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Background: Mucroporin-M1 is a scorpion venom-derived peptide.
Results: Mucroporin-M1 peptide activates the MAPK pathway, and then reduces the expression of HNF4«, resulting in the

inhibition of HBV replication in vitro and in vivo.

Conclusion: Mucroporin-M1 inhibits HBV replication by activating MAPK pathway and down-regulating HNF4«.
Significance: New-resourced peptide inhibits HBV replication by a novel mechanism.

Hepatitis B virus (HBV) is a noncytopathic human hepadna-
virus that causes acute, chronic hepatitis and hepatocellular car-
cinoma (HCC). As the clinical utility of current therapies is lim-
ited, new anti-HBV agents and sources for such agents are still
highly sought after. Here, we report that Mucroporin-M1, a
scorpion venom-derived peptide, reduces the amount of extra-
cellular HBsAg, HBeAg, and HBV DNA productions of
HepG2.2.15 cells in a dose-dependent manner and inhibits HBV
capsid DNA, HBV intracellular RNA replication intermediates
and the HBV Core protein in the cytoplasm of HepG2.2.15 cells.
Using a mouse model of HBV infection, we found that HBV
replication was significantly inhibited by intravenous injection
of the Mucroporin-M1 peptide. This inhibitory activity was due
to areduction in HBV promoter activity caused by a decrease in
the binding of HNF4« to the precore/core promoter region.
Furthermore, we confirmed that Mucroporin-M1 could selec-
tively activate mitogen-activated protein kinases (MAPKs) and
lead to the down-regulation of HNF4«a expression, which
explains the decreased binding of HNF4« to the HBV promoter.
Moreover, when the protein phosphorylation activity of the
MAPK pathway was inhibited, both HNF4« expression and
HBYV replication recovered. Finally, we proved that treatment
with the Mucroporin-M1 peptide increased phosphorylation of
the MAPK proteins in HBV-harboring mice. These results
implicate Mucroporin-M1 peptide can activate the MAPK path-
way and then reduce the expression of HNF4a, resulting in the
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inhibition of HBV replication in vitro and in vivo. Our work also
opens new doors to discovering novel anti-HBV agents or
sources.

Hepatitis B virus (HBV)? infection causes acute and chronic
liver disease and is a serious health problem worldwide (1).
Although it is a hepatotropic, noncytopathic DNA virus,
~5-10% of adult infections and 90 —-95% of neonatal infections
lead to persistent infection. Persistent infection leads to a high
risk of developing chronic hepatitis, cirrhosis, and hepatocellu-
lar carcinoma (HCC) (2, 3). Although therapeutic nucleos(t)ide
analogs and interferons are used to treat HBV infection, the
numbers of HBV-infected individuals and HBV-related deaths
continue to increase (4). Thus, there is a vital need for the devel-
opment of new therapeutic agents and/or candidate sources for
such agents.

Hepatocyte nuclear factor 4o (HNF4«) is a member of the
nuclear hormone receptor family of transcription factors and
binds DNA as a homodimer (5). It plays important roles in
regulating the expression and replication of HBV by stimulat-
ing the transcription of HBV pregenomic RNA. Overexpres-
sion of HNF4« enables replication of the HBV genome even in
nonhepatic cell lines (6). A reduction in the expression of
HNF4a in liver cells reduces HBV replication in primary
human hepatocytes (7) and transgenic mice (8). Therefore,
agents that reduce HNF4«a expression are potential new anti-
HBYV sources and can be used for the further development of
drugs (9).

The MAPK pathway is known to regulate the expression of
HNF4« (10, 11) and lead to the suppression of HBV replication
(7). This pathway is apparently responsible for the suppression
of HBV replication at the transcriptional level (12). However,

3 The abbreviations used are: HBV, hepatitis B virus; AMPs, antimicrobial pep-
tides; EMSA, electrophoretic mobility shift assay; ERK, extracellular signal-
regulated kinase; HCC, hepatocellular carcinoma; HBsAg, hepatitis B sur-
face antigen; HBeAg, hepatitis B early antigen; HNF, hepatocyte nuclear
factor.
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sources or agents that activate the MAPK pathway are rarely
studied for their anti-HBV effects.

Antimicrobial peptides (AMPs) are important for the anti-
microbial efficacy of phagocytes. It has previously been
reported that AMPs can activate MAPKs (13). Some AMPs
have been shown to be effective against viral pathogens through
different mechanisms (14 —17). However, little is known about
the relationship of the MAPK signaling pathway and AMP anti-
viral activities.

Here, we found that an antimicrobial peptide, Mucropo-
rin-M1 (16), activated the MAPKs extracellular signal-regu-
lated kinase 1/2 (ERK1/2) and c-Jun N-terminal kinase (JNK)
and subsequently inhibited the expression of HNF4a. As a
result of HNF4a down-regulation, the transcriptional activity
of the HBV promoter was significantly reduced. When the HBV
RNA transcript was reduced by the Mucroporin-M1 peptide,
production of HBV DNA and proteins also decreased. Using a
mouse model of HBV infection (18), we evaluated the expres-
sion of the HBV Core antigen in hepatocytes by immunohisto-
chemical staining and determined the presence of HBsAg and
HBeAg in the blood by ELISA. The Mucroporin-M1 peptide-
treated group showed a lower HBV viral load in both the hepa-
tocytes and blood than did the untreated group. Moreover, we
found that the Mucroporin-M1 peptide also activated MAPKs
in mouse hepatocytes, similar to the results from human hepa-
toma cells. These data suggest that a natural animal-derived
peptide, Mucroporin-M1, inhibits HBV replication by activat-
ing the MAPK pathway and then down-regulating HNF4«
expression in vitro and in vivo.

EXPERIMENTAL PROCEDURES

Chemical Synthesis—The Ctril0036, Ctril0033, Ctry2801,
Ctriporin, and Mucroporin-M1 peptides were from the scor-
pion venom peptide library that was recently characterized by
our group and were synthesized at purities of >95% by GL
Biochem Ltd. (China).

Cell Culture—HepG2.2.15 cells were cultured at 37 °C in a
humidified 5% CO,/air atmosphere in Dulbecco’s modified
Eagle’s medium supplemented with 10% (v/v) fetal calf serum,
50 units/ml penicillin, and 50 ug/ml streptomycin.

Reagents—Mitogen-activated protein kinases (MAPK) in-
hibitors PD98059, SB203580, and SP600125 were purchased
from Promega (Promega, Madison, WI).

Cytotoxicity—Cytotoxicity was measured by a 3-(4,5-dim-
ethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT)
assay. HepG2.2.15 cells were seeded in 96-well plates at 10* cells
per well and grown to confluence in DMEM containing 10%
FCS. Peptides were added to the wells at different concentra-
tions. After 48 h of incubation, 10 ul of MTT solution was
added to each well, and the plates were incubated for 2 to 4 h in
5% CO, at 37 °C. The plates were then gently swirled for 10 min
at room temperature to dissolve the precipitate, and the
absorbance was measured at a wavelength of 550 nm.

Quantification of HBsAg, HBeAg, and HBV DNA in the Cul-
ture Medium—Cells were seeded in 24-well plates at a density
of 8 X 10* cells/well in DMEM containing 10% FCS. After 12 h
of incubation, the cells were treated with various concentra-
tions of Mucroporin-M1 for 2 days. The HBsAg and HBeAgin
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the culture medium were measured using an enzyme-linked
immunoassay (ELISA) kit. HBV DNA was measured by real-
time PCR according to the manufacturer’s instructions (Qia-
gen, Valencia, CA).

HBV RNA, Core Protein, and Replicative DNA Analyses—
HepG2 or Hep2.2.15 cells were seeded in 6-well culture plates
at a density of 5 X 10° cells per well. At 12 h after seeding,
Mucroporin-M1 was added to the cell cultures, and cells were
fed with fresh medium for another 2 days. As a control, 10 um
3TC was added to the cell cultures for 2 days. Cells were col-
lected for Southern, Northern and Western blot analyses for
viral DNA, RNA, and protein, respectively. For Southern blot
analysis, viral capsid DNA was detected as previously described
(19). Radioactively *?P-labeled probes prepared from full-
length HBV genomic DNA were generated by using the Redi-
prime labeling kit (Amersham Biosciences) as described by the
manufacturer. For Northern blot analysis, total RNA was iso-
lated by Trizol (Invitrogen) following the manufacturer’s
instructions. The prehybridization and hybridization were per-
formed identically to the Southern blot analysis. For Western
blot analysis, 40 ug of sample was electrophoresed and trans-
ferred to a nitrocellulose membrane (Millipore, Bedford, MA).
The membrane was probed using a polyclonal antibody specific
for HBV Core antigen (Dako-Cytomation, Carpinteria, CA).

Anti-HBV Activity Analysis in Vivo—All animal studies were
approved by the Institutional Animal Care and Use Committee
at Wuhan University. A mouse model of acute hepatitis B virus
infection was used in this study. A total of 20 ug of pUC-
HBV1.3 was injected into the tail veins of 6-9-week-old
BALB/c mice in a volume of saline equivalent to 8% of the body
mass of each mouse (e.g. 1.6 ml for a mouse of 20 g). The total
volume was delivered within 5- 8 s. The second day of plasmid
injection, Mucroporin-M1 was administered into the tail veins
at 12.5 mg/kg. Sera and livers were collected on the third day.
Viremia was measured by an ELISA similar to the method used
in HepG2.2.15 cells. The HBV Core protein was visualized by
immunohistochemical staining of tissues fixed in zinc-buffered
formalin using anti-core polyclonal rabbit antibody.

HBYV Promoter Luciferase Reporter Assay—The promoter
regions of the genes encoding the HBV Core (nucleotides (nt)
1603-1819), X (nt 935-1361), preS (nt 2700-2830), or S (nt
2950 —3174) were cloned upstream of the luciferase gene of the
pGL3-basic vector. The mutated Core promoter sequence was
obtained by converting the 13-nucleotide HNF4 binding site
sequence (between 1662 and 1674) from ggactcttggact to
cgctagectegta as described previously (20). And the mutated
Core sequence was constructed into pGL3-basic vector.

HepG2.2.15 cells were transiently transfected with the
reporter vector in a 48-well plate by using Lipofectamine 2000
(Invitrogen) according to the manufacturer’s instructions.
Twelve hours after transfection, peptides were added to the
medium, and cells were incubated for 2 days (similar to an anti-
viral assay). Transcriptional activity was determined by meas-
uring luciferase activity in a multiwell plate luminometer using
the Luciferase Reporter Assay System (Promega).

EMSA—Same as the anti-HBV activity analysis in vitro,
Mucroporin-M1 was added to the cell cultures for 2 days in
EMSA. Nuclear extracts were prepared with NE-PER extrac-
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tion reagent and were stored at —80 °C. The protein content
was measured with a BCA protein assay. Then, nuclear extracts
were incubated with biotin-labeled oligonucleotides in gel-shift
binding buffer for 30 min at room temperature. Samples were
separated using 5% native polyacrylamide gels followed by
chemiluminescent detection. Competition assays were per-
formed by incubating the nuclear extracts with unlabeled oli-
gonucleotides on ice for 25 min before the addition of the bio-
tin-labeled probe. The sequences of the oligomers used were
as follows: HNF4, 5'-GAGGACTCTTGGACTCTCA-3' (nt
1660-1678); HNF3, 5 -TCAAAGACTGTGTGTTTAA-
GGAC-3' (nt 1710-1732); FTF, 5'-AATGTCAACGAC-
CGACCTTGAGG-3' (nt 1681-1703).

Quantification of Gene Expression by Real-time Reverse
Transcription Polymerase Chain Reaction—Same as the anti-
HBV activity analysis in vitro, Mucroporin-M1 was added to
the cell cultures for 2 days in qPCR. Total RNA was extracted
using Trizol reagent and was transcribed into cDNA using the
First-Strand Synthesis Supermix (Invitrogen). Real-time PCRs
were performed using the SYBR green PCR assay and an ABI
7500 system according to the manufacturer’s instruction. For
mRNA detection, HNF4«a and GAPDH primer sets were used:
HNF4a forward primer, 5-GAGTGGGCCAAGTACA-3';
HNF4a reverse primer, 5'-GGCTTTGAGGTAGGCATA-3;
GAPDH forward primer, 5'-CAAGAAGGTGGTGAAGCAG-3';
GADPH reverse primer, 5'-AGGTGGAGGAGTGGGTG-3").

HNF4o and MAPK Protein Analyses—HNF4a and MAPK
pathway proteins were separated by SDS-PAGE and were ana-
lyzed by Western blotting. The primary antibodies used were as
follows: rabbit polyclonal anti-ERK1/2, rabbit monoclonal anti-
phospho-ERK1/2, rabbit monoclonal anti-p38, rabbit poly-
clonal anti-phospho-p38, mouse monoclonal anti-phospho-
SAPK-JNK (Cell Signaling Technology, Beverly, MA), rabbit
monoclonal anti-HNF4a (Abcam, Cambridge, UK), rabbit
monoclonal anti-B3-tubulin and mouse polyclonal anti-B-actin
(Santa Cruz Biotechnology).

RESULTS

Screening of Anti-HBV Agents from Scorpion Venom Peptides—
Cationic host defense peptides from scorpion venomous glands
were recently characterized by our group. Mucroporin-M1
(21), Ctriporin (22) and other venom-derived peptides were
synthesized at a purity of >95% by GL Biochem Ltd. (China).
Their molecular weights, as measured by MS, matched the cal-
culated molecular weights of the amidated peptides. Sequence
alignments of Mucroporin-M1 with other antimicrobial pep-
tides were performed using ClustalX and BioEdit (Fig. 14).

Peptides from the scorpion venom were screened for the
capacity to inhibit HBV replication in the HepG2.2.15 cell line.
Peptide was added to the cells to a final concentration of 25 um,
and the amount of HBsAg and HBeAg present in the culture
medium were tested using an ELISA. Incubation with the
Mucroporin-M1 peptide resulted in an ~80% reduction in the
amount of HBeAg and a 70% reduction in the amount of HBsAg
present in the culture medium compared with cultures not
exposed to the peptide, and incubation with the Ctry2801 pep-
tide resulted in an ~40% reduction in the amount of HBsAg in
the culture medium. The other peptides had little effect on the

AUGUST 31, 2012+VOLUME 287+NUMBER 36

A

Ctril0036
Ctriporin
Ctril0033
Ctry2801
Mucroporin
Mucroporin-M1 [F

B 140% B HBsAg
% 120% | O HBeAg
S 100%}

2 80%f
S 60%}
(]
Z  40%f
—
S 20%f 'j
X
0% 1 1 1 1 1
O o\\\ S)‘o Q,\}") & qDQ\
s & & ¢ &
OQO $\N\c, o < o (o
&
@Q

FIGURE 1. Screening of anti-HBV agents from scorpion venom peptides.
A, sequence alignments of Mucroporin-M1 and its related peptides. The
sequence alignments of Mucroporin-M1 with other antimicrobial peptides
were performed using ClustalX and BioEdit. The residues shaded in the same
color are highly conserved sites; the residues in similar color are less con-
served sites; and the residues without a background color are highly variable
sites. B, inhibitory activity of scorpion venom peptides on HBsAg and HBeAg
production in HepG2.2.15 cells. Peptides were tested at a concentration of 25
um for inhibitory activity against HBV replication, as assessed by ELISA.

amount of secreted HBsAg and HBeAg (Fig. 1B). We found that
the Mucroporin-M1 peptide had the most effective inhibitory
activity against the production of HBeAg and HBsAg. Accord-
ingly, we chose the Mucroporin-M1 peptide to study further.

Anti-HBV Effects of Mucroporin-M1 at Nomncytotoxic
Concentrations—The cytotoxicity of the peptide on
Hep@G2.2.15 cells was tested using an MTT assay. The concen-
tration of Mucroporin-M1 that inhibited 50% of cell growth
(CCyp) was 87 um. When the peptide concentration was less
than 25 uM, the viability of the peptide-treated cells was greater
than 90%, indicating that 25 uMm or less of the Mucroporin-M1
peptide was minimally cytotoxic to cells.

The effect of Mucroporin-M1 on HBV in HepG2.2.15 cells
was assessed. HepG2.2.15 is a cell line that has been stably
transfected with the HBV genome. The cells were cultured in
the presence of 2-fold serial dilutions of the Mucroporin-M1
peptide for 2 days. Inhibitory effects on the production of extra-
cellular HBsAg and HBeAg were determined by ELISA, and the
amount of extracellular HBV progeny DNA was assessed by
real-time PCR. The data showed that the Mucroporin-M1 pep-
tide inhibited the expression of HBsAg and HBeAg in a dose-
dependent manner (Fig. 24). The IC,, values of Mucropo-
rin-M1 against HBsAg and HBeAg production were 20.6 and
4.9 uM, respectively. The production of HBV progeny DNA was
also inhibited in a dose-dependent manner by Mucroporin-M1,
with an IC,, of 11 um (Fig. 2B). Southern, Northern, and West-
ern blot analyses were used for measuring intracellular HBV DNA,
RNA, and Core protein levels, respectively, after treatment with
the Mucroporin-M1 peptide. The various forms of the HBV intra-
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FIGURE 2. Anti-HBV activity of Mucroporin-M1 peptide in HepG2.2.15 cells. A, HBsAg and HBeAg expression in the culture medium of HepG2.2.15 after
treatment with Mucroporin-M1. Extracellular HBsAg and HBeAg production decreased in a dose-dependent manner after treatment with the indicated
concentrations of Mucroporin-M1. B, HBV DNA analysis of the culture medium of HepG2.2.15 after treatment by Mucroporin-M1. Extracellular HBY DNA
measured by real-time PCR decreased in a dose-dependent manner after treatment with the different concentrations of Mucroporin-M1. C, Western blot
analysis of HBV Core protein synthesis in HepG2.2.15 cells treated by Mucroporin-M1. Mucroporin-M1 inhibited HBV Core protein synthesis, but 3TC did not.
D, inhibition of intracellular HBV DNA in HepG2.2.15 cells treated by Mucroporin-M1. Intracellular relaxed circle (RC), double strand (DS), and single strand (SS)
DNA synthesis was reduced after treatment with the indicated concentrations of Mucroporin-M1 or 3TC using Southern blot analysis. E, inhibition of HBV RNA
synthesis in the HepG2.2.15 cells treated by Mucroporin-M1. Mucroporin-M1 inhibited HBV RNA production in a dose-dependent manner, but 3TC did not.

cellular DNA replication intermediates were potently inhibited by
Mucroporin-M1 in a concentration-dependent manner, as exem-
plified in HepG2.2.15 cells. When used as a positive control, 3TC
inhibited HBV DNA synthesis effectively (Fig. 2D). HBV RNA
expression was also potently inhibited by Mucroporin-M1 in
HepG2.2.15 cells. In contrast, viral RNA levels were unchanged
after 3TC treatment, as expected (Fig. 2E). HBV Core protein
expression was also inhibited in a dose-dependent manner by
Mucroporin-M1 in HepG2.2.15 cells. Again, 3TC did not inhibit
viral Core protein synthesis, as expected (Fig. 2C). The results
showed that the Mucroporin-M1 peptide had anti-HBV activity,
and the anti-HBV mechanism of the Mucroporin-M1 peptide was
different from that of 3TC.

Inhibitory Activity of Mucroporin-M1I against HBV in Vivo—
As Mucroporin-M1 had anti-HBV activity in hepatoma cells,
we further examined its anti-HBV activity in an HBV infection
mouse model. After hydrodynamic injection of the pUC18-
HBV1.3 plasmid, the secretion of viral antigens into the blood was
monitored at day 2. Three treatments were examined (7 = 7 mice
per group). HBsAg accumulated to an average concentration of
21.6 PEIU/ml in the untreated mice, whereas the concentration of
HBsAg in the blood of the Mucroporin-M1-treated mice was 9.4
PEIU/ml. Similarly to HBsAg production, the amount of HBeAg
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decreased from 10.4 PEIU/ml in the untreated group to 4.8
PEIU/ml in the Mucroporin-M1-treated group (Fig. 3, A and B).
The mice that were not administered pUC18-HBV1.3 did not have
detectable viral antigens in their blood.

The livers of the mice were also examined for HBV Core
protein by immunohistochemical staining. The frequency of
HBV Core protein-positive hepatocytes was 4% = 2% in
Mucroporin-M1-treated mice compared with 13% = 3% in
untreated mice (Fig. 3, C and D). Thus, the Mucroporin-M1
peptide inhibited HBV replication in mouse hepatocytes and
reduced HBV antigen secretion in mouse blood.

Inhibition of HBV Promoter Activity by Reducing the Interac-
tion of HNF4a with HBV Promoters—As the results above
showed, Mucroporin-M1 reduced the HBV RNA transcript
levels, leading to reduced HBV DNA and protein production.
These results suggested that the active target of Mucropo-
rin-M1 is the viral RNA transcription step and not the HBV
DNA polymerase, unlike other anti-HBV nucleos(t)ide analogs.
Therefore, we constructed plasmids containing promoters for
the four different HBV transcripts (preC/Cp, Xp, pSp, or Sp)
followed by the luciferase reporter gene to examine the effect of
Mucroporin-M1 on HBV promoter activity. After transient
transfection of the plasmids into HepG2.2.15 cells, Mucropo-
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FIGURE 3. Anti-HBV activity of Mucroporin-M1 in HBV-infected mice. A, inhibitory activity of Mucroporin-M1 against HBsAg in the blood of the HBV-infected
mice. Mucroporin-M1 reduced the expression of HBsAg in the blood of HBV-infected mice by ELISA. B, inhibitory activity of Mucroporin-M1 against HBeAg in
the blood of the HBV-infected mice. Mucroporin-M1 reduced the expression of HBeAg in the blood of HBV-infected mice by ELISA. Cand D, inhibitory effect on
HBV Core protein expression in the hepatocytes of HBV-infected mice treated with Mucroporin-M1. Mucroporin-M1 decreased the expression of HBV Core
protein in the hepatocytes of HBV-infected mice treated by Mucroporin-M1, as measured by an immunohistochemical staining assay.

rin-M1 was added to the cell cultures, and viral promoter activ-
ity was examined (supplemental data). The data showed that
the HBV four promoter activities were partially inhibited by
Mucroporin-M1 peptide, where the most significant one was
HBYV Core promoters. Core/precore promoter-driven lucifer-
ase expression decreased to 20% of the negative control level
after Mucroporin-M1 peptide treatment, but the CMV pro-
moter was not affected (Fig. 44).

It has been reported that hepatocyte nuclear transcriptional
factors, together with viral proteins, bind to the HBV promoters
and modulate viral promoter activity (23-26). DNA oligonu-
cleotides corresponding to the HBV precore/core promoter/
Enh II sequence HNF4, HNF3, and Fetoprotein transcription
factor (FTF) were synthesized and biotin-labeled for electro-
phoretic mobility-shift assays (EMSAs). Nuclear extracts from
HepG2.2.15 cells treated with 25 um Mucroporin-M1 or left
untreated were incubated with the probes to determine
whether Mucroporin-M1 alters the binding of nuclear proteins.
Binding to the HNF4 probe was significantly decreased after
treatment with 25 um Mucroporin-M1 (Fig. 4B). The binding
to the HNF3 DNA probe was decreased after treatment with
the Mucroporin-M1 peptide, but the difference was not signif-
icant. However, the binding of the nuclear extract to FTF did
not yield a distinctive shift (data not shown).
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To further confirm whether Mucroporin-M1 specifically
reduced HNF4a binding HBV Core promoter, we constructed
the mutated Core promoter with a mutant HNF4 binding site.
The results of luciferase activities showed that the activity of
HBV Core promoter with a mutant HNF4 binding site was
almost not inhibited by Mucroporin-M1 treatment (Fig. 4C).
The data suggests that the HNF4 binding site specifically played
an important role in the HBV inhibitory activity of Mucropo-
rin-M1 peptide.

Mucroporin-M1 Down-regulates HNF4o and Then Inhibits
HBV Progeny DNA Expression by Activating MAPKs—To
determine whether the decreased binding observed in the
EMSAs was due to a reduction in HNF4q, quantitative PCR and
Western blot analyses were performed. As shown in Fig. 4, D
and E, the reduction in HNF4« expression inevitably resulted in a
decrease in the binding of HNF4« to the HBV precore/core pro-
moter, which explained the inhibitory activity of the Mucropo-
rin-M1 peptide on HBV transcription. The decrease in HNF4«
expression in HepG2.2.15 cells could also explain the inhibition of
other viral protein promoters (pSp, Sp, and Xp) that was observed,
because all of these viral protein promoters have HNF4«-binding
sites. Taken together, Mucroporin-M1 down-regulated the
expression of HNF4«, inhibited HBV promoter activity, and fur-
ther reduced the levels of the HBV transcript.
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FIGURE 4. Inhibitory effect of Mucroporin-M1 on HBV promoter transcriptional activity by reducing the expression of HNF4«. A, inhibitory activity of
Mucroporin-M1 on HBV promoter transcription. Mucroporin-M1 selectively inhibited the HBV promoter (preC/Cp) but not the CMV promoter. Data are
presented as the means of triplicate experiments (each with duplicate samples) normalized to vehicle-treated cells. Error bars represent standard deviations.
NG, vehicle-treated cells. B, EMSA analysis of the interaction between HNF4« and the HBV promoters. Mucroporin-M1 significantly reduced the binding of
HNF4« to the HBV promoter (preC/Cp). C, inhibitory activity of Mucroporin-M1 on the mutated Core promoter without HNF4a binding site. The activity of Core
promoter with a mutant HNF4 binding site was not affected by 25 um Mucroporin-M1 peptide. wild, Wild type of Core promoter. mut, Mutant type of Core
promoter without HNF4a binding site. —, Not-treated with Mucroporin-M1 peptide. +, Treated with Mucroporin-M1 peptide. D, inhibitory effect of Mucro-
porin-M1 on HNF4a mRNA expression. The expression of HNF4« in the HepG2.2.15 cells treated with Mucroporin-M1 was quantified by real-time PCR.
E, inhibitory effect of Mucroporin-M1 on the expression of the HNF4« protein. The expression of HNF4a in the HepG2.2.15 cells treated with Mucroporin-M1

was quantified by Western blot analysis.

Because the activated MAPK pathway proteins exogenous
signal regulated kinase (ERK) 1/2 and Jun N-terminal kinase
(JNK) have been reported to control HNF4« expression (10, 11)
and because of the reduction in HNF4«a expression caused by
Mucroporin-M1, we sought to determine whether the MAPK
family members ERK1/2, p38, and JNK were activated in
Hep@G2.2.15 cells by the Mucroporin-M1 peptide. The levels of
phosphorylated ERK1/2, JNK, and p38 were all increased after
treatment with 25 um peptide, but the MAPK pathways were
not activated in HepG2 cells (Fig. 54). Furthermore, when the
upstream inhibitors of the MAPK pathway (PD98059,
SP600125, or SB203580), which inhibit ERK1/2, JNK, and p38,
respectively, were added to HepG2.2.15 cells prior to Mucro-
porin-M1 treatment, we found that ERK1/2 phosphorylation

30186 JOURNAL OF BIOLOGICAL CHEMISTRY

was mostly inhibited and that the phosphorylation of p38 and
JNK was completely blocked (Fig. 5B). Thus, the activation of
the MAPK pathway by Mucroporin-M1 can be blocked by
upstream inhibitors of this pathway, which confirmed that
Mucroporin-M1 specifically activates the MAPK pathway.
Moreover, the inhibition of JNK activation partially overcame
Mucroporin-M1-mediated down-regulation of HNF4«, while
inhibition of ERK activation completely blocked Mucroporin-
M1-mediated down-regulation of HNF4« (Fig. 5C). Similarly,
the detection of HBV DNA in the culture medium of
HepG2.2.15 by real-time PCR showed that the anti-HBV activ-
ity of Mucroporin-M1 was blocked by the inhibition of JNK and
ERK activation (Fig. 5D). Although the p38 inhibitor is able to
block the activation of p38 that is mediated by Mucroporin-M1,
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MAP kinase inhibitors blocked Mucroporin-M1-induced activation of the MAPKs. C, inhibitory effect of MAP kinase inhibitors on the inhibitory activity of
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treatment or Mucroporin-M1-treated (—) or preincubation with PD98059, SP600125, and SB203580 before Mucroporin-M1 treatment were analyzed by
Western blot for HNF4a. D, inhibitory effect of MAP kinase inhibitors on the anti-HBV activity of Mucroporin-M1. HBV progeny DNA in the culture medium of

HepG2.2.15 was quantified by real-time PCR.

it cannot abolish Mucroporin-M1-mediated down-regulation
of HNF4« and the anti-HBV activity of Mucroporin-M1 (Fig. 5,
Cand D). In HBV-harboring mice, the levels of phosphorylated
MAPK proteins were examined by Western blot analysis. Sim-
ilar to the results in hepatoma cells, Mucroporin-M1 activated
ERK1/2 and JNK and reduced HBV Core expression in HBV-
harboring mice, but not activated ERK1/2 and JNK in the nor-
mal mice (Fig. 6).

These results demonstrated that the Mucroporin-M1 pep-
tide selectively activated ERK1/2 and JNK and subsequently
down-regulated HNF4« expression, leading to the inhibition of
HBV replication in both HepG2.2.15 cells and HBV-infected
mice (Fig. 7).

DISCUSSION

As the increase in resistance to nucleos(t)ide analogs renders
these drugs less potent, and the use of interferons is limited
because of their side effects. The need for potent new anti-HBV
agents with different mechanisms of action prompted us to test
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our scorpion venom-derived peptides for anti-HBV activity.
Recently, new compounds targeting different stages of the HBV
life cycle have been reported to successfully manage chronic
HBYV infection. The heteroaryldihydropyrimidines (HAPs) are
a new class of antivirals that inhibit the production of HBV
virions by binding to the HBV Core protein and causing its
degradation, which subsequently inhibits nucleocapsid forma-
tion (27). Helioxanthins decrease the amount of host hepato-
cyte nuclear transcription factors required for the initiation of
viral transcription (9, 28). A myristoylated peptide derived from
the large HBV envelope protein (Pre S1) blocks virus entry to
hepatocytes in vitro and in vivo (29, 30). However, no research
has yet reported an agent that activates the MAPK pathway and
inhibits HBV replication. Our study examined the Mucropo-
rin-M1 peptide from scorpion venom, which activated MAPKs
in HBV-harboring cells, reduced HNF4« expression and abol-
ished HBV replication.

Recently, our group found that Mucroporin-M1 inhibited
RNA viruses, including measles, SARS-CoV and influenza
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FIGURE 6. MAPK pathways involved in the anti-HBV activity of the
peptide Mucroporin-M1 in vivo. The ERK and JNK MAP kinase pathways
were activated in HBV-infected mice treated with an intravenous injection
of Mucroporin-M1. Additionally, the expression of the HBV Core protein
was also significantly reduced in mouse hepatocytes after intravenous
injection of Mucroporin-M1. Group B, the mice treated by an intravenous
injection of saline. Group M, the mice treated by an intravenous injection
of Mucroporin-M1 peptide. Group P, the mice treated by both HBV plasmid
and saline. Group T, the mice treated by both HBV plasmid and Mucropo-
rin-M1 peptide.

Plasma
membrane

H5NI1 viruses (16). Additionally, it has been reported that sim-
ilar peptides inhibit other RNA viruses (14, 17, 31). These anti-
viral compounds were thought to function by disturbing the
viral membrane. Thus, this antiviral mechanism was not effec-
tive against DNA viruses and virally infected cells. As a starting
point of our study, we found that the Mucroporin-M1 peptide
inhibited HBV replication in HepG2.2.15 cells, which is a cell
line stably transfected with the HBV genome. This result sug-
gested that Mucroporin-M1 uses a different strategy to inhibit
HBYV replication. As a similar venom-derived peptide (from bee
venom) has been reported to activate MAPKs (13, 32), a path-
way that directly participates in the inhibition of HBV replica-
tion (7, 12), we sought to determine the relationships between
the Mucroporin-M1 peptide, the MAPK pathway and HBV
replication. Our data clearly demonstrated that Mucropo-
rin-M1 inhibited HBV replication by activating MAPKs. First,
Mucroporin-M1 increased the levels of phosphorylated
ERK1/2 and JNK and simultaneously inhibited HBV replica-
tion. Second, when the specific inhibitors of ERK1/2 and JNK
were added, both ERK1/2 and JNK phosphorylation and the
anti-HBV activity of Mucroporin-M1 were blocked. Further-
more, the levels of phosphorylated MAPK proteins were also
increased in HBV-infected mice with Mucroporin-M1 treat-
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FIGURE 7. Hypothetical model of the anti-HBV activity of the Mucroporin-M1 peptide. Mucroporin-M1 activates the MAPK pathway (ERK, JNK, and
p38) and subsequently down-regulates the expression of HNF4q, resulting in a reduction in the interaction between HNF4« and the HBV promoters.
Mucroporin-M1 diminishes HBV replication by blocking HBV RNA expression. These findings indicate that the ERK and JNK pathways regulate the
expression of HNF4a but that the p38 pathway does not, which suggests that the Mucroporin-M1 peptide may be a good molecular probe for studying

the MAPK pathway.

30188 JOURNAL OF BIOLOGICAL CHEMISTRY

VOLUME 287+NUMBER 36-AUGUST 31,2012



Anti-HBV Activity and Mechanism of the Peptide Mucroporin-M1

ment. Following MAPK activation in mouse hepatocytes, HBV
replication was also inhibited by Mucroporin-M1. These data
proved that the Mucroporin-M1 peptide inhibited HBV repli-
cation by activating MAPKs. It is well known that the MAPK
pathway plays an important role in innate immunity. Pathogens
stimulate and activate the MAPK pathway, which induces
innate immune responses. Some AMPs participate in the acti-
vation of the MAPK pathway (33, 34). Therefore, MAPK path-
way activation by AMPs may be a key part of the innate immune
response against pathogens.

In this study, we also found that HBV promoter activity was
reduced by Mucroporin-M1 peptide treatment. This was due to
a decrease in the binding of HNF4« to HBV promoters. When
the wild type Core promoter was mutated to the mutant Core
promoter without HNF4 binding site, we found that the mutant
promoter activity was not reduced by Mucroporin-M1 peptide.
Furthermore, the Western blot and quantitative PCR results
demonstrated that the expression of HNF4« was inhibited by
Mucroporin-M1. The inhibition of HNF4a expression by
Mucroporin-M1 treatment was blocked by the specific inhibi-
tors of ERK1/2 or JNK, which suggested that Mucroporin-M1
inhibited the expression of HNF4a by activating ERK1/2 or
JNK. This result confirmed that the expression of HNF4« was
regulated by the ERK and JNK pathways (10, 35). Interestingly,
p38 was also activated by Mucroporin-M1, but it did not impact
HNF4a expression. These data may suggest that the p38 cas-
cade does not participate in the regulation of HNF4« expres-
sion. Another group has also reported that a p38 inhibitor does
not regulate the expression of HNF4a, regardless of the activa-
tion state of p38 (35).

HNF4« binds the proximal regulatory element of the nucleo-
capsid promoter and induces the expression of the 3.5-kb HBV
pregenomic RNA in cell culture. When we artificially reduced
HNF4«a by treatment with Mucroporin-M1, HBV RNA tran-
scripts, DNA replication intermediates, and protein production
were decreased in vitro. This phenomenon has also been
observed in mice (8, 36) and PHH (7). HNF4«a modulates hep-
atocyte gene expression in hepatoma cells and has been utilized
by HBV replication in patients (6). The expression of HNF4«
was significantly higher in patients with severe hepatitis B than
in those with chronic hepatitis B (37). Down-regulation of
HNF4« expression may be used as a method or target for reduc-
ing acute liver damage caused by HBV infection. Although
knocking out HNF4« affects embryonic viability in mice and
HNF4a has been found to disrupt the expression of many genes
involved in most aspects of mature hepatocyte function in
adults (38), HNF4« is still considered to be an anti-HBV target
(9). In our study, Mucroporin-M1 peptide could not activate
the phosphorylation of ERKs, p38, and JNK in normal mice,
consistent with the results of the cultured HepG2 cells. This
selective activation of MAPK pathways contributes to reduce
the adverse effect of persistent activation of MAPK pathway.
Moreover, we tested that a triple intravenous dose of the
Mucroporin-M1 peptide did not influence mouse survival (data
not shown). Clearly, further evaluation of the safety of peptide
administration is needed. Recently, a gene chip-based study
found that HNF4«a might be involved in the regulation of the
inflammatory response in the liver (39). Thus, a modest reduc-
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tion in HNF4« expression in hepatocytes might not only reduce
HBV replication but also improve the prognosis of HBV
infection.
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