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Small interfering RNAs not only modulate gene expression at a post-transcriptional level, but also induce
transcriptional gene silencing by RNA interference-mediated heterochromatin formation and RNA-direc-
ted DNA methylation (RADM). However, although established in plants, there have been controversies
whether RADM operates in mammals. Hepatitis B virus (HBV) covalently closed circular DNA (cccDNA)
serves as a template for viral RNA transcription, and transcriptional activity of HBV cccDNA is regulated
by methylation in patients with chronic HBV infection. In this study, we stably expressed short hairpin
RNA (shRNA) against HBV in human hepatoma cells to determine whether shRNA induces methylation
of HBV cccDNA. HepAD38 cells which permit replication of HBV under control of tetracycline-responsive
promoter were transduced with lentiviral vectors which encode sh-1580, a sShRNA against the hepatitis B
viral protein HBx. Bisulfite sequencing PCR analysis revealed that sh-1580 induced CpG methylations at a
higher rate compared to control (31.3% vs. 12.8%, p < 0.05). The sh-1580-induced CpG methylation was
localized near the target sequence of sh-1580 in more than a half of the clones. Methylation-induced
transcriptional suppression was confirmed by in vitro transcription assay. These results confirm the fea-
sibility of RADM of HBV cccDNA in human cells. Lentiviral vector-mediated transfer of shRNA may be
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used as a tool for novel transcriptional modulation by epigenetic modification of HBV cccDNA.

© 2013 Published by Elsevier Inc.

1. Introduction

The RNA interference (RNAI) is a double-stranded RNA-depen-
dent mechanism which regulates eukaryotic gene expression in a
wide variety of organisms [1]. Small interfering RNAs (siRNAs), a
representative effector of RNAi, control gene expression at a post-
transcriptional level by forming RNA-induced silencing com-
plexes, which in turn recognize target RNA sequence and either
induce mRNA degradation or translational repression [2,3]. In
addition to post-transcriptional gene silencing (PTGS), it has
become apparent over the last decade that siRNA also induces
transcriptional gene silencing (TGS) by RNAi-mediated hetero-
chromatin formation and RNA-directed DNA methylation (RADM)

Abbreviations: cccDNA, covalently closed circular DNA; HBV, hepatitis B virus;
siRNA, small interfering RNA; shRNA, short hairpin RNA; PTGS, post-transcriptional
gene silencing; RADM, RNA dependent DNA methylation; RNAi, RNA interference;
TGS, transcriptional gene silencing.
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[4]. Whereas siRNA-induced heterochromatin formation has been
characterized in animal cells [5], there have been conflicting re-
sults regarding whether RADM operates in mammals [4].

Human DNA viruses are cytosine-methylated in host cells,
especially during latency [6], and methylation of viral genome
may be an innate antiviral defense. However, the mechanisms
of viral DNA methylation during natural human infection have
not been fully elucidated. Interestingly, several recent reports
suggest that small RNAs (siRNAs and microRNAs) may induce
methylation of integrated or episomal viral DNA [7,8]. Hepatitis
B virus (HBV) is a partially double-stranded circular DNA virus
which is one of the most important causes of liver cirrhosis
and hepatocellular carcinoma worldwide. After entering hepato-
cytes, the viral genome becomes fully double-stranded covalently
closed circular DNA (HBV cccDNA) and functions as a episomal
template for viral transcription [9]. HBV cccDNA is methylated
in the human liver [10,11], and we found that methylation of
cccDNA regulates the transcriptional activity of cccDNA in
chronic HBV infection [12]. DNMT3 may be responsible for the
methylation of HBV cccDNA [13], but the exact mechanisms
are still elusive.
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In this work, we showed that lentiviral vector-mediated trans-
fer of short hairpin RNA (shRNA) against HBV is capable of inducing
methylation of HBV cccDNA and transcriptional suppression in hu-
man hepatoma cells.

2. Materials and methods
2.1. Cells and reagents

HepAD38 cells which produce HBV under the control of tetracy-
cline-responsive CMV-IE promoter were a generous gift from pro-
fessor C. Seeger (Fox Chase Cancer Center, PA) [14]. 293FT cells
were purchased from Invitrogen (Carlsbad, CA). Polybrene (hexadi-
methrine bromide) and tetracycline were purchased from Sigma-
Aldrich Chemical Co. (St. Louis, MI).

2.2. Lentivirus-mediated transfer of shRNA against HBV to HBV-
replicating cells

A shRNA sequence against HBV X gene (sh-1580) was cloned
into HIV-based plasmid to generate a 3rd generation lentiviral vec-
tor as described previously [15,16]. Briefly, a target sequence in the
HBX region of HBV genome (nt 1580-1604, TGCACTTCGCTT-
CACCTCTGCACGT) [17] was assembled in the downstream of the
human Pol III U6 promoter by PCR using pTZ U6 + 1 plasmid as a
template and the following 3’ primer [15,16,18]: 5'-GGAAGATCTA-
GAAAAAATGCACTTCGCTTCACCTCTGCACGTTCTCTTGAAACGTGCA-
GAGGTGAAGCGAAGTGCACCGGTGTTTCGTCCTTTCCACAAG-3'. For a
negative control, a scrambled shRNA was prepared with the
following 3’ primer [19]: 5'-GGAAGATCTAGAAAAAAGCACCTAT
AACAACGGTAGCTACACAAACTACCGTTGTTATAGGTGCCGGTGTTTCG
TCCTTTCCACAAG-3'. Underlined nucleotides indicate HBV target
(sense) and scrambled RNA, respectively, and italicized nucleotides
indicate loop sequences of shRNA. Amplified shRNA expression
cassettes were cloned into a lentiviral backbone plasmid
(pHIV7-GFP PL) as described [15]. The recombinant plasmid was
cotransfected with core packaging plasmids (pMDLg/pRRE and
pRSV-Rev) and envelope plasmid (pMD2.VSVG) to a packaging
293FT cell line. The medium was replaced with a fresh medium
16 h after transfection, and the supernatant was collected after
24 h of further incubation. Real-time quantitative RT-PCR was
performed to determine the lentiviral titers as described [20].

2.3. Transduction of lentiviral vectors in HepAD38 cells

HepAD38 cells were maintained as described [14]. On the day of
transduction, cells were plated at a density of 5 x 10° cells in 60-
mm cell culture dishes and 1 x 10° particles of lentivirus were
added to the medium along with polybrene at final concentration
of 4 ng/ml. From the 4th day following transduction, the cells were
maintained without tetracycline for five days to induce replication
of HBV, and then tetracycline was replenished again in the culture
medium until harvest. Cells were harvested on 14th days after
transduction for the evaluation of HBV replication and HBV
cccDNA methylation.

2.4. Bisulfite sequencing PCR analysis of HBV cccDNA

HBV cccDNA was extracted by using a modified Hirt extraction
procedure, followed by digestion with Plasmid-safe DNase (Epi-
centre, Madison, WI) as described [12]. One-hundred nanograms
of the enzyme-treated DNA samples were subject to bisulfite mod-
ification by using Imprint DNA Modification Kit as recommended
by the manufacturer (two-step modification procedure, Sigma
Cat. No MOD50). The modified DNA was PCR amplified using the

following primer pairs which were designed by MethPrimers soft-
ware in order to amplify the bisulfite-modified HBX gene region (nt
1327 - 1670): F, 5-GGGATTGATAATTTTGTTGTTTTITT-3’; R, 5'-
TCCAAAAATCCTCTTATATAAAACCTTAA-3' [12,21]. The amplicons
were cloned into pDrive TA cloning vector (Qiagen) and sequenced.
Modified DNA sequences were analyzed by the software BiQ Ana-
lyser as recommended [22].

2.5. Southern and Northern blotting

Cytoplasmic HBV DNA and RNA were isolated from the har-
vested HepAD38 cells as described [12]. Southern blotting was per-
formed using the digoxigenin-labeled single-strand DNA probe as
described [12]. HBV RNA was subject to Northern blotting as de-
scribed [23].

2.6. In vitro transcription assay

Transcriptional activity of HBV cccDNA was assessed by in vitro
transcription assay as described [12]. Briefly, 5 x 10° copies of HBV
cccDNA from lentivirus-treated HepAD38 cells were incubated
with the following reaction mixture: 12 mM HEPES (pH 7.6), 12%
(v/v) glycerol, 0.12 mM EDTA, 60 mM KCl, 7.5 mM MgCl,, 500 pM
each of ATP, CTP, GTP, and UTP, 7 mM creatine phosphate,
0.3 mM DTT, 0.3 mM PMSF, 10U RNAsin (Promega, Madison, WI)
and 7 mg/ml of Huh7 cell nuclear extract. Alpha-amanitin was
used to exclude the possibility of contamination with pre-existing
HBV RNA. The reaction mixture with HBV cccDNA was incubated at
30 °C for 45 min, and then treated with DNase I for 30 min at 37 °C
to remove template cccDNAs. The RNA was reverse transcribed
using random hexamers, and PCR amplified by using the following
primer pairs: forward, 5-CACCTCTGCCTAATCATC-3’; reverse, 5'-
GGAAAGAAGTCAGAAGGCAA-3'.

3. Results and discussion

3.1. shRNA against HBV induces methylation of HBV cccDNA in
HepAD38 cells

Whereas the effect of the exogenous siRNA lasts for <1 week in
rapidly dividing cell lines [24], our previous study showed that
suppressive effect of HBV-specific sShRNA can be maintained up
to 4 weeks after lentiviral transduction [16]. Repeated experiments
confirmed that suppressive effect of ShRNA against HBX region (sh-
1580) last at least 2 weeks after lentiviral transduction (Fig. 1).

3.5kb

Fig. 1. Suppressive effect of lentivirus-delivered shRNA on HBV replication.
HepAD38 cells were transduced with lentiviral vectors which encode scrambled
RNA (scramble) or shRNA against HBV (sh-1580). HBV replicative intermediates and
mRNA were extracted from the cells and analyzed by Southern (A) and Northern (B)
blotting, respectively. The positions of HBV pregenomic RNA (pgRNA) (3.5 kb) and
preS/S RNA (2.4/2.1 kb) are indicated, and 18S ribosomal RNA was shown as the
loading control. RC, relaxed circular DNA; SS, single-strand DNA; control, HepAD 38
cells without lentiviral transduction.
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Next, HBV cccDNA was isolated from shRNA-treated HepAD38
cells and DNA methylation was analyzed by bisulfite sequencing.
CpG methylation was found in the HBX region which contains
the target sequence of sh-1580 in 3.8% and 12.8% of clones in con-
trol HepAD38 cells and HepAD38 cells transduced with scrambled
shRNA, respectively. In comparison, cells transduced with sh-1580
showed increased levels of CpG methylation (31.3%, Fig. 2A and B).
Interestingly, CpG methylation was found in the immediate up-
stream and downstream of sh-1580 target site in a half of the
methylated clones from sh-1580-treated cells (Fig. 2A).

3.2. Transcriptional activity of HBV cccDNA is suppressed by shRNA-
induced methylation

In vitro transcription assay was performed to evaluate the effect
of CpG methylation on the transcriptional activity of HBV cccDNA.
PCR amplification of HBV cDNA from in vitro transcription showed
that wild cccDNA and cccDNA treated with scrambled shRNA
showed similar transcriptional activity, whereas the transcription
of HBV RNA was not observed from cccDNA isolated from sh-
1580-transduced cells (Fig. 3). This result indicates that methyla-
tion directly inhibits transcriptional activity of HBV cccDNA.

In plants, RADM is a well-established phenomenon by which
double-stranded RNA associated with Argonaute4 induces de novo
methylation of both CpG and non-CpG cytosine residues by DRM2
DNA methyltransferase [25-27]. Since there are mammalian
homologues of plant-specific machinery for RADM, small RNAs
may guide de novo methylation in mammalian cells [4]. However,
there has been controversy regarding the presence of RdDM in
mammals [28]. The discordant reports used different target genes,
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Fig. 3. In vitro transcription assay of HBV cccDNA HBV cccDNA from HepAD38 cells
transduced with lentiviral vectors encoding scrambled shRNA (scramble) or sh-
1580 was used as a template for nuclear run-off reaction, and HBV RNA was
amplified by RT-PCR from the run-off transcripts. “Control” indicates HBV cccDNA
from HepAD38 cells without lentiviral transduction. Alpha-amanitin was used to
exclude the possibility of carry-over amplification of HBV cccDNA. pAM6 is a
positive control template for HBV PCR.

and it is conceivable that those target sites might have as yet unde-
fined differences that affect RADM [28]. Alternatively, cellular dif-
ferentiation [29] or duration of expression [30] may affect the
efficacy of RADM by siRNA. We speculate that duration of induc-
tion may be an important determinant of RADM in mammals, be-
cause previous studies which observed mammalian RdDM
employed shRNAs with prolonged expression profiles compared
to siRNAs [15,30-32]. RdADM in mammals may be a low-efficiency
event and need prolonged induction for over 10 days compared to
heterochromatin remodeling [33]. We also observed that lentiviral
vector-delivered shRNAs induce methylation of HBV cccDNA at the
frequency of <40% (Fig. 2B), and that the frequencies do not in-
crease significantly up to 7 days of induction (data not shown).
Since lentiviral vectors ensure efficient delivery and prolonged
expression of shRNA [18,34], lentiviral vector-mediated transfer
of shRNA may be an appropriate approach for future methylation
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Fig. 2. Lentivirus-delivered shRNA induces methylation of HBV cccDNA in HepAD38 cells. Methylation status of HBV cccDNA from lentivirus-transduced HepAD38 cells was
assessed by bisulfite sequencing PCR analysis (A). Total number of sequenced clones in each group was indicated in the parentheses, and clones without CpG methylation
were omitted in the alignment. Open and filled circles denote unmethylated and methylated CpG dinucleotides, respectively. The horizontal black bar indicates the target
sequence homologous to sh-1580. Control, HepAD 38 cells without lentiviral transduction. The percentages of methylated HBV cccDNA clones were plotted for comparison
(B). *p <0.01; *p < 0.05; ns, not significant. Representative results of bisulfite sequencing analysis (C) showed conversion of CG to TG (CA in a complementary sequence,
underlines in upper panel) in HBV cccDNA without CpG methylation. In contrast, CpG and non-CpG methylation were present (‘G’ marked with asterisks in a complementary
sequence, in lower panel) in the immediate upstream and downstream area of sh-1580 target sites of HBV cccDNA from cells with sh-1580 transduction.
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studies and possible therapeutic applications for HBV infection
(see below).

Our results also reveal interesting methylation patterns: in
about half of methylated clones from sh-1580-treated cells, CpG
methylations are confined to the immediate flanking CpG dinucle-
otides of the target sequence with little spreading of methylation
(Fig. 2A and C), a typical pattern of RdDM in plants [35]. Methyla-
tions of non-CpG cytosine, another characteristic of RADM in plants
[35], are also present adjacent to the target sequence (Fig. 2C).
These findings may suggest that shRNA-loaded effector complex
directs DNA methyltransferase to the specific target region, analo-
gous to RADM in plants. Further studies are warranted to explore
the exact targeting mechanisms of RADM in mammalian cells.

Although there has been much progress in antiviral therapy
against HBV in the last decade, viral relapse is the rule rather than
the exception after stopping the treatment because HBV cccDNA is
insensitive to antiviral drugs [36]. Transcriptional activity of HBV
cccDNA determines the viral replication levels during the natural
history of chronic HBV infection [37], and we have demonstrated
that methylation is one of the determinants of transcriptional
activity of HBV cccDNA [12]. Therefore, sustained transcriptional
suppression by cccDNA methylation would be a novel therapeutic
alternative to prolonged viral suppression by antiviral drugs.

The main limitation of our study is that it is still unknown
whether shRNA-induced methylations of HBV cccDNA actually oc-
cur in the non-neoplastic human liver. Although DNMT3a and
DNMT3b, enzymes responsible for de novo methylation, are over-
expressed in HBV-infected HepG2 cells [13], de novo methylation
is generally limited to the early developmental stages and malig-
nancies in animals [38]. Long-term culture model using primary li-
ver cells would be necessary, considering the requirement for
prolonged incubation time for RADM in human cells.

In conclusion, lentivirus-mediated shRNA against HBV can in-
duce the methylation of HBV cccDNA in a human hepatoma cell
line. This result confirms the possibility of RNA-directed DNA
methylation of episomal viral genome in human cells, and may
provide a tool for novel transcriptional modulation of HBV replica-
tion by epigenetic modification.

Acknowledgments

This study was supported by a grant of the Korea Healthcare
technology R&D Project, Ministry of Health & Welfare, Republic
of Korea (A100718) to Dr. Jin-Wook Kim.

References

[1] GJ. Hannon, RNA interference, Nature 418 (2002) 244-251.

[2] S.M. Hammond, Dicing and slicing: the core machinery of the RNA interference
pathway, FEBS Lett. 579 (2005) 5822-5829.

[3] R.W. Carthew, E.J. Sontheimer, Origins and mechanisms of miRNAs and siRNAs,
Cell 136 (2009) 642-655.

[4] M.A. Matzke, ].A. Birchler, RNAi-mediated pathways in the nucleus, Nat. Rev.
Genet. 6 (2005) 24-35.

[5] D. Moazed, Small RNAs in transcriptional gene silencing and genome defence,
Nature 457 (2009) 413-420.

[6] K. Hoelzer, L.A. Shackelton, C.R. Parrish, Presence and role of cytosine

methylation in DNA viruses of animals, Nucleic Acids Res. 36 (2008) 2825-

2837.

K. Suzuki, T. Shijuuku, T. Fukamachi, J. Zaunders, G. Guillemin, D. Cooper, A.

Kelleher, Prolonged transcriptional silencing and CpG methylation induced by

siRNAs targeted to the HIV-1 promoter region, J. RNAi Gene Silencing 1 (2005)

66-78.

F. Lu, W. Stedman, M. Yousef, R. Renne, P.M. Lieberman, Epigenetic regulation

of Kaposi's sarcoma-associated herpesvirus latency by virus-encoded

microRNAs that target Rta and the cellular RbI2-DNMT pathway, J. Virol. 84

(2010) 2697-2706.

C. Seeger, W.S. Mason, Hepatitis B virus biology, Microbiol. Mol. Biol. Rev. 64

(2000) 51-68.

[10] P. Vivekanandan, D. Thomas, M. Torbenson, Methylation regulates hepatitis B

viral protein expression, J. Infect. Dis. 199 (2009) 1286-1291.

[7

[8

[9

[11] Y. Guo, Y. Li, S. My, J. Zhang, Z. Yan, Evidence that methylation of hepatitis B
virus covalently closed circular DNA in liver tissues of patients with chronic
hepatitis B modulates HBV replication, J. Med. Virol. 81 (2009) 1177-1183.

[12] J.W. Kim, S.H. Lee, Y.S. Park, ].H. Hwang, S.H. Jeong, N. Kim, D.H. Lee, Replicative
activity of hepatitis B virus is negatively associated with methylation of
covalently closed circular DNA in advanced hepatitis B virus infection,
Intervirology 54 (2011) 316-325.

[13] P.Vivekanandan, H.D. Daniel, R. Kannangai, F. Martinez-Murillo, M. Torbenson,
Hepatitis B virus replication induces methylation of both host and viral DNA, J.
Virol. 84 (2010) 4321-4329.

[14] S.K. Ladner, M.]. Otto, C.S. Barker, K. Zaifert, G.H. Wang, ].T. Guo, C. Seeger, RW.
King, Inducible expression of human hepatitis B virus (HBV) in stably
transfected hepatoblastoma cells: a novel system for screening potential
inhibitors of HBV replication, Antimicrob. Agents Chemother. 41 (1997) 1715-
1720.

[15] J.W. Kim, Y.H. Zhang, M.A. Zern, J.J. Rossi, ]. Wu, Short hairpin RNA causes the
methylation of transforming growth factor-beta receptor II promoter and
silencing of the target gene in rat hepatic stellate cells, Biochem. Biophys. Res.
Commun. 359 (2007) 292-297.

[16] J.W. Kim, S.H. Lee, Y.S. Park, S.H. Jeong, N. Kim, D.H. Lee, Inhibition of in vitro
hepatitis B virus replication by lentivirus-mediated short-hairpin RNA against
HBX, Korean ]. Hepatol. 15 (2009) 15-24.

[17] S. Carmona, A. Ely, C. Crowther, N. Moolla, F.H. Salazar, P.L. Marion, N. Ferry,
M.S. Weinberg, P. Arbuthnot, Effective inhibition of HBV replication in vivo by
anti-HBx short hairpin RNAs, Mol. Ther. 13 (2006) 411-421.

[18] M. Li, J.J. Rossi, Lentiviral vector delivery of recombinant small interfering
RNA expression cassettes, Methods Enzymol. 392 (2005) 218-226.

[19] D. Shin, S.I. Kim, M. Kim, M. Park, Efficient inhibition of hepatitis B virus
replication by small interfering RNAs targeted to the viral X gene in mice, Virus
Res. 119 (2006) 146-153.

[20] G. Lizee, ].L. Aerts, M.I. Gonzales, N. Chinnasamy, R.A. Morgan, S.L. Topalian,
Real-time quantitative reverse transcriptase-polymerase chain reaction as a
method for determining lentiviral vector titers and measuring transgene
expression, Hum. Gene Ther. 14 (2003) 497-507.

[21] L.C. Li, R. Dahiya, MethPrimer: designing primers for methylation PCRs,
Bioinformatics 18 (2002) 1427-1431.

[22] C.Bock, S. Reither, T. Mikeska, M. Paulsen, J. Walter, T. Lengauer, BiQ analyzer:
visualization and quality control for DNA methylation data from bisulfite
sequencing, Bioinformatics 21 (2005) 4067-4068.

[23] B.Y. Min, N.Y. Kim, E.S. Jang, C.M. Shin, S.H. Lee, Y.S. Park, J.H. Hwang, S.H.
Jeong, N. Kim, D.H. Lee, JW. Kim, Ethanol potentiates hepatitis B virus
replication  through oxidative stress-dependent and -independent
transcriptional activation, Biochem. Biophys. Res. Commun. 431 (2013) 92-97.

[24] D.W. Bartlett, M.E. Davis, Insights into the kinetics of siRNA-mediated gene
silencing from live-cell and live-animal bioluminescent imaging, Nucleic Acids
Res. 34 (2006) 322-333.

[25] X. Cao, W. Aufsatz, D. Zilberman, M.F. Mette, M.S. Huang, M. Matzke, S.E.
Jacobsen, Role of the DRM and CMT3 methyltransferases in RNA-directed DNA
methylation, Curr. Biol. 13 (2003) 2212-2217.

[26] D. Zilberman, X. Cao, S.E. Jacobsen, ARGONAUTE4 control of locus-specific
siRNA accumulation and DNA and histone methylation, Science 299 (2003)
716-719.

[27] B. Huettel, T. Kanno, L. Daxinger, E. Bucher, J. van der Winden, A.J. Matzke, M.
Matzke, RNA-directed DNA methylation mediated by DRD1 and Pol IVb: a
versatile pathway for transcriptional gene silencing in plants, Biochim.
Biophys. Acta 1769 (2007) 358-374.

[28] K.V. Morris, RNA-directed transcriptional gene silencing and activation in
human cells, Oligonucleotides 19 (2009) 299-306.

[29] C. Tufarelli, J.A. Stanley, D. Garrick, J.A. Sharpe, H. Ayyub, W.G. Wood, D.R.
Higgs, Transcription of antisense RNA leading to gene silencing and
methylation as a novel cause of human genetic disease, Nat. Genet. 34
(2003) 157-165.

[30] D. Castanotto, S. Tommasi, M. Li, H. Li, S. Yanow, G.P. Pfeifer, ].J. Rossi, Short
hairpin RNA-directed cytosine (CpG) methylation of the RASSF1A gene
promoter in HeLa cells, Mol. Ther. 12 (2005) 179-183.

[31] T.R. Brummelkamp, R. Bernards, R. Agami, A system for stable expression of
short interfering RNAs in mammalian cells, Science 296 (2002) 550-553.

[32] M.T. McManus, C.P. Petersen, B.B. Haines, ]. Chen, P.A. Sharp, Gene silencing
using micro-RNA designed hairpins, RNA 8 (2002) 842-850.

[33] P.G. Hawkins, S. Santoso, C. Adams, V. Anest, K.V. Morris, Promoter targeted
small RNAs induce long-term transcriptional gene silencing in human cells,
Nucleic Acids Res. 37 (2009) 2984-2995.

[34] T. Kafri, U. Blomer, D.A. Peterson, F.H. Gage, .M. Verma, Sustained expression
of genes delivered directly into liver and muscle by lentiviral vectors, Nat.
Genet. 17 (1997) 314-317.

[35] T. Pelissier, S. Thalmeir, D. Kempe, H.L. Sanger, M. Wassenegger, Heavy de novo
methylation at symmetrical and non-symmetrical sites is a hallmark of RNA-
directed DNA methylation, Nucleic Acids Res. 27 (1999) 1625-1634.

[36] AS. Lok, BJ. McMahon, Chronic hepatitis B: update 2009, Hepatology 50
(2009) 661-662.

[37] M. Levrero, T. Pollicino, J. Petersen, L. Belloni, G. Raimondo, M. Dandri, Control
of cccDNA function in hepatitis B virus infection, J. Hepatol. 51 (2009) 581-
592.

[38] XJ. He, T. Chen, ].K. Zhu, Regulation and function of DNA methylation in plants
and animals, Cell Res. 21 (2011) 442-465.


http://refhub.elsevier.com/S0006-291X(13)00853-X/h0005
http://refhub.elsevier.com/S0006-291X(13)00853-X/h0010
http://refhub.elsevier.com/S0006-291X(13)00853-X/h0010
http://refhub.elsevier.com/S0006-291X(13)00853-X/h0015
http://refhub.elsevier.com/S0006-291X(13)00853-X/h0015
http://refhub.elsevier.com/S0006-291X(13)00853-X/h0020
http://refhub.elsevier.com/S0006-291X(13)00853-X/h0020
http://refhub.elsevier.com/S0006-291X(13)00853-X/h0025
http://refhub.elsevier.com/S0006-291X(13)00853-X/h0025
http://refhub.elsevier.com/S0006-291X(13)00853-X/h0030
http://refhub.elsevier.com/S0006-291X(13)00853-X/h0030
http://refhub.elsevier.com/S0006-291X(13)00853-X/h0030
http://refhub.elsevier.com/S0006-291X(13)00853-X/h0035
http://refhub.elsevier.com/S0006-291X(13)00853-X/h0035
http://refhub.elsevier.com/S0006-291X(13)00853-X/h0035
http://refhub.elsevier.com/S0006-291X(13)00853-X/h0035
http://refhub.elsevier.com/S0006-291X(13)00853-X/h0040
http://refhub.elsevier.com/S0006-291X(13)00853-X/h0040
http://refhub.elsevier.com/S0006-291X(13)00853-X/h0040
http://refhub.elsevier.com/S0006-291X(13)00853-X/h0040
http://refhub.elsevier.com/S0006-291X(13)00853-X/h0045
http://refhub.elsevier.com/S0006-291X(13)00853-X/h0045
http://refhub.elsevier.com/S0006-291X(13)00853-X/h0050
http://refhub.elsevier.com/S0006-291X(13)00853-X/h0050
http://refhub.elsevier.com/S0006-291X(13)00853-X/h0055
http://refhub.elsevier.com/S0006-291X(13)00853-X/h0055
http://refhub.elsevier.com/S0006-291X(13)00853-X/h0055
http://refhub.elsevier.com/S0006-291X(13)00853-X/h0060
http://refhub.elsevier.com/S0006-291X(13)00853-X/h0060
http://refhub.elsevier.com/S0006-291X(13)00853-X/h0060
http://refhub.elsevier.com/S0006-291X(13)00853-X/h0060
http://refhub.elsevier.com/S0006-291X(13)00853-X/h0065
http://refhub.elsevier.com/S0006-291X(13)00853-X/h0065
http://refhub.elsevier.com/S0006-291X(13)00853-X/h0065
http://refhub.elsevier.com/S0006-291X(13)00853-X/h0070
http://refhub.elsevier.com/S0006-291X(13)00853-X/h0070
http://refhub.elsevier.com/S0006-291X(13)00853-X/h0070
http://refhub.elsevier.com/S0006-291X(13)00853-X/h0070
http://refhub.elsevier.com/S0006-291X(13)00853-X/h0070
http://refhub.elsevier.com/S0006-291X(13)00853-X/h0075
http://refhub.elsevier.com/S0006-291X(13)00853-X/h0075
http://refhub.elsevier.com/S0006-291X(13)00853-X/h0075
http://refhub.elsevier.com/S0006-291X(13)00853-X/h0075
http://refhub.elsevier.com/S0006-291X(13)00853-X/h0080
http://refhub.elsevier.com/S0006-291X(13)00853-X/h0080
http://refhub.elsevier.com/S0006-291X(13)00853-X/h0080
http://refhub.elsevier.com/S0006-291X(13)00853-X/h0085
http://refhub.elsevier.com/S0006-291X(13)00853-X/h0085
http://refhub.elsevier.com/S0006-291X(13)00853-X/h0085
http://refhub.elsevier.com/S0006-291X(13)00853-X/h0090
http://refhub.elsevier.com/S0006-291X(13)00853-X/h0090
http://refhub.elsevier.com/S0006-291X(13)00853-X/h0095
http://refhub.elsevier.com/S0006-291X(13)00853-X/h0095
http://refhub.elsevier.com/S0006-291X(13)00853-X/h0095
http://refhub.elsevier.com/S0006-291X(13)00853-X/h0100
http://refhub.elsevier.com/S0006-291X(13)00853-X/h0100
http://refhub.elsevier.com/S0006-291X(13)00853-X/h0100
http://refhub.elsevier.com/S0006-291X(13)00853-X/h0100
http://refhub.elsevier.com/S0006-291X(13)00853-X/h0105
http://refhub.elsevier.com/S0006-291X(13)00853-X/h0105
http://refhub.elsevier.com/S0006-291X(13)00853-X/h0110
http://refhub.elsevier.com/S0006-291X(13)00853-X/h0110
http://refhub.elsevier.com/S0006-291X(13)00853-X/h0110
http://refhub.elsevier.com/S0006-291X(13)00853-X/h0115
http://refhub.elsevier.com/S0006-291X(13)00853-X/h0115
http://refhub.elsevier.com/S0006-291X(13)00853-X/h0115
http://refhub.elsevier.com/S0006-291X(13)00853-X/h0115
http://refhub.elsevier.com/S0006-291X(13)00853-X/h0120
http://refhub.elsevier.com/S0006-291X(13)00853-X/h0120
http://refhub.elsevier.com/S0006-291X(13)00853-X/h0120
http://refhub.elsevier.com/S0006-291X(13)00853-X/h0125
http://refhub.elsevier.com/S0006-291X(13)00853-X/h0125
http://refhub.elsevier.com/S0006-291X(13)00853-X/h0125
http://refhub.elsevier.com/S0006-291X(13)00853-X/h0130
http://refhub.elsevier.com/S0006-291X(13)00853-X/h0130
http://refhub.elsevier.com/S0006-291X(13)00853-X/h0130
http://refhub.elsevier.com/S0006-291X(13)00853-X/h0135
http://refhub.elsevier.com/S0006-291X(13)00853-X/h0135
http://refhub.elsevier.com/S0006-291X(13)00853-X/h0135
http://refhub.elsevier.com/S0006-291X(13)00853-X/h0135
http://refhub.elsevier.com/S0006-291X(13)00853-X/h0140
http://refhub.elsevier.com/S0006-291X(13)00853-X/h0140
http://refhub.elsevier.com/S0006-291X(13)00853-X/h0145
http://refhub.elsevier.com/S0006-291X(13)00853-X/h0145
http://refhub.elsevier.com/S0006-291X(13)00853-X/h0145
http://refhub.elsevier.com/S0006-291X(13)00853-X/h0145
http://refhub.elsevier.com/S0006-291X(13)00853-X/h0150
http://refhub.elsevier.com/S0006-291X(13)00853-X/h0150
http://refhub.elsevier.com/S0006-291X(13)00853-X/h0150
http://refhub.elsevier.com/S0006-291X(13)00853-X/h0155
http://refhub.elsevier.com/S0006-291X(13)00853-X/h0155
http://refhub.elsevier.com/S0006-291X(13)00853-X/h0160
http://refhub.elsevier.com/S0006-291X(13)00853-X/h0160
http://refhub.elsevier.com/S0006-291X(13)00853-X/h0165
http://refhub.elsevier.com/S0006-291X(13)00853-X/h0165
http://refhub.elsevier.com/S0006-291X(13)00853-X/h0165
http://refhub.elsevier.com/S0006-291X(13)00853-X/h0170
http://refhub.elsevier.com/S0006-291X(13)00853-X/h0170
http://refhub.elsevier.com/S0006-291X(13)00853-X/h0170
http://refhub.elsevier.com/S0006-291X(13)00853-X/h0175
http://refhub.elsevier.com/S0006-291X(13)00853-X/h0175
http://refhub.elsevier.com/S0006-291X(13)00853-X/h0175
http://refhub.elsevier.com/S0006-291X(13)00853-X/h0180
http://refhub.elsevier.com/S0006-291X(13)00853-X/h0180
http://refhub.elsevier.com/S0006-291X(13)00853-X/h0185
http://refhub.elsevier.com/S0006-291X(13)00853-X/h0185
http://refhub.elsevier.com/S0006-291X(13)00853-X/h0185
http://refhub.elsevier.com/S0006-291X(13)00853-X/h0190
http://refhub.elsevier.com/S0006-291X(13)00853-X/h0190

	Short hairpin RNA induces methylation of hepatitis B virus covalently closed circular DNA in human hepatoma cells
	1 Introduction
	2 Materials and methods
	2.1 Cells and reagents
	2.2 Lentivirus-mediated transfer of shRNA against HBV to HBV-replicating cells
	2.3 Transduction of lentiviral vectors in HepAD38 cells
	2.4 Bisulfite sequencing PCR analysis of HBV cccDNA
	2.5 Southern and Northern blotting
	2.6 In vitro transcription assay

	3 Results and discussion
	3.1 shRNA against HBV induces methylation of HBV cccDNA in HepAD38 cells
	3.2 Transcriptional activity of HBV cccDNA is suppressed by shRNA-induced methylation

	Acknowledgments
	References


