestka, S., 2000. The human interferon alpha species and receptors. Biopolymers 55,

254–287.
Randall, R.E., Goodbourn, S., 2008. Interferons and viruses: an interplay between

induction, signalling, antiviral responses and virus countermeasures. J. Gen.
Virol. 89, 1–47.



esearc

R

S

S

S

T

J. Li et al. / Antiviral R

osmorduc, O., Sirma, H., Soussan, P., Gordien, E., Lebon, P., Horisberger, M., Bré-
chot, C., Kremsdorf, D., 1999. Inhibition of interferon-inducible MxA protein
expression by hepatitis B virus capsid protein. J. Gen. Virol. 80, 1253–1262.

ells, M.A., Chen, M.L., Acs, G., 1987. Production of hepatitis B virus particles in Hep-
G2 cells transfected with cloned hepatitis B virus DNA. Proc. Natl. Acad. Sci. U.S.A.
84, 1005–1009.

huai, K., Liu, B., 2003. Regulation of JAK-STAT signalling in the immune system. Nat.

Rev. Immunol. 3, 900–911.

tarr, R., Hilton, D.J., 1999. Negative regulation of the JAK/STAT pathway. Bioessays
21, 47–52.

ang, C., Chen, Z., Peng, G., Yang, Z., Zhou, L., 2007. Analysis of differential gene
expression between chronic hepatitis B patients and asymptomatic hepatitis B
carriers. J. Gastroenterol. Hepatol. 22, 68–73.
h 85 (2010) 463–469 469

Vlotides, G., Sörensen, A.S., Kopp, F., Zitzmann, K., Cengic, N., Brand, S., Zachoval, R.,
Auernhammer, C.J., 2004. SOCS-1 and SOCS-3 inhibit IFN-alpha-induced expres-
sion of the antiviral proteins 2,5-OAS and MxA. Biochem. Biophys. Res. Commun.
320, 1007–1014.

Weber, S., Maass, F., Schuemann, M., Krause, E., Suske, G., Bauer, U.M., 2009. PRMT1-
mediated arginine methylation of PIAS1 regulates STAT1 signaling. Genes Dev.
23, 118–132.
Wu, M., Xu, Y., Lin, S., Zhang, X., Xiang, L., Yuan, Z., 2007. Hepatitis B virus poly-
merase inhibits the interferon-inducible MyD88 promoter by blocking nuclear
translocation of Stat1. J. Gen. Virol. 88, 3260–3269.

Zhao, Z.X., Cai, Q.X., Peng, X.M., Chong, Y.T., Gao, Z.L., 2008. Expression of SOCS-1
in the liver tissues of chronic hepatitis B and its clinical significance. World J.
Gastroenterol. 14, 607–611.


	Inhibition of STAT1 methylation is involved in the resistance of hepatitis B virus to Interferon alpha
	Introduction
	Materials and methods
	Reagents
	Cell lines and cell culture
	Cell extracts, immunoprecipitation and immunoblotting
	RNA isolation, reverse transcription, and real-time PCR analysis
	Virological assessment
	Statistical interpretation

	Results
	High-level expression of IFNAR in HBV-infected liver cells
	IFN-alpha dependent STAT1 phosphorylation is intact in HBV-infected liver cells
	Less STAT1 methylation and association increased STAT1–PIAS1 binding in HBV-infected liver cells
	S-adenosylmethionine addition reverses STAT1 methylation
	S-adenosylmethionine improves the antiviral effect of IFN-alpha

	Discussion
	Acknowledgments
	References


