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ABSTRACT Hepatitis B virus (HBV) chronically infects approximately 350 million
people worldwide, and 600,000 deaths are caused by HBV-related hepatic failure,
liver cirrhosis, and hepatocellular carcinoma annually. It is important to reveal the
mechanism underlying the regulation of HBV replication. This study demonstrated
that osteopetrosis-associated transmembrane protein 1 (Ostm1) plays an inhibitory
role in HBV replication. Ostm1 represses the levels of HBeAg and HBsAg proteins,
HBV 3.5-kb and 2.4/2.1-kb RNAs, and core-associated DNA in HepG2, Huh7, and
NTCP-HepG2 cells. Notably, Ostm1 has no direct effect on the activity of HBV pro-
moters or the transcription of HBV RNAs; instead, Ostm1 binds to HBV RNA to facili-
tate RNA decay. Detailed studies further demonstrated that Ostm1 binds to and re-
cruits the RNA exosome complex to promote the degradation of HBV RNAs, and
knockdown of the RNA exosome component exonuclease 3 (Exosc3) leads to the
elimination of Ostm1-mediated repression of HBV replication. Mutant analyses re-
vealed that the N-terminal domain, the transmembrane domain, and the C-terminal
domain are responsible for the repression of HBV replication, and the C-terminal do-
main is required for interaction with the RNA exosome complex. Moreover, Ostm1
production is not regulated by interferon-a (IFN-&) or IFN-y, and the expression of
IFN signaling components is not affected by Ostm1, suggesting that Ostm1 anti-HBV
activity is independent of the IFN signaling pathway. In conclusion, this study re-
vealed a distinct mechanism underlying the repression of HBV replication, in which
Ostm1 binds to HBV RNA and recruits RNA exosomes to degrade viral RNA, thereby
restricting HBV replication.

IMPORTANCE Hepatitis B virus (HBV) is a human pathogen infecting the liver to
cause a variety of diseases ranging from acute hepatitis to advanced liver diseases,
fulminate hepatitis, liver cirrhosis, and hepatocellular carcinoma, thereby causing a
major health problem worldwide. In this study, we demonstrated that Ostm1 plays
an inhibitory role in HBV protein production, RNA expression, and DNA replication.
However, Ostm1 has no effect on the activities of the four HBV promoters; instead, it
binds to HBV RNA and recruits RNA exosomes to promote HBV RNA degradation.
We further demonstrated that the anti-HBV activity of Ostm1 is independent of the
interferon signaling pathway. In conclusion, this study reveals a distinct mechanism
underlying the repression of HBV replication and suggests that Ostm1 is a potential
therapeutic agent for HBV infection.
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epatitis B virus (HBV), a major human pathogen, chronically infects more 350

million individuals worldwide and causes a variety of liver diseases ranging from
acute hepatitis (AH), chronic hepatitis B (CHB), and fulminate hepatitis (FH) to liver
cirrhosis (LC) and hepatocellular carcinoma (HCC) (1). The HBV genome comprises a
partially double-stranded 3.2-kb relaxed circular DNA (rcDNA) organized into four open
reading frames (ORFs). The host DNA repair pathway converts the rcDNA to the
covalently closed circular DNA (cccDNA) in the cell nucleus. The cccDNA serves as the
transcription template of HBV mRNAs. In the cytoplasm, the transcripts are translated
into virus proteins, and the pregenomic RNA (pgRNA) is reverse transcribed to viral DNA
by the viral polymerase. The newly formed rcDNA encapsidated by core protein is
enveloped by surface proteins and secreted as virions (2).

Osteopetrosis-associated transmembrane protein 1 (Ostm1) was identified in a
spontaneous gray-lethal mutant in mice (3-5). Ostm1 is highly conserved, and the
human Ostm1 gene encodes a 334-amino acid protein that is 83% homologous to the
mouse protein. Ostm1 expression is prevalent in brain, spleen, kidney, osteoclasts, and
melanocytes but is expressed at lower levels in thymus, liver, testis, heart, and primary
osteoclasts (3). Ostm1 is a type | transmembrane protein that localizes to intracellular
vesicles (mainly endoplasmic reticulum [ER], endosomes, and lysosomes). Ostm1 serves
as a B-subunit of chloride channel protein-7 (CIC-7) to support bone restoration and
lysomal function in osteoclasts (6), interacts with RGS-GAIP to degrade the heterotri-
meric G protein subunit (Gai3) (7), regulates B-catenin/Lef1 interaction to activate
Wnt/B-catenin signaling (8), functions as an antiadipogenic factor (9), and forms a
cytosolic scaffolding multiprotein complex with kinesin 5B (10).

Mammalian cells have evolved a highly organized and complex mRNA degradation
system (11). When a typical cellular mRNA is targeted for decay, it initially undergoes
deadenylation-removal of the 3’ poly(A) tail by poly(A)-specific RNase (PARN), the
CCR4-NOT complex, or the Pan2-Pan3 complex (11). The mRNA is subject to processive
exonucleolytic degradation in either the 3’ to 5’ (3'-5') direction by the RNA exosome,
or it is marked by the LSm1-7/Pat1 complex for decapping by Dcp1/2 and degraded in
the 5’-3' direction by Xrn1 (12, 13). The RNA exosome complex degrades a vast array
of different RNA substrates (rRNAs, small nuclear RNAs, and tRNAs) or catalyzes RNA 3’
to 5’ processing in the nucleus and cytoplasm (14). The nuclear exosome also functions
in the surveillance system, in which the transcripts with defects generated in the RNA
processing and exporting pathways are degraded, and the cytoplasmic exosome plays
a key role in degrading aberrant or unused intermediate mRNAs and AU-rich element
(ARE)-containing mRNAs (13, 14). The human RNA exosome consists of a nine-subunit
core (exonucleases 1 to 9 [EXOS1 to 9]) and cofactors (nuclear matrix protein C1D and
Mapp6). The barrel-shaped nine-subunit core is catalytically inactive and includes six
RNase Pleckstrin homology (PH)-like domain-containing proteins (EXOS4 to 9). The ring
is capped by a ring of three proteins that are collectively termed the S1/KH cap (15).
Catalytic subunits of the RNA exosome include EXOS10 and at least an isoform of Dis3.
Dis3 and Dis3L include an active site that has a processive Mg2+-dependent hydrolytic
3'-5" exoribonuclease activity (16, 17). The nuclear subunit EXOS10 includes a single
active site that catalyzes Mg?*-dependent distributive 3'-5" hydrolytic exoribonuclease
activity (18). The host RNA-decay machineries have been implicated in the host defense
against viral infection. Zinc-finger antiviral protein, AID, MyD88, and Prdx1 can inhibit
HBV replication by degrading HBV mRNAs dependent on the RNA exosome (19-22).
The RNA exosome complex regulates the stability of the HBV X-mRNA transcript in a
non-stop-mediated (NSD) RNA quality control mechanism (23).

This study demonstrates that Ostm1 plays an inhibitory role in HBeAg and HBsAg
expression, HBV RNA production, and core-associated DNA replication. Notably, Ostm1
has no effect on the activities of the four HBV promoters. Instead, Ostm1 binds to HBV
RNA and recruits the RNA exosome complex to promote the degradation of the viral
RNAs. Moreover, the anti-HBV activity of Ostm1 is independent of the IFN signaling
pathway. Therefore, this study revealed a distinct mechanism by which Ostm1 binds to
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FIG 1 Ostm1 represses HBV replication in hepatoma cell lines. (A to F) HepG2 and Huh7 cells were cotransfected with different concentrations of pCaggs-Ostm1
and pBlue-HBV 1.3 for 48 h (A to D) or 96 h (E to F). (G to J) HepG2 and Huh7 cells were cotransfected with different concentrations of siR-Ostm1 and pBlue-HBV
1.3 for 48 h (G, H, and I) or 96 h (J). (A, B, and I) Northern blot analysis of HBV transcripts. The rRNAs (18s and 28s) were used as a loading control. (C, D, and
H) Secreted HBsAg and HBeAg in cell culture supernatants were detected using an ELISA kit. (E, F, and J) HBV core-associated DNAs were extracted and
measured using gqRT-PCR. (J) The level of Ostm1 mRNA was measured with gRT-PCR. *, P < 0.05; **, P < 0.01; ***, P < 0.001.

HBV RNA and recruits the RNA exosome to degrade the viral RNAs, thereby restricting
HBV replication.

RESULTS

Ostm1 represses HBV replication in hepatoma cell lines. Ostm1, a type | trans-
membrane protein, cooperates with chloride channel 7 (CIC7) to support the bone
development or osteopetrosis (3, 6). However, the role of Ostm1 in the regulation of
HBV replication has not been reported. Here, we initially investigated the effect of
Ostm1 on the regulation of HBV replication in HepG2 cells and Huh7 cells transfected
with pBlue-HBV1.3 and Ostm1 expression plasmid (pCaggs-Ostm1) at different concen-
trations. The results revealed that the levels of HBV 3.5-kb and 2.4/2.1-kb RNAs (Fig. 1A
and B) as well as the abundances of the secreted viral proteins hepatitis B e antigen
(HBeAg) and hepatitis B surface antigen (HBsAg) (Fig. 1C and D) were significantly
attenuated by Ostm1 in dose-dependent manners in HepG2 cells (Fig. 1 A and C) and
Huh7 cells (Fig. 1 B and D). Similarly, HBV core-associated DNA was notably repressed
by Ostm1 in HepG2 and Huh7 cells (Fig. 1 E and F). These results showed that
overexpression of Ostm1 attenuates HBV replication. To further illustrate the role of
endogenous Ostm1 in the regulation of HBV replication, the Ostm1 expression in
HepG2 cells was knocked down by a small interfering RNA (siRNA) specifically targeting
Ostm1 (siR-Ostm1). The mRNA level of endogenous Ostm1 was markedly decreased in
HepG2 cells transfected with siR-Ostm1 (Fig. 1G), indicating that siR-Ostm1 is effective
in the cells. The levels of HBV-secreted HBeAg and HBsAg proteins (Fig. 1H), 3.5-kb and
2.4/2.1-kb RNAs (Fig. 11), and HBV core-associated DNA (Fig. 1J) were enhanced by
siR-Ostm1 in HepG2 cells, suggesting that knockdown of Ostm1 promotes HBV repli-
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FIG 2 Ostm1 represses HBV infection in the HepG2-NTCP infection system. (A to G) HepG2-NTCP cells were independently cotransfected
with Ostm1 (A to C) and sh-Ctrl or sh-Ostm1 (D to G) for 24 h and then inoculated with HBV for different times, as indicated, in the
presence of 4% PEG 8000. (A, B, E, and F) The levels of HBsAg and HBeAg in the supernatants were determined using an ELISA kit. (C and
G) Total cellular RNAs were extracted from the cells, and HBV 3.5-kb RNA was measured using qRT-PCR. (D) Ostm1 mRNA was quantified
using qRT-PCR. *, P < 0.05; **, P < 0.01; ***, P < 0.001.

cation. Collectively, these results showed that Ostm1 plays an inhibitory role in HBV
replication in HepG2 and Huh7 cells.

Ostm1 represses HBV infection in the HepG2-NTCP infection system. The effect
of Ostm1 on HBV infection was further investigated in the HepG2-NTCP infection
system as established previously (24, 25). Initially, HepG2-NTCP cells were transfected
with pCaggs-Ostm1 and control vector for 24 h and infected with HBV by inoculation
with supernatants of HepaAD38 cells. In HBV-infected HepG2-NTCP cells, the levels of
secreted HBeAg (Fig. 2A), secreted HBsAg (Fig. 2B), and HBV 3.5-kb RNA (Fig. 2C) were
repressed by Ostm1, indicating that overexpression of Osmt1 attenuates HBV infection.
Additionally, the effect of endogenous Ostm1 on HBV replication was evaluated by two
short hairpin RNA-targeting Ostm1s (sh-Ostm1-1 and sh-Ostm1-2). The reverse
transcription-quantitative PCR (qRT-PCR) results showed that Ostm1 was significantly
attenuated by sh-Ostm1-1 and sh-Ostm1-2 (Fig. 2D), indicating that the shRNAs are
effective in HepG2-NTCP cells. The cells were transfected with sh-Ostm1-1 or sh-
Ostm1-2 and then infected with HBV by inoculation with supernatants of HepaAD38
cells. The results showed that secreted HBeAg (Fig. 2E), secreted HBsAg (Fig. 2F), and
HBV 3.5-kb RNA (Fig. 2G) were upregulated in the presence of sh-Ostm1-1 or sh-
Ostm1-2, suggesting that knockdown of Osmt1 promotes HBV infection. Taken to-
gether, this evidence demonstrated that Ostm1 represses HBV infection in the HepG2-
NTCP infection system.

Ostm1 attenuates HBV RNAs via posttranscription regulation. To reveal the
mechanism underlying the repression of HBV replication mediated by Ostm1, the
effects of Ostm1 on the activities of four HBV promoters were investigated with
luciferase-based reporter assays. HepG2 cells were cotransfected with pCaggs-Ostm1,
and each of the generated reporters was driven by Enhl/Xp, Enhll/Cp, SP1, and SP2
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FIG 3 Ostm1 attenuates HBV RNAs via posttranscription regulation. (A) Schematic diagrams of reporters driven by Enhl/Xp, Enhll/Cp, SP1, and SP2 promoters.
(B) HepG2 cells were separately transfected with the reporters driven by Enhl/Xp, Enhll/Cp, SP1, and SP2 promoters along with plasmid Ostm1 or control vector
for 48 h. Cells were harvested, and luciferase activities were measured. (C) Schematic diagrams of transcripts under the control of the CMV or SV40 promoter.
(D and E) HepG2 cells were cotransfected with the plasmids expressing HBV RNAs under the control of CMV (D) or SV40 (E) promoter and Ostm1 expression
construct. (F) HeLa cells were cotransfected with the plasmids expressing HBV RNAs under the control of the SV40 promoter and Ostm1 expression construct.
(D to F) Cells were harvested at 48 h after transfection, and the levels of transcripts were determined with Northern blotting. *, P < 0.05; **, P < 0.01;

***, P < 0.001.

promoters, respectively (Fig. 3A). The results unexpectedly showed that the activities of
the four HBV promoters were not affected by Ostm1 (Fig. 3B). We then clarified whether
the intrinsic promoters of HBV are required for the inhibition by Ostm1. Several
plasmids were generated, in which HBV 3.5-kb RNA, 2.4-kb RNA, and 2.1-kb RNA were
under the control of cytomegalovirus (CMV) promoter or Simian virus 40 (SV40)
promoter (Fig. 3C). The results revealed that HBV 3.5-kb RNA, 2.4-kb RNA, and 2.1-kb
RNA controlled by CMV promoter (Fig. 3D) or by SV40 promoter (Fig. 3E) were repressed
by Ostm1 in HepG2 cells. Moreover, we determined whether the suppressive effect of
Ostm1 on HBV RNAs was limited to hepatocyte-derived cell lines. Similarly, HBV 3.5-kb
RNA, 2.4-kb RNA, and 2.1-kb RNA controlled by CMV promoter were significantly
attenuated by Ostm1 in Hela cells (Fig. 3F). Collectively, these results suggested that
Ostm1 represses the levels of HBV 3.5-kb RNA, 2.4-kb RNA, and 2.1-kb RNA via a
posttranscription mechanism.

Ostm1 facilitates the degradation of HBV RNAs in the cytoplasm. We speculated
that Ostm1 may promote the turnover rate of HBV pgRNA. pTRE2-HBV was constructed,
in which the HBV pgRNA is transcribed from a tetracycline-controlled promoter. HepG2
cells were transfected with pTRE2-HBV and pCaggs-Ostm1 for 36 h and then treated
with doxycycline (DOX) for 0, 3, 6, and 9 h to turn off HBV RNA transcription (Fig. 4A,
top). Northern blot analysis revealed that HBV 3.5-kb RNA, 2.4-kb RNA, and 2.1-kb RNA
were attenuated by DOX in time-dependent manners (Fig. 4A, bottom). Notably, the
levels of HBV RNAs were significantly lower in Ostm1-transfected cells than in the
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FIG 4 Ostm1 facilitates the degradation of HBV RNAs in the cytoplasm. (A) HepG2 cells were cotransfected with pTet-Off, pTRE2-HBV, and
Ostm1 expression vector for 36 h. Doxycycline hyclate (DOX) was added to the culture medium to turn off the pgRNA transcription. Cells
were harvested 0, 3, 6, and 9 h after DOX addition. Total RNA was extracted and analyzed for HBV transcripts. Expression of Ostm1 was
detected with Western blotting. (B) Kinetic analysis of HBV RNA decay in the absence or presence of Ostm1 overexpression. The relative
levels of HBV RNAs from each sample were expressed as the percentage of the RNA signals from the corresponding sample at time point
0 h. (C and D) Subcellular distribution and antiviral activity of Ostm1. HepG2 cells were cotransfected with plasmid pCMV-HBV and Ostm1
expression vector for 48 h. Cells were harvested. Cell fractionations for RNA and protein analysis were performed as described in Materials
and Methods. (C) Total cellular RNA and cytoplasmic and nuclear RNA were isolated and subjected to Northern blot analysis of HBV RNAs.
(D) Subcellular distribution of Ostm1 was revealed using Western blotting; LaminA and GAPDH were used to confirm the purity of nuclear

and cytoplasmic fraction.

control cells (Fig. 4A, lanes 5 to 8 versus lanes 1 to 4). Moreover, the decay rate of HBV
RNAs was significantly higher in Ostm1-transfected cells than in the control cells (Fig.
4B). These results indicated that Ostm1 facilitates HBV RNA degradation.

As Ostm1 localizes to intracellular vesicles, mainly endoplasmic reticulum, endo-
somes, and lysomes (6, 10), we determined the subcellular distribution and antiviral
activity of Ostm1. HepG2 cells were cotransfected with pCMV-HBV and pCaggs-Ostm1
for 48 h. Northern blot analysis revealed that HBV 3.5-kb RNA, 2.4-kb RNA, and 2.1-kb
RNA were significantly attenuated by Ostm1 in the whole-cell lysates and cytoplasm
extracts, whereas they were relatively unaffected by Ostm1 in the nuclear extracts (Fig.
4C). Western blot analysis clearly showed that Ostm1 was highly expressed in the
cytoplasm extracts, whereas it was not detected in the nuclear extracts (Fig. 4D). These
results indicated that Ostm1 is mainly distributed in the cytoplasm to promote the
degradation of HBV RNAs.

Ostm1 binds to the sequences 837 to 1065 and 1598 to 1796 of HBV RNA to
facilitate RNA decay. We next attempted to map the sequences of HBV RNAs required
for Ostm1-mediated degradation of HBV RNAs. A series of HBV genomic DNA deletion
mutants was generated, and they were then individually inserted into the multiple-
cloning site of pcDNA3.1/B-gal (Fig. 5A). In HepG2 cells, the B-gal activities derived from
pcDNA3.1/B-gal-HBV (1812 to 3182/1 to 1997), pcDNA3.1/B-gal-HBV (22 to 1997),
pcDNA3.1/B-gal-HBV (22 to 1066), pcDNA3.1/B-gal-HBV (937 to 1797), and pcDNA3.1/
B-gal-HBV (1066 to 1997) were significantly reduced by Ostm1, whereas the B-gal
activities derived from pcDNA3.1/B-gal, pcDNA3.1/B-gal-HBV (1812 to 21), pcDNA3.1/
B-gal-HBV (22 to 836), pcDNA3.1/B-gal-HBV (22 to 936), pcDNA3.1/B-gal-HBV (937 to
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FIG 5 Ostm1 binds to the sequences 837 to 1065 and 1598 to 1796 of HBV RNA to facilitate the viral RNA decay. (A) Schematic diagrams of the truncation
mutants of HBV pregenomic RNA. The numbers indicate the HBV DNA sequence with 1 at the unique EcoRI site in the HBV genome. (B) HepG2 cells were
transfected with fusion constructs (containing HBV DNA or the truncation mutants of HBV DNA) and plasmid Ostm1 or control vector for 48 h, and the B-gal
activity was then assessed. (C) Schematic diagrams of the deletion mutants of HBV pregenomic RNA. The numbers indicate the HBV DNA sequence with 1 at
the unique EcoRl site in the HBV genome. (D and E) HepG2 cells were transfected with the deletion mutant of B-gal-HBV (1812 to 3182/1 to 1997) and B-gal-HBV
(22 to 1997) together with plasmid Ostm1 or control vector for 48 h. The B-gal activity was then assessed (D) and levels of B-gal mRNA were determined with
Northern blot analysis (E). (F) Schematic diagrams of the truncation mutants of HBV pregenomic RNA. (G) HepG2 cells were transfected with the deletion mutant
of pCMV-HBV (1812 to 3182/1 to 1997) together with plasmid Ostm1 or control vector for 48 h, and levels of HBY mRNA were determined with Northern blot
analysis. (H) To determine RNA coprecipitation with the Ostm1, HepG2 cells were cotransfected with pCaggs-ostm1 and pCMV-HBV, pCMV-HBV-AM1,
pCMV-HBV-AM2, and pCMV-HBV-AM1+AM2 for 48 h. IP using anti-HA antibody was performed; complex of HA-Ostm1 was then eluted using free HA peptides,
and the eluted RNA was analyzed using RT-PCR. Western blotting was used to check the results of IP. *, P < 0.05; **, P < 0.01; ***, P < 0.001.

1397), and pcDNA3.1/B-gal-HBV (937 to 1597) were relatively unaffected by Ostm1 (Fig.
5B). These results suggested that the two nucleotide regions HBV (837 to 1065) and
(1598 to 1796) are required for Ostm1-mediated degradation of HBV RNA.

Deletion mutants of the two sequences in the context of pcDNA3.1/B-gal-HBV (1812
to 3182/1 to 1997) and pcDNA3.1/3-gal-HBV (22 to 1997) were then generated (Fig. 5C).
The level of B-gal activities derived by pcDNA3.1/B-gal-HBV (1812 to 1997), pcDNA3.1/
B-gal-HBV (1812 to 1997-AM1), and pcDNA3.1/B-gal-HBV (1812 to 1997-AM2) was
significantly repressed by Ostm1, whereas the B-gal activities derived by pcDNA3.1/83-
gal, the double deletion mutant pcDNA3.1/B-gal-HBV (1812 to 1997-AM1+AM2), and
pcDNA3.1/B-gal-HBV (22 to 1997-AM1+AM?2) were not affected by Ostm1 (Fig. 5D).
Similarly, the level of B-gal mRNA derived by pcDNA3.1/B-gal-HBV (22 to 1997) was
significantly reduced by Ostm1, whereas the level of B-gal mRNA derived by pcDNA3.1/
B-gal or pcDNA3.1/B-gal-HBV (22 to 1997-AM1+AM2) was slightly reduced by Ostm1
(Fig. 5E). Additionally, to exclude the influence of the B-gal RNA sequence on the
response of the deletion mutant to Ostm1, we constructed and analyzed pCMV-HBV
(AM1+AM?2), in which HBV (837 to 1065) and (1598 to 1796) were deleted in the
context of pCMV-HBV (Fig. 5F). Northern blot analysis revealed that HBV RNAs tran-
scribed from pCMV-HBV were largely attenuated by Ostm1, whereas HBV RNAs tran-
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scribed from pCMV-HBV (AM1+AM2) were slightly reduced by Ostm1 (Fig. 5G). It is
known that HBV (837 to 1065) and (1598 to 1796) sequences are common to HBV
PgRNA, 2.4-kb, and 2.1-kb. Then, we determined whether Ostm1 associates with HBV
transcripts. HepG2 cells were cotransfected with pCaggs-Ostm1 and pCMV-HBV, pCMV-
HBV-AM1, pCMV-HBV-AM2, and pCMV-HBV-AM1+AM2 for 48 h. Notably, RNA immu-
noprecipitation and RT-PCR analysis revealed that Ostm1 could bind to HBV RNA,
HBV-AM1 RNA, and pCMV-HBV-AM2 RNA but not to HBV-AM1+AM2 RNA. We have
demonstrated that Ostm1 can decay the RNAs of HBV, HBV-AM1, and HBV-AM2 but not
those of HBV-AM1+AM2 (Fig. 5H). Taken together, these results showed that Ostm1
associates with the sequences (837 to 1065) and (1598 to 1796) of HBV RNA to facilitate
the viral RNA decay.

The RNA exosome is involved in Ostm1-mediated degradation of HBV RNAs.
Mammalian cells have evolved highly organized and complex mRNA degradation
systems—the 5’-3" mRNA decay pathway depending on 5’-3" exoribonuclease 1 (XRN1)
and the 3’-5" mRNA decay pathway relying on the RNA exosome complex (11).
Exosome component 3 (Exosc3, also known as Rrp40) is noncatalytic but essential for
the degradation and processing of target RNA, and the knockdown of Exosc3 severely
diminishes RNA exosome function (26). Here, we determined the mRNA decay pathway
required for Ostm1-induced decay of HBV RNAs. HepG2 cells were transfected with
siRNA targeting Xrn1 (siR-Xrn1) or siRNA targeting Exosc3 (siR-Exosc3) together with
pBlue-HBV1.3 or pCaggs-Ostm1. Xrn1 mRNA and Exosc3 mRNA were significantly
attenuated by siR-Xrn1 and siR-Exosc3 (Fig. 6A), indicating that they are efficient. HBV
RNAs were attenuated by Ostm1 in the presence of siR-Ctrl and siR-Xrn1, whereas they
were relatively unaffected by Ostm1 in the presence of siR-Exosc3 (Fig. 6B and C),
suggesting that Ostm1 reduces the level of HBV RNAs depending on the RNA exosome
complex through the 3’-5" mRNA decay pathway.

Next, we investigated the correlation between Ostm1 and the RNA exosome com-
plex. HEK293T cells were cotransfected with pFlag-Exosc3 and plasmids pGFP-Exosc2,
pGFP-Exosc4, and pGFP-Exosc5 expressing other RNA exosome component proteins.
The results showed that Exosc3 was coprecipitated with Exosc2, Exosc4, and Exosc5, as
expected (Fig. 6D). HEK293T cells were cotransfected with pCaggs-Ostm1 and pGFP-
Exosc2, pGFP-Exosc3, pGFP-Exosc4, and pGFP-Exosc5. Coimmunoprecipitation (Co-IP)
results showed that Ostm1 interacted with Exosc2, Exosc3, Exosc4, and Exosc5 (Fig. 6E).
Additional Co-IP results confirmed that Ostm1 could interact with Exosc2/3/4/5 in
HEK293T cells cotransfected with HA-Ostm1 and Flag-Exosc2/3/4/5 (Fig. 6F). A glu-
athione S-transferase (GST) pulldown assay revealed that Ostm1 was pulled down by
purified GST-Exosc3 (Fig. 6G). Laser scanning confocal microcopy showed that in the
presence of a single protein, Ostm1 mainly localized in the cytoplasm, and Exosc3
distributed in both the cytoplasm and nuclei, whereas in the presence of both Ostm1
and Exosc3, a large proportion of the two proteins were colocalized in the cell (Fig. 6H).
Collectively, the data suggested that Ostm1 interacts with Exosc3 to recruit the RNA
exosome complex to HBV transcripts, leading to the downregulation of HBV RNAs.

Ostm1 represses HBV replication relying on the C-terminal domain and
N-terminal domain of Ostm1 in an IFN-independent manner. To further delineate
the mechanism involved in the inhibitory effect of Ostm1 on HBV replication, we
constructed five truncated mutants of Ostm1 (Ostm1-AC, Ostm1-ATm, Ostm1-
ATm+AC, Ostm1-AN, and Ostm1-AR) (Fig. 7A). HepG2 cells were cotransfected with
pBlue-HBV1.3 and plasmids expressing different truncated Ostm1 mutants for 48 h.
Northern blot analysis results showed that the levels of HBV 3.5-kb RNA, 2.4-kb RNA,
and 2.1-kb RNA were inhibited by Ostm1 and significantly attenuated by Ostm1-AR,
whereas the level of HBV RNAs was relatively unaffected by Ostm1-AC, Ostm1-ATm,
Ostm1-ATm+AC, and Ostm1-AN (Fig. 7B). Enzyme-linked immunosorbent assay (ELISA)
results indicated that the abundances of secreted HBsAg and HBeAg proteins in cell
culture supernatants were significantly repressed by Ostm1 and Ostm1-AR, whereas
they were not affected by Ostm1-AC, Ostm1-ATm, Ostm1-ATm+AC, and Ostm1-AN
(Fig. 7C). Consistently, the B-gal activities were significantly reduced by Ostm1 and
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FIG 6 The RNA exosome is involved in Ostm1-mediated degradation of HBV RNAs. (A to C) HepG2 cells were transfected with 100 nM siRNA targeting Xrn1
(siR-Xrn1), Exosc3 (siR-Exosc3), or the control (siR-Ctrl) together with pBlue-HBV 1.3 and pCaggs-Ostm1 for 48 h. (A) Xrn1 and Exosc3 mRNA were quantified
using qRT-PCR, and (B) HBV RNAs were analyzed with Northern blot analysis. (C) The results of Northern blot analysis were quantified. (D) HEK293T cells were
cotransfected Flag-Exosc3 with RNA exosome component proteins (pGFP-Exosc2, 4, and 5), and Crude extracts (input) were subjected to immunoprecipitation
(IP) with Flag antibody. (E) HEK293T cells were cotransfected pCaggs-Ostm1 with RNA exosome component proteins (pGFP-Exosc2, 3, 4, and 5). HEK293T cells
were collected, and crude extracts (input) were subjected to immunoprecipitation (IP) with HA antibody. Crude extracts and IP fractions were analyzed using
Western blotting. (F) HEK293T cells were cotransfected with Ostm1 and RNA exosome component proteins (Flag-Exosc2, 3, 4, and 5), and IP of cell extracts was
performed using anti-HA antibody. (G) Expressed and purified GST-Exosc3 or GST alone was incubation with GST-protein A/G beads. After incubation, the beads
were incubated with HA-Ostm1 cell extracts. (H) HA-Ostm1 or Flag-Exosc3 was singly transfected in HepG2 cells for 48 h or was concomitantly transfected in
HepG2 cells for 48 h. The cells were fixed and immunostained with anti-HA and anti-Flag antibody. After the nucleus was stained by DAPI (4'6-diamidino-2-
phenylinddole), the locations of Ostm1 and Exosc3 were analyzed with immunofluorescence staining. *, P < 0.05; **, P < 0.01; ***, P < 0.001.

Ostm1-AR, whereas they were not affected by Ostm1-AC, Ostm1-ATm, Ostm1-
ATm+AC, or Ostm1-AN (Fig. 7D). Immunoblot analysis revealed that Ostm1, Ostm1-AC,
Ostm1-ATm, Ostm1-ATm+AC, Ostm1-AN, and Ostm1-AR were clearly detected in cell
extracts; only Ostm1-ATm and Ostm1-ATm+AC were secreted into the medium (Fig.
7B). The result that Ostm1-ATm+AC was secreted into the medium is consistent with
previous reports (10). Therefore, these results revealed that the N-terminal domain, the
transmembrane (Tm) domain, and the C-terminal domain of Ostm1 are required for
Ostm1-mediated repression of HBV replication. Moreover, HEK293T cells were cotrans-
fected with Flag-Exosc3 and different truncated Ostm1 mutants. Co-IP analysis revealed
that Ostm1, Ostm1-ATm, Ostm1-AN, and Ostm1-R could interact with Exosc3, whereas
Ostm1-AC and Ostm1-ATm+AC failed to interact with Exosc3, revealing that the
C-terminal domain of Ostm1 is involved in the interaction of Ostm1 with Exosc3 (Fig.
7E). Furthermore, we studied the intracellular localization of the truncated Ostm1
proteins. Laser scanning confocal microcopy showed that Ostm1, Ostm1-AC, Ostm1-
ATm, Ostm1-ATm+AC, and Ostm1-AR mainly localized in the cytoplasm, while
Ostm1-AN distributed in both the cytoplasm and nuclei (Fig. 7F). Taken together, these
results suggested that Ostm1 relies on Tm and the N-terminal domain to locate to the
intracellular vesicles (mainly endoplasmic reticulum, endosomes, and lysomes) in the
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FIG 7 Ostm1 represses HBV replication via N-terminal domain and C-terminal domain independent of the IFN signaling pathway. (A) Schematic diagrams of
structures of Ostm1 protein and its mutants. (B to D) HepG2 cells were cotransfected with pBlue-HBV 1.3 or B-gal-HBV and different Ostm1 mutants for 48 h.
(B) The levels of HBV RNAs were analyzed with Northern blotting. (C) Secreted HBsAg and HBeAg in cell culture supernatants were detected using ELISA. (D)
The B-gal activity of pcDNA3.1-CMV-B-gal-HBV was then assessed. (E) HEK293T cells were cotransfected with Flag-Exosc3 and different mutants of Ostm1, and
IP of cell extracts was performed by using anti-Flag antibody. (F) Ostm1 and different Ostm1 mutants were transfected in HepG2 cells for 48 h. The cells were
fixed and immunostained with anti-HA antibody. After the nucleus was stained by DAPI (4'6-diamidino-2-phenylinddole), the locations of proteins were
analyzed with immunofluorescence staining. (G) HepG2 cells were treated with exogenous IFN-a and IFN-y (600 U/ml) for 24 h before cells were harvested.
The expression of Ostm1 was determined using Western blotting. (H) HepG2 cells were transfected with Ostm1 and control vector for 48 h. IFN downstream
proteins (STAT1, STAT2, p50, and PKR) were checked with Western blotting. *, P < 0.05; **, P < 0.01; ***, P < 0.001.
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cytoplasm and depends on the C-terminal domain to recruit the RNA exosome complex
to HBV transcripts and degrade HBV RNAs.

CHB is associated with inflammatory cytokine production upon the activation of
host innate immunity, and the dynamic balance between immune responses and virus
replication determine the disease progression (27). IFN-induced intrahepatic genes play
indispensable roles in controlling HBV replication (28, 29). Here, we investigated the
correlation between Ostm1 and the IFN pathway. The effect of IFNs on the expression
of Ostm1 was evaluated for HepG2 cells treated with IFN-a or IFN-y. Double-stranded
RNA activated protein kinase (PKR), which is one of several enzymes induced by
interferon and a key molecule mediating the antiviral effect of interferon, was signifi-
cantly induced by IFN-a and IFN-vy, whereas Ostm1 was not affected by IFN-« or IFN-y
(Fig. 7G), suggesting that Ostm1 production is not regulated by IFNs. The role of Ostm1
in the regulation of the IFN pathway was also determined in HepG2 cells transfected
with pCaggs-HA or pCaggs-HA-Ostm1. Notably, the components of the IFN signaling
pathway, including the signal transducer and activator of transcription 1 (STAT1),
STAT2, PKR, and nuclear factor kappa B subunit p50 (NF-«B p50), were not affected by
Ostm1 (Fig. 7H), indicating that Ostm1 is not involved in the regulation of the IFN
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FIG 8 Proposed mechanism underlying Ostm1-mediated inhibition of HBV replication. HBV virions enter the cell dependent on the sodium taurocholate
cotransporting polypeptide (NTCP) receptor. In the nucleus, HBV rcDNA forms cccDNA, and cccDNA serves as the template to produce HBV mRNAs (pgRNA,
2.4/2.1-kb RNA, and 0.7-kb RNA) encoding surface antigens, core, HBeAg, HBx, and DNA polymerase. The pgRNA is encapsidated, together with polymerase,
and reverse transcribed into (-) DNA (negative-strand DNA) inside the nucleocapsid. (+) DNA (positive-strand DNA) synthesis from (-) DNA generates rcDNA
and forms HBV virions, which are released from the cells. The RNA degradation pathways (3'-5" decay and 5’-3" decay) can degrade aberrant mRNA and viral

RNA. Ostm1 can interact with the RNA exosome and recruit it to HBY mRNAs, degrading HBV mRNAs and resulting in less HBV.

pathway. These results suggested that the anti-HBV activity of Ostm1 is independent of
IFN signaling. Taken together, these findnigs revealed a distinct mechanism by which
Ostm1 recruits the RNA exosome to restrict HBV replication (Fig. 8).

DISCUSSION

Many cell factors can regulate HBY mRNA at the transcription and posttranscription
levels. HNF1a activates the Enhll/core promoter to promote HBV replication (30).
HNF4« enhances the Enhll/core, SP1, and SP2 promoters to support HBV replication
(31). Sirt1 represses the Enhll/core promoter to inhibit HBV replication (32). La protein
contributes to HBV pregenomic RNA stability (33), but ZAP, MyD88, AID, Prdx1, HNF6,
and 1SG20 reduce HBV pregenomic RNA stability (19-22, 34, 35). In this study, we
revealed that Ostm1 attenuates the levels of HBV secreted proteins, RNA transcripts,
and DNA. Ostm1 overexpression reduces, whereas Ostm1 suppression enhances, the
levels of HBV transcripts and proteins in hepatoma cells and NTCP-HepG2 cells. Detailed
studies unexpectedly demonstrated that Ostm1-mediated HBV RNA inhibition is inde-
pendent of HBV intrinsic promoters and thus suggested that Ostm1 downregulates
HBV replication primarily through posttranscriptional regulation or RNA stability. We
further identified that Ostm1 promotes HBV pgRNA degradation, and Ostm1-mediated
HBV RNA inhibition exclusively occurs in the cytoplasm. Thus, Ostm1 accelerates the
decay of HBV pregenomic RNA in the cytoplasm.

Like transcription and translation, mRNA decay is a tightly controlled process that is
determined by cis-acting elements within the mRNA and trans-acting factors. Notably,
all HBV transcripts contain most of the cis-acting posttranscriptional regulatory ele-
ments (PRE) (nucleotides 1151 to 1805), including 3 conserved RNA structures—stem
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loop a (SLe; nucleotides 1292 to 1321) and SLB (nucleotides 1417 to 1458) of the PRE
at the 3’ end and the epsilon element (g) at the 3’ end or both ends. The & element
located at the 5" end of the pgRNA is necessary for viral replication and packaging (36,
37). The HBV PRE is proposed to contain binding sites for cellular proteins which
mediate function and can enhance the expression of HBV transcripts and the nuclear
export of unspliced HBV subgenomic RNAs. In contrast, the PRE is not involved in the
nuclear export of the full-length pgRNA (36, 38, 39). La binds to HBV RNAs to protect
them from endonuclease cleavage (40). ZAP, AID, MyD88, Prdx1, HNF6, and 1SG20
promote HBV RNA decay through a process that requires a specific region of HBV RNAs
and RNA decay machines (19-22, 34, 35). La contributes to HBV pregenomic RNA
stability through specific binding to HBV RNA (1270 to 1295) (33). ZAP binds to the
ZAP-responsive element in HBV (1820 to 1918) and recruits the RNA exosome, resulting
in HBV RNA degradation (20). The RNA sequence of the HBV (1804 to 2454) region is a
crucial cis-regulatory sequence for MyD88-induced decay of HBV RNAs (19). ISG20
inhibits HBV replication through direct binding to the epsilon (¢) stem-loop structure of
viral RNA (35). Here, we identified that the HBV (837 to 1065 and 1598 to 1796), regions,
which are common sequences for pgRNA, 2.4-kb mRNA, and 2.1-kb mRNA, are crucial
cis-regulatory sequences for Ostm1-induced HBV RNA decay. Obviously, the response
regions of HBV RNA for Ostm1-induced HBV RNA decay are different from those of La,
ZAP, ISG20, and MyD88, but the region HBV (1598 to 1796), located at the 3’ end of the
PRE, is not classical SLa or SLB. Thus, there exists an unknown element that can bind
Ostm1 protein in the 3’ end of the PRE (1151 to 1805).

Through targeting of viral RNA for clearance, the host RNA exosome has been
implicated in the host defense against viral infection (12). The RNA exosome complex
consists of the core components and cofactors. The cofactors of the RNA exosome are
responsible for specifically binding to substrate mRNA (15). We determined that Ostm1
interacts with the RNA exosome complex, and blemishing the function of the RNA
exosome by knocking down Exosc3 seriously weakened Ostm1-mediated HBY RNA
inhibition. We also revealed that HBV transcripts could form a specific complex with
Ostm1. Taken together, this evidence suggested that Ostm1 recruits RNA exosomes to
HBV RNAs, thereby downregulating HBV transcripts.

Ostm1 interacts with CIC-7 and RGS-GAIP through the N-terminal domain, depend-
ing on the RING finger-like cytoplasmic domain to degrade Gai3 (6, 7). The C-terminal
domain is required for Ostm1 interacting with kinesin 5B (10). Using serial deletion
mutants of Ostm1, we identified that the N-terminal domain and C-terminal domain (a
transmembrane domain and a short C terminus) are critical for the inhibitory effects on
HBV RNAs, whereas the RING finger-like cytoplasmic domain is surplus for Ostm1-
mediated inhibition of HBV RNAs. Previous reports showed that Ostm1 is a type |
transmembrane protein that localizes to intracellular vesicles (mainly endoplasmic
reticulum, endosomes, and lysomes), that the Tm domain of Ostm1 has an important
role in the localization of Ostm1 to intracellular vesicles (6, 8, 10), and that mRNAs are
cotransported with membranous compartments such as the endoplasmic reticulum
(ER) and endosomes (41). Thus, truncated Tm domain of Ostm1 cannot localize to
intracellular vesicles and loses the function of promoting the decay of HBV RNAs. Laser
scanning confocal microcopy showed that Ostm1-AN distributed in both the cytoplasm
and nuclei, which is different from the location of Ostm1 only in the cytoplasm. Several
proteins (e.g., myelin regulatory factor [MYRF] and a nonstructural protein of BAdv-3)
have been reported to be transported to the nucleus, relying on the cleavage process
(42, 43). There is a possibility that the N-terminal domain of ostm1 blocks the translo-
cation of ostm1 to the nuclei. Considering that ostm1 can interact with CIC-7 or
RGS-GAIP depending on the N-terminal domain, Ostm1 might rely on the domain to
interact with specific proteins which have close relationships with HBV RNAs. In
addition, we proved that the C-terminal domain is required for Ostm1 to interact with
Exosc3. It was reported that Ostm1 locates to intracellular vesicles (mainly endoplasmic
reticulum, endosomes, and lysomes), that the N-terminal region of Ostm1 is likely
luminal, and that the C terminus of the protein is free in cytoplasm (6, 10). In the study,
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we found Ostm1 can interact with RNA exosomes through the C-terminal region of
Ostm1 and recruit RNA exosomes to intracellular vesicles, which are the mRNA enrich-
ment region. The relationship between Ostm1 and the RNA exosome provides a
rationale for the RNA exosome to degrade HBV RNAs. The IFN signaling pathway plays
an important role in inhibiting HBV infection. The anti-HBV proteins (ZAP, MyD88, AID,
and 1SG20) have close relationships with IFNs or TNF-B (19-21, 35). In the study, we
found that Ostm1 has no relationship with the IFN pathway. IFN-a and IFN-y do not
affect the expression of Ostm1, and Ostm1 cannot influence the expression of IFN
downstream genes. Thus, Ostm1 may be an exceptional anti-HBV protein independent
of IFN signaling.

Based on the data presented in this study, we propose the following model for the
Ostm1-mediated inhibition of HBV replication. Ostm1 accelerates the degradation of
HBV RNAs in the cytoplasm through a process that depends on HBV (837 to 1065 and
1598 to 1796) and recruits the RNA exosome complex. Thus, the antiviral function of
Ostm1 may ultimately lead to the development of new therapeutics for HBV infection.

MATERIALS AND METHODS

Cell cultures and transfection. Human hepatoma HepG2 cells, Huh7 cells, and HepG2.2.15 (derived
from HepG2) cells, as well as human embryonic kidney (293T) cells and Hela cells, were maintained in
Dulbecco’s modified Eagle medium (DMEM) (Gibco, Grand Island, NY, USA) supplemented with 10% fetal
bovine serum (FBS), 100 U/ml penicillin, and 100 ug/ml streptomycin. Cells were transfected with
Lipofectamine 2000 (Invitrogen, IL, USA) or Neofect (Neofect Biotech, Beijing, China) according to the
manufacturer’s instructions.

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

Plasmids, small interfering RNAs, antibodies, and reagents. HBV-1.3 was generated from
HepG2.2.15 cells (genotype D, subtype ayw, GenBank accession no. U95551) and inserted into pBlue-
script Il (Invitrogen). Plasmids pSV40/CMV-pgRNA, 2.4-kb, 2.1-kb, pTRE2-HBV, pCDNA-3.1-CMV-B-gal-HBV,
and pCaggs-HA-La were generous gifts from Deyin Guo (Wuhan University, China). The luciferase HBV
promoter reporters were kindly provided by Ying Zhu (Wuhan University, China). The cDNA fragments
of HBV pregenomic RNA from pBlue-HBV1.3 were inserted into pCDNA-3.1-CMV-B-gal at the 3’ end of
the B-gal coding sequence. The sequence of HBV (with the deletion of nucleotides [nt] 837 to 1065 or
1598 to 1796) was inserted into pCDNA-3.1-CMV and generated pCMV-HBV(AM1), pCMV-HBV(AM2), and
pCMV-HBV(AM1+AM2). Ostm1, Exosc2, Exosc3, Exosc4, and Exosc5 cDNA were generously provided by
Jiahuai Han of Xiamen University and were separately constructed in pCaggs-HA and pEGFP-N1 to
generate pHA-Ostm1, pEGFP-N1-Exosc2, pEGFP-N1-Exosc3, pEGFP-N1-Exosc4, and pEGFP-N1-Exosc5.
Ostm1-C, Ostm1-ATm, Ostm1-ATm+-AC, Ostm1-AR, and Ostm1-AN were also subcloned into the
pCaggs-HA. The Exosc2, Exosc3, Exosc4, and Exosc5 coding sequences were also constructed in
pcDNA3.1-3XFlag, containing an N-terminal 3XFlag tag.

Specific siRNAs were purchased from Guangzhou RiboBio, and the sequences of the siRNA against
Ostm1, Xrn1, and Exosc3 were reported previously (8, 21, 44). Oligonucleotides targeting Ostm1 were
cloned into pLKO.1.

Antibodies against GAPDH, LaminA, GFP, GST, and Ostm1 were purchased from the ProteinTech
Group (Wuhan, Hubei, China). Antibodies against Flag, hemagglutinin (HA), PKR, P50, STAT1, and STAT2
were purchased from Sigma-Aldrich (St. Louis, MO, USA). IFN-a was purchased from SanSheng Biotech
(Shenyang, China). IFN-y was purchased from PeproTech, Inc. (New Jersey, USA).

RNA immunoprecipitation. RNA immunoprecipitation was conducted according to the protocol
described in reference 45. Briefly, cells were lysed with polysome lysis buffer (100 mM KCl, 5 mM MgCl,,
10 mM HEPESPH, pH 7.0, 0.5% NP-40, 1 mM DTT, 400 uM VRC, 100 U/ml RNase inhibitor, and protease
inhibitor). Immunoprecipitation was performed with protein G-agarose beads (GE Healthcare) for 4 h at
4°C using anti-HA or I1gG antibodies. Protein G was washed five times with cooled NT2 buffer (50 mM
Tris-HCl, pH 7.4, 150 mM NaCl, 1 mM MgCl,, and 0.05% NP-40). The beads were resuspended in 100 ul
of NT2 buffer. The immunoprecipitated RNA was repurified with TRIzol reagent (Invitrogen, Carlsbad, CA)
according to the manufacturer’s instructions. The obtained RNAs and proteins were analyzed using
RT-PCR and immunoblotting, respectively.

Coimmunoprecipitation and GST pulldown assay. The transfected cells (2 X 10° cells) were lysed
in 500 wl lysis buffer (250 mM Tris-HCI, pH 7.4, 150 mM NaCl, 1 mM EDTA, 1% NP-40, and 5% glycerol).
Cell lysates were precleared using protein G-agarose beads (GE Healthcare) for 1 h at 4°C, mixed with the
specific antibodies or IgG, and rocked overnight at 4°C. Beads were washed five times with washing
buffer, resuspended and denatured in PBS with SDS-PAGE loading buffer, and separated by SDS-PAGE
with subsequent immunoblot analysis.

Glutathione S-transferase (GST) protein and GST-Exosc3 protein were expressed by the E. coli BL21
strain and purified GSTand GST-Exosc3 were incubated with glutathione Sepharose beads (GE Health-
care). Immobilized beads were washed 5 times with ice-cold PBS. The beads were incubated with extracts
of cells of transfected Ostm1 plasmid overnight at 4°C. Then the beads were washed with PBS-Triton
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X-100 buffer 5 times, and proteins were eluted in SDS loading buffer and analyzed using SDS-PAGE and
immunoblotting.

Luciferase assay. HepG2 cells were cotransfected with reporter plasmids and their corresponding
expression plasmids. At 48 h posttransfection, the cells were lysed and subjected to luciferase or
B-galactosidase activity assays according to the manufacturer’s instructions (Promega, Madison, WI).

Northern blot analysis and HBV DNA analysis. Total RNA was isolated using an Ultrapure RNA kit
(CWBIo, Beijing, China) assay according to the manufacturer’s instructions. Ten micrograms of total RNA
was separated in a 1.2% formaldehyde-agarose gel containing MOPS (morpholinepropanesulfonic acid)
buffer and transferred onto a positively charged nylon membrane (GE Healthcare, Waukesha, WI). To
detect HBV transcripts, the membrane was probed with a digoxigenin (DIG)-labeled specific RNA probe
corresponding to nt 156 to 1061 of the HBV genome. The membranes were detected with the DIG
Northern starter kit (Roche Diagnostics, Indianapolis, IN) according to the manufacturer’s instructions.
The numbers of 28S and 18S rRNAs were used as loading controls.

At 96 h posttransfection, the cells were washed with cold PBS and lysed in lysis buffer (50 mM Tris-HCl,
pH 7.0, and 0.5% NP-40) at 4°C. Following centrifugation (100,00 X g for 5min), the supernatants were
digested with DNase (Promega, Madison, WI) at 37°C for 1 h, and then the enzymes were inactivated at 70°C
for 15min in the presence of 10 mM EDTA. The core-associated DNA was isolated using proteinase K
digestion, phenol-chloroform extraction, and ethanol precipitation. HBV DNA was subjected to TagMan
real-time PCR in a Light Cycler instrument (Roche) using PCR primers (5'-AGAAACAACACATAGCGCCTCAT-3'
and 5’-TGCCCCTGCTGTAGATCTTG-3') and probe (5'-TGTGGGTCACCATATTCTTGGG-3').

Quantitative RT-PCR analysis. Total RNA was extracted with an Ultrapure RNA kit (CWBio,
Beijing, China) according to the manufacturer’s instructions. Total RNAs were reverse transcribed
with oligo (DT). Real-time PCR was performed with a Light Cycler 480 instrument (Roche), and
glyceradehyde-3-phosphate dehydrogenase (GAPDH) was used as an internal control. The follow-
ing primers were used: GAPDH forward primer: 5-GGAAGGTGGGTCGGAGTCAACGG-3', GAPDH
reverse primer: 5'-CTCGCTCCTGGAAGATGGTGATGGG-3'; HBV 3.5-kb forward primer: 5'-GAGTGTGG
ATTCGCACTCC-3’, HBV 3.5-kb reverse primer: 5'-GAGGCGAGGGAGTTCTTCT-3’; Ostm1 forward prim-
er: 5'-ACTTTCAACTGTTCAGTCCCTTGC-3', Ostm1 reverse primer: 5 -TGGGCAGAATGAGTTTGCGTTT-
3'; Xrn1 forward primer: 5'-AGTGGGCACCTCAACTACC-3’, Xrn1 reverse primer: 5'-TGCGACACCTGC
TGCTTCA-3’; Exosc3 forward primer: 5'-GCCAGCTTCTTTGTCTTAC-3’, Exosc3 reverse primer: 5'-TTTT
CCCACTTCCTGTATG-3'.

Viruses and infection. For HBV infection, the HBV inoculum was concentrated 100-fold from the
supernatants of HepaAD38 (provided by Ying Zhu of Wuhan University, China) cells by ultracentrifuga-
tion at 100,000 X g for 5 h at 4°C. For infection, HepG2-NTCP cells (provided by Ying Zhu of Wuhan
University, China) were seeded in collagen I-coated 24-well plates and inoculated overnight, and medium
was replaced with protoplast maintenance medium (PMM) with 2% fetal bovine serum for 12 h. PMM was
supplemented with transferrin, insulin, and sodium selenite (ITS), 10 ng/ml of human epidermal growth
factor (EGF), 2 mM L-glutamine, 40 ng/ml of dexamethasone, 2% dimethyl sulfoxide (DMSO), 18 ng/ml of
hydrocortisone, 100 U/ml of penicillin, and 100 U/ml of streptomycin. Then, 1,000 genome equivalents
(GEs) of HBV per cell were put in PMM containing 4% (wt/vol) polyethylene glycol 8000 (PEG 8000) for
16 h. Virus-containing medium was removed, and cells were washed five times and further incubated in
PMM with 2% serum (30, 31).

Cytoplasmic and nuclear RNA isolation. Nucleoplasm separation of cells was conducted according
to the protocol described in reference 46. Briefly, 48 h posttransfection, cells were harvested and lysed
in lysis buffer (50 mM Tris-HCI, pH 8.0, 0.5% NP-40, 100 mM NaCl, 5mM MgCl,, 1 U/ul RNasin, 1 mM
dithiothreitol [DTT]) at 4°C at 12,000 rpm for 5 min. Then, the nuclei were precipitated by centrifugation
at 12,000 rpm for 2 min. Cytoplasmic RNA in the supernatants and nuclear RNA from nuclear pellets were
separately extracted using an Ultrapure RNA kit (CWBio, Beijing, China) and TRIzol reagent (Invitrogen,
Carlsbad, CA) according to the manufacturer’s instructions. The nuclear and cytoplasmic RNAs were then
subjected to Northern blot analysis.

Immunofluorescence and confocal analyses. HepG2 cells were grown in glass-bottom dishes.
Twenty-four hours after transfection, cells were fixed with 4% paraformaldehyde for 15 min, washed 3
times with PBS, permeabilized with PBS containing 0.2% Triton X-100 for 5 min, washed three times with
PBS, and blocked with PBS containing 5% bovine serum albumin for 30 min at room temperature. The
cells were then incubated with anti-HA and anti-Flag overnight at 4°C, followed by incubation with
fluorescein isothiocyanate (FITC)-conjugated goat anti-mouse IgG and cy3-conjugated goat anti-rabbit
1gG for 45 min at room temperature, and were then stained with DAPI (4', 6’-diamidino-2-phenylindole).
Cells were viewed using confocal laser microscopy (FluoView Fv1000; Olympus).

Statistical analysis. Statistical analysis was performed with GraphPad Prism 5. Individual experi-
ments were conducted in triplicate, and repetitive assays with similar results were performed to confirm
the reproducibility of the result. The results are presented as means =+ standard deviation (SD).
Differences were considered statistically significant at a P value of =0.05.
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