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ABSTRACT Hepatitis B virus (HBV) infection is the leading cause of chronic hepatitis
B (CHB), liver cirrhosis (LC), and hepatocellular carcinoma (HCC). This study reveals a
distinct mechanism underlying the regulation of HBV replication. HBV activates ho-
meobox A10 (HoxA10) in human hepatocytes, leukocytes, peripheral blood mononu-
clear cells (PBMCs), HepG2-NTCP cells, leukocytes isolated from CHB patients, and
HBV-associated HCC tissues. HoxA10 in turn represses HBV replication in human
hepatocytes, HepG2-NTCP cells, and BALB/c mice. Interestingly, we show that during
early HBV infection, p38 mitogen-activated protein kinase (MAPK) and signal trans-
ducer and activator of transcription 3 (STAT3) were activated to facilitate HBV repli-
cation; however, during late HBV infection, HoxA10 was induced to attenuate HBV
replication. Detailed studies reveal that HoxA10 binds to p38 MAPK, recruits SH2-
containing protein tyrosine phosphatase 1 (SHP-1) to facilitate SHP-1 in catalyzing
dephosphorylation of p38 MAPK/STAT3, and thereby attenuates p38 MAPK/STAT3
activation and HBV replication. Furthermore, HoxA10 binds to the HBV enhancer ele-
ment | (Enhl)/X promoter, competes with STAT3 for binding of the promoter, and
thereby represses HBV transcription. Taken together, these results show that HoxA10
attenuates HBV replication through repressing the p38 MAPK/STAT3 pathway by two
approaches: HoxA10 interacts with p38 MAPK and recruits SHP-1 to repress HBV rep-
lication, and HoxA10 binds to the Enhl/X promoter and competes with STAT3 to at-
tenuate HBV transcription. Thus, the function of HoxA10 is similar to the action of
interferon (IFN) in terms of inhibition of HBV infection; however, the mechanism of
HoxA10-mediated repression of HBV replication is different from the mechanism un-
derlying IFN-induced inhibition of HBV infection.

IMPORTANCE Two billion people have been infected with HBV worldwide; about
240 million infected patients developed chronic hepatitis B (CHB), and 650,000 die
each year from liver cirrhosis (LC) or hepatocellular carcinoma (HCC). This work eluci-
dates a mechanism underlying the control of HBV replication. HBV infection acti-
vates HoxA10, a regulator of cell differentiation and cancer progression, in human
cells and patients with CHB and HCC. HoxA10 subsequently inhibits HBV replication
in human tissue culture cells and mice. Additionally, HoxA10 interacts with p38 MAPK to
repress the activation of p38 MAPK and STAT3 and recruits and facilitates SHP-1 to
catalyze the dephosphorylation of p38 MAPK and STAT3. Moreover, HoxA10 com-
petes with STAT3 for binding of the HBV X promoter to repress HBV transcription.
Thus, this work reveals a negative regulatory mechanism underlying the control of
HBV replication and provides new insights into the development of potential agents
to control HBV infection.
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epatitis B virus (HBV) is the leading cause of chronic hepatitis B (CHB), liver cirrhosis

(LC), and hepatocellular carcinoma (HCC) and is the second leading cause of
cancer mortality worldwide (1). Approximately 240 million people are estimated to be
chronically infected by HBV, and more than 650,000 people die annually due to
HBV-associated liver failure (2). HBV is a prototype member of the hepadnavirus family
with a compact DNA genome replicating by the viral reverse transcriptase from an RNA
intermediate (3). The virus genome is a circular, partially double-stranded DNA con-
taining four open reading frames (ORFs) encoding seven proteins: three surface pro-
teins (LHBs, MHBs, and SHBs), hepatitis B core antigen (HBcAg), hepatitis B e antigen
(HBeAg), the viral polymerase (HBp), and the X protein (HBx) (4). Transcription of the
HBV genome is initiated by four promoters, core, pre-S1, pre-S2, and X, which direct the
transcriptions of 3.5-kb mRNAs for HBcAg, HBeAg, and HBp; 2.4-kb mRNA for LHBs;
2.1-kb mRNAs for MHBs and SHBs; and 0.7-kb mRNA for HBx (5, 6). These promoters are
regulated by two liver-specific enhancers (enhancer element | [Enhl] and Enhll) (7, 8).
Enhl spans a sequence of about 300 bp overlapping the X promoter, which consists of
multiple transcription factor-binding sites. Enhll is 148 bp long and is located upstream
of the core promoter (9, 10). Transcriptional activities of HBV promoters are mostly
regulated by cellular factors or cytokines, including hepatocyte nuclear factor 4 (HNF-4),
peroxisome proliferator-activated receptor (PPAR), retinoid X receptor (RXR), and signal
transducer and activator of transcription 3 (STAT3) (11).

Homeobox genes encode a set of highly conserved transcription factors that are
arranged in four clusters (clusters A to D), and among them, homeobox A10 (HoxA10)
belongs to the A cluster (12). The homeobox domain of HoxA10 is structurally related
to the helix-turn-helix motif of prokaryotic DNA-binding proteins, which regulates gene
expression during differentiation and cancer progression (13). Disordered expression of
HoxA10 has been found in leukemia and breast, cervical, ovarian, and pancreatic
cancers (14-16). However, the role of HoxA10 in pathogen infection and HCC devel-
opment has not been reported.

HBV infection activates mitogen-activated protein kinases (MAPKs), including extra-
cellular signal-regulated kinases (ERKs), c-Jun N-terminal kinase (JNK), and p38 MAPK
(17-19). p38 MAPK is activated following phosphorylation at Thr180/Tyr182, which is
mediated primarily by upstream mitogen-activated protein kinase kinase 3 (MKK3) and
MKK6. Phosphorylated p38 MAPK (phosphor-p38 MAPK) translocates to the nucleus
and mediates the specific binding of STAT3, hepatocyte nuclear factor 3 (HNF3), HNF4,
PPAR, and RXR to HBV Enhl/X (20), leading to an overall stimulation of HBV gene
expression.

Tyrosyl phosphorylation is a reversible process whereby dephosphorylation is cat-
alyzed by a set of protein-tyrosine phosphatases (PTPs), including SH2-containing
protein tyrosine phosphatase 1 (SHP-1), SHP-2, and PTP1B (21-23). Among them, SHP-1
is a dephosphorylase that was implicated in the regulation of cell functions, including
nuclear localization (24), lipid raft targeting (25), and cell signaling regulation (26), and
is recognized as a negative regulator of signal transduction pathways (27, 28). SHP-1
has the capacity for dephosphorylation and acts as an inhibitory modulator of MAPKs,
as implicated in the JNK and p38 pathways (29, 30). Dephosphorylation of phosphor-
p38 MAPK results in the loss of MAPK activity and thus suppresses the activation of
signal transduction.

In this study, we demonstrate that HBV infection initially activates p38 MAPK
phosphorylation and subsequently induces HoxA10 production, which in turn attenu-
ates HBV replication through a unique negative regulatory mechanism. Interestingly,
HoxA10 interacts with p38 MAPK and then recruits SHP-1 to facilitate this tyrosine
phosphatase in catalyzing the dephosphorylation of p38 MAPK and STAT3, leading to
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the repression of HBV replication. Moreover, HoxA10 binds to the X/Enhl promoter and
competes with STAT3 for binding of the promoter, resulting in the repression of HBV
transcription. This study provides new insights into the mechanism underlying the
regulation of HBV replication and chronic HBV infection.

RESULTS

HBYV infection induces HoxA10 expression both in vitro and in vivo. We initially
investigated the effect of HBV infection on HoxA10 expression in vitro and in vivo.
HoxA10 mRNA and HoxA10 protein levels were significantly higher in HepG2.2.15 cells
(carrying an integrated HBV genome) than in HepG2 cells (Fig. 1A), promoted in
pBlue-HBV1.3-transfected HepG2 cells (Fig. 1B), significantly induced in pBlue-HBV1.3-
transfected Huh7 cells (Fig. 1C), and promoted in HBV-infected HepG2-NTCP cells (a
well-established HBV infection system) (Fig. 1D). HBsAg and HBeAg were detected in
HepG2.2.15 cells but not in HepG2 cells (Fig. 1E), expressed in pBlue-HBV1.3-transfected
HepG2 cells but not in pBlue-transfected HepG2 cells (Fig. 1F), produced in pBlue-
HBV1.3-transfected Huh7 cells but not in pBlue-transfected cells (Fig. 1G), and ex-
pressed in HBV-infected HepG2-NTCP cells but not in mock-infected HepG2-NTCP cells
(Fig. TH), confirming robust HBV replication or infection in the cells. Collectively, these
results suggest that HBV facilitates HoxA10 expression in hepatocytes. In addition,
HoxA10 mRNA was induced by HBV in human peripheral blood mononuclear cells
(PBMCs) in a dose-dependent manner (Fig. 11), revealing that HBV infection induces
HoxA10 production in human PBMCs. Additionally, HoxA10 is significantly activated in
leukocytes isolated from CHB patients (n =32) compared to healthy individuals
(n = 18) (Table 1 and Fig. 1J). Furthermore, HBcAg and HoxA10 levels were significantly
higher in HBV-associated HCC tissue paraffin sections (n = 2) than in liver tissue paraffin
sections from healthy individuals (n = 2) (Table 2 and Fig. 1K). These results demon-
strate that HBV infection activates HoxA10 production both in vitro and in vivo.

HoxA10 represses HBV replication in hepatocytes. Although HoxA10 plays im-
portant roles in regulating multiple biological activities (31, 32), its function in viral
replication has not been reported. Since HoxA10 is regulated by HBV, we speculated
that HoxA10 may play a role in HBV replication. Initially, the effect of HoxA10 overex-
pression on HBV replication was determined in HepG2 cells and Huh7 cells cotrans-
fected with pBlue-HBV1.3 and pFlag-HoxA10 or pCMV-3XFlag. The results showed that
HBV RNAs (Fig. 2A), secreted HBeAg and HBsAg proteins (Fig. 2B), HBV core-associated
DNA (Fig. 2C), and HBV covalently closed circular DNA (cccDNA) (Fig. 2D) were down-
regulated by HoxA10 in HepG2 and Huh7 cells, suggesting that HoxA10 attenuates HBV
replication. HoxA10 protein was detected in HoxA10-transfected HepG2 cells and Huh7
cells but not in untreated cells (Fig. 2E and F), confirming that HoxA10 transfection is
effective.

Additionally, the effect of HoxA10 knockdown on HBV replication was evaluated by
generating and analyzing a small interfering RNA (siRNA) specifically targeting HoxA10
(siR-HoxA10) and a short hairpin RNA (shRNA) specifically targeting HoxA10 (sh-
HoxA10). HepG2 cells and Huh7 cells were cotransfected with pBlue-HBV1.3 and
siR-HoxA10 or control siRNA (siR-Ctrl) or treated with sh-HoxA10 or sh-Ctrl. HBV RNAs
(Fig. 2G), secreted HBeAg and HBsAg proteins (Fig. 2H), core-associated DNA (Fig. 2I),
and HBV cccDNA (Fig. 2J) were facilitated by sh-HoxA10 in HepG2 and Huh7 cells,
indicating that knockdown of HoxA10 facilitates HBV replication. The levels of HoxA10
protein were downregulated by siR-HoxA10 in HepG2 and Huh7 cells (Fig. 2K and L),
revealing that siR-HoxA10 is effective. Similarly, the levels of HoxA10 mRNAs were
attenuated by sh-HoxA10-1 and sh-HoxA10-2 in HepG2 and Huh7 cells (Fig. 2M),
demonstrating that sh-HoxA10 is effective. Taken together, these results reveal that
HoxA10 represses HBV replication in hepatocytes.

HoxA10 inhibits HBV infection in the HepG2-NTCP infection system and mice.
The effect of HoxA10 on HBV infection was further determined in the HepG2-NTCP
infection system and in mice. Initially, HepG2-NTCP cells were transfected with pFlag-
HoxA10 and then infected with HBV by inoculation with the supernatants of HepaAD38
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FIG 1 HBV induces HoxA10 expression in cultured cells and patients. (A to D) HoxA10 mRNA and HoxA10 protein expressed in HepG2 and
HepG2.2.15 cells (A), HepG2 cells transfected with pBlue-HBV1.3 for 48 h (B), Huh7 cells transfected with pBlue-HBV1.3 for 48 h (C), and
HepG2-NTCP cells infected with HBV by inoculation with the supernatants of HepaAD38 cells for 96 h (D) were measured by gPCR (top)
and Western blotting (bottom), respectively. (E to H) HBsAg and HBeAg proteins produced in HepG2 and HepG2.2.15 cells (E), HepG2 cells
transfected with pBlue-HBV1.3 for 48 h (F), Huh7 cells transfected with pBlue-HBV1.3 for 48 h (G), and HepG2-NTCP cells infected with HBV by
inoculation with the supernatants of HepaAD38 cells for 96 h (H) were measured by an ELISA to confirm HBV infection and replication. (I) PBMCs
(4 X 100) isolated from healthy individuals were incubated with supernatants of HepG2 cells or supernatants of HepaAD38 cells for 48 h. HoxA10
mRNAs were measured by gPCR. MOI, multiplicity of infection. (J) HoxA10 mRNAs in the leukocytes of CHB patients (n = 32) and healthy
individuals (n = 18) were measured by qPCR. (K) Immunohistochemical staining of HoxA10 in paraffin sections of HBV-associated HCC tissues
(n = 2) and liver tissues from healthy individuals. (n = 2). *, P < 0.05; **, P < 0.01; ***, P < 0.001.

cells, which were concentrated, purified, and identified as being free of other contam-
inants. In HBV-infected HepG2-NTCP cells, HBV HBeAg and HBsAg proteins (Fig. 3A) and
HBV 3.5-kb RNA (Fig. 3B) were downregulated by HoxA10, indicating that the overex-
pression of HoxA10 leads to the attenuation of HBV infection. Additionally, HepG2-
NTCP cells were transfected with sh-HoxA10-1 or sh-HoxA10-2 and then infected with
HBV. In treated cells, HBeAg and HBsAg proteins (Fig. 3C) and HBV 3.5-kb RNA (Fig. 3D)
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TABLE 1 Characteristics of HBV-infected patients and healthy individuals®

Value for group

Patients (CHB) Healthy individuals
Characteristic (n = 32) (n=18)
No. (%) of individuals positive for HBeAg 32 (100) 0 (0)
No. (%) of individuals positive for anti-HBeAg 0 (0) —b
No. (%) of individuals positive for HBsAg 32 (100) —b
Mean ALT level (U/ml) >30 <30
No. (%) of male individuals 24 (75) 9 (50)

aALT, alanine aminotransferase; CHB, chronic hepatitis B.
bNot tested.

were upregulated by sh-HoxA10-1 and sh-HoxA10-2, suggesting that the knockdown of
HoxA10 results in the promotion of HBV infection. The levels of HoxA10 mRNA (Fig. 3E,
top) and HoxA10 protein (Fig. 3E, bottom) were attenuated by sh-HoxA10-1 and
sh-HoxA10-2 in HepG2-NTCP cells, revealing that both sh-HoxA10-1 and sh-HoxA10-2
are effective. Therefore, we reveal that HoxA10 represses HBV infection in the HepG2-
NTCP infection system.

Moreover, the effect of HoxA10 on HBV infection was investigated in mice. BALB/c
mice (10 in each group) were treated with pAAV-HBV and pFlag-HoxA10 through
hydrodynamic injection. At 6 days postinjection, the mice were sacrificed, and blood
and livers were collected. In the sera of treated mice, HBsAg, HBeAg, and HBV 3.5-kb
RNA were significantly repressed by HoxA10 (Fig. 3F). Additionally, in the liver of treated
mice, the HBcAg protein level was significantly reduced in the presence of HoxA10 (Fig.
3G and H). Taken together, our results demonstrate that HoxA10 inhibits HBV infection
in HepG2-NTCP cells and mice.

HoxA10 attenuates HBV replication by repressing the p38 MAPK/STAT3 path-
way. The molecular mechanism by which HoxA10 represses HBV replication was
investigated. Previous studies reported that HBV infection activates the MAPK pathways
(33-35). Here, we show that the phosphorylation of p38 MAPK was upregulated by HBV
in HepG2 cells (Fig. 4A), significantly stimulated in HepG2.2.15 cells compared to HepG2
cells (Fig. 4B), and enhanced by HBV infection in HepG2-NTCP cells (Fig. 4C), suggesting
that HBV induces p38 MAPK phosphorylation. HBV-induced phosphorylation of ERK,
JNK, and p38 MAPK was attenuated by U0126 (ERK1/2 inhibitor), SB203508 (p38 MAPK
inhibitor), or SP600125 (JNK1/2 inhibitor) (Fig. 4D). HBV RNAs (3.5-kb and 2.4/2.1-kb
RNAs) were upregulated by U0126 and SP600125 but downregulated by SB203508 (Fig.
4E), revealing that p38 MAPK is involved in the activation of HBV replication.

Next, the role of HoxA10 in the regulation of p38 MAPK was evaluated. HoxA10
significantly attenuated HBV-induced phosphorylation of p38 MAPK but not HBV-
induced phosphorylation of JNK1/2 (Fig. 4F), suggesting that HoxA10 specifically
represses HBV-induced activation of p38 MAPK. HepG2 cells were cotransfected with
pBlue-HBV1.3 and Flag-HoxA10 or pFlag and treated with SB203508 or dimethyl
sulfoxide (DMSO). HBsAg and HBeAg (Fig. 4G, top, lane 2 versus lane 1), HBV RNAs
(Fig. 4G, middle, lane 2 versus lane 1), and p38 MAPK phosphorylation (Fig. 4G, bottom,
lane 2 versus lane 1) were downregulated by HoxA10; however, in the presence of
SB203508, HBsAg and HBeAg proteins (Fig. 4G, top, lane 4 versus lane 3), HBV RNAs (Fig.
4G, middle, lane 4 versus lane 3), and p38 MAPK phosphorylation (Fig. 4G, bottom, lane
4 versus lane 3) were relatively unaffected by HoxA10. Similarly, HBsAg and HBeAg (Fig.

TABLE 2 Characteristics of CHB patients and healthy individuals

Sample Gender of individual Country Presence of HBcAg Organ
N0008D1900-B30-9 Male China No Liver
N0004D1900-B30-4 Male China No Liver
D19A1261-B30-C2 Male China + Liver
D19A3812-B30-C01 Male China + Liver
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FIG 2 HoxA10 represses HBV replication in hepatocytes. (A to F) HepG2 and Huh7 cells were cotransfected with different concentrations of Flag-HoxA10 and
pBlue-HBV1.3 for 48 h. (G, H, K, and L) HepG2 and Huh7 cells were cotransfected with different concentrations of si-HoxA10-1 and pBlue-HBV1.3. (I, J, and M)
HepG2 and Huh7 cells were cotransfected with sh-HoxA10-1 or sh-HoxA10-2 and pBlue-HBV1.3 for 48 h. (A and G) Total RNAs were extracted from the cells,
and HBV RNAs were measured by Northern blot analysis. (B and H) Secreted HBsAg and HBeAg in cell culture supernatants were detected by using an ELISA
kit. (C and 1) HBV core-associated DNAs were extracted and measured by qPCR. (D and J) HBV cccDNAs were extracted from the cells and measured by qPCR.
(E to L) HoxA10 and GAPDH proteins were detected by Western blotting using the corresponding antibodies. (M) The levels of HoxA10 mRNA were measured
by RT-PCR. *, P < 0.05; **, P < 0.01; ***, P < 0.001.

4H, top) and p38 MAPK phosphorylation (Fig. 4H, bottom) were downregulated by
HoxA10; however, in the presence of siR-p38 MAPK, HBsAg and HBeAg (Fig. 4H, top)
and p38 MAPK phosphorylation (Fig. 4H, bottom) were relatively unaffected by HoxA10.
Collectively, these results indicate that HoxA10 attenuates HBV replication through
repressing p38 MAPK activation. HBV-induced phosphorylation of p38 MAPK was
downregulated by HoxA10 in HepG2 cells (Fig. 41, top), Huh7 cells (Fig. 41, middle), and
HepG2-NTCP cells (Fig. 41, bottom). In addition, HBsAg and HBeAg (Fig. 4J, top) and p38
MAPK phosphorylation (Fig. 4J, bottom) were activated by HBV but downregulated by
HoxA10, and HBV-activated p38 MAPK phosphorylation was attenuated by HoxA10 in
HepG2 cells (Fig. 4J). Moreover, HBV-induced phosphorylation of p38 MAPK was
upregulated by siR-HoxA10 in HepG2 cells (Fig. 4K) and Huh7 cells (Fig. 4L). Collectively,
these results indicate that HoxA10 attenuates HBV replication through repressing p38
MAPK activation.

The p38 MAPK mediates the phosphorylation of STAT3, which then binds to the
X/Enhl promoter of HBV to promote virus replication (11, 20). Here, we show that HBV
activated the phosphorylation of p38 MAPK and STAT3, and HBV-mediated phosphor-
ylation of STAT3 was attenuated by SB203508 (p38 MAPK inhibitor) (Fig. 4M), confirm-
ing that p38 MAPK is involved in HBV-mediated phosphorylation of STAT3. In addition,
HBV-mediated phosphorylation of STAT3 was downregulated by HoxA10 (Fig. 4N) but
upregulated by siR-HoxA10 (Fig. 40). Thus, we demonstrate that HoxA10 attenuates
HBV replication through repressing the p38 MAPK/STAT3 pathway. Furthermore, the
effects of HBV on the temporal activation of endogenous p38 MAPK and HoxA10 were
evaluated in HepG2 cells transfected with pBlue-HBV1.3. Interestingly, phosphorylation
of endogenous p38 MAPK was not induced by HBV at 20 h posttransfection, signifi-
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FIG 3 HoxA10 attenuates HBV replication in HepG2-NTCP cells and mice. (A to E) HepG2-NTCP cells were transfected with Flag-HoxA10 for
24 h (A and B) or with sh-Ctrl, sh-HoxA10-1, or sh-HoxA10-2 for 24 h (C to E) and then inoculated with HBV for different times, as indicated,
in the presence of 4% PEG 8000. (A and C) The cells were collected at the indicated times, washed five times with PBS, and cultured in PMM,
and the levels of HBsAg and secreted HBeAg in the supernatants were determined by using an ELISA kit. OD,s, 63, Optical density at 450
to 630 nm. (B and D) Total cellular RNAs were extracted from the cells, and HBV 3.5-kb RNA was measured by gPCR. (E) Total cellular RNAs
were extracted, HoxA10 mRNA was quantitated by qPCR (top), and HoxA10 protein was detected by Western blotting (bottom). (F to H)
BALB/c mice (10 in each group) were coinjected with pAAV-HBV and pCMV-3XFlag-HoxA10 or pCMV-3XFlag by hydrodynamic injection.
Six days after injection, the mice were sacrificed, and livers and blood were processed for analyses. (F) Levels of secreted HBsAg (left) and
HBeAg (middle) in mouse sera were determined by using an ELISA kit, and HBV RNA levels (right) in mouse liver tissues were determined
by gPCR. (G) Immunohistochemical staining of HBcAg and HoxA10 in mouse livers. (H) Levels of HoxA10 and HBcAg proteins expressed in
mouse liver were determined by Western blotting. *, P < 0.05; **, P < 0.01; ***, P < 0.001.

cantly activated by HBV at 30 h posttransfection, and slightly induced by HBV at 48 h
posttransfection, whereas production of endogenous HoxA10 was not induced by HBV
at 20 and 30 h posttransfection but significantly induced by HBV at 48 h posttransfec-
tion (Fig. 4P). These results suggest that HBV initially activates p38 MAPK phosphory-
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FIG 4 HoxA10 inhibits HBV replication by repressing p38 MAPK activity. (A) HepG2 cells were transfected with pBlue-HBV1.3 for 48 h. (B) HepG2 cells and
HepG2.2.15 cells were cultured for 48 h. (C) HepG2-NTCP cells were mock infected or infected with HBV at 1,000 GEq for 96 h. Levels of phosphorylated p38
MAPK protein, total p38 MAPK, and GAPDH proteins were determined by Western blot analyses using the corresponding antibodies. (D and E) HepG2 cells were
transfected with pBlue-HBV1.3 and treated with 1% DMSO or 20 uM inhibitors of ERK (U0126), p38 MAPK (SB203508), or JNK (SP600125) for 2 h. (D)
Phosphorylated and total ERK1/2, JNK1/2, p38 MAPK, and GAPDH were detected by Western blotting. (E) HBV RNA levels (3.5 kb and 2.4 kb/2.1 kb) were
measured by Northern blotting, and 18S and 28S rRNAs were used as loading controls. (F) HepG2 cells were cotransfected with pBlue-HBV1.3 and Flag-HoxA10.
Levels of phosphorylated p38 MAPK (p-p38) and JNK1/2 (p-JNK1/2) and total p38 MAPK, JNK1/2, HoxA10, and GAPDH proteins were determined by Western
blot analyses using the corresponding antibodies. (G) HepG2 cells were transfected with pBlue-HBV1.3 and Flag-HoxA10 or pCMV-3XFlag and treated with
SB203508 or 1% DMSO. (Top) Levels of secreted HBsAg and HBeAg in supernatants were determined by using an ELISA kit. (Middle) HBV RNA levels in treated
cells were measured by Northern blotting. (Bottom) HoxA10, phosphorylated p38 MAPK, total p38 MAPK, and GAPDH were detected by Western blotting. (H)
HepG2 cells were cotransfected with pBlue-HBV1.3 and Flag-HoxA10 or pCMV-3XFlag and treated with siR-p38 MAPK or siR-Ctrl. (Top) Secreted HBsAg and

(Continued on next page)
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lation at 30 h posttransfection and subsequently induces HoxA10 production at 48 h
posttransfection, which in turn attenuates p38 MAPK phosphorylation.

To explore whether and how p38 MAPK phosphorylation regulates HBV replication
and HoxA10 expression, we constructed and analyzed two phosphomimetic mutants of
p38 MAPK, D176A/F327L and D176A/F327S (36). The results showed that HBsAg and
HBeAg (Fig. 4Q) and HBV 3.5-kb RNA (Fig. 4R) were repressed by HoxA10 but relatively
unaffected by HoxA10 in the presence of p38 D176A/F327L and p38 D176A/F327S (Fig.
4Q and R), indicating that p38 MAPK phosphorylation is involved in the regulation of
HBV replication. In addition, the HoxA10 promoter was subcloned into pGL3-Basic to
generate the luciferase (Luc) reporter pGL3-HoxA10. The activity of the Luc-HoxA10
promoter was upregulated by p38 D176A/F327L and p38 D176A/F327S (Fig. 4S), and
HoxA10 mRNA was significantly activated by p38 D176A/F327L and p38 D176A/F327S
(Fig. 4T), suggesting that p38 MAPK phosphorylation participates in the regulation of
the HoxA10 promoter and regulates HoxA10 at the transcriptional level. Furthermore,
we speculated that the X protein of HBV is involved in the regulation of HoxA10 and
p38 MAPK. The results revealed that HoxA10 protein production and p38 MAPK
phosphorylation were induced by wild-type (WT) HBV but not by HBV-null X (Fig. 4U),
revealing that the X protein is required for the regulation of HoxA10 production and
p38 MAPK phosphorylation.

HoxA10 interacts with p38 MAPK to form a complex in nuclei. The mechanism
by which HoxA10 represses the p38 MAPK pathway was elucidated. An interaction
between HoxA10 and p38 MAPK may exist, as predicted previously based on affinity
purification mass spectrometry (AP-MS) (37). Here, we show that HoxA10 and p38
MAPK interacted with each other (Fig. 5A), endogenous HoxA10 interacted with
endogenous p38 MAPK (Fig. 5B), and HoxA10 was pulled down by purified glutathione
S-transferase (GST)-p38 MAPK (Fig. 5C). All the results confirm that HoxA10 directly
interacts with and binds to p38 MAPK. To determine whether the phosphorylation sites
of p38 MAPK play roles, if any, in the interaction with HoxA10, three phosphorylation
site mutants (Thr180Ala, Tyr182Ala, and Thr/Tyr180/182Ala/Ala) of p38 MAPK were
generated. Like wild-type p38 MAPK, the mutant p38 MAPK proteins interacted with
HoxA10 (Fig. 5D), indicating that the phosphorylation sites of p38 MAPK are not
involved in the interaction with HoxA10. Laser scanning confocal microscopy showed
that in the presence of a single protein, HoxA10 mainly localized in nuclei (Fig. 5Ea to
d), and p38 MAPK was distributed in the cytoplasm and nuclei (Fig. 5Ee to h), whereas
in the presence of two proteins, HoxA10 and a large proportion of p38 MAPK colocal-
ized in the nuclei (Fig. 5Ei to ), suggesting that HoxA10 interacts with p38 MAPK to
form a complex in the nuclei. Moreover, HoxA10 could not interact with STAT3 (Fig. 5F),
and similarly, SHP-1 failed to interact with STAT3 (Fig. 5G). Therefore, our results

FIG 4 Legend (Continued)

HBeAg levels in supernatants were determined by using an ELISA kit. (Bottom) HoxA10, phosphorylated p38 MAPK, total p38 MAPK, and GAPDH were detected
by Western blotting. (I, top and middle) HepG2 and Huh7 cells were cotransfected with pBlue-HBV1.3 and Flag-HoxA10 or the vector for 48 h. (Bottom)
HepG2-NTCP cells were treated with Flag-HoxA10 or the vector and infected with HBV for 96 h. Phosphorylated p38 MAPK, total p38 MAPK, HoxA10, and GAPDH
were detected with specific antibodies by Western blotting. (J) HepG2 cells were transfected with pBlue and pBlue-HBV1.3 and cotransfected with HoxA10 and
pBlue or pBule-HBV1.3. (Top) Secreted HBsAg and HBeAg in the cell culture supernatants were detected by using an ELISA kit. (Bottom) HoxA10, phosphorylated
p38 MAPK, total p38 MAPK, and GAPDH were detected by Western blotting. (K and L) HepG2 cells (K) and Huh7 cells (L) were transfected with pBlue-HBV1.3
and siR-HoxA10 or siR-Ctrl (50 nM) for 48 h. Protein levels of HoxA10, phosphorylated p38 MAPK, total p38 MAPK, and GAPDH were determined by Western
blotting. (M to O) HepG2 cells were transfected with pBlue-HBV1.3 and treated with DMSO or SB203508 for 2 h (M), cotransfected with pBlue-HBV1.3 and
Flag-HoxA10 for 48 h (N), or cotransfected with pBlue-HBV1.3 and siR-HoxA10 for 48 h (O). Phosphorylated p38 MAPK and STAT3, total p38 MAPK and STAT3,
HoxA10, and GAPDH were detected with specific antibodies by Western blotting. (P) Effects of different times after HBV infection on the p38 MAPK pathway
and expression of HoxA10. HepG2 cells were transfected with 1 ug pBlue or pBlue-HBV1.3 for different times, as indicated. The cells were collected, and the
cell lysates were prepared. The levels of phosphorylated p38 MAPK, total p38 MAPK, HoxA10, and GAPDH were determined by Western blotting using the
corresponding antibodies. (Q and R) HepG2 cells were cotransfected with pBule-HBV1.3 and HoxA10, double mutants of p38 (D176A/327L and D176A/3275),
or Flag for 48 h. (Q) Secreted HBsAg and HBeAg in the cell culture supernatants were detected by using an ELISA kit. (R) Total RNAs were extracted from the
cells, and HBV RNA levels were measured by qPCR. (S) HepG2 cells were cotransfected with pGL3-HoxA10 reporter plasmids, double mutants of p38
(D176A/327L and D176A/327S), and wild-type p38 (p38-wt) for 48 h. Luciferase activity was measured and normalized to the control. (T) HepG2 cells were
transfected with Flag, p38-wt, and double mutants of p38 (D176A/327L and D176A/327S) for 48 h. (Top) Total RNAs were extracted from the cells, and HoxA10
mRNA levels were measured by gPCR. (Bottom) HoxA10, phosphorylated p38 MAPK, total p38 MAPK, and GAPDH were detected by Western blotting. (U) HepG2
cells were transfected with pBlue, pBlue-HBV1.3, and pBlue-HBV-null-X for 72 h. HoxA10, phosphorylated p38 MAPK, total p38 MAPK, and GAPDH were detected
by Western blotting. *, P < 0.05; **, P < 0.01; ***, P < 0.001.
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FIG 5 HoxA10 interacts with p38 MAPK in nuclei. (A to D) HEK293T cells were cotransfected with hemagglutinin (HA)-p38 MAPK and Flag-HoxA10. (A)
Immunoprecipitation (IP) of cell extracts was performed by using anti-Flag/HA antibody. (B) Huh7 cells were collected and lysed. Lysates were immunopre-
cipitated using HoxA10 antibody. (C) GST pulldown assay. Expression of GST-p38 MAPK or GST alone was induced by incubation with GST-protein A/G beads.
After incubation, the beads were incubated with Flag-HoxA10 cell extracts. (D) HEK293T cells were cotransfected with HA-HoxA10 and Flag-p38 MAPK (wt),
Flag-p38-Thr180Ala, Flag-p38-Tyr182Ala, or Flag-p38-Thr/Tyr180/182Ala/Ala. Cells lysates were precipitated by using anti-HA/Flag antibody. (E) Coimmuno-
precipitation of HoxA10/p38 MAPK was detected by Western blotting. HepG2 cells were fixed and immunostained with HoxA10 and p38 MAPK antibody. After
the nucleus was stained by DAPI (4’,6-diamidino-2-phenylindole), the locations of the HoxA10 and p38 MAPK proteins were analyzed by immunofluorescence
staining. (F and G) HEK293T cells were cotransfected with HA-STAT3 and Flag-HoxA10 (F) and with HA-STAT3 and Flag-SHP-1 (G). Immunoprecipitation of cell
extracts was performed by using anti-HA/IgG antibody. HoxA10, STAT3, SHP-1, and HoxA10 were detected by Western blotting. IB, immunoblot.

suggest that HoxA10 recruits SHP-1 to dephosphorylate p38 MAPK, leading to sup-
pression of HBV transcription.

HoxA10 recruits and facilitates SHP-1 to catalyze the dephosphorylation of p38
MAPK. SHP-1 acts as an inhibitory modulator of MAPK signal pathways (26, 28). We
show that HBV-induced phosphorylation of p38 MAPK was downregulated by SHP-1
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FIG 6 HoxA10 recruits SHP-1 to facilitate p38 MAPK dephosphorylation. (A and B) HepG2 cells were cotransfected with pBlue-HBV1.3 and
different concentrations of HA-SHP-1 (A) or with pBlue-HBV1.3 and siR-SHP-1 and/or Flag-HoxA10 (B). Levels of SHP-1, HoxA10,
phosphorylated p38 MAPK, total p38 MAPK, and GAPDH were measured by Western blotting with specific antibodies. (C) HepG2 cells were
transfected with siR-Ctrl or si-SHP-1 at different concentrations, as indicated. The levels of SHP-1 mRNA and protein were quantified by
gPCR (top) and Western blotting (bottom). (D) HEK293T cells were cotransfected with Flag-p38 MAPK/HA-SHP-1 and HA-HoxA10 or
pCAGG-HA. Lysates were immunoprecipitated using anti-Flag or anti-lgG. Coimmunoprecipitation of HoxA10/p38 MAPK/SHP-1 was
detected by Western blotting with anti-HA, anti-Flag, and anti-SHP-1. (E) GST pulldown assay. Purified GST-SHP-1 protein or GST protein
was incubated with GST-protein A/G beads. The beads were then incubated with Flag-HoxA10-transfected cell extracts. Coimmunopre-
cipitation of HoxA10/SHP-1 was detected by Western blotting. *, P < 0.05; **, P < 0.01.

(Fig. 6A), demonstrating that SHP-1 attenuates p38 MAPK phosphorylation. HBV-
induced phosphorylation of p38 MAPK was significantly reduced by HoxA10 in the
absence of siR-SHP-1 but was not affected by HoxA10 in the presence of siR-SHP-1 (Fig.
6B and Q), revealing that SHP-1 is required for HoxA10-mediated dephosphorylation of
P38 MAPK. p38 MAPK interacted with SHP-1 in the presence of HoxA10 but failed to
interact with SHP-1 in the absence of HoxA10 (Fig. 6D), suggesting that HoxA10 is
required for the interaction of SHP-1 with p38 MAPK. HoxA10 was pulled down by
purified GST-SHP-1 (Fig. 6E), confirming that HoxA10 binds SHP-1. Taken together, our
results demonstrate that HoxA10 recruits SHP-1 to facilitate SHP-1 in catalyzing the
dephosphorylation of p38 MAPK.

HoxA10 represses HBV replication by binding to the X/Enhl promoter. HBV
genome transcription was controlled by four promoters: pre-S1, pre-S2, core, and X (Fig.
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7A). The pre-S1, pre-S2, core, and X promoters were subcloned into pGL3-Basic to
generate four reporters (Fig. 7B). We show that HoxA10 significantly downregulated the
X promoter (contains enhancer ) activity but not the pre-S1, pre-S2, or core promoter
in HepG2 cells (Fig. 7C, left) and Huh7 cells (Fig. 7C, right), whereas sh-HoxA10
significantly upregulated X promoter activity but not the pre-S1, pre-S2, or core
promoter in HepG2 cells (Fig. 7D), revealing that HoxA10 represses X promoter activa-
tion. The X promoter regulates HBx gene transcription, which potentiates HBV repli-
cation, regulates HBV oncogenicity, and affects multiple cellular functions (38-41). We
constructed the X/Enhl promoter and its five promoter-truncated mutants and then
subcloned these constructs into the pGL3-Basic vector to generate six reporters
(Fig. 7E). The activities of the WT X/Enhl promoter (bp 1 to 407), the mutant 3 (mut3)
X/Enhl promoter (bp 1 to 300), the mut4 X/Enhl promoter (bp 101 to 407), and the mut5
X/Enhl promoter (bp 201 to 407) were reduced by HoxA10 (Fig. 7F), indicating that bp
201 to 407 of the X/Enhl promoter are required for the negative regulation of HBV
replication mediated by HoxA10. Moreover, chromatin immunoprecipitation (CHIP)
analyses demonstrated that HoxA10 could bind to the segment from bp 201 to 407 of
the X/Enhl promoter (Fig. 7G). Thus, we reveal that HoxA10 downregulates HBV
replication by binding to the X promoter to repress viral RNA transcription. Further-
more, an electrophoretic mobility shift assay (EMSA) was performed to detect the
binding of HoxA10 to HBV X/Enhl. The results indicated that HoxA10 could directly bind
to the DNA fragment from bp 101 to 141 of the X/Enhl promoter (nucleotides [nt] 1045
to 1085) (Fig. 7H). Therefore, we reveal that HoxA10 downregulates HBV replication by
direct and indirect binding to the X promoter to repress viral RNA transcription.

A previous report showed that STAT3 binds the X/Enhl promoter to promote HBV
replication (11). Interestingly, we revealed that the X/Enhl promoter was significantly
repressed by HoxA10 (Fig. 71, left) but activated by STAT3, as expected (Fig. 7I, right),
and both HoxA10 and STAT3 could bind the X/Enhl promoter (Fig. 7J). Moreover,
luciferase assays demonstrated that X/Enhl promoter activity was induced by STAT3,
but such activation was attenuated by HoxA10 in a dose-dependent manner. Luciferase
assays (Fig. 7K, left) and CHIP analyses revealed that STAT3 could bind to the X/Enhl
promoter, but such binding was attenuated by HoxA10 in a dose-dependent fashion
(Fig. 7K, right). Furthermore, luciferase assays showed that HoxA10 attenuated X/Enhl
promoter activity but that such repression was suppressed by STAT3 in a dose-
dependent fashion (Fig. 7L, left), and CHIP analyses revealed that HoxA10 could bind to
the X/Enhl promoter but that such repression was suppressed by STAT3 in a dose-
dependent fashion (Fig. 7L, right). These results demonstrate that HoxA10 and STAT3
compete with each other for binding to the X/Enhl promoter and thereby regulate HBV
replication.

Taken together, our results reveal that HoxA10 acts as a host negative regulator to
attenuate HBV replication through repressing the p38 MAPK/STAT3 pathway by two
approaches (Fig. 8). HoxA10 interacts with p38 MAPK and recruits SHP-1 to facilitate the
dephosphorylation of p38 MAPK/STAT3 and thereby attenuates HBV replication.
HoxA10 also directly binds to the HBV Enhl/X promoter and competes with STAT3 for
binding to the promoter and thereby represses HBV transcription.

DISCUSSION

Although HBV infection is an important public health problem worldwide (39), the
mechanisms of HBV pathogenesis are largely unknown. The aim of this study is to
reveal the mechanism underlying the regulation of HBV replication. This work identifies
a previously unrevealed mechanism by which HoxA10 represses HBV replication
through attenuating the p38 MAPK/STAT3 pathway. We initially show that HBV infec-
tion induces HoxA10 production in cultured cells and patients. HoxA10 has multiple
functions through binding to DNA and protein to regulate gene expression (42, 43), cell
signaling (12, 44), development (45), reproduction (46), and the development of many
cancers (14, 16, 47, 48). However, the role of HoxA10 in the regulation of pathogen
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FIG 7 HoxA10 represses HBV replication by binding to the X promoter. (A) Schematic representations of HBV genomic DNA and RNAs, enhancer | and Il, and
four promoters, S1, S2, core, and X. DR represents the direct repeat. HBV promoters and enhancers are indicated. Each viral transcript is labeled with a poly(A)
tail at the 3" end. Multiple transcription initiation sites are indicated at the 5’ ends of the 3.5-, 2.1-, 2.4-, and 0.7-kb RNAs. (B) The four promoters were generated
and subcloned into the pGL3-Basic vector to construct luciferase reporters. Luciferase activity and the activity of the inserted promoter were positively
correlated. (C) HepG2 cells and Huh7 cells were cotransfected with Flag-HoxA10 and pre-S1, pre-S2, core, and X reporter plasmids for 48 h. (D) HepG2 cells were
cotransfected with sh-HoxA10 and pre-S1, pre-S2, core, and X reporter plasmids for 48 h. Luciferase activity was measured and normalized to the control. (E)
Schematic diagram of the WT X promoter and its truncated mutants (mut1 to mut5). The promoters were subcloned into the pGL3-Basic vector to generate
the corresponding reporters. (F) HepG2 cells were cotransfected with the X promoter or its truncated mutants and HoxA10, as indicated. Luciferase activity was
measured and normalized to the control. (G) HepG2 cells (left) and Huh7 cells (right) were cotransfected with the mut5 truncated mutant promoter (bp 201
to 407) and Flag-HoxA10. Immunoprecipitation of cell extracts was performed by using anti-Flag/IgG antibody. Protein-bound DNA fragments were extracted
and detected by CHIP assays. (H) Electrophoretic mobility shift assays were performed to detect the binding of HoxA10 to HBV X/Enhl. Lanes 1 to 6, 5’
biotin-labeled HBV (nt 1045 to 1085) probe incubated with different concentrations of HoxA10 overexpression nuclear lysates from HEK293T cells; lanes 7 and
9, competition with different concentrations of an unlabeled cold probe for HBV (nt 1045 to 1085); lane 10, 5" biotin-labeled HBV (nt 1236 to 1276) probe
incubated with HoxA10 overexpression nuclear lysates. (I and J) Huh7 cells were cotransfected with the X promoter reporter and HA-HoxA10 or HA-STAT3. (1)
Luciferase activity were measured and compared with that of vector cells. (J) CHIP assays were performed to analyze the ability of HoxA10 or STAT3 to bind
the X promoter. (K) Huh7 cells were cotransfected with the X promoter reporter and HA-STAT3 and then with different concentrations of Flag-HoxA10 for 48
h. Immunoprecipitation of cell extracts was performed by using anti-STAT3 antibody. (L) Huh7 cells were cotransfected with the X promoter reporter and
Flag-HoxA10 and then with different concentrations of HA-STAT3 for 48 h. Immunoprecipitation of cell extracts was performed by using anti-HoxA10 antibody.
X promoter activities were measured by a luciferase assay (left), and CHIP signals were detected by qPCR (right). ¥, P < 0.05; **, P < 0.01; ***, P < 0.001; ns, not

significant.
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FIG 8 Proposed mechanism of HoxA10-mediated inhibition of HBV replication. (Left) HBV life cycle. HBV virions enter the cell through the sodium taurocholate
cotransporting polypeptide (NTCP) receptor and release rcDNA-containing nucleocapsids into cytoplasm. rcDNA is transported to the nucleus and forms
cccDNA. Transcription of cccDNA by RNA polymerase (Pol) produces 4 pregenomic RNAs (pgRNAs) (3.5 kb, 2.4 kb, 2.1 kb, and 0.7 kb) encoding surface antigens,
core or HBeAg, X, and DNA polymerase. The pgRNA is encapsidated, together with polymerase, and reverse transcribed into negative-strand DNA [(—)DNA]
inside the nucleocapsid. Positive-strand DNA [(+)DNA] synthesis from (—)DNA generates rcDNA and forms HBV virions, which are released from the cells. (Right)
HBV replication activation. In response to HBV infection or other stimuli, p38 MAPK is activated by phosphorylation, enters the nucleus, and phosphorylates
STAT3. Activated STAT3 binds the Enhl/X promoter to facilitate HBV gene expression. (Middle) HBV replication repression. HBV activates HoxA10, which
subsequently inhibits HBV replication through several strategies. First, HoxA10 directly interacts with p38 MAPK to repress the signaling pathway. Second,
HoxA10 recruits SHP-1 to facilitate p38 MAPK dephosphorylation, which leads to repression of STAT3. Third, HoxA10 directly binds the HBV X promoter to
compete with STAT3 and repress HBV genome transcription. TGF-B, transforming growth factor 3; GPCR, G-protein-coupled receptor.

infection and HCC development has not been reported. Here, for the first time, we
provide evidence that HoxA10 represses HBV replication in cultured cells and in mice.
Previous studies reported that HBV activates MAPK signaling pathways (33, 34); p38
MAPK is activated by HBsAg, and inhibition of the pathway attenuates HBsAg produc-
tion (33); HBx activates the p38 MAPK pathway, which in turn facilitates HBx-mediated
STAT3 phosphorylation (35); and STAT3 directly binds to HBV X/Enhl to promote HBV
replication (11). Here, we reveal that phosphorylation of p38 MAPK is induced by HBV
in HepG2, HepG2.2.15, and HepG2-NTCP cells, confirming that HBV activates the p38
MAPK pathway. Interestingly, we show that HBV-mediated activation of p38 MAPK is
attenuated by HoxA10 and thus suggest that HoxA10 plays an important role in the
repression of p38 MAPK signaling upon HBV infection. Since HoxA10 regulates the p38
MAPK pathway to promote cell invasion in pancreatic cancer cells (49), we speculate
that HoxA10 may also regulate p38 MAPK to promote cell invasion in hepatocytes.
In evaluating the mechanism by which HoxA10 regulates p38 MAPK, we initially
demonstrate that HoxA10 and p38 MAPK interact with each other, and HBV-mediated
phosphorylation of p38 MAPK is attenuated by HoxA10, suggesting that HoxA10
interacts with p38 MAPK to repress p38 MAPK activation. Further studies reveal that
HBV-induced phosphorylation of p38 MAPK is repressed by the tyrosine phosphatase
SHP-1, and p38 MAPK phosphorylation is attenuated by HoxA10 in the presence of
SHP-1 but not in the absence of SHP-1, suggesting that HoxA10 attenuates p38 MAPK
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phosphorylation through regulating SHP-1. Interestingly, the interaction between p38
MAPK and SHP-1 occurred in the presence of HoxA10, indicating that HoxA10 binds to
p38 MAPK to recruit SHP-1 and facilitate tyrosine phosphatase in catalyzing the
dephosphorylation of p38 MAPK. It has been reported that sorafenib inhibits HBx-
induced androgen receptor (AR) activity through activating SHP-1 (15). Thus, we
suggest that SHP-1 catalyzes the dephosphorylation of p38 MAPK and plays a role in
HoxA10-mediated repression of HBV replication. Moreover, evaluation of the effects of
HBV on the temporal regulation of p38 MAPK and HoxA10 revealed that p38 MAPK
phosphorylation was activated by HBV at 30 h posttransfection, whereas HoxA10
production was induced by HBV at 48 h posttransfection, suggesting that HBV initially
activates p38 MAPK and subsequently induces HoxA10, which in turn attenuates p38
MAPK activation.

The transcription of the HBV genome is initiated by four promoters and controlled
by two enhancers (4, 7, 17, 50). Enhl spans a sequence of about 300 nt adjacent to the
X promoter and upregulates transcription in an orientation-independent manner.
Several cellular factors, including HNF-1, HNF-4, PPAR, RXR, and STAT3, bind the X/Enhl
promote to regulate HBV replication. SHP-1 regulates HoxA10 DNA-binding activity by
direct interaction with HoxA10 (51). This study demonstrates that X promoter activity
is inhibited by HoxA10. Moreover, HoxA10 and STAT3 compete with each other for
binding of X/Enhl, thereby regulating X/Enhl activity. Thus, we propose that HoxA10
binds to X/Enhl to repress HBV RNA transcription.

In conclusion, we reveal a negative-feedback regulatory mechanism underlying the
regulations of HBV replication and HoxA10 production (Fig. 8). HBV initially activates
p38 MAPK phosphorylation, which in turn facilitates HBV replication during early
infection; however, HBV subsequently induces HoxA10 production, which in turn
represses HBV replication during late infection. HoxA10 attenuates p38 MAPK/STAT3
activation and HBV replication through two approaches. It interacts with p38 MAPK,
recruits SHP-1 to facilitate SHP-1 in catalyzing the dephosphorylation of p38 MAPK/
STAT3, and thereby attenuates HBV replication. HoxA10 also binds to the HBV Enhl/X
promoter, competes with STAT3 for binding of the promoter, and thereby represses
HBV RNA transcription. Therefore, the function of HoxA10 in the repression of HBV
replication is similar to the action of interferon (IFN) signaling in the inhibition of HBV
infection. However, the mechanism underlying HoxA10-mediated repression of HBV repli-
cation is different from the mechanism underlying IFN-induced inhibition of HBV replica-
tion. This work reveals a negative regulatory mechanism underlying the control of HBV
replication, demonstrates that HoxA10 exhibits a feedback-regulatory role relevant for the
maintenance of persistent viral infection, and provides new insights into the development
of potential agents to control HBV infection.

MATERIALS AND METHODS

Clinical analyses. Sera of HBV-infected patients (n = 32) and healthy individuals (n = 18) were
provided by Hubei Provincial Hospital (Wuhan, China) (Table 1). Patients were seropositive for hepatitis
B surface antigen (HBsAg) and positive for HBV DNA. All healthy individuals were seronegative for HBsAg
and negative for HBV DNA. Human HBV-associated HCC tissue paraffin sections (n = 2) and liver tissue
paraffin sections from healthy individuals (n =2) were provided by the National Human Genetic
Resources Sharing Service Platform (Shanghai, China) (Table 2). Written informed consent was obtained
from each individual according to the National Human Genetic Resources Sharing Service Platform.

Animal study. BALB/c mice at 6 to 8 weeks of age were hydrodynamically injected with the HoxA10
plasmid and pAAV/HBV1.3 (adeno-associated virus carrying 1.3 copies of the HBV genome, genotype D,
serotype ayw) according procedures described previously (54, 55). The founders were screened by
analyzing serum HBsAg and HBeAg, and the one that produced high levels of HBsAg and HBeAg with
active intrahepatic HBV replication was chosen for the present study. The mice were sacrificed at 6 days
postinjection. Livers and blood were processed for analyses. All the BALB/c mice were kept in a
specific-pathogen-free room.

Ethics statement. The study was conducted according to the principles of the Declaration of Helsinki
and approved by the Institutional Review Board of the College of Life Sciences, Wuhan University, in
accordance with its guidelines for the protection of human subjects. The Institutional Review Board of
the College of Life Sciences, Wuhan University, approved the collection of blood samples for this study,
and it was conducted in accordance with guidelines for the protection of human subjects. Written
informed consent was obtained from each participant. The animal study was approved by the Institu-
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tional Review Board of the College of Life Sciences, Wuhan University, and conducted in accordance with
guidelines for the protection of animal subjects. All procedures involving mice and experimental
protocols were approved by the Institutional Animal Care and Use Committee (IACUC) of the College of
Life Sciences, Wuhan University.

Human PBMCs. To isolate PBMCs, blood cells isolated from healthy individuals were separated from
blood samples and diluted in RPMI 1640 purchased from Gibco (Grand Island, NY, USA). Diluted blood
cells (5 ml) were added gently to a 15-ml centrifuge tube containing 5 ml lymphocyte separation medium
(catalog no. 50494) purchased from MP Biomedicals (Santa Ana, CA, USA) and centrifuged at 2,000 X g
for 10 min at room temperature (RT). The middle layer was transferred to a new centrifuge tube and
diluted with RPMI 1640. The remaining red blood cells were removed using red blood cell lysis buffer
(Sigma-Aldrich, St. Louis, MO, USA). The purified PBMCs were centrifuged at 1,500 X g for 10 min at RT
and cultured in RPMI 1640.

Viruses and infection. The ~100-fold-concentrated supernatant of HepAD38 cells was used for HBV
inoculation. For infection, HepG2-NTCP cells were seeded in collagen I|-coated 24-well plates and
inoculated overnight, and medium was changed to protoplast maintenance medium (PMM) with 2%
fetal bovine serum for 12 h. PMM is Williams’ E medium (Gibco, USA) supplemented with ITS (insulin,
transferrin, selenium; catalog no. 13146; Sigma, Corning, NY, USA), 2 mM L-glutamine, 10 ng/ml of human
epidermal growth factor (EGF) (PeproTech, NJ, USA), 18 g/ml of hydrocortisone (Selleckchem, Houston,
TX, USA), 40 ng/ml of dexamethasone (Sigma, USA), 2% dimethyl sulfoxide (DMSO; Sigma, USA), 100 U/ml
of penicillin, and 100 g/ml of streptomycin. HepG2-NTCP cells were then infected with approximately
1,000 genome equivalents (GEq)/cell of HBV-containing 4% polyethylene glycol 8000 (PEG 8000) in
medium for 24 h. The virus-containing medium was removed, and cells were washed five times and
further incubated in PMM (56).

GST pulldown assays. Bacterial cultures expressing GST fusion proteins were harvested and
resuspended in phosphate-buffered saline (PBS)-Triton X-100 lysis buffer (2mM KH,PO,, 10 mM
Na,HPO,, 2.7 mM KCl, 137 mM NaCl, 1% Triton X-100, T mM dithiothreitol [DTT], 100 ng/ml lysozyme,
1 mM phenylmethylsulfonyl fluoride [PMSF]). The GST-tagged recombinant protein and GST protein were
purified by using glutathione-agarose beads. After two washes with 1 ml lysis buffer, the beads were
incubated with extracts of transfected HoxA10 plasmid cells overnight at 4°C. Beads were then washed
five times with PBS-Triton X-100 buffer, proteins were eluted in SDS loading buffer, and protein levels
were determined by Western blot analysis.

Northern blotting. Total RNA was isolated using an Ultrapure RNA kit (Cwbio, Beijing, China)
according to the manufacturer’s instructions. Fifteen micrograms of total RNA was separated in a 1.5%
formaldehyde-agarose gel containing MOPS (morpholinepropanesulfonic acid) buffer, transferred onto a
positively charged nylon membrane (GE Healthcare, PA, USA), and immobilized using UV cross-linking.
The membranes were hybridized with a digoxigenin (DIG)-labeled RNA probe and detected with the DIG
Northern starter kit (Roche Diagnostics, Indianapolis, IN) according to the manufacturer’s instructions.
The amounts of 285 and 18S rRNAs were used as loading controls.

HBV DNA analysis. At 96 h posttransfection, cells were lysed in NP-40 lysis buffer (50 mM Tris-HCl
[pH 7.4], 1 mM EDTA, and 1% NP-40) at 4°C for 30 min and centrifuged. The supernatants were collected
and digested by adding DNase | plus 10 MM MgCl to remove plasmids and DNA not protected by HBV
core. Protein was digested with proteinase K containing 0.5% SDS at 55°C overnight, and core-associated
DNA was isolated by phenol-chloroform extraction and ethanol precipitation. HBV DNA was further
detected by real-time PCR with a LightCycler instrument (Roche, Basel, Switzerland) by using the
following primers: HBV forward primer 5'-AGAAACAACACATAGCGCCTCAT-3" and HBV reverse primer
5'-TGCCCCATGCTGTAGATCTTG-3'.

Chromatin immunoprecipitation assay. Briefly, cross-linked chromatin was sonicated into 200- to
1,000-bp fragments. Chromatin was immunoprecipitated using anti-HoxA10. Normal goat immunoglob-
ulin G (IgG) was used as a negative control. PCR was performed, and DNA was separated by using a DNA
agarose gel. HBV-specific primer sequences are forward primer 5'-AGAGTCTAGCCAGGAGGACTGCTCGC
GGGC-3’ and reverse primer 5'-TGGGCCGGAGGTTCCAGCCCCGAGCC-3'.

Analysis of secreted HBV antigens. Cell culture supernatants were collected to measure the HBsAg
and HBeAg concentrations by using a commercial enzyme-linked immunosorbent assay (ELISA) kit
(Kehua Bio-Engineering, Shanghai, China) according to the manufacturer’s protocol.

Nuclear and cytoplasm extraction reagents. Cells in 10-cm dishes were collected after transfection
for 48 h and washed twice with cold PBS, 600 ul cytoplasmic extraction reagent | was added, the mixture
was incubated for 10 min on ice, 33 ul cytoplasmic extraction reagent Il was added, and the mixture was
incubated for 1 min on ice. The cells were centrifuged at 16,000 X g for 10 min, and supernatants
(cytoplasmic extract) were collected. Three hundred microliters of nuclear extraction reagent was added,
and the mixture was incubated for 40 min on ice, with inversion of the tube to mix the contents. Nuclei
were clarified by centrifugation at 16,000 X g for 10 min, and supernatants (nuclear extract) were
transferred to a clean prechilled tube. Protease inhibitor cocktails were added to each type of buffer.

Electrophoretic mobility shift assay. An EMSA was performed with 10-ul reaction mixtures by
using a chemiluminescent EMSA kit as recommended by the manufacturer. Nuclear lysates were
obtained by using NE-PER nuclear and cytoplasmic extraction reagents (Thermo Fisher Scientific, MA,
USA), according to the manufacturer’s instructions, on HEK293T cells, which were transfected with a
HoxA10 plasmid. The HoxA10 nuclear extract mixture, probe, and competitive probe were incubated at
25°C for 20 min. The sample was loaded onto a 6% polyacrylamide gel and run at 100 V for 1 h in 0.5X
Tris-borate-EDTA (TBE) buffer. The polyacrylamide gel was transferred onto a nylon membrane at 180 mA
for 2h in 0.5X TBE buffer.
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HBV cccDNA analysis. DNA was extracted from cells transfected with the pBlue-HBV1.3 plasmid
using an Ezup column animal genomic DNA purification kit (Sangon Biotech, Shanghai, China). To
enhance the specificity of cccDNA detection, Plasmid-Safe ATP-dependent DNase (PSAD; Epicentre
Biotechnologies, Madison, WI, USA) was used to degrade relaxed circular DNA (rcDNA) and single-
stranded DNA (ssDNA) prior to quantitative PCR (gPCR) analysis, according to the manufacturer’s
instructions. The levels of cccDNA in cells were measured using qPCR analysis as described previously
(52). Primers for cccDNA amplification were forward primers 5'-GCGGTCTCCCCGTCTGTGCC-3" (NCCC1 nt
1553 to 1562) and DRF1 (5'-GTCTGTGCCTTCTCATCTGC-3’) and reverse primer 5-GTCCATGCCCCAAAG
CCACCCAAGCCACC-3" (CCCAS2 nt 1909 to 1891). Real-time PCR was performed in a LightCycler
instrument (Roche, Grenoble, France) using a 20-ul reaction mixture volume containing 20 ng of DNA.
Serial dilutions of a plasmid containing an HBV monomer served as a quantification standard.
Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) DNA (housekeeping gene) was detected in order
to count the number of cells (53).

Statistical analysis. Statistical analyses were performed with GraphPad Prism 5. Individual experi-
ments were performed in triplicate, and repetitive assays with similar results were performed to confirm
the reproducibility of the results. Data are presented as the means = standard deviations (SD). A P value
of <0.05 was considered statistically significant.
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