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virus (HBV).

and virus-induced diseases.
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(Bacl(ground: Disordered miR-26b expression has been linked to the development of many diseases induced by hepatitis B

Results: miR-26b inhibits HBV replication, and HBV infection suppresses miR-26b expression.
Conclusion: miR-26b acts as a host restriction factor to attenuate HBV transcription and replication.
Significance: The functional interplay between HBV infection and miR-26b may influence the outcome of viral proliferation
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Hepatitis B virus (HBV) causes acute and chronic hepatitis in
humans, and HBV infection is a major threat to global health.
HBV replication is regulated by a series of host factors, including
microRNAs (miRNAs), which are highly conserved small non-
coding RNAs that participate in a variety of physiological and
pathological processes. Here, we report that a chemically syn-
thesized mimic of miR-26b inhibited HBV antigen expression,
transcription, and replication, whereas antisense knockdown of
endogenous miR-26b enhanced HBV replication in HepG2
cells. Overexpression and knockdown experiments showed that
miR-26b significantly decreased HBV enhancer/promoter ac-
tivities. We identified the cysteine- and histidine-rich domain
containing 1 (CHORDC]1) as a novel host factor target of miR-
26b. CHORDCI1 protein but not mRNA was markedly decreased
by miR-26b overexpression via base-pairing with complemen-
tary sequences in the 3'"UTR of its mRNA. Overexpression and
knockdown studies showed that CHORDCI1 increased viral
antigen expression, transcription, and replication by elevating
HBYV enhancer/promoter activities. Conversely, HBV infection
suppressed miR-26b expression and increased CHORDCI1 pro-
tein levels in human liver cells. Another mature miRNA of the
hsa-miR-26 family, miR-26a, had a similar function as miR-26b
in targeting CHORDCI1 and affecting HBV production. These
results suggest that suppression of miR-26b expression up-reg-
ulates its target gene CHORDCI, which increases HBV enhanc-
er/promoter activities and promotes viral transcription, gene
expression, and replication. Our study could provide new
insights into miRNA expression and the persistence of HBV
infection.

Hepatitis B virus (HBV)? chronically infects more than 350
million people worldwide, and HBV infection is a common
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cause of hepatic disease and liver cancer (1). HBV is the proto-
type virus of the Hepadnaviridae family, and it is classified into
eight genotypes (A to H) based on sequence (2). This virus con-
tains a capsid-associated and relaxed circular partially double-
stranded DNA genome. During hepatocyte infection, HBV
genomic DNA is transported into the nucleus and repaired to
form a covalently closed circular DNA molecule, which serves
as the template for viral RNA transcription (3). In the HBV life
cycle, viral DNA synthesis occurs via reverse transcription of
viral pregenomic RNA (pgRNA). HBV pgRNA is packaged
together with viral polymerase by viral core protein and is sub-
sequently converted into relaxed circular DNA by the poly-
merase (3, 4). Therefore, it is obvious that the level of HBV
transcription from the promoters is an important determinant
of viral biosynthesis. There are four overlapping open reading
frames (ORFs) coding for seven viral proteins in the HBV
genome, and viral transcription is controlled by four promoter
elements (preS1, preS2, core, and X) (5). The two enhancer
elements Enl and En2 are located in the upstream regulatory
region of the X promoter and core promoter, respectively (des-
ignated as Enl/Xp and En2/Cp). They can up-regulate the
activities of all four viral promoters (6 —8).

MicroRNAs (miRNAs) are small single-stranded RNAs (~21
nucleotides) that typically mediate messenger RNA (mRNA)
cleavage or translational repression through imperfect comple-
mentary pairing to the 3'-untranslated regions (UTRs) of the
target mRNAs. They control many developmental and cellular
processes in eukaryotic organisms (9, 10). Recent data indicate
that host miRNAs can be involved in host-virus interactions
and significantly affect the viral life cycle (11). HBV replication
is enhanced after knocking down the key components of
miRNA machinery, suggesting possible negative regulation
of miRNAs on HBV replication (12). HBV can regulate cellular
miRNA expression to create a favorable environment for its
replication and survival. The highly expressed liver-specific

CHORDCI1, cysteine- and histidine-rich domain containing 1; HCC, hep-
atocellular carcinoma; pgRNA, pregenomic RNA; En1/Xp, enhancer 1/X
promoter; En2/Cp, enhancer 2/core promoter; HBeAg, hepatitis B e antigen;
HBsAg, hepatitis B surface antigen; GSK3B, glycogen synthase kinase 38;
CEBPG, CCAAT/enhancer-binding protein v; STK39, serine/threonine kinase
39; CCND2, cyclin D2; CCNGT, cyclin G1; MTS, methanethiosulfonate.
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miRNA-122 plays an important role in HBV replication; miR-
122 is down-regulated by HBV infection, and miR-122 can
repress HBV replication by directly binding to the viral target
sequence (13). Loss of miR-122 induced by HBV infection can
stimulate HBV replication through cyclin G1 (CCNG1)-mod-
ulated p53 activity (14). Several other miRNAs affect HBV pro-
gression by targeting multiple host factors or directly binding to
HBYV sequences (15). Despite inhibition of HBV infection by
miRNA machinery, some miRNAs appear to have positive
effects on HBV replication. The miR-372/373 promotes HBV
expression by targeting the nuclear factor I/B (16), and miR-1
enhances HBV replication by targeting the host gene histone
deacetylase 4 (17). Considerable progress has been made in the
understanding of miRNAs and HBV replication, but the com-
plex regulatory networks involving miRNAs have not been
evaluated comprehensively in HBV replication.

Extensive studies are elucidating miR-26b function. Disor-
dered miR-26b expression is correlated with many diseases,
and this alteration may play a role in disease development. Sig-
nificantly elevated miR-26b levels in the defined pathological
areas of human postmortem brains can contribute to the neu-
ronal pathology of Alzheimer disease (18). Respiratory syncytial
virus infection of A549 cells induces miR-26b expression, and it
may affect the antiviral host response (19). The miR-26b
expression is frequently abnormal in tumors, indicating that
miR-26b plays a significant role in cancer development (20).
The miR-26b level is significantly up-regulated in bladder can-
cer (21), whereas it is down-regulated in liver cancer (22), colo-
rectal cancer (23), and human breast cancer (24, 25). miR-26b
could serve as a tumor suppressor in colorectal cancer and in
glioma (23, 26). Chronic HBV infection is one of the main
causes of hepatocellular carcinoma (HCC), and many miRNAs
have essential roles in liver cancer progression by directly tar-
geting a large number of crucial genes in HCC cells (27). Down-
regulation of the miR-26b level in liver cancer (22) suggests that
miR-26b might play an important role in HBV infection and
pathogenesis. However, the functional interaction between
miR-26b and HBV infection has not been investigated.

In this study, we investigated the regulation of HBV replica-
tion by miR-26b. We found that miR-26b inhibited HBV repli-
cation by attenuating viral enhancer/promoter activities. We
identified cysteine- and histidine-rich domain containing 1
(CHORDCI) as anovel miR-26b target that could be involved in
regulating HBV transcription and replication. HBV infection
down-regulated miR-26b levels in human liver cells. Our results
indicate a functional correlation between miR-26b and HBV
replication. This new evidence supports a role for miRNAs in
HBV infection and could provide a novel anti-HBV therapeutic
strategy.

EXPERIMENTAL PROCEDURES

Plasmids, miRNAs, and Antibodies—The pHBV1.3 (serotype
adw, genotype B) plasmid was generated from the HBV genome
(GenBank™ accession number JN406371; www.ncbi.nlm.nih.
gov), digested with EcoRI/Sall, and inserted into pBluescript II.
HBV Enl/Xp (958 —-1353 nucleotides) and En2/Cp (1401-1801
nucleotides) elements were amplified from the pHBV1.3 plas-
mid by PCR, digested with KpnI/HindIII, and inserted into the
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pGL3-Basic vector immediately preceding the firefly luciferase
gene. Coding regions for GSK3B, CEBPG, STK39, CCND2,
CHORDC1, and CCNG1 were generated by PCR amplification
using HepG2 cDNA as template. The PCR products were digested
with EcoRI/Xhol and cloned directly into the pCMV-Tag2B
expression vector. CHORDCI 3'UTR-luc, CCND2-3'UTR-luc,
and STK39-3'UTR-luc reporter plasmids were constructed by
insertion of the 3'UTRs containing the predicted miR-26b target
sequences downstream of the firefly luciferase ORF as described
previously (28). The following primer pairs for the cloning of lucif-
erase reporters are used: CHORDC1, 3'UTR-luc, 5'-TTAAAGC-
TTGAAGGAAGGCTATTACATTA-3' (sense) and 5'-TAACT-
CGAGTAAAGTACAATATATAGTCA-3' (antisense); CCND2,
3'UTR-luc, 5'-TTAAAGCTTTGACATTCCCATCACAA-
CAT-3' (sense) and 5'-TAACTCGAGACTGCTTCTGTATTC-
CTCAT-3' (antisense); and STK39, 3'UTR-luc, 5'-CCCAAGCT-
TTACTTATAAAATTAAG-3' (sense) and 5'-CCGCTCGAGT-
CTTGAACCTTAACAGC-3' (antisense). Target sequence muta-
tions were generated by site-directed mutagenesis using specific
primers. The following primer pairs for the mutagenesis of lucif-
erase reporters are used: CHORDCI, 3'UTR Mutl, 5'-TGTGTC-
CTATTGAACAAGAGGCTGGAAAGTAGCCC-3’ (sense) and
5'-CCAGCCTCTTGTTCAATAGGACACAACTATGG-
TTC-3' (antisense); CHORDCI, 3'UTR Mut2, 5'-TTCTTAC-
AGTTGAACAAAATATTTAAGGAAGAGAT-3' (sense) and
5"-TAAATATTTTGTTCAACTGTAAGAACACAAAT-
CCA-3’ (antisense); CHORDCI, 3'UTR Mut3, 5'-TGTTTACA-
ACTTGAACAATTTTTAAATTATGTCAA-3' (sense) and 5'-
TAAAAATTGTTCAAGTTGTAAACAAATTCTAATTTG-3’
(antisense); CCND2, 3'UTR Mut, 5'-GTATTCAGCGTTGAAC-
AATTTTTCTTCCTCTCCACTT-3' (sense) and 5'-AGAAAA-
ATTGTTCAACGCTGAATACAACTTTGCAA-3' (antisense);
STK39, 3'UTR Mutl, 5'-TATTAGCCAAAGAACAATTCTAG-
TTTTAAAACTGAC-3' (sense) and 5'-AAACTAGAATTGTT-
CTTTGGCTAATAAATCTTAATT-3' (antisense); and STK39,
3'UTR Mut2, 5'-TCTGAGTTTTTGAACAAATTTTGCAGA-
ATACCCAGG-3’ (sense) and 5'-GCAAAATTTGTTCAAAAA-
CTCAGATTCTGATATTT-3' (antisense). All constructs were
confirmed by DNA sequencing.

Chemically synthesized miRNA mimics (miR-26b, miR-
26b Mut, miR-26a, miR-1, miR-122, and miR-Ctrl) and
miRNA inhibitors (miR-26b inhibitor and miR-inhibitor-
Ctrl) were purchased from RiboBio (Guangzhou, China). The
short hairpin RNA (shRNA)-based RNAi expression vectors
(shCHORDC1 and shCtrl) were generated by Genepharma
(Shanghai, China). The specific target sequences in endogenous
CHORDCI mRNA by shRNAs are 5'-GGGAAACACATGTG-
GACTAAA-3' (shRNA#1), 5'-GAGAAGGAATTTGATCAA-
AAT-3" (shRNA#2), and 5'-GGACCCACATGGAGTACA-
TAA-3" (shRNA#3). shCtrl was used to express nontargeting
control shRNA.

Antibody against CHORDC1 was purchased from Novus
Biologicals; antibody against CCNG1 and ATF2 were pur-
chased from ProteinTech Group (Wuhan, China); antibody
against B-actin was purchased from CWBIO (Beijing, China),
and antibody against lamin A/C was purchased from Santa
Cruz Biotechnology.
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Cell Culture and Transfection—Human hepatoma HepG2
cells and HepG2.2.15 cells (ATCC) were grown separately in
DMEM. Hepatic LO2 cells (ATCC) were grown in RPMI 1640
medium. The culture medium was supplemented with 10%
heat-inactivated fetal bovine serum (FBS), 100 units/ml peni-
cillin, and 100 ug/ml streptomycin sulfate. Cells were grown at
37 °Cin 5% CO,. Cells were diluted at a ratio of 1:2 every 2 days
to maintain the exponential growth phase. Cells were plated in
6-well plates (4 X 10° cells/well) or 24-well plates (1 X 10°
cells/well) and grown to ~80% confluence at the time of trans-
fection. The miRNA mimics, inhibitors, and plasmids were
transfected into cells at indicated concentrations using Lipo-
fectamine 2000 reagent (Invitrogen).

Quantitative Real Time PCR Analysis—Quantitative real
time PCR analysis was performed to determine mature miRNA
and mRNA levels. Total RNA was isolated with TRIzol (Invit-
rogen) and treated with DNase I (Takara). For quantitative
mature miR-26a/b detection, total RNA (2 ug) was reverse-
transcribed with Bulge-Loop miRNA-specific reverse tran-
scription primers (RiboBio, Guangzhou, China) and Moloney
murine leukemia virus reverse transcriptase (Promega, Madi-
son, WI). Quantitative PCRs were performed with FastStart
Universal SYBR Green Master (Roche Applied Science) and
Bulge-Loop primers (RiboBio) on the StepOne real time PCR
system (Applied Biosystems) with small nuclear RNA U6 as the
normalization control. To detect cellular mRNAs and HBV
pgRNA, RNA samples were reverse-transcribed using 6-nucle-
otide random primers and Moloney murine leukemia virus
reverse transcriptase (Promega). Quantitative PCRs were per-
formed with FastStart Universal SYBR Green Master Mix
(Roche Applied Science) and specific primers on the StepOne
real time PCR system (Applied Biosystems). The mRNAs levels
were normalized to the GAPDH expression level.

PCR was performed at 95 °C for 3 min followed by 40 cycles
at 95 °C for 10 s, 60 °C for 15 s, and 72 °C for 20 s. Each set of
PCRs was performed in triplicate, and the C, values of each
PCR were obtained. The AAC,- method was used to calculate
the ratios of gene expression relative to the control set in the
experiments.

The following primer pairs were used: HBV pgRNA, 5'-TGG-
ticIATTCGCACTCCTCCAGCTT-3' (sense) and 5'-GGGACC-
TGCCTCGTCGTCTA-3’ (antisense); CHORDCI,5'-TGCCTC-
CCTAAAACAAGCACT-3' (sense) and 5 -TTTCTTCTACAA-
CAGCTCCAGT-3' (antisense); CCND2, 5'-GCGGAGAAGCT-
GTGCATTTA-3' (sense) and 5'-GATCATCGACGGTGGGT-
ACA-3' (antisense); STK39, 5'-GGGGGTGATGTTACCC-
GAAA-3" (sense) and 5'-ATAAGGCGCTGCTCCTGTTG-3’
(antisense); CCNG1, 5'-TCCTTCAAGAGAACTTGCCACT-3'
(sense) and 5'-GCTCTTGCCAGAAGGTCAGA-3' (antisense);
CTDSPI,5'-GCGAGCTCTTTGAATGTGTG-3’ (sense) and 5'-
GGCTCAGGTCCTTCACGTAG-3' (antisense); GAPDH, 5'-
AAGGCTGTGGGCAAGG-3’ (sense) and 5'-TGGAGGAGTG-
GGTGTCG-3' (antisense).

HBV Replication Analysis—HepG2 cells were grown in
6-well plates, transfected with pHBV1.3 as indicated, and cell
culture medium was collected 48 h post-transfection. The
HBsAg and HBeAg viral protein levels were determined in the
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supernatant using ELISA kits (Shanghai KeHua Biotech,
Shanghai, China).

Cells were collected at 72 h post-transfection, and RNA was
extracted and treated with DNase I (Takara) to remove DNA.
HBV pgRNA level was determined by real time PCR. GAPDH
was amplified as an internal control.

HBV DNA from intracellular core particles was extracted at
72 h post-transfection. Cells were lysed in 1 ml of lysis buffer (50
mM Tris, pH 7.5, 0.5% Nonidet P-40, 1 mm EDTA, and 100 mm
NaCl) at 4 °C for 1 h and subsequently incubated with 10 ul of
1 M MgCl, and 10 ul of DNase I (10 mg/ml, Takara) at 37 °C for
2 h. DNA that was not protected by HBV core protein was
digested with DNase I. Viral cores were then precipitated by
adding 35 ul of 0.5 M EDTA and 225 ul of 35% polyethylene
glycol, followed by centrifugation at 1200 X g for 15 min. The
pellet was resuspended in buffer A (10 mm Tris, 100 mm NaCl,
1 mm EDTA, 1% SDS, and 2.5 mg/ml proteinase K) and incu-
bated for 16 h. Capsid-associated viral DNA released from the
lysed cores was extracted with phenol and chloroform, precip-
itated with isopropyl alcohol, and quantified using a set of Taq-
Man real time PCR primers (Invitrogen) for HBV DNA detec-
tion as follows: 5'-AGAAACAACACATAGCGCCTCAT-3’
(sense), 5'-TGCCCCATGCTGTAGATCTTG-3' (antisense),
and the HBV probe 5'-TGTGGGTCACCATATTCTTGGG-
3'. The PCR was performed as follows: 1 cycle at 95 °C for 10
min and 40 cycles at 95 °C for 15 s and 60 °C for 30 s. Plasmid
pHBV1.3 was diluted properly and used as a standard, and all
samples were analyzed in triplicate. Real time PCR results were
analyzed and expressed as relative HBV DNA levels after con-
verting the viral copy numbers to fold changes.

Luciferase Reporter Gene Assays—The firefly luciferase reporter
plasmids were transfected into cells using Lipofectamine 2000
reagent. A Renilla luciferase reporter vector pRL-TK was
cotransfected as an internal control. The Dual-Luciferase
reporter assay system (Promega, Madison, WI) was used to
measure the luciferase activity of each sample 48 h post-trans-
fection, and Renilla luciferase activity was determined as inter-
nal control for transfection efficiency. The results were normal-
ized to the vector or mock-control samples.

Western Blot Analysis—Whole-cell lysates were prepared by
lysing the cells in PBS, pH 7.4, that contained 0.01% Triton
X-100, 0.01% EDTA, and 10% protease inhibitor mixture
(Roche Applied Science). The protein concentration of each
sample was determined using a Bradford assay kit (Bio-Rad). A
100-g aliquot of each sample was subjected to 12% SDS-PAGE
and subsequently transferred to a nitrocellulose membrane
(Amersham Biosciences).Western blot analysis was performed
using antibodies as indicated in the figures. Antibodies were
detected using SuperSignal chemiluminescent reagent (Pierce)
and analyzed with an LAS-4000 instrument (FujiFilm, Tokyo,
Japan).

Nuclear Extraction—To separate and collect the cytosolic
and nuclear protein fractions, whole cells were washed with
ice-cold PBS and were collected by centrifugation. The
resulting pellets were resuspended in hypotonic buffer (10
mMm HEPES, pH 7.9, 10 mMm KCl, 0.5 mm dithiothreitol (DTT),
10% protease mixture inhibitor) for 15 min on ice and were
vortexed for 10 s. Nuclei were pelleted by centrifugation at
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FIGURE 1. miR-26b inhibits HBV gene expression and replication in hepatoma cells. A, HepG2 cells were transfected with 50 nm miR-26b mimic (miR-26b)
or the nonspecific control miR-Ctrl. After 48 h, miR-26b level was analyzed by real time PCRand ATF2 protein level was analyzed by Western blot. Band C, HepG2
cells were cotransfected with pHBV1.3 and 50 nm of miR-26b mimic. The secretion of HBeAg and HBsAg was measured after 48 h by ELISA (B), and the amount
of HBV pgRNA and capsid-associated DNA was determined after 72 h by real time PCR (C). D, HepG2 cells were transfected with 100 nm miR-26b inhibitor
(miR-26b-Inh) and the nonspecific miRNA inhibitor control (miR-Inh-Ctrl). After 48 h, miR-26b level was analyzed by real time PCR and ATF2 protein level was
analyzed by Western blot. £ and F, HepG2 cells were cotransfected with pHBV1.3 and 100 nm miR-26b inhibitor. The level of HBeAg and HBsAg in the
supernatant was detected by ELISA (E), and the amount of HBV pgRNA and capsid-associated DNA was detected by real time PCR (F). *, p < 0.05; **, p < 0.01

on the basis of experiments performed in triplicate.

13,000 X g for 1 min, and the pellets and cytosolic protein-
containing supernatants were collected. Cytosolic and
nuclear protein fractions were then examined by Western
blot analysis.

MTS Cell Viability Assay—HepG2 cells were seeded into
96-well plates at 5000 cells/well. After cell adhesion, the plas-
mids were then transfected into HepG2 cells using Lipo-
fectamine 2000 reagent (Invitrogen). After an incubation of
48 h, the M TS assay was performed using the MTS cell viability
kit (Promega) according to the manufacturer’s instructions.
Cell viability was then calculated as percentage of the control
group.

Statistical Analysis—All experiments were reproducible and
were performed in triplicate. Each set of experiments was
repeated three times with similar results; a representative
experiment was chosen for presentation. The data presented
are expressed as mean * S.D. For analysis of statistical differ-
ence between the two groups, a Student’s two-tailed unpaired ¢
test was applied. For analysis of statistical difference between
three or more groups, a one-way analysis of variance with Bon-
ferroni’s multiple comparison test was applied. p values are
indicated by asterisks (**, p < 0.01; *, p < 0.05).

RESULTS

MicroRNA-26b Inhibits HBV Gene Expression and Replica-
tion in Hepatoma Cells—W e first investigated the effect of miR-
26b on HBV gene expression and replication in hepatoma cells.
The miR-26b mimic was used for transfection, and miR-Ctrl
mimic was used as the negative control. Quantitative real time
PCR analysis showed that transfection of HepG2 cells with
miR-26b mimic up-regulated the miR-26b level compared with
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that of miR-Ctrl (Fig. 1A). Meanwhile, the protein level of
ATF2, a known miR-26b target gene (29), could be efficiently
diminished by miR-26b mimic transfection in HepG2 cells (Fig.
1A). A replication-competent clone of pHBV1.3 (serotype adw,
genotype B) and miR-26b mimic was transfected into HepG2
cells to investigate the role of miR-26b in HBV replication. The
levels of HBeAg and HBsAg viral proteins in the culture super-
natant decreased after treatment with miR-26b mimic com-
pared with those of the miR-Ctrl mimic (Fig. 1B). The levels of
HBYV pgRNA and capsid-associated DNA were also reduced by
expression of exogenous miR-26b (Fig. 1C).

The miR-26b inhibitor (miR-26b-Inh) was synthesized for
antisense inhibition of endogenous miR-26b, and miRNA
inhibitor control (miR-Inh-Ctrl) was used as the negative con-
trol. The level of endogenous miR-26b declined after transfec-
tion of miR-26b inhibitor in HepG2 cells, and ATF2 protein
level could be up-regulated by miR-26b inhibitor (Fig. 1D). The
pHBV1.3 and miR-26b inhibitors were cotransfected into
HepG2 cells, and treatment with miR-26b inhibitor resulted in
higher levels of HBeAg and HBsAg viral proteins in culture
supernatant compared with those of the negative control (Fig.
1E). Depletion of miR-26b also increased intracellular levels of
HBYV pgRNA and capsid-associated DNA in HepG2 cells (Fig.
1F). In addition, reduced secretion of HBeAg and HBsAg pro-
teins was observed in miR-26b mimic-transfected HepG2.2.15,
an HBV-positive cell line (serotype ayw, genotype D) (data not
shown). Taken together, these results indicate that miR-26b
inhibits HBV protein expression and viral DNA replication in
human hepatoma cell lines. The miR-26b-mediated inhibition
of HBV appears to be genotype-independent.
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FIGURE 2. miR-26b decreases HBV enhancer/promoter activities. A and B,
HepG2 cells were cotransfected with different miRNA mimics and HBV
En1/Xp (A) or En2/Cp (B) reporter. pRL-TK was cotransfected as an internal
control in the luciferase assay. En1/Xp or En2/Cp luciferase activities were
measured after 48 h using a dual-luciferase assay kit. En1/Xp-luc and En2/Cp-
luc were normalized to Renilla luciferase. C and D, HepG2 cells were cotrans-
fected with miRNA inhibitors and En1/Xp (C) or En2/Cp (D) reporter. Lucifer-
ase activities were measured after 48 h using a dual-luciferase assay kit. *, p <
0.05; **, p < 0.01 on the basis of experiments performed in triplicate.

MicroRNA-26b Attenuates HBV Enhancer/Promoter Activities—
Two HBV enhancers are believed to be the central elements
regulating viral transcription and replication (6-8). Several
miRNAs, including miRNA-122 and miRNA-1, were reported
to modulate HBV enhancer/promoter activities, thereby regu-
lating HBV replication (14, 17, 30). We chose miR-122 and
miR-1 as positive controls to assess whether miR-26b affects
HBV replication at the transcriptional level. HepG2 cells were
cotransfected with each of the miRNA mimics (miR-26b, miR-
122, and miR-1) and each of the HBV enhancer/promoter
reporters (Enl/Xp and En2/Cp). The results showed that the
miR-122 mimic reduced HBV Enl/Xp and En2/Cp activities
(14), and the miR-1 mimic stimulated viral enhancer/promoter
activities (17). The miR-26b mimic obviously reduced both
HBV En1/Xp and En2/Cp activities in HepG2 cells (Fig. 2, A
and B). By contrast, the miR-26b inhibitor significantly stimu-
lated En1/Xp and En2/Cp activities in HepG2 cells (Fig. 2, Cand
D). Considering the crucial role of enhancer/promoter activi-
ties for HBV infection, our results implied that miR-26b may
inhibit HBV gene expression and replication by interfering with
viral transcription.

Screening for Potential miR-26b Target Genes Involved in
HBYV Enhancer/Promoter Activities and Protein Expression—
We analyzed the miR-26b target genes that might influence
HBYV replication. Two on-line databases for miRNA target pre-
diction (TargetScanHuman and miRDB) were used to predict
miR-26b targets. Hundreds of common potential targets were
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FIGURE 3. Screening for potential miR-26b targets thatincrease HBV pro-
tein expression and enhancer/promoter activities. A-D, pHBV1.3 or each
enhancer/promoter reporter was cotransfected into HepG2 cells with expres-
sion vectors for GSK3B, CEBPG, CCND2, STK39, CHORDC1, or CCNG1. Empty
vector was included as a negative control. Secretion of HBeAg (A) and HBsAg
(B) was measured after 48 h by ELISA. En1/Xp (C) and En2/Cp (D) luciferase
activities were measured using a dual-luciferase assay kit. n.s., not significant;
*,p < 0.05; **, p < 0.01 on the basis of experiments performed in triplicate.

found by those two databases. However, none were reported to
participate in regulation of HBV replication. To search for
potential candidates that might control HBV replication, sev-
eral open reading frames (ORFs) of predicted targets with high
scores were chosen and cloned into a protein expression vec-
tor. The predicted targets included glycogen synthase kinase 33
(GSK3B), CCAAT/enhancer binding protein y (CEBPG), ser-
ine/threonine kinase 39 (STK39), cyclin D2 (CCND?2), and
CHORDCI1. The ORF of CCNGI1, which was reported to
enhance HBV transcription and replication (14), was cloned
into the same vector and used as a positive control. The con-
structs were confirmed by DNA sequencing. The miR-26b
inhibits HBV transcription and protein expression; therefore,
overexpression of potential miR-26b targets was considered to
up-regulate viral enhancer/promoter activities and viral pro-
tein expression. Each enhancer/promoter reporter or pHBV1.3
was cotransfected with the expression constructs into HepG2
cells. The results showed that STK39, CCND2, CHORDC1, and
CCNGlL increased the levels of HBeAg and HBsAg in the cul-
ture supernatant (Fig. 3, A and B). In the viral enhancer/pro-
moter reporter assays, CHORDC1 and CCNG1 could enhance
HBYV En1/Xp and En2/Cp activities (Fig. 3, C and D). However,
GSK3B and CEBPG had no apparent effect on HBV promoter/
enhancer activities or viral protein expression (Fig. 3, A-D).
These results suggest that miR-26b may target more than one
host gene to attenuate HBV infection.

Identification of Novel Targets of miR-26b—W'e focused pri-
marily on the most effective potential target CHORDCI in the
regulation of HBV replication. Three putative miR-26b com-
plementary regions were identified in the 3'UTR of the
CHORDCI1 sequence (at positions 242-249, 422-429, and
569-576) (Fig. 4A). To determine whether miR-26b regulates
CHORDCI expression by post-transcriptional targeting of its
3'UTR, the CHORDCI 3'"UTR was cloned into a firefly lucifer-
ase reporter plasmid. Three distinct mutations were generated
in the CHORDCI 3'UTR at predicted seed-matching sites to
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FIGURE 4. CHORDC1 is a target of miR-26b. A, predicted miR-26b-binding sites in the 3'"UTR of CHORDC1 mRNA. Perfect matches in seed regions are indicated
by a line. Mutations (underlined) were generated in the binding sites of 3'"UTR and miR-26b seed region for the reporter gene assay. B-D, miR-26b mimic (B),
miR-26b inhibitor (C), or miR-26b mutant (Mut) mimic (D) was cotransfected with a firefly luciferase reporter plasmid carrying either the wild-type or mutant
3'UTR of CHORDCT into HepG2 cells. Luciferase activities were measured after 48 h using a dual-luciferase assay kit, and normalized to Renilla luciferase. E,
HepG2 cells were transfected with miR-26b mimic or miR-26b inhibitor. CHORDCT mRNA and protein levels were analyzed 48 h post-transfection by real time

PCR and Western blot, respectively. n.s., not significant; *, p < 0.05; **, p < 0.01 on the basis of experiments performed in triplicate.

test the interaction between miR-26b and CHORDCI 3'UTR
(Fig. 4A). Individual wild-type (WT) and CHORDCI 3'UTR
mutants were transfected into HepG2 cells along with miR-26b
mimic or miR-26b inhibitor. The miR-26b mimic effectively
reduced luciferase activity controlled by the CHORDCI 3'UTR
compared with that of control. By contrast, miR-26b-mediated
attenuation of luciferase activity was disrupted by mutation of
the CHORDCI 3'UTR-binding sites (Fig. 4B). The miR-26b
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inhibitor significantly stimulated luciferase activity con-
trolled by the CHORDC1 3'UTR (Fig. 4C). Mutation of the
miR-26b-binding sites in CHORDCI 3'UTR disrupted miR-
26b inhibitor-mediated increase in luciferase activity (Fig. 4C).
To confirm the sequence-specific effect of miR-26b on the
3'UTR-binding sites, miR-26b Mut mimic was synthesized in
our study to target the mutated binding sites of miR-26b in the
3'UTR (Fig. 4A). As predicted, miR-26b Mut mimic inhibited
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FIGURE 5. CCND2 is a target of miR-26b. A, predicted miR-26b-binding site is located in the 3’"UTR of CCND2 mRNA. Perfect matches in seed regions are
indicated by a line. Mutations (underlined) were generated in the binding sites of 3"UTR and miR-26b seed region for the reporter gene assay. B-D, miR-26b
mimic (B), miR-26b inhibitor (C), or miR-26b mutant (Mut) mimic (D) was cotransfected with a firefly luciferase reporter plasmid carrying either the wild-type or
mutant 3’UTR of CCND2 into HepG2 cells. Luciferase activities were measured after 48 h using a dual-luciferase assay kit, and normalized to Renilla luciferase.
E, HepG2 cells were transfected with miR-26b mimic or inhibitor and controls. CCND2 mRNA level was detected by real time PCR at 48 h post-transfection. n.s.,

not significant; *, p < 0.05; **, p < 0.01 on the basis of experiments performed in triplicate.

the luciferase activity controlled by the mutant CHORDCI
3'UTR but not the WT CHORDCI 3'UTR (Fig. 4D). These
results indicate that miR-26b could suppress CHORDCI
expression by sequence-specific binding to its 3'UTR.

We investigated whether the endogenous levels of
CHORDC1 mRNA and protein were affected by miR-26b
mimic and inhibitor. Transfection of miR-26b mimic markedly
reduced CHORDCI1 protein expression but not the mRNA
level in HepG2 cells (Fig. 4E, left). Conversely, miR-26b inhibi-
tor-mediated knockdown of endogenous miR-26b increased
CHORDCI1 protein expression but did not significantly influ-
ence mRNA level (Fig. 4E, right). These results indicate that
miR-26b could suppress CHORDCI expression via transla-
tional inhibition but not mRNA degradation.

We also examined whether miR-26b can target 3'UTRs of
CCND?2 and STK39 mRNA. Putative miR-26b complementary
regions and mutation sites in the CCND2 (Fig. 54) and STK39
(Fig. 6A) sequences are shown. Transfection of the miR-26b
mimic reduced the luciferase activity controlled by the 3'UTR
of CCND2 mRNA (Fig. 5B) and STK39 mRNA (Fig. 6B) in
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HepG2 cells. Loss of endogenous miR-26b by transfection of
miR-26b inhibitor resulted in the opposite effects (Figs. 5C and
6C). When the predicted seed-matching sites were generated to
diminish the interaction between miR-26b and the 3'UTR
sequences, miR-26b lost its ability to regulate luciferase activity
controlled by the mutant 3'UTRs of CCND2 mRNA (Fig. 5, B
and C) and STK39 mRNA (Fig. 6, B and C). On the contrary,
miR-26b Mut mimic could only inhibit luciferase activity con-
trolled by mutant 3"UTRs of CCND2 (Fig. 5D) and STK39 (Fig.
6D). The endogenous CCND2 mRNA level was efficiently
reduced by miR-26b (Fig. 5E), and the endogenous STK39
mRNA level was slightly reduced by miR-26b (Fig. 6E). These
results suggest that miR-26b could target CCND2 and STK39
by mRNA degradation. Because a single miRNA has the ability
to recognize multiple target mRNAs with seed-complementary
sequences, these data suggest that miR-26b can regulate multi-
ple gene targets involved in HBV transcription and thus inhibit
viral replication.

CHORDCI Stimulates HBV Replication—Experiments were
performed to confirm the role of CHORDCI in HBV replica-
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FIGURE 6.STK39is a target of miR-26b. A, predicted miR-26b-binding sites located in the 3’UTR of STK39 mRNA. Perfect matches in seed regions are indicated
by a line. Mutations (underlined) were generated in the binding sites of 3'UTR and miR-26b seed region for the reporter gene assay. B-D, miR-26b mimic (B),
miR-26b inhibitor (C), or miR-26b mutant (Mut) mimic (D) was cotransfected with a firefly luciferase reporter plasmid carrying either the wild-type or mutant
3'UTR of STK39 into HepG2 cells. Luciferase activities were measured after 48 h using a dual-luciferase assay kit, and normalized to Renilla luciferase. D and E,
HepG2 cells were transfected with miR-26b mimic (D) or inhibitor (E) and controls. STK39 mRNA level was detected by real time PCR at 48 h post-transfection.
n.s., not significant; *, p < 0.05; **, p < 0.01 on the basis of experiments performed in triplicate.

tion. Transcription and translation of CHORDC1 and CCNG1
expression vectors were confirmed by real time PCR and West-
ern blot analysis (Fig. 7A). The initial screening showed that
overexpression of CHORDCI and the positive control CCNG1
apparently enhanced HBV enhancer/promoter activities and
protein expression (Fig. 3, A—D). These additional experiments
showed that HBV pgRNA transcription and capsid-associated
DNA synthesis were elevated by CHORDC1 and CCNG1
expression in pHBV1.3-transfected HepG2 cells (Fig. 7B).
Expression vectors containing shRNA are an effective tool
for RNA interference in mammalian cells (31). The shRNAs
targeting CHORDCI were synthesized and transfected into
HepG2 cells. Both shRNA#1 and shRNA#2 efficiently depleted
CHORDCI mRNA and protein expression compared with the
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control shRNA (Fig. 7C). CHORDCI1 shRNA#3 was unable to
knock down the endogenous gene expression (Fig. 7C) and used
as a negative control in the subsequent experiments. The trans-
fection of all CHORDC1 shRNAs had little influence on cell
viability of HepG2 cells (Fig. 7D). The HBV enhancer/promoter
activities (Fig. 7E) and antigen secretion (Fig. 7F) were reduced
when CHORDCI protein levels declined in HepG2 cells.
Knockdown of endogenous CHORDC1 by shRNA#1 also
decreased the intracellular levels of HBV pgRNA and viral cap-
sid-associated DNA (Fig. 7G). Furthermore, the inhibitory
effect of miR-26b mimic on viral En2/Cp activity could be par-
tially reversed by transfection of CHORDC1 expression vector
(Fig. 7H). Cotransfection of Ss\CHORDC1 with miR-26b inhib-
itor could attenuate the increased activity of En2/Cp reporter
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(Fig. 71). These experiments suggest that CHORDC]1 protein is
required to stimulate HBV gene expression, pgRNA transcrip-
tion, and DNA replication.

HBYV Suppresses miR-26b Expression in Human Liver Cells—
Disrupted miR-26b expression is often correlated with disease
development. To investigate the possible regulation of miR-26b
by HBV, pHBV1.3 (serotype adw, genotype B) was transfected
into human normal liver LO2 cells and hepatoma HepG2 cells.
HBYV infection down-regulated the miR-26b level in both L02
cells (Fig. 84) and HepG2 cells (Fig. 8B) in a dose-dependent
manner. The miR-26b resides in an intron of CTDSPI mRNA,
and it is transcribed as part of its host transcription unit (32). In
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HepG2 cells, CTDSPI mRNA declined along with miR-26b in a
dose-dependent manner after pHBV1.3 transfection (Fig. 8C).
Protein expression of endogenous CHORDCI, the target of
miR-26b, was up-regulated in a dose-dependent manner by
HBYV (Fig. 8D), and HBV induced up-regulation of CHORDC1
could be diminished by miR-26b in HepG2 cells (Fig. 8E).
CHORDCI protein expression induced by HBV only existed in
cytoplasm of HepG2 cells (Fig. 8F). These results suggest that
HBYV infection can reduce the miR-26b level in human liver
cells. The down-regulation of miR-26b by HBV infection indi-
cates that HBV could increase viral production by up-regulat-
ing its target gene in liver cells.
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MicroRNA-26a Targets CHORDCI and Affects HBV Replication—
The human miR-26 family is composed of miR-26a-1, miR-
26a-2, and miR-26b (20). Hsa-miR-26a is the mature form of
miR-26a-1 and miR-26a-2. It has high similarity with miR-26b
except for two nucleotides that are different (Fig. 94). Both
miR-26a and miR-26b are predicted to target the 3'UTR of
CHORDCI. We assessed whether miR-26a could bind to the
CHORDCI1 3'UTR, inhibit CHORDCI expression, and sup-
press HBV gene expression and replication. Transfection of the
miR-26a mimic in HepG2 cells resulted in a higher level of
mature miR-26a but not miR-26b as determined by real time
PCR (Fig. 9B). The miR-26a mimic also reduced the luciferase
activity controlled by the CHORDCI 3'UTR, but it did
not reduce the reporter activity controlled by the mutated
CHORDC1 3'UTR (Fig. 9C). Endogenous CHORDC1 protein
was depleted after transfection of miR-26a mimic compared
with that of the miRNA control (Fig. 9D). The suppression of
CHORDCI1 by miR-26a indicated that miR-26a might affect
HBV transcription and replication. Indeed, miR-26a attenuated
the secretion of HBeAg and HBsAg (Fig. 9E) and reduced the
levels of HBV pgRNA and capsid-associated DNA in pHBV1.3-
transfected HepG2 cells (Fig. 9F). HBV En1/Xp and En2/Cp
activities were also markedly reduced by miR-26a in HepG2
cells (Fig. 9G). Thus, the mature forms of the miR-26 family
(miR-26a and miR-26b) act as suppressors of HBV transcrip-
tion and replication.

DISCUSSION

This study mainly investigated the interaction between
cellular miR-26b and HBV. The results indicated that miR-
26b inhibited HBV replication by targeting multiple host
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genes, including CHORDCI in hepatoma cells. Conversely,
HBYV infection suppressed miR-26b expression in human
liver cells.

There is evidence that miR-26b has a role in the development
of normal tissues and many diseases (20). We determined that
miR-26b acts as a host restriction factor to attenuate HBV rep-
lication in hepatoma cells. These results provide new evidence
for the role of miRNAs in HBV replication. There is a dynamic
interaction between miR-26b and HBV. miR-26b inhibits HBV
transcription and disrupts viral replication, and HBV infection
reduces the level of miR-26b. HBV-induced loss of miR-26b can
facilitate viral replication, and the interaction between miR-26b
and HBV may determine the persistence of HBV infection in
host cells.

Patients with chronic HBV infection are at high risk to ulti-
mately develop HCC (1, 2). Disruption of miR-26b expression
often occurs during disease development, especially during
cancer development (18-26). These reports inspired us to
investigate whether HBV affects the miR-26b level. Transfec-
tion of a replication-competent HBV clone consistently down-
regulated the miR-26b level in both normal L02 cells derived
from liver tissue and liver carcinoma HepG2 cells. The exact
mechanism involved in HBV-mediated miR-26b down-regula-
tion is under investigation. A possible explanation is that miR-
26b repression can partly, if not entirely, result from CTDSPI
mRNA transcription, which is also suppressed by HBV infec-
tion. However, the fold-reduction of the miR-26b level (Fig. 8B)
was greater than that of the CTDSPI mRNA level (Fig. 8C).
Therefore, other pathways regulating the level of miR-26b in
HBV-infected cells could not be excluded.
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cells were transfected with miR-26a mimic or miRNA mimic control. CHORDC1 protein levels were detected by Western blot analysis. E and F, HepG2 cells were
cotransfected with pHBV1.3 and miR-26a mimic. After 48 h, secretion of HBsAg and HBeAg was measured by ELISA (E), and the amount of HBV pgRNA and
capsid-associated DNA was measured by real time PCR (F). G, HepG2 cells were cotransfected with miR-26a mimic and En1/Xp or En2/Cp reporter. Luciferase
activities were measured after 48 h using a dual-luciferase assay kit. n.s., not significant; *, p < 0.05; **, p < 0.01 on the basis of experiments performed in

triplicate.

In cancer development, chromosomal deletion often indi-
cates the absence of a functional tumor-suppressor gene in the
lost region (33). The miR-26b/CTDSP1 is located at chromo-
some 2q35, a region that is frequently deleted in HCC (34).
During HBV infection, the down-regulated miR-26b level may
play an important role in virus-induced development of HCC.

MicroRNAs are post-transcriptional regulators of gene
expression by affecting the translation and stability of mRNAs
(35). We identified three novel miR-26b targets, including
CHORDC1, CCND2, and STK39. Delivery of miR-26b effi-
ciently decreased protein expression controlled by the 3'UTRs
of these three mRNAs. The miR-26b degrades CCND2 mRNA,
but it does not affect CHORDC1 mRNA stability. This suggests
that miR-26b down-regulates CHORDC1 protein expression
by inhibiting mRNA translation at some stage after the transla-
tion initiation step, without affecting mRNA abundance.

Proteins containing CHORDs are a novel class of eukaryotic
zinc-binding proteins, which are required for disease resistance
signaling in barley and development in Caenorhabditis elegans
(36). CHORDC1, also called CHPI or morgana, is one of only
two genes encoding this class of proteins in vertebrates (37, 38).
Mammalian CHORDC1 is a novel heat-shock protein 90
(HSP90) co-chaperone, and this interaction may be involved in
the response to altered energy balance (39—-41). The down-
regulation of CHORDCI leads to centrosome amplification
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and promotes tumorigenesis in mice (38). The function of
human CHORDCI1 has not been extensively investigated. We
found that CHORDCI1 simulated HBV gene expression and
DNA replication by activating HBV enhancer/promoter ele-
ments. CHORDCI was involved in miR-26-mediated HBV reg-
ulation. CHORDCI1 protein level was increased by HBV in
HepG2 cells and the up-regulation of CHORDCI1 protein could
be diminished by the transfection of miR-26b. However,
CHORDCI is supposed to regulate HBV transcription indi-
rectly, because CHORDCI protein only exists in cytoplasm in
HepG2 cells before and after HBV infection. Further studies
should be performed to investigate how CHORDC1 enhances
HBYV replication and the potential biological role of CHORDC1
in HBV-mediated cancer development.

STK39, also called SPAK, is a serine/threonine kinase that
specifically activates the p38 pathway and may act as a novel
mediator of stress-activated signals (42). This study showed
that STK39 appears to play a positive role in HBV replication.
The up-regulation of viral synthesis by STK39 might be medi-
ated by activating the MAPK p38 pathway, which was previ-
ously reported to mediate enhanced HBV replication in
response to inhibitors of nucleotide biosynthesis (43). CCND2
is the cyclin that determines the G, /S transition in the cell cycle.
Overexpression of CCND?2 is associated with tumor progres-
sion in human squamous cell carcinoma lines (44). This study
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showed that CCND2 positively regulated HBV production in
hepatoma cells. In fact, CCND2 is not the only cyclin that can
regulate HBV replication. The cyclin CCNGI is a target gene of
miR-122, and it can enhance HBV replication by modulating
p53-mediated viral transcription (14).

Because of its small genome size and relatively low coding
capacity, HBV requires extensive networks of host factors to
facilitate successful infection and pathogenesis. This study
identified three novel host factors that enhanced HBV tran-
scriptional activity, which may also participate in the develop-
ment of viral-induced diseases. These genes might be promis-
ing drug targets for the development of novel HBV therapies.
Genome-wide screening to identify all miR-26b target genes
involved in HBV replication is still needed to elucidate the over-
all function of miR-26b in HBV replication.

A problem remains unsolved in our study. Efficient tran-
scription of HBV requires a number of ubiquitous cellular fac-
tors, liver-enriched transcription factors and nuclear receptors
(5). We have tried to find out which transcription factor or
nuclear receptor is directly involved in the suppression of HBV
gene expression by miR-26b and CHORDCI. Unfortunately,
none of the examined factors, including hepatocyte nuclear fac-
tor 4« and farnesoid X receptor «, was responsible for the reg-
ulation, because both miR-26b and CHORDC1 still efficiently
regulated the enhancer/promoter activities when the binding
sites of hepatocyte nuclear factor 4« or farnesoid X receptor «
in En1/Xp and En2/Cp were all mutated (data not shown).
CHORDC1 is a HSP90 cochaperone (39 —41), and whether this
interaction is involved in HBV replication was also investigated.
H186A mutation of CHORDCI was shown to have a weaker
nucleotide-dependent interaction with HSP90 compared with
wild-type CHORDC1 (45). However, neither HI86A mutation
of CHORDCI1 nor knockdown of HSP90 expression by siRNA
(46) could efficiently attenuate the enhancement of HBV pro-
duction by CHORDC1 (data not shown). Future studies are
needed to answer this question.

In conclusion, our data suggest that miR-26b down-regulates
HBYV expression, transcription, and replication by targeting cel-
lular factors including CHORDCI in hepatoma cells. Con-
versely, HBV infection reduces miR-26b levels in human liver
cells. Human miR-26a plays a similar role as miR-26b in HBV
replication. Our results suggest a new role for miR-26a/b in
HBYV infection and a possible novel strategy for the treatment of
chronic hepatitis B infection.
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