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Heat stress cognate 70 (Hsc70) is a host protein associated with hepatitis B virus (HBV) replication. The goal
of this study was to investigate whether Hsc70 could be an anti-HBV drug target. Our results showed that
introducing Hsc70 increased HBV replication in HBV* human hepatocytes (HepG2.2.15 cells). The coiled-coil
region on Hsc70 (nucleotides 1533 to 1608; amino acids 511 to 536) was the key sequence for HBV replication.
Knockdown of Hsc70 expression by RNA interference (RNAi) largely inhibited HBV replication with no
cytotoxicity to the host. Using an Hsc70 mRNA screening assay, the natural compound oxymatrine (OMTR)
was found to be a selective inhibitor for Hsc70 expression. Then, OMTR was used to investigate the potential
of Hsc70 as an anti-HBV drug target. OMTR inhibited Hsc70 mRNA expression by 80% and HBV DNA
replication by over 60% without causing cytotoxicity. The anti-HBV effect of OMTR appeared to be mediated
by destabilizing Hsc70 mRNA. The half-life (7,,,) of Hsc70 mRNA decreased by 50% in OMTR-treated
hepatocytes. The Hsc70 mRNA 3’-untranslated-region (UTR) sequence was the element responsible for
OMTR’s destabilization activity. OMTR suppressed HBV de novo synthesis at the reverse transcription stage
from pregenomic RNA (pgRNA) to DNA and was active against either wild-type HBV or strains resistant to
lamivudine, adefovir, and entecavir. Therefore, host Hsc70 could be a novel drug target against HBV, and
OMTR appears to inhibit HBV replication by destabilizing Hsc70 mRNA. As the target is not a viral protein,

OMTR is active for either wild-type HBV or strains resistant to reverse transcriptase (RT) inhibitors.

Antiviral chemotherapy can select for drug-resistant viral
mutants (21). For chronic infections that need long-term che-
motherapy, such as infection with hepatitis B virus (HBV), the
challenge to clinical therapy is substantial (27, 31). Reverse
transcriptase (RT) inhibitors, such as lamivudine, adefovir,
entecavir, telbivudine, and tenofovir, are potent drugs for
HBV infections, but their use in the clinical setting often se-
lects for drug resistance (13, 14, 27, 31). The incidence of
lamivudine resistance rises from 15 to 32% in the first year to
67 to 69% by the fifth year of treatment (7, 9, 28). Many
drug-induced mutations in the HBV polymerase gene have
been characterized. For instance, rtM2041/V/S (“rt” means
“resistant”), rtL180M, rtL80V/I, and rtV173L are signature
mutations for lamivudine; rtN236T and rtA181T/V are signa-
ture mutations for adefovir; rtS202G/I, rtI169T, rtS184G, and
rtM250V are signature mutations for entecavir; rtM2041 is a
signature mutation for telbivudine; and rtA194T is a signature
mutation for tenofovir (9, 27, 30, 31). The mutations in RT
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result from the intrinsic high variability due to the lack of an
editing function of the enzyme (18, 20), and they alter the
three-dimensional (3D) interaction between HBV polymerase
and the drugs (27). This challenges the current anti-HBV strat-
egy, which is directed at viral enzymes.

However, HBV strains rely heavily on host cell machinery to
complete their life cycles. Indeed, a number of host proteins
have been reported to be crucial for HBV replication (10, 17,
29). Our hypothesis is that (i) these cellular components might
be drug targets to control the virus, and suppression of these
cellular proteins might be able to inhibit HBV replication, and
(ii) unlike those that target viral enzymes, drugs utilizing this
mechanism would be active against either wild-type or drug-
resistant HBV strains, because the virus is not the target of
chemotherapy. However, inhibition of host proteins might be
harmful to the host. The key to avoiding undesirable side
effects is, first, to identify host targets that are crucial for viral
replication but not essential or only conditionally required for
cell survival and, second, to find compounds that selectively
target these proteins.

Heat stress cognate 70 (Hsc70, or HspAS8) is an ATP-binding
protein of the heat stress protein 70 (Hsp70) family (16). It is
the form of Hsp70 that is expressed in the absence of heat or
other cell stress (1). This host protein was found to be required
for the reverse transcription process in experiments using duck
HBYV DNA polymerase (2, 8). We anticipated that downregu-
lation of this protein in the host would inhibit HBV replication
in either wild-type or drug-resistant strains. Here, we report
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the results of testing this novel antiviral strategy that uses
Hsc70 as a drug target to inhibit HBV.

MATERIALS AND METHODS

Compounds. Oxymatrine (OMTR), lamivudine, adefovir, and entecavir with
purity over 98.5% were from the National Institute for the Control of Pharma-
ceutical and Biological Products, State Federal Drug Administration (Beijing,
China).

Cell lines. Human HepG2 and Huh-7 liver cells were from the American Type
Culture Collection (ATCC) (Frederick, MD). Human HepG?2 hepatocytes trans-
fected with the full genome of HBV (HepG2.2.15 cells) (19) were used for
anti-HBV tests. The cells were cultivated in a basic minimal essential medium
(MEM) (Gibco, Grand Island, NY) supplemented with 10% fetal bovine serum
(FBS).

qRT-PCR and real-time PCR. RNA was isolated using TRIzol Reagent (In-
vitrogen, Carlsbad, CA), and intracellular DNA was extracted using a QIAamp
DNA Mini Kit (Qiagen, Valencia, CA) following the instructions from the
venders. Quantitative real-time PCR was performed using the SYBR green
technique in the Bio-Rad iQ5 Multicolor Real-Time Detection System (Bio-
Rad, Hercules, CA). Hsc70, Hsp90, and HspA4 mRNA assays were done with a
SuperScript III Platinum SYBR Green One-Step quantitative real-time RT-PCR
(qRT-PCR) kit (Invitrogen), and the HBV DNA assay was done with a Platinum
SYBR Green qPCR SuperMix-UDG kit (Invitrogen). Primers were designed
with Primer 5.0 (Premier Co., Canada) and tested for specificity using the
BLASTN program. The Hsc70, Hsp90, HspA4, and GAPDH (glyceraldehyde-
3-phosphate dehydrogenase) mRNAs were detected using human primers
(Hsc70 primers, F, 5'-TGCTGCTGCTATTGCTTACG-3', and R, 5'-TCAATA
GTGAGGATTGACACATCA-3"; Hsp90 primers, F, 5'-AGAGCCTACGTTC
CTGCACT-3', and R, 5'-GACCATTCTTCTAGAGCATTCAGG-3'; HspA4
primers, F, 5-GGAGGAACCACATGTTGAAGA-3', and R, 5'-TGGATCCA
GCTTGAGAGGTC-3'; GAPDH primers, F, 5'-ACCCACTCCTCCACCTTT
G-3', and R, 5'-CTGTAGCCAAATTCGTTGTCAT-3"). HBV DNA and
GAPDH DNA detection used human HBV DNA primers (F, 5'-GGCTTTCG
GAAAATTCCTATG-3', and R, 5'-AGCCCTACGAACCACTGAAC-3") and
GAPDH DNA primers (F, 5'-GACTAACCCTGCGCTCCTG-3', and R, 5'-C
ATCACCCGGAGGAGAAAT-3"), respectively. The data were analyzed using
Bio-Rad iQ5 software. The copy number of the study genes in the untreated cells
was defined as 1 (the actual range was between 10° and 107 copies), and the
numbers of gene copies in the treated cells were plotted relative to that value.

Introduction of Hsc70. HepG2.2.15 cells were seeded in a 6-well plate at 5 X
10° per well. The cells were cotransfected with a tetracycline-controlled vector,
pTet-On Advanced, as well as vector pTRE-Tight (Clontech, Mountain View,
CA). The rtTA-Advanced (rtTA2>-M2) in pTet-On Advanced controls the ex-
pression of the Hsc70 gene inserted at the multiple-cloning site (MCS) of pTRE-
Tight. rtTA-Advanced binds TRE-Tight and activates transcription in the pres-
ence of either doxycycline (Dox) or tetracycline. The vector transfection was
carried out for 24 h at 37°C. Transfection efficiency was monitored using the
Block-iT Alexa Fluor red fluorescent oligonucleotide (Invitrogen). About 85 to
90% of the cells were transfected with the vector in the experiments. The cells
were then treated with Dox (1 wg/ml) or solvent (control) for 24 h, followed by
measurement of Hsc70 mRNA and HBV DNA. The experiments were repeated
at least 3 times, with 2 or 3 replicates in each experiment.

Plasmid construction and deletion analysis of Hsc70. The Hsc70 open reading
frame (ORF) was amplified from HepG2 cellular cDNA and inserted into the
BamHI and Sall sites of the expression vector pcDNA3.1/Neo (+). A series of
deletion mutants of Hsc70 were created by overlap extension PCR. The PCR
products were digested with BamHI and Sall and cloned into pcDNA3.1/Neo
(+). PCR was run on the PCR system DNA engine (PTC-200) (Bio-Rad, Her-
cules, CA). The specific trans-intronic primers used for the PCR were as follows:
Hsc70 (product, 1,938 bp), F, 5'-GTGGATCCATGTCCAAGGGACCT-3', and
R, 5'-GCTCTAGAGGCTTAATCAACCTCTT-3"; Hsc70/del-CTD (product,
1,620 bp), F, 5'-GTGGATCCATGTCCAAGGGACCT-3', and Repp, 5'-GGT
CGACTAACTTGGATGACACCTTGTCCC-3'; Hsc70/del-CC (product, 1,857
bp), F, 5'-GTGGATCCATGTCCAAGGGACCT-3', R, 5'-CAAACGGCCC
TTGTCATTAGTG-3', Fcc, 5'-ACTAATGACAAGGGCCGTTTGTCATCCA
AGAATTCACTTGAGTCC-3', and R, 5'-GCTCTAGAGGCTTAATCAACC
TCTT-3'; and Hsc70/del-NLS (product, 1,875 bp), F, 5'-GTGGATCCATGTC
CAAGGGACCT-3', Rys, 5'-AGGAACACCTCGGGGTGCAGGA-3', Fyp s,
5'-CTGCACCCCGAGGTGTTCCTAAGAGTACGGGAAAAGAGAACAAG
ATTAC-3', and R, 5'-GCTCTAGAGGCTTAATCAACCTCTT-3'".

HepG2.2.15 cells (5 X 10°/well) were seeded in 6-well microplates (Corning,
NY) and grown for 24 h in basic MEM (Gibco) with 10% fetal bovine serum

Hsc70 AS A DRUG TARGET FOR HBV INFECTION 2071

(HyClone, Logan, UT). The cells were then transfected with Hsc70 wild-type or
deletion mutant construct (2 pg plasmid/well) using Fugene HD Transfection
Reagent (Roche, Mannheim, Germany). Forty-eight hours later, the Hsc70
mRNA and HBV DNA in the transfected HepG2.2.15 cells were examined by
real-time RT-PCR or real-time PCR.

Specific RNA interference for human Hsc70 in hepatocytes. HepG2.2.15 cells
were plated in a 6-well plate at a density of 2 X 10° per well in growth medium
(Opti-MEM; 10% FBS; antibiotic free; Invitrogen). Hsc70 gene-specific small
interfering RNA (siRNA) (5'-ACUGAUGUCCUUCUUAUGCUUGCGC-3’
or 5~ AAACUUGCCAAGCAGGUUGUUAUCC-3'; Invitrogen) was trans-
fected into the cells using Lipofectamine RNAiMax (Invitrogen) with a nonspe-
cific control siRNA as a reference. Twenty-four and 48 h after transfection, the
cells were harvested for RNA and DNA extraction. Total RNA was analyzed for
Hsc70 mRNA expression using real-time RT-PCR; HBV DNA was examined
using real-time PCR.

Hsc70 mRNA half-life assay. HepG2.2.15 cells were treated or not with 0.4
mg/ml (equal to 1.51 mM) of OMTR for 24 h. Then, 5 pg/ml of actinomycin D
(A. G. Scientific, San Diego, CA) was added to block transcription. Total cellular
RNAs were harvested at different time points after actinomycin D treatment to
analyze the Hsc70 mRNA level by real-time RT-PCR. The Hsc70 mRNA levels
were normalized to that of GAPDH, and the remaining levels were plotted
against time to estimate the half-life (7',,) of Hsc70 mRNA.

Hsc70 protein expression detection. The HepG2.2.15 cells treated with
OMTR (0.4 mg/ml; 1.51 mM) were collected. Aliquots of the cells were taken
and lysed in RIPA lysis buffer containing phenylmethylsulfonyl fluoride (PMSF)
and protease inhibitor cocktail (Santa Cruz Biotechnology). Equal amounts of
lysate were subjected to SDS-polyacrylamide gel electrophoresis and then blot-
ted onto polyvinylidene difluoride (PVDF) membranes (Millipore) using a Semi-
Dry Electrophoretic Transfer System (Bio-Rad, CA). Then, the membranes were
blocked with 5% nonfat milk in TBST buffer (20 mmol/liter Tris-HCI, 137
mmol/liter NaCl, 0.05% Tween 20) at 37°C for 1 h and probed with mouse
monoclonal antibodies against Hsc70 (Santa Cruz Biotechnology, Santa Cruz,
CA), followed by incubation with goat anti-mouse antibody labeled with horse-
radish peroxidase. The signals were detected by enhanced chemiluminescence
(ECL) (Santa Cruz Biotechnology, Santa Cruz, CA). Hsc70 protein expression
was also examined by flow cytometry using rabbit antibody against Hsc70 and
Cy5-labeled mouse anti-rabbit monoclonal antibody (Abcam Biotechnology).

Hsc70 mRNA 3’ UTR. The luciferase (Luc) reporter plasmid pLuc was con-
structed by insertion of the luciferase cDNA region into the HindIII and Xbal
sites of the pcDNA3.0 plasmid (Invitrogen). With Hsc70 mRNA as the template,
the Hsc70 5'-untranslated-region (UTR) and 3'-UTR sequences were reverse
transcribed and amplified by PCR using HindIII-tailed and Xbal-tailed primers,
respectively. We cut the 5-UTR or 3'-UTR c¢cDNA fragment with HindIII and
Xbal and then separately inserted the fragment into the HindIII or Xbal site of
pLuc. All constructs were sequenced for confirmation, and the clones were
further propagated to obtain plasmid DNA. The HepG2.2.15 cells were trans-
fected with the plasmid pLuc, pLuc-3'UTR, or pLuc-5'UTR for 24 h. The
transfected cells were divided into 2 dishes for drug treatment or as an untreated
control. After overnight incubation, the cells were treated with OMTR or dilu-
tion buffer (solvent control). Total RNA was extracted 12 h later to measure the
luciferase mRNA using a quantitative real-time RT-PCR assay.

Anti-HBYV effect of OMTR in cell culture. HepG2.2.15 cells were treated with
OMTR at 0.4 mg/ml (1.51 mM) for 12, 24, or 36 h. Cells were harvested, and
total RNA was isolated for measurement of the mRNA levels of Hsc70 and
HBV; the intracellular DNA (including genomic DNA and HBV DNA) was
isolated as well for HBV DNA determination. Real-time RT-PCRs were done as
described above for the quantitative measurement of HBV mRNA and Hsc70
mRNA, and real-time PCR was done for HBV DNA. Host HspA4 or Hsp90
mRNA was also measured as a reference in some experiments. For the detection
of viral de novo synthesis, the treated cells were washed, lysed, and centrifuged
at 14,000 rpm for the isolation of intracellular HBV replicative intermediates by
the method described previously (6). The newly synthesized HBV DNA repli-
cative intermediates were quantified by real-time PCR. The dose-dependent
effect was shown as described previously (23).

Anti-HBV activity of OMTR in drug-resistant HBV strains was also tested. In
these experiments, 10° Huh-7 cells were plated in 24-well plates. After overnight
incubation, the cells were transiently transfected with pcDNA3.1 containing the
wild-type HBV strain or the Lam" (rtL180M plus rtM204V), Adv' (rtA181V plus
rtN236T), or Etv" (rtL180M plus rtM204V plus rtS202G) strain for 24 h. The
supernatant was discarded, and the cells were cultivated with fresh medium
containing 0.4 mg/ml (1.51 mM) OMTR. HBV DNA replicative intermediates
were quantified after 24 h of incubation.
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FIG. 1. Host Hsc70 expression regulates HBV DNA replication. (a) HepG2.2.15 cells were cotransfected with the two vectors mentioned in
Materials and Methods; 24 h later, Dox (1 wg/ml) was add to the culture media. The amounts of Hsc70 mRNA and HBV DNA in the untreated
HepG2.2.15 cells was defined as 1, and the amounts of Hsc70 or HBV DNA in the cells with [Dox (+)] or without [Dox (—)] Dox were plotted
relative to that value. *, P < 0.001 relative to Dox (—). The experiment was performed 4 times. Shown are means and SD. (b) Diagram of the wild
type and deletion mutants of the Hsc70 gene, which were used for the construction of pHsc70, pHsc70/del-CTD, pHsc70/del-CC, and pHsc70/
del-NLS with pcDNA3.1/Neo (+). (¢) HepG2.2.15 cells were transfected with pHsc70, pHsc70/del-NLS, pHsc70/del-CC, or pHsc70/del-CTD for
48 h. The mRNA expression of Hsc70, Hsc70/del-NLS, Hsc70/del-CC, and Hsc70/del-CTD was analyzed by real-time RT-PCR, with parallel
measurement of HBV DNA. The experiment was performed 3 times. Shown are means and SD. #*, P < 0.01, and #x*, P < 0.001 versus the pHsc70
group. (d) HepG2.2.15 cells were transfected with Hsc70 siRNA (816 to 840 bp) or negative RNAI (reference control) for 24 or 48 h, respectively.
Total cellular RNA, as well as intracellular DNA, was isolated to measure Hsc70 mRNA and HBV DNA. The amount of Hsc70 mRNA or HBV
DNA in the treated cells was normalized to that of the untreated control. The experiment was performed more than 6 times. Shown are means
and SD. *, P < 0.01, and =**, P < 0.001 versus untreated controls. (¢) Growth curves for HepG2.2.15 cells with or without Hsc70 RNAi. The
numbers of surviving cells were plotted against the time of treatment.

Long-term treatment. HepG2.2.15 cells were exposed to OMTR (30 pg/ml;
113 wM) or left untreated. The cells were washed with phosphate-buffered saline
(PBS) every 3 days and then fed with fresh culture medium containing the same
concentration of the study drug. The cell passage was taken every 6 or 7 days,
followed by cultivation as described above. The treatment continued for 8
months. Intracellular HBV DNA and the numbers of surviving cells were deter-
mined every 30 days, using quantitative real-time PCR and trypan blue staining,
respectively.

Statistical analysis. After validation of the test for homogeneity of variance,
the results were examined with Student’s ¢ test. For all of the figures, the bars
(means and standard deviations [SD]) represent the average results across ex-
periments, with 2 or 3 replicates within each experiment. To ensure differences,
a P value of <0.01 was considered statistically significant. The statistics were
done with SPSS11.0 software.

RESULTS

Host Hsc70 is a supportive factor for HBV replication. To
introduce Hsc70, HepG2.2.15 HBV™ human hepatocytes were
transfected with a tetracycline-controlled Hsc70 expression
vector system in which Hsc70 transcription could be triggered
by either Dox or tetracycline. In this study, Dox was used. As
Dox was added to the culture medium, the transcription of the
inserted Hsc70 gene at the MCS was subsequently turned on.
The intracellular Hsc70 mRNA and HBV DNA were mea-
sured 24 h after Dox treatment. As shown in Fig. la, turning on
the expression of external Hsc70 with Dox increased intracel-
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lular Hsc70 mRNA in the HepG2.2.15 cells, in parallel with
which there was a 1.8-fold elevation of the intracellular HBV
DNA. The results support previous observations for Hsc70 (2,
8, 17). The experiment was repeated more than 3 times, and
HBV DNA was significantly higher in the cells with external
Hsc70 than in those without addition of Hsc70 (P < 0.001).

Human Hsc70 protein contains an ATP-binding domain
(ABD) (nucleotides [nt] 1 to 1146; amino acids [aa] 1 to 382),
a peptide-binding domain (PBD) (nt 1155 to 1629; aa 385 to
543), and a C-terminal domain (CTD) (nt 1620 to 1938; aa 540
to 646) (15, 22). Within the PBD, there are a nuclear localiza-
tion signal (NLS) region (nt 1419 to 1476; aa 473 to 492) and
a coiled-coil (CC) region (nt 1533 to 1608; aa 511 to 536) (15,
22). To determine which element in the Hsc70 gene is involved
in supporting HBV replication, wild-type Hsc70, as well as
three Hsc70 gene mutants with deletion of the NLS, CC, or
CTD were created (Fig. 1b) and individually inserted into the
BamHI and Sall sites of pcDNA3.1/Neo (+). We then trans-
fected wild-type Hsc70 (pHsc70) and Hsc70 mutants (pHsc70/
del-NLS, pHsc70/del-CC, and pHsc70/del-CTD) into the
HepG2.2.15 cells. Expression of Hsc70 or its mutants, as well
as HBV DNA, in the cells was examined 48 h later. The results
are shown in Fig. 1c. Transfection with either the wild-type or
mutant Hsc70 increased their mRNA expression in the
HepG2.2.15 cells. While the Hsc70 mutant with deletion of the
CTD or NLS caused partial loss of support for HBV replica-
tion compared to wild-type Hsc70, deletion of the CC com-
pletely abolished the activity of Hsc70 in assistance to HBV.
This result supports the observation shown in Fig. la and
indicates that the CC sequence in the PBD region encodes a
key domain for HBV replication. Also, it is possible that CC
region deletion alters the conformation of the remaining sec-
tion of Hsc70 and thus abolishes the function.

Specific siRNAs were used to silence the endogenous Hsc70
gene. Treatment with specific Hsc70 siRNA (816 to 840 bp)
reduced Hsc70 mRNA expression (Fig. 1d), but without a
negative effect on HepG2.2.15 cell growth; the doubling time
was between 20 and 36 h for both lines (Fig. le). This sug-
gested that reduction of Hsc70 did not damage the cells. Im-
portantly, treatment of the HepG2.2.15 cells with siRNA sig-
nificantly reduced the intracellular HBV DNA load (Fig. 1d).
Hsc70 RNA interference (RNAi) with another siRNA se-
quence showed a similar effect (data not shown). We assumed
that compounds with downregulatory activity on Hsc70 expres-
sion might be anti-HBV agents.

Oxymatrine downregulates Hsc70 expression with an inhib-
itory effect on HBV replication. A rational screening for Hsc70
inhibitors was then conducted using an Hsc70 mRNA expres-
sion assay as a model. The screening was initiated with natural
or semisynthesized natural compounds in our chemical library.
Over 70 candidate compounds with potential activity against
viruses were selected. The structures of the compounds were
characterized, and the compounds showed no activity against
retroviral RT. The cells were treated with the compounds for
24 h, and Hsc70 mRNA expression was determined. Among
the compounds tested, OMTR (molecular weight [MW],
264.31) (Fig. 2a), an alkaloid extracted from the kushen plant
(Sophora flavescens Ait) (11), showed significant activity in
downregulating Hsc70 expression in human HepG2 liver cells
(Fig. 2b). The results were of great interest to us, because the
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compound has been used to treat viral hepatitis in China since
the 1990s (3, 4, 12, 24). However, its anti-HBV mechanism
remains unclear. We used OMTR as a chemical probe to
investigate the potential of Hsc70 as an anti-HBV drug target.

OMTR treatment showed no toxicity in HepG2.2.15 cells at
the study doses (Fig. 2c), whereas it significantly downregu-
lated the expression of Hsc70 mRNA (Fig. 2d). The effect was
confirmed by Western blotting at the protein level, showing a
subsequent reduction of Hsc70 protein in the OMTR-treated
cells (Fig. 2e). A flow-cytometric assay exhibited the same
results (Fig. 2e). The downregulatory effect was reversible, and
the intracellular Hsc70 mRNA rebounded after 72 h of expo-
sure to a single dose of OMTR (see Fig. S1 in the supplemental
material). In parallel with the downregulation of Hsc70,
OMTR reduced intracellular, as well as supernatant, HBV
DNA by over 60% (Fig. 2d).

To investigate the mode of action of OMTR on Hsc70 down-
regulation, the T,,, of Hsc70 mRNA was determined in the
OMTR-treated HepG2.2.15 cells. The results showed that
OMTR treatment reduced the T}, of Hsc70 mRNA by 50% in
the HepG2.2.15 cells (Fig. 2f), indicating a destabilization ef-
fect of OMTR on Hsc70 mRNA. Then, we designed and per-
formed the following experiment to determine whether the
3’-UTR or 5’-UTR sequence of Hsc70 mRNA is involved in
the destabilization effect of OMTR. Luc cDNA was used as a
reporter and inserted into pcDNA3.0, forming the pLuc plas-
mid; the Hsc70 3'-UTR or Hsc70 5'-UTR sequence was in-
serted into the cytomegalovirus promoter-driven pLuc at the 3’
or 5’ end of the Luc coding sequence, respectively. The wild-
type (pLuc) or chimeric (pLuc-3'UTR or pLuc-5'"UTR) plas-
mid was transfected into the HepG2.2.15 cells. After 24 h of
incubation, the transfected cells were treated or not with
OMTR for 12 h. Then, we lysed the cells for total RNA, and
the expression of Luc mRNA was determined using a real-time
RT-PCR assay. As shown in Fig. 2g, OMTR decreased the Luc
mRNA by about 50% in the pLuc-3"UTR-transfected cells, but
not in those transfected with pLuc-5'UTR; OMTR did not
affect the expression of the wild-type Luc mRNA (with pLuc as
a control). The results indicate that OMTR decreased the
mRNA stability of the heterologous Luc-Hsc70 transcript and
that destabilization is mediated through a regulatory se-
quence(s) in the Hsc70 3’-UTR region. The pathway that is
responsible for this action needs further investigation.

Selectivity of OMTR. To investigate the selectivity of
OMTR, the expression of HspA4 and Hsp90 mRNA in the
OMTR-treated HepG2.2.15 cells was examined, as HspA4 is in
the same Hsc70 family and Hsp90 is the most abundant cellular
heat stress protein. As shown in Fig. S2a in the supplemental
material, OMTR at 0.4 mg/ml (1.51 mM) largely inhibited
Hsc70 expression but showed no effect on that of HspA4 and
Hsp90 in the cells; HBV DNA decreased in parallel. Further-
more, well-known anti-HBV drugs were also tested to learn
their effects on Hsc70 expression. Lamivudine and adefovir at
their anti-HBV 50% infectious concentrations (ICs,) showed
almost no effect on the expression of Hsc70 mRNA (see Fig.
S2b in the supplemental material), indicating the unique effect
of OMTR on Hsc70.

Anti-HBV activity of OMTR in vitro. Treatment of
HepG2.2.15 cells with OMTR for 36 h decreased intracellular
HBYV DNA by 62% and supernatant HBV DNA by 60% (Fig.
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FIG. 2. Downregulation of Hsc70 expression by OMTR inhibits HBV replication. (a) Chemical structure of OMTR. (b) OMTR downregulated
Hsc70 mRNA expression in HBV-free HepG2 cells. The cells were treated with OMTR for 24 h at a concentration of 0.0625 or 0.25 mg/ml (equal
to 0.23 and 0.94 mM, respectively). The experiment was performed more than 5 times. Shown are means and SD. *, P < 0.01 versus untreated
control. (¢) Treatment of HepG2.2.15 cells with OMTR at 0.4 mg/ml (1.51 mM) for 36 h caused no change in cell growth. The experiment was
repeated twice. (d) HepG2.2.15 cells treated with OMTR (0.4 mg/ml; 1.51 mM) showed a time-dependent reduction of Hsc70 mRNA and HBV
DNA. Shown are means and SD. *, P < 0.01, and =**, P < 0.001 versus untreated control. (¢) Expression of Hsc70 protein in cells decreased in
Western blot and flow cytometry assays (24-h treatment; IgG, background; C, untreated control). The experiments were performed 5 times for each
assay. (f) HepG2.2.15 cells were untreated or treated with OMTR (0.4 mg/ml; 1.51 mM) for 24 h. Then, actinomycin D was added to the cells for
different intervals, and Hsc70 mRNA was analyzed. Normalized Hsc70 mRNA was plotted as the percent remaining. Decay curves were plotted
versus time. The experiment was repeated twice. (g) OMTR destabilized Hsc70 mRNA through a 3’-UTR mediated mechanism. Plasmids pLuc,
pLuc-3'UTR, and pLuc-5'"UTR were transiently transfected into HepG2.2.15 cells, followed by OMTR treatment. The effects of OMTR on the
wild-type or chimeric pLuc transcripts were determined by measuring Luc mRNA by quantitative real-time RT-PCR assay. The experiment was
performed three times. Shown are means and SD. *, P < 0.01 versus untreated control.
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FIG. 3. Anti-HBV activity of OMTR in vitro. (a) OMTR was used to treat HepG2.2.15 cells alone or in combination with known anti-HBV
drugs. The treatment was continued for 72 h, followed by HBV DNA measurement. ETV, entecavir (0.6 pg/ml; 2.16 pM); ADV, adefovir (3 pg/ml;
5.9 uM); lamivudine (3 pg/ml; 13 pM); OMTR (30 pg/ml; 113 pM). The experiment was repeated twice. Shown are means and SD. #, P < 0.01
versus untreated control. (b) HepG2.2.15 cells were treated with OMTR at the indicated concentrations, which were equal to 5.9, 23.6, 94.5, and
378 uM and 1.51 mM. After 72 h of incubation, Hsc70 mRNA and HBV DNA were examined. The amounts of Hsc70 mRNA and HBV DNA
in the untreated cells were defined as 1, and the amounts in the cells treated with OMTR were plotted relative to those values. (Inset) Dot blot
detection of the HBV DNA. Shown are means and SD. #, P < 0.01 versus untreated control. (¢) The anti-HBV effect of OMTR on HBV de novo
synthesis was examined in HepG2.2.15 cells. After 24 h of treatment with OMTR (0.4 mg/ml; 1.51 mM), cellular genomic DNA, as well as HBV
DNA replicative intermediates, was isolated and measured by real-time PCR. The experiment was performed 3 times. Shown are means and SD.
*, P < 0.01, and #*, P < 0.001 versus untreated control. (d) HepG2.2.15 cells were treated with OMTR (0.4 mg/ml; 1.51 mM) for 12, 24, or 36 h,
followed by measurement of the HBV DNA and HBV mRNA. The amount of DNA or RNA extracted from the treated cells was standardized
to the mean level of the untreated cells, defined as 1.0. The experiment was performed 3 times. Shown are means and SD. *, P < 0.01 versus
untreated control. () HepG2.2.15 cells were continuously exposed to a suboptimal dose of OMTR (30 pg/ml; 113 uM) for 8 months. The HBV
DNA level and cell count were determined every 30 days. The HBV DNA in the untreated flasks at each time point was defined as 1, and the

amount of HBV DNA of the treated cells at that time point was plotted relative to that value. The result for each time point represents an average
of 2 flasks.

2d). Here, we tried to compare the efficacy of OMTR with centration of OMTR was still higher than those of the RT
those of known anti-HBV drugs, alone or in combination; inhibitors, indicating that the activity of OMTR was not as
therefore, a suboptimal dose of OMTR (30 pg/ml; 113 pM) potent as those of the known drugs (Fig. 3a), probably due to
was used. Although OMTR reached an anti-HBV efficacy sim- its indirect effect on HBV. A combination of OMTR with
ilar to those of lamivudine, adefovir, and entecavir, the con- adefovir or entecavir caused an additional reduction of the



2076 WANG ET AL.

intracellular HBV DNA (Fig. 3a). In the anti-HBV tests using
HepG2.2.15 cells, we observed a dose-dependent reduction of
HBYV DNA, as well as an activity plateau of OMTR between
6.25 pg/ml (23.6 M) and 0.4 mg/ml (1.51 mM), with an inhi-
bition rate in the 43 to 65% range (Fig. 3b). The inset in Fig.
3b shows a dot blot confirmation. There could be two expla-
nations for the activity plateau. First, it suggests that OMTR
might suppress de novo synthesis of HBV but that it has little
effect on the HBV genomic DNA integrated into the host cell
genome in HepG2.2.15 cells; these HBV DNA copies consti-
tute the base of the plateau. Second, the plateau also reflects
the indirect mechanism of OMTR on HBV inhibition. The
50% eftective concentration (ECs,) of OMTR was 0.031 mg/ml
(0.116 mM), and the CCs, (cytotoxic concentration that kills
50% of cells) in the 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-
2H-tetrazolium bromide (MTT) assay was 3.12 mg/ml (11.8
mM), resulting in a therapeutic ratio of over 100.

For the first explanation, we then examined OMTR’s activity
on HBV replicative intermediates in HepG2.2.15 cells. After
treatment with OMTR for 24 h, the intracellular HBV DNA
replicative intermediates, as well as HBV DNA, were exam-
ined. OMTR reduced the replicative intermediates by 75%),
higher than its inhibition of genomic HBV DNA (54%) (Fig.
3c¢), supporting the assumption mentioned above. In addition
to HBV DNA, HBV mRNA was also examined to investigate
which step in the HBV life cycle was affected by OMTR. As
shown in Fig. 3d, although the intracellular HBV DNA de-
creased with OMTR treatment, the HBV mRNA remained
stable. It seems that the reverse transcription from pregenomic
RNA (pgRNA) to HBV DNA is interrupted by OMTR. The
unused HBV pgRNA might degrade through cellular mecha-
nisms. Furthermore, other HBV life cycle events that involve
reverse transcription (such as packaging) might also be inter-
rupted by OMTR.

We then tested the effect of OMTR in a long-term treatment
regimen. A suboptimal dose of OMTR (30 wg/ml; 113 nM)
was used in the treatment to learn the possible mutation-
related viral-load rebound, as well as cytotoxicity. HepG2.2.15
cells were treated for 8§ months. HBV DNA declined in the first
2 months and remained low for at least 7 months (Fig. 3e).
HBV DNA rebound was not observed. At each time point, the
cells were counted and compared to the untreated control. As
shown in Fig. 3e, the number of surviving cells in the OMTR
group was similar to that in the untreated group, indicating
good safety of OMTR in long-term therapy.

OMTR’s activity against drug-resistant HBV strains. The
above-mentioned results suggested that downregulation of
host Hsc70 expression might be the main anti-HBV mecha-
nism of OMTR. If so, OMTR should be effective against HBV
that is resistant to RT inhibitors. Therefore, we measured
OMTR’s activity against the HBV DNA replicative interme-
diates of the drug-resistant HBV strains. In this experiment,
Huh-7 cells transiently transfected with lamivudine-resistant
(rtL180M plus rtM204V), adefovir-resistant (rtA181V plus
rtN236T), or entecavir-resistant (rtL180M plus rtM204V plus
rtS202G) HBYV strains were used. After treatment with OMTR
for 24 h, the intracellular HBV DNA replicative intermediates
were isolated and examined. As shown in Fig. 4, treatment with
OMTR for 24 h suppressed viral replication by 62 to 78% in all
of the HBV strains. The inhibition efficacy of OMTR in the
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FIG. 4. OMTR was effective against drug-resistant HBV. Huh-7
cells were transfected with wild-type HBV or HBV strains resistant to
lamivudine (LAM), adefovir (ADV), or entecavir (ETV). The cells
were then treated with OMTR (0.4 mg/ml; 1.51 mM) for 24 h, followed
by measurement of the HBV DNA replicative intermediates by the
method described in Materials and Methods. The experiment was
performed twice. Shown are means and SD. *, P < 0.01 versus un-
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three drug-resistant HBV strains was similar to that in the
wild-type HBV, indicating the effectiveness of OMTR against
drug-resistant HBV.

DISCUSSION

Although natural anti-HBV products have been found in
China and used with chronic hepatitis B (CHB) patients (5,
26), the mechanisms of action often remain unclear. This gives
us opportunities to explore novel anti-HBV targets and mech-
anisms. Drugs that have identified chemical structures, con-
firmed anti-HBV effects in patients, and negative effects on
viral enzymes (for instance, RT) are of particular interest to us.
This has led us to search for a host-based antiviral strategy, the
goal of which is to discover drugs that are able to create an
intracellular environment in which viral proliferation is not
supported and the chemotherapeutic target is not on the vi-
ruses. Antiviral agents working through this mechanism inhibit
the replication of not only wild-type HBV, but also drug-
resistant mutants. Clinical studies have shown that injection of
OMTR (0.4 g/day for 6 months) in CHB patients caused over
40% of the patients to become negative for HBV DNA (12),
and viral-load measurement showed that OMTR injection (0.4
g/day for 3 months) decreased the HBV viral load by about 2
log units on average (4). The anti-HBV effect of OMTR in
patients basically agrees with that described here in
HepG2.2.15 cells, but with higher efficacy, because the HBV
viral-load test in the clinical setting measures the de novo
synthesized viruses in blood. The T,,, of OMTR in human
blood was about 2.4 h (25), and the minimal blood concentra-
tion requirement for its effect on HBV has not been reported,
to our knowledge. Our clinical studies showed that oral admin-
istration of OMTR (0.4 g/day for 12 months) in the treatment
of patients with drug-resistant CHB caused about a 1.5-log-
unit reduction of HBV DNA on average, similar to its efficacy
in the naive CHB cohort (R. Xue, Y.-P. Wang, W. Zhao, Z.-X.
Zhou, S. Ning, and J.-D. Jiang, unpublished observations).
Antiviral drugs working through host mechanisms could be at
least part of the answer to the grand challenge of drug resis-
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tance in viruses. In addition, combinations of these agents with
RT inhibitors might provide new options to achieve increased
efficacy against HBV.

Targeting viral enzymes is an effective approach leading to
potent drugs; however, newly discovered antiviral agents that
act at different binding sites on enzymes or different viral
proteins generate new drug-resistant mutations. It has become
crucial to identify novel drug targets for the control of drug
resistance. As knockdown of Hsc70 did not interfere with cell
replication, we believe that host Hsc70, required for HBV
replication, is a novel target for the inhibition of wild-type, as
well as drug-resistant, HBV, and the compound OMTR ap-
pears to inhibit HBV replication through downregulation of
host Hsc70 expression.
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