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ABSTRACT MicroRNAs (miRNAs) are a class of small, single-stranded, noncoding,
functional RNAs. Hepatitis B virus (HBV) is an enveloped DNA virus with virions and
subviral forms of particles that lack a core. It was not known whether HBV encodes
miRNAs. Here, we identified an HBV-encoded miRNA (called HBV-miR-3) by deep se-
quencing and Northern blotting. HBV-miR-3 is located at nucleotides (nt) 373 to 393
of the HBV genome and was generated from 3.5-kb, 2.4-kb, and 2.1-kb HBV in a
classic miRNA biogenesis (Drosha-Dicer-dependent) manner. HBV-miR-3 was highly
expressed in hepatoma cell lines with an integrated HBV genome and HBV� hepa-
toma tumors. In patients with HBV infection, HBV-miR-3 was released into the circu-
lation by exosomes and HBV virions, and HBV-miR-3 expression had a positive corre-
lation with HBV titers in the sera of patients in the acute phase of HBV infection.
More interestingly, we found that HBV-miR-3 represses HBsAg, HBeAg, and replica-
tion of HBV. HBV-miR-3 targets the unique site of the HBV 3.5-kb transcript to specif-
ically reduce HBc protein expression, levels of pregenomic RNA (pgRNA), and HBV
replication intermediate (HBV-RI) generation but does not affect the HBV DNA poly-
merase level, thus suppressing HBV virion production (replication). This may explain
the low levels of HBV virion generation with abundant subviral particles lacking core
during HBV replication, which may contribute to the development of persistent in-
fection in patients. Taken together, our findings shed light on novel mechanisms by
which HBV-encoded miRNA controls the process of self-replication by regulating
HBV transcript during infection.

IMPORTANCE Hepatitis B is a liver infection caused by the hepatitis B virus (HBV)
that can become a long-term, chronic infection and lead to cirrhosis or liver cancer.
HBV is a small DNA virus that belongs to the hepadnavirus family, with virions and
subviral forms of particles that lack a core. MicroRNA (miRNA), a small (�22-nt) non-
coding RNA, was recently found to be an important regulator of gene expression.
We found that HBV encodes miRNA (HBV-miR-3). More importantly, we revealed that
HBV-miR-3 targets its transcripts to attenuate HBV replication. This may contribute to
explaining how HBV infection leads to mild damage in liver cells and the subse-
quent establishment/maintenance of persistent infection. Our findings highlight a
mechanism by which HBV-encoded miRNA controls the process of self-replication by
regulating the virus itself during infection and might provide new biomarkers for di-
agnosis and treatment of hepatitis B.
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MicroRNAs (miRNAs) represent a class of small RNAs ranging from 21 to 24
nucleotides (nt) that regulate complementary mRNAs by inducing translational

repression or mRNA decay (1) or upregulating the expression of the target gene in a
G-rich RNA sequence binding factor 1 (GRSF1)-dependent manner (53). miRNAs have
been identified in all multicellular eukaryotes, and some are evolutionarily conserved
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among insects, nematodes, and humans. Human miRNAs play important roles in
diverse cellular processes, including virus-host interactions (2–5). Like their hosts, many
human and animal viruses have been identified as encoding miRNAs. The first report of
virus-encoded miRNA was of Epstein-Barr virus-encoded miRNA (6). Subsequently, it was
found that miRNAs were encoded by simian virus 40 (SV40) (7), herpes simplex virus (HSV)
(8), human cytomegalovirus (HCMV) (9), Kaposi’s sarcoma-associated herpesvirus (KSHV)
(10), Marek’s disease virus (MDV) (11), and retrovirus families (12–14). Although the func-
tions of the majority of viral miRNAs have not been elucidated, emerging studies have
demonstrated that some viral miRNAs regulate the viral life cycle itself, including the
maintenance/establishment of persistent infection and productive infection (15). Therefore,
viral miRNAs may profoundly affect the natural progression of infection of some viruses in
vivo.

Hepatitis B virus (HBV) infection is a key risk factor for chronic hepatitis, liver
cirrhosis, and hepatocellular carcinoma (HCC) worldwide. Currently, HBV has infected
an estimated 2 billion people, including 350 million people who are chronically infected
with HBV worldwide (16). Compared with uninfected individuals, HBV-infected patients
have an approximately 100-fold-increased risk for HCC (17). Additionally, because a cure
for the virus is lacking, it is crucial to explore HBV pathogenesis. HBV is a small DNA
virus that belongs to the hepadnavirus family. The genomic material of HBV is circular,
partially double-stranded DNA that is only 3.2 kb in size and is transcribed into four
transcripts, i.e., 3.5 kb, 2.4 kb, 2.1 kb, and 0.7 kb. There are four overlapping open
reading frames (ORFs): S, P, C, and X, which encode hepatitis B viral surface antigen
(HBsAg), DNA polymerase (HBV DNA Pol), core protein (HBcAg) and HBeAg, and HBV X
(HBx) proteins, respectively. A subset of the 3.5-kb transcript (pregenomic RNA
[pgRNA]) is packaged into core particles with DNA polymerase and serves as the
template for synthesis of DNA by reverse transcription, which is then enveloped and
released from the cell as progeny virions (18–21).

HBV utilizes viral factors for its successful replication and the subsequent establish-
ment/maintenance of infection, especially for persistent infections. Many cellular
miRNAs have been reported to modulate HBV replication by direct interaction with HBV
transcripts to influence the HBV life cycle (22). Among them, our laboratory first demon-
strated that human miR-199a-3p and miR-210 efficiently reduced HBsAg expression and
HBV replication by directly targeting the HBsAg coding region and the pre-S1 region of the
HBV genome, respectively (23). Meanwhile, HBV replication is also regulated by its own
proteins. HBx is a modest transcriptional activator in regulating HBV’s own replication (24).
The HBc protein could positively regulate HBV transcription by binding to HBV covalently
closed circular DNA (cccDNA) or by stimulating HBV enhancer activities (25, 26). However,
experimental evidence for HBV-encoded miRNA is lacking.

In the present study, we obtained 5 novel small RNAs which matched the HBV
genome by deep sequencing of HBV-positive (HBV�) HCC tissue. Here, we report that
HBV encodes HBV-miR-3, as shown by deep sequencing in HBV� hepatoma tissue, and
we also confirmed its expression. HBV-miR-3 repressed HBV protein and HBV replica-
tion. We discovered that HBV-miR-3 targeted the HBV 3.5-kb transcript to reduce HBc
and pgRNA levels, which resulted in attenuation of HBV replication.

RESULTS
Identification of HBV small noncoding RNAs by deep sequencing. To identify

small RNAs originating from HBV, we utilized deep sequencing to profile small RNAs
isolated from HBV� HCC tissues. Small RNAs isolated from HBV� HCC tissues and
HBV-negative (HBV�) HCC tissues were utilized as controls for sequencing. We obtained
some small RNAs that were size selected for small (approximately 22-bp) transcripts.
The sequences, nucleotides, and reads obtained from deep sequencing are shown in
Fig. 1A. Five small RNAs were identified as homologues with HBV transcripts and were
located in different regions of the HBV genome; they were designated HBV small
noncoding RNAs (HBV-sncRNAs). By predicting the architecture and secondary struc-
ture of these RNAs, combined with 19 reads that were found to correspond to
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HBV-sncRNA-3, we found that the precursor sequence of HBV-sncRNA-3 and HBV-
sncRNA-5 could form the classic stem-loop structure of miRNA, as predicted by the
Mfold Web Server (27) (Fig. 1B). Mature HBV-sncRNA-3 and HBV-sncRNA-5 are located
in the 5=-end stem and 3=-end stem of the predicted precursor, respectively. Therefore,
we named HBV-sncRNA-3 HBV-miR-3-5p (referred to below as HBV-miR-3) and named
HBV-sncRNA-5 HBV-miR-3-3p. HBV-miR-3 was in the HBsAg coding region of the HBV
genome and overlapped the 2.1-kb, 2.4-kb, and 3.5-kb HBV transcripts (Fig. 1A).
Alignment analysis revealed that HBV-miR-3 is highly conserved among different HBV
subtypes (Fig. 1C). These results indicated that the HBV genome encodes miRNAs and
that HBV-miR-3 is located in the highly conserved HBsAg coding regions of various HBV
genotypes.

Experimental validation of HBV-miR-3. To validate HBV-miR-3 expression, we first
examined its expression in HBV� Huh7 cells transiently transfected with HBV

FIG 1 Identification of HBV small noncoding RNAs by deep sequencing. (A) The primary sequence and reads of five HBV-sncRNAs matched the HBV genome
at the expected location. (B) Secondary-structure prediction of HBV-miR-3 and schematic diagram of the HBV-miR-3 location on the HBV genome. (C) Conserved
analysis of HBV-miR-3 among different HBV subtypes.

Hepatitis B Virus-Encoded miRNA Journal of Virology

May 2017 Volume 91 Issue 10 e01919-16 jvi.asm.org 3

http://jvi.asm.org


replication-competent plasmids (pHBV1.3) by stem-loop reverse transcription quanti-
tative PCR (RT-qPCR). miR-423 was set as a negative control and was not affected by
HBV infection (28). As shown in Fig. 2A, transfection of pHBV1.3 resulted in high
expression of HBV-miR-3, while expression of HBV-miR-3-3p was low and the expression
of miR-423 was not affected. In addition, Northern blotting also showed that small RNAs
corresponding to both the pre-miRNA (60 nt) and the mature HBV-miR-3 (20 nt) were
observed in Huh7 cells after transfection 72 h later but not in Huh7 cells transfected
with the control vector, pUC18 (Fig. 2B). Furthermore, to examine which HBV transcripts
might be processed into HBV-miR-3, we generated expression plasmids for the tran-
scripts (pHBV3.5 kb, pHBV2.4 kb, pHBV2.1 kb, and pHBV0.7 kb), with pcDNA3 as a
negative control. A stem-loop RT-qPCR assay showed that HBV-miR-3 was highly

FIG 2 Experimental validation of HBV-miR-3. (A and B) Huh7 cells were transfected with pHBV1.3 or an empty vector, pUC18, as a negative control. (A) Mature
HBV-miR-3, HBV-miR-3-3p, and miR-423 were detected with stem-loop-RT-qPCR. (B) HBV-miR-3 was examined by Northern blotting. The probe was the
biotin-conjugated antisense strand of HBV-miR-3. Lane 1, 45 �g of small RNA from Huh7 cells transfected with pUC18; lane 2, 45 �g of small RNA from Huh7
cells transfected with pHBV1.3. U6 was used as a control. (C) Stem-loop RT-qPCR was conducted on total RNAs isolated from Huh7 cells transfected with HBV
transcripts: pHBV3.5 kb, pHBV2.4 kb, pHBV2.1 kb, or pHBV0.7 kb with primers for HBV-miR-3; the empty vector pcDNA3 was used as a control. (D) Cellular RNA
was extracted and analyzed for HBV-miR-3 expression among hepatoma cell lines with a detectable integrated HBV genome (HepG2.2.15, 7703, PLC/RF/5, and
Hep3B cells), HBV-negative hepatoma cells (7721, HepG2, and Huh7 cells), and L02 cells. miR-423 was set as a negative control, while U6 RNA expression was
set as 1 unit as the internal control. (E) Cellular RNA was extracted, and HBV-miR-3 expression was detected among non-hepatoma cell lines. (F) (Left) RNA was
extracted and analyzed for the expression of HBV-miR-3 in 20 specimens with HBV� hepatoma tumors and 3 specimens with HBV� hepatoma tumors, (Right)
Pearson’s correlation analysis indicated a positive correlation between the expression of HBV-miR-3 and HBV DNA in HBV� hepatoma tumors. (G) The HBV-miR-3
level was measured by RT-qPCR in the sera of 25 pairs of patients with acute-phase HBV infection that progressed to convalescence. The miRNA expression
levels are presented as 39-Ct after normalization to miR-16. (H) Pearson’s correlation analysis indicated positive correlation between the expression of HBV-miR-3
and HBV DNA in sera of patients with HBV infection in the acute phase. (I) RT-qPCR was performed to detect the expression of HBV-miR-3 in purified HBV
particles and exosomes from the culture supernatants of HepG2.2.15 cells that were ultracentrifuged and immunoprecipitated to purify them. (J) Dicer and
Drosha were knocked down with shRNAs in HepG2.2.15 cells, and HBV-miR-3 expression was detected by RT-qPCR. NC, normal control. (K) Western blot showing
pulldown of AGO2 protein in Huh7 cells (right) and levels of HBV-miR-3 and miR-423 that immunoprecipitated with the AGO2 complex by RT-qPCR (left). The
graphs represent averages of results from three experiments. The data represent means and SD. *, P � 0.05; **, P � 0.01.
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expressed in Huh7 cells transfected with pHBV 3.5 kb, pHBV 2.4 kb, and pHBV 2.1 kb,
but not pHBV 0.7 kb (Fig. 2C), which indicated that HBV-miR-3 may be processed from
all the transcripts overlapping the HBV-miR-3 coding region.

Next, we applied stem-loop RT-qPCR to examine HBV-miR-3 expression in various
hepatoma cell lines, 20 HBV� hepatoma tumors, and 3 HBV� hepatoma tumors.
HBV-miR-3 was highly expressed in hepatoma cell lines with an integrated HBV genome
(HepG2.2.15, QGY-7703, PLC/RF/5, and Hep3B). In contrast, there was no expression of
HBV miR-3 in HBV� hepatoma cells (HepG2, Huh7, and SMMC-7721) and L02 cells (Fig.
2D). Moreover, to determine whether HBV-miR-3 could be detected in other HBV�

non-liver tissue cell lines, we examined HeLa (human cervical cancer cells), 293 (human
embryo kidney cells), MCF7 (human breast cancer cells), and A549 (human lung cancer
cells) cell lines and did not observe HBV-miR-3 expression (Fig. 2E).

In addition, as shown in Fig. 2F (left), HBV-miR-3 expression was detected in 20 HBV�

hepatoma tumors, while there was no expression of HBV-miR-3 in 3 HBV� hepatoma
tumors. Next, we analyzed the correlation between HBV-miR-3 levels and HBV DNA
levels in 14 HBV� hepatoma tumors; the relationship was not significant (Fig. 2F, right),
which may be due to the fact that HBV DNA in HCC tissue might contain integrated HBV
DNA in genome and episomal HBV DNA, and HBV-miR-3 may not influence the
integrated HBV DNA. Detailed information on hepatoma tumors is provided in Table 1.
We also detected the expression levels of HBV-miR-3 in the sera of 25 patients with HBV
infection in the acute phase or in convalescence by RT-qPCR. Detailed information on
the patients is provided in Table 2. Using miR-16 as a normalization control (29), as
shown in Fig. 2F, the HBV-miR-3 expression level was significantly higher in the sera of
patients with HBV infection in the acute phase than in those in convalescence.
Meanwhile, in the same patients, HBV-miR-3 expression was high in the serum in the
acute phase of infection, while during convalescence after treatment, HBV-miR-3
expression was relatively low (Fig. 2G). We analyzed the correlation between
HBV-miR-3 levels and HBV DNA levels, and it presented a positive correlation
between HBV-miR-3 and HBV DNA levels in the sera of patients with HBV infection
in the acute phase (Fig. 2H).

Furthermore, to determine how HBV-miR-3 was released from cells, we isolated
exosomes and purified HBV-related particles from the culture supernatants of

TABLE 1 Details of hepatoma tumor specimens

Specimen no. Donor sex Donor age (yr)
Collection date
(yr/mo/day) TNMa HBV DNAb

847T Male 20 2007/1/15 T1N0M0 �
864T Female 68 2007/2/2 T1N0M0 3.56 � 104

871T Male 45 2007/2/12 T1N0M0 320.22
875T Male 30 2007/3/6 T1N0M0 1.41 � 104

876T Male 46 2007/3/7 T1N0M0 �
880T Male 55 2007/3/13 T4N0M0 1.17 � 106

883T Male 36 2007/3/16 T4N0M0 HBsAg� HBeAb� HBcAb�

887T Male 38 2007/3/21 T1N0M0 �
895T Male 35 2007/4/5 T1N0M0 �
901T Male 35 2007/4/17 T1N0M0 HBsAg�

909T Male 44 2007/4/30 T1N0M0 HBsAg� HBeAb� HBcAb�

928T Male 42 2007/6/7 T1N0M0 4.41 � 104

943T Male 34 2007/6/27 T1N0M0 948.5
944T Female 65 2007/6/28 T3N0M0 6.12 � 103

965T Female 51 2007/8/13 T4N0M0 1.21 � 104

971T Male 40 2007/8/17 T3N0M0 1.04 � 106

979T Male 36 2007/8/24 T2N0M0 2.86 � 103

980T Male 50 2007/8/28 T4N0M0 6.37 � 105

985T Male 53 2007/9/11 T4N0M0 1.35 � 103

986T Male 41 2007/9/13 T1N0M0 4.15 � 104

1026T Male 69 2007/11/28 T1N0M0 1.63 � 104

1033T Male 34 2007/12/14 T1N0M0 �

aTNM, tumor, node, and metastasis, respectively.
b�, positive; �, negative.
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HepG2.2.15 cells by sucrose gradient ultracentrifugation; we then extracted RNA to
detect the expression of HBV-miR-3. As shown in Fig. 2I, the expression of HBV-miR-3
was detected in both exosomes (CD63 is a known exosome marker [30]) and HBV core
particles, but not in HBV subviral particles.

To determine whether HBV-miR-3 was generated via the canonical miRNA biogen-
esis pathway, two key components of miRNA precursor processing, Drosha and Dicer,
were knocked down using short hairpin RNAs (shRNAs) in HepG2.2.15 cells. Deletion of
Drosha and Dicer resulted in significantly decreased HBV-miR-3 expression, using
miR-423 as a canonical control (Fig. 2J). In addition, to determine whether HBV-encoded

TABLE 2 Details of patients with hepatitis B

Specimen No. Patient sex Patient age (yr) Disease phase
Detection date
(yr.mo.day) HBsAga HBeAga DNAb

1 Male 58 Acute 13.12.11 474.5 23.12 9.8 � 104

Convalescence 14.3.11 �0.05 0.06 �20
2 Male 39 Acute 14.3.26 328.7 72.33 2.3 � 103

Convalescence 14.6.18 �0.05 0.08 �500
3 Male 37 Acute 13.10.22 260 0.18 �500

Convalescence 13.11.4 21.95 0.11 �500
4 Female 44 Acute 13.12.26 220.4 0.12 4.6 � 104

Convalescence 14.5.3 �0.05 0.08
5 Male 27 Acute 13.10.22 9367 708.5 5.8 � 105

Convalescence 13.11.25 2.23 0.11
6 Female 74 Acute 14.7.8 223.7 0.13 2.3 � 105

Convalescence 14.9.30 �0.05 0.09 �500
7 Male 33 Acute 13.11.15 176.5 0.12 �500

Convalescence 13.12.29 0.61 0.06
8 Male 28 Acute 14.7.23 680.5 0.55 2.9 � 105

Convalescence 14.10.20 �0.05 0.07
9 Male 51 Acute 13.11.7 15730 155.5 6.5 � 105

Convalescence 14.4.9 �0.05 0.07
10 Female 42 Acute 13.12.23 15375 1145 3.0 � 106

Convalescence 14.2.25 �0.05 0.11
11 Male 32 Acute 14.6.29 3111 12.19 1.7 � 104

Convalescence 14.8.1 0.47 0.1 �20
12 Male 42 Acute 13.11.7 93.67 0.16 4.5 � 103

Convalescence 13.11.25 �0.050 0.13 �500
13 Female 45 Acute 14.2.25 11786 9 4.6 � 102

Convalescence 14.5.19 32.76 0.08
14 Male 27 Acute 14.3.28 1873 13.8 2.0 � 103

Convalescence 14.5.4 36.05 1.37 4.3 � 101

15 Female 59 Acute 14.1.16 294.9 61.67 1.7 � 104

Convalescence 14.2.8 0.06 0.1
16 Male 26 Acute 14.2.6 350 87.56 1.3 � 106

Convalescence 14.2.26 �0.050 0.06
17 Female 46 Acute 13.11.2 463.7 0.33 �500

Convalescence 13.12.17 0.13 0.06
18 Female 71 Acute 13.11.30 461.4 283.6 1.8 � 106

Convalescence 14.1.2 33.8 5.95 �500
19 Male 34 Acute 14.1.18 342.2 264.6 4.9 � 103

Convalescence 14.2.21 0.05 �500
20 Female 42 Acute 14.2.14 79.49 0.08 1.4 � 104

Convalescence 14.3.3 �0.050 0.07 �500
21 Male 40 Acute 14.3.2 917.6 3.68 4.8 � 103

Convalescence 14.3.17 0.08 0.06 �500
22 Female 39 Acute 14.3.6 315.2 42.36 2.8 � 103

Convalescence 14.4.17 �0.050 0.18 �500
23 Male 37 Acute 14.3.18 985.2 1.08 2.5 � 103

Convalescence 14.4.15 4.67 0.06
24 Male 52 Acute 14.3.18 649.6 0.07 7.0 � 104

Convalescence 14.3.26 0.43 0.05 �500
25 Male 49 Acute 14.8.17 307.1 54.95 4.4 � 104

Convalescence 14.9.28 0.12 0.07
aIU/ml.
bcopies/ml.
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HBV-miR-3 was associated with the RISC complex, we cotransfected pHBV1.3 and
pcDNA3-Flag-AGO2 in Huh7 cells by RNA immunoprecipitation (RIP) using Flag-specific
antibody or mouse IgG antibody as a negative control, and the eluted associated RNAs
were used to detect HBV-miR-3 using RT-qPCR. As shown in Fig. 2K, RIP analysis showed
that HBV-encoded HBV-miR-3 was bound to the AGO2 complex, using miR-423 as a
control. These data indicated that HBV-miR-3 was found within the host RISC machin-
ery, similar to the majority of host and viral miRNAs, and that the biogenesis of
HBV-miR-3 is in the classic Dicer-Drosha-dependent mode and functions within the
host RISC machinery.

HBV-miR-3 represses viral protein production and HBV replication. To investi-
gate the role of HBV-miR-3 in HBV gene expression, we predicted the HBV-miR-3
precursor, and by cloning, the fragment was inserted into the BamHI-NotI sites of
pCDNA3 (Fig. 3A, left); the resultant vector was named pHBV-miR-3. We validated the
expression of HBV-miR-3 by Northern blotting (Fig. 3A, right). Then, we constructed an
HBV-miR-3-mut plasmid (pHBV-miR3-mut) in which the HBV-miR-3 seed sequence was
mutated (Fig. 3B). As shown in Fig. 3B, the expression efficiencies of these plasmids
were confirmed by RT-qPCR using different stem-loop RT primers. The plasmids were
then cotransfected with pHBV1.3 into Huh7 cells. The secreted viral protein levels
(HBsAg and HBeAg) in the culture supernatants were reduced by ectopic expression of
HBV-miR-3, but not HBV-miR-3-mut (Fig. 3C and D), suggesting that the repression of
HBV protein expression was specifically due to HBV-miR-3. Furthermore, to detect secreted
complete particles in the transfected cell culture supernatant, immunoprecipitation using
HBsAb antibody was performed; then, we used DNase I treatment to remove free DNA from
the complete viral particles in the culture supernatants. The extracted HBV DNA and qPCR
were then used to evaluate the production of complete viral particles (31). As shown in Fig.
3E, ectopic expression of HBV-miR-3, but not HBV-miR-3-mut, significantly decreased HBV
DNA in complete viral particles from the supernatants.

To further investigate the effect of HBV-miR-3 on HBV replication, Southern blotting
and RT-qPCR were performed to examine the cellular replication intermediate DNA
(RI-DNA) and HBV RNA. A Southern blot assay showed that HBV-miR-3 ectopic expres-
sion markedly reduced the levels of RI-DNA of the HBV genome (Fig. 3F). Moreover, the
HBV mRNA, pgRNA, and total RNA levels were also significantly decreased in HBV-miR-
3-transfected Huh7 cells compared to control cells (Fig. 3G). Meanwhile, HBV-miR-3 or
HBV-miR-3-mut was transfected into Huh7 and HepG2 cells. Cell growth and vitality
were detected by an MTT [3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bro-
mide] assay, and the results showed that HBV-miR-3 and HBV-miR-3-mut had no
obvious effects on cell growth or vitality in hepatoma cell lines; we used miR-509-5p as
a positive-control plasmid, which was reported to inhibit hepatoma cell viability (32)
(Fig. 3H). We also carried out the same experiment in HeLa, MCF7, and A549 cells, and
the results indicated that HBV-miR-3 did not obviously influence cell viability in those
cell lines (Fig. 3I). These data indicated that HBV-miR-3 repressed HBV pgRNA and
RI-DNA levels and that this effect may not occur by influencing cytological changes.

To further verify the effect of HBV-miR-3 on HBV replication, we examined the effect
of blocking HBV-miR-3 in HepG2.2.15 cells using an HBV-miR-3-specific antisense
oligonucleotide (ASO). Transfection of ASO-HBV-miR-3 could efficiently reduce HBV-
miR-3 levels (Fig. 4A). Blocking HBV-miR-3 markedly increased the HBsAg and HBeAg
protein levels (Fig. 4B and C) and HBV DNA in complete viral particles from superna-
tants (Fig. 4D). Moreover, transfection of ASO-HBV-miR-3 increased RI-DNA in
HepG2.2.15 cells (Fig. 4E), and the HBV mRNAs, pgRNA, and total RNA were increased
(Fig. 4F). Taken together, these results indicated that HBV-miR-3 represses HBsAg and
HBeAg expression, HBV genome replication, and complete particle production.

HBV-miR-3 targets the ORFs of HBV core proteins in the 3.5-kb mRNA. To
explore the mechanisms by which HBV-miR-3 suppresses viral replication, we first
utilized BLAST and the RNA-hybrid Web server (http://bibiserv.techfak.uni-bielefeld.de/
rnahybrid) to predict the targeting site of HBV-miR-3 on the HBV transcripts. Sequence
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FIG 3 HBV-miR-3 represses viral protein production and HBV replication. (A) (Left) Schematic diagram of a DNA fragment, including the predicted
HBV-miR-3 precursor, and cloning of the fragment into pcDNA3. (Right) Huh7 cells were transfected with HBV-miR-3 or an empty vector, pcDNA3, as a
negative control, and 10 �g RNA was used to detect the mature HBV-miR-3 by Northern blotting, with U6 as a control. (B) Mutant sequence of
HBV-miR-3-mut compared to that of HBV-miR-3. HBV-miR-3 or HBV-miR-3-mut was transfected into Huh7 cells, with pcDNA3 as the negative control. The
expression of the plasmids was tested using RT-qPCR. (C to E) Huh7 cells were cotransfected with pHBV1.3 and the indicated plasmids. HBsAg (C), HBeAg
(D), and HBV DNA (E) levels in the culture supernatant were measured by ELISA and qPCR. Immunoprecipitation using HBsAb antibody was performed
before extracting HBV DNA. (F) Southern blot analysis of HBV DNA. RC, relaxed circular DNA; RI, RI-DNA. (G) Total cellular RNA was extracted and analyzed
as HBV transcripts by RT-qPCR. The effects of HBV-miR-3 on viabilities in different cell lines are shown. (H and I) Effects of HBV-miR-3, HBV-miR-3-mut,
and miR-509-5p on Huh7 and HepG2 cells using an MTT assay, with miR-509-5p as a positive control (H), and in non-liver cell lines (HeLa, MCF7, and
A549) using an MTT assay (I). The graphs represent the averages of results from three experiments. The data represent means and SD. **, P � 0.01; ***,
P � 0.001; ns, not significant.
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analysis revealed that there was a candidate HBV-miR-3-binding site in the HBV 3.5-kb
mRNA that was located in the ORF of the HBV core gene (HBV nt 2125 to 2145). To
determine the direct interaction between HBV-miR-3 and the predicted binding site, we
constructed enhanced green fluorescent protein (EGFP) reporter plasmids carrying the
wild type or a mutant in which the HBV-miR-3-binding site was mutated (Fig. 5A) and
the ORF of the HBV core gene (HBV nt 2125 to 2145) was conserved in different
subtypes of the HBV genome (Fig. 5B). EGFP reporter assays were performed, and Huh7
cells were cotransfected with either wild-type or mutant HBV2125-45 EGFP constructs
and pHBV-miR-3 or pHBV-miR-3-mut. The intensity of EGFP fluorescence from the
wild-type EGFP reporter was significantly reduced in the pHBV-miR-3-transfected group
compared to the control group. However, reporter expression was not influenced by
alteration of HBV-miR-3 levels when the miRNA seed sequence-binding site was
mutated (Fig. 5C). In addition, the Western blot assay using EGFP antibodies was similar
to that from the EGFP reporter assays (Fig. 5D). In addition to HBeAg, the 3.5-kb mRNA
also encodes HBc and DNA Pol. We measured the effects of HBV-miR-3 on the
endogenous expression levels of HBc and DNA Pol. As shown in Fig. 5E, HBc and HBeAg
expression levels (Fig. 3D) were significantly repressed in Huh7 cells transfected with
pHBV1.3 by HBV-miR-3, but not HBV-miR-3-mut. Conversely, HBc expression was in-
creased by blocking HBV-miR-3 with ASO-HBV-miR-3 in HepG2.2.15 cells. However, DNA
Pol expression was not affected by HBV-miR-3.

In order to further validate the effect of HBV-miR-3 on DNA Pol, we constructed
pcDNA3-Flag/HBV DNA Pol and pcDNA3-Flag/HBV DNA Pol-mutant with an ATG mu-
tant that can generate HBV DNA Pol mRNA but cannot translate it into protein as a
control. Huh7 cells were transfected with pcDNA3, pHBV DNA Pol, and pHBV DNA
Pol-mutant, and we detected HBV DNA Pol using Flag and DNA Pol antibodies, as
shown in Fig. 5F; the expression of HBV DNA Pol was detected using both Flag and DNA

FIG 4 ASO-HBV-miR-3 increases viral protein production and HBV replication. (A) ASO-HBV-miR-3 was transfected into HepG2.2.15 cells. ASO-NC
was used as a control. HBV-miR-3 expression was examined by RT-qPCR. (B to D) HBsAg (B), HBeAg (C), and HBV DNA (D) levels in the culture
supernatant were measured by ELISA and qPCR in HepG2.2.15 cells transfected with ASO-HBV-miR-3. Immunoprecipitation using HBsAb antibody
was performed before extracting HBV DNA. (E) Southern blot analysis of HBV DNA. (F) Total cellular RNA was extracted and analyzed for HBV
transcripts by RT-qPCR. The graphs represent the average results of three experiments. The data represent means and SD. *, P � 0.05; **, P � 0.01.
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Pol antibodies in Huh7 cells transfected with pcDNA3-Flag/HBV DNA Pol but not HBV
DNA Pol-mutant. Furthermore, we found that exogenous DNA Pol expression was not
affected by HBV-miR-3 (Fig. 5G). This was because the target sites of HBV-miR-3 in the
HBV genome were not in the ORF region of HBV DNA Pol. In addition, we used RNA
immunoprecipitation to show that HBV pgRNA (3.5-kb RNA) and HBc protein were
detected in AGO2-related complexes (Fig. 5H). These results demonstrated that HBV-
miR-3 directly binds to the HBV 3.5-kb transcript to repress HBc expression.

The effects of HBV-miR-3 on HBV replication and viral protein production were
blocked by pHBV1.3-mut. To further analyze the role of HBV-miR-3 in HBV gene

FIG 5 HBV-miR-3 target region encoding the HBc protein of the HBV 3.5-kb mRNA. (A) Predicted binding site of HBV-miR-3 in a region encoding the HBc protein
of the HBV 3.5-kb mRNA. The arrows indicate the mutant nucleotides. (B) Analysis of conserved HBV-miR-3-targeted site (nt 2125 to 2145) in subtype HBV
genomes. (C and D) Huh7 cells were cotransfected with either wild-type or mutant HBV-EGFP nt 2125-to-2145 constructs and pHBV-miR-3 or pHBV-miR-3-mut
for 48 h. pcDNA3 was used as a negative control. Cells were harvested to analyze endogenous protein expression by EGFP fluorescence or Western blot analysis.
pDsRed2-N1 was used as normalization for fluorescence. GAPDH was used as an endogenous control for EGFP protein expression. (E) Huh7 cells were
cotransfected with pHBV1.3 and pHBV-miR-3 or pHBV-miR-3-mut for 48 h. pcDNA3 was a negative control. HepG2.2.15 cells were transfected with
ASO-HBV-miR-3, and ASO-NC (NC, normal control) was a negative control. HBV core protein and DNA Pol were detected by Western blotting. The arrow indicates
the position of the protein expression. (F) Huh7 cells were transfected with pcDNA3, pHBV DNA Pol, and a pHBV DNA Pol mutant; 24 h posttransfection, cells
were harvested for Western blotting to detect HBV DNA Pol using Flag and HBV DNA Pol antibodies. (G) Huh7 cells were transfected with pHBV DNA Pol and
pcDNA3 or pHBV-miR-3; 24 h posttransfection, cells were harvested for Western blotting to detect HBV DNA Pol using HBV DNA Pol antibody. (H) HBV pgRNA
(3.5-kb RNA) and HBc protein were detected in AGO2-related complexes by RT-qPCR and Western blotting. The graphs represent average results of three
experiments. The data represent means and SD. **, P � 0.01.
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expression, we constructed the plasmid pHBV1.3-mut, in which the target site (posi-
tions 2125 to 2145 of the HBV genome) of the HBV-miR-3 seed sequence was mutated
(Fig. 6A). Huh7 cells were then cotransfected with pHBV1.3-mut and pHBV-miR-3 or
pcDNA3. The secreted viral protein levels (HBsAg and HBeAg) and HBV DNA in the
culture supernatants were not changed significantly by ectopic expression of HBV-
miR-3 (Fig. 6B, C, and D). Immunoprecipitation using HBsAb antibody was performed
before extracting HBV DNA. Meanwhile, RT-qPCR, Southern blotting, and Western
blotting were performed to examine HBV RNA, cellular RI-DNA, and HBV core protein.
The levels of pgRNA and total RNA (Fig. 6E), RI-DNA of the HBV genome (Fig. 6F), and
HBV core protein (Fig. 6G) were not significantly changed in HBV-miR-3-transfected
Huh7 cells compared to control cells. These results indicate that HBV-miR-3 indeed
directly binds to the HBV 3.5-kb transcript (positions 2125 to 2145 of the HBV genome)
to repress HBV replication.

DISCUSSION

Interactions of virus-host cell molecules are pivotal processes that determine infec-
tion status during viral infection. Recent studies have revealed virus-encoded miRNAs

FIG 6 The effects of HBV-miR-3 on HBV replication and viral protein production were blocked by pHBV1.3-mut. (A) Mutant sequence of pHBV1.3-mut in
positions 2125 to 2145 of the HBV genome compared to that in pHBV1.3. Huh7 cells were cotransfected with pHBV1.3-mut or pHBV1.3 and the indicated
plasmids, (B to D) HBsAg (B), HBeAg (C), and HBV DNA (D) levels in culture supernatants were measured by ELISA and qPCR. (E) Total cellular RNA was extracted
and analyzed as HBV transcripts by RT-qPCR. (F) Southern blot analysis of HBV DNA. (G) HBV core protein was detected by Western blotting. The graphs
represent averages of results from three experiments. The data represent means and SD.
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that are key regulators of both cellular and viral transcripts and that may play roles in
regulating the gene expression profiles of the cells or the virus itself (33). HBV is a major
pathogen causing hepatitis in humans. HBV has a long incubation period and can easily
develop into a persistent infection. HBV-encoded surface, core, DNA Pol, and X proteins
have been intensively studied and play different roles in both HBV replication and host
cells. Here, we presented a series of experiments highlighting three important points.
First, we indicated that HBV encodes HBV-sncRNAs. Second, we demonstrated that
HBV-encoded miRNA, i.e., HBV-miR-3, represses the generation of HBV protein and HBV
replication. Finally, HBV-miR-3 targets the 3.5-kb transcript of HBV to inhibit HBc protein
expression, which contributes to suppression of HBV replication and protein expression.

Chronic HBV infection is a major risk factor for hepatoma development; therefore,
most patients with hepatoma are HBV positive. To identify whether HBV encodes
miRNA, we first applied deep sequencing to screen the RNA from HBV-positive hepa-
toma tissue. Five small RNAs 20 to 21 nt in length were obtained. Although previous
computational analysis predicted an HBV miRNA (34), we did not get the predicted
miRNA sequence. Generally, the tools for identifying novel miRNAs were Northern
blotting and stem-loop RT-qPCR (7, 35–38) and bioinformatics analysis for predicating
the secondary structure of candidate miR precursors. Bioinformatics analysis predicted
the precursor structure and found that one hairpin structure contained HBV sncRNA-3
and -5 at two stems, which were named HBV-miR-3-3p and HBV-miR-3, and they are
conserved in various HBV strains. We then used Northern blotting to identify HBV-miR-3
in Huh7 cells transfected with HBV replication-competent plasmids (plasmid HBV1.3
copy). In addition, a stem-loop RT-qPCR assay showed that HBV-miR-3 was expressed at
high levels in an additional 20 hepatoma tissues in HBV� and HBV� hepatoma cell lines;
this high expression was not observed in HBV� hepatoma cell lines or other non-liver
tissue cell lines. Furthermore, we showed that HBV-miR-3 levels in sera from patients in
the acute phase of HBV infection were obviously higher than those in the convales-
cence phase. Next, we asked which transcripts HBV-miR-3 was derived from, because it
was located in nt 373 to 393 of the HBV genome, which overlapped in the 3.5-kb,
2.4-kb, and 2.1-kb HBV transcripts. We expressed four transcripts (3.5 kb, 2.4 kb, 2.1 kb,
and 0.7 kb) in Huh7 cells, and stem-loop RT-qPCR revealed that plasmids expressing the
3.5-kb, 2.4-kb, and 2.1-kb transcripts, but not the 0.7-kb transcript, were capable of
HBV-miR-3 generation. In addition, RIP analysis indicated that HBV-miR-3 was in the
RISC (AGO2) complex, which is the miRNA functional complex. Thus, we concluded that
HBV encoded miRNA and that HBV-miR-3 is expressed in HBV� tissues, cells, and sera
from patients with HBV infection, and we confirmed that HBV-miR-3 is released into
sera by exosomes and HBV core particles, not HBV subviral particles.

Subsequently, we addressed the role of HBV-miR-3. Ectopic expression of HBV-miR-3
did not affect cell viability but significantly suppressed HBsAg, HBeAg, and HBc protein
expression in Huh7 cells that were transfected with pHBV1.3. Meanwhile, Huh7 cells
were transfected with pHBV1.3-mut, in which the target site (positions 2125 to 2145 of
the HBV genome) of the HBV-miR-3 seed sequence was mutated, the effect of HBV-
miR-3 on HBV replication was blocked. Depletion of HBV-miR-3 by ASO increased
HBsAg, HBeAg, and HBc protein expression in HepG2.2.15 cells. Furthermore, we
demonstrated that HBV-miR-3 repressed HBV virion production, according to the
immunoprecipitation using HBsAb antibody and the qPCR procedure that was used to
quantitate HBV virions (31). In addition, a Southern blot assay showed that HBV-miR-3
reduced the replication intermediate of HBV. Similar phenomena have been reported
in other viruses. For instance, HCMV-encoded miR-UL112-1 regulates a variety of genes
by binding to the 3= untranslated region (UTR) of viral transcripts and inhibiting
translation (9). Human herpesvirus 6A (HHV-6A)-encoded miR-U86 targets the HHV-6A
U86 immediate-early (IE) gene, thereby regulating lytic replication (35). These findings
suggested that a virus-encoded miRNA modulates its own replication process and
infection status. Therefore, HBV-encoded miRNA represses HBV protein expression and
virion production, which may avoid damage to infected cells and could contribute to
persistent infection.

Yang et al. Journal of Virology

May 2017 Volume 91 Issue 10 e01919-16 jvi.asm.org 12

http://jvi.asm.org


miRNA plays its role by regulating the expression of the target gene (39). To reveal
the mechanism by which HBV-miR-3 suppresses HBV replication, we used a bioinfor-
matics assay to predict the targets of HBV-miR-3 on HBV transcripts and cellular mRNA.
Surprisingly, HBV-miR-3 was predicted to target the 3.5-kb HBV transcript at nt 2125 to
2145 of the HBV genome, which were conserved in different subtypes of the HBV
genome. The 3.5-kb transcript serves as a translational template for HBc (ORF, nt 1815
to 2452); for HBV DNA Pol (ORF, nt 2087 to 3215 and 1 to 1632); and for pgRNA, which
is a template of HBV replication intermediates (HBV-RI) (21). An EGFP reporter assay
identified the HBV-miR-3-binding site of the HBV 3.5-kb mRNA; however, Western
blotting showed that HBV-miR-3 reduced the HBc protein expression level but did not
decrease HBV DNA Pol expression, which may be due to the target site of HBV-miR-3,
which is located in the HBc ORF. Simultaneously, HBV-miR-3 reduced the production of
pgRNA and HBV-RI. During HBV replication, an abundance of subviral particles, includ-
ing small spheres and filament particles lacking nucleocapsid, are produced and could
reach amounts up to 103- to 106-fold higher than those of HBV virions in the blood of
infected individuals (40). One hypothesis is that the autoassembly of the S protein is
more efficient than its incorporation into virions (41), but the mechanism underlying
this phenomenon is not clear. HBc and pgRNA are required for nucleocapsid assembly/
maturation and virion formation (42–45). Thus, our finding that HBV-miR-3 reduced HBV
core protein expression and pgRNA/HBV-RI production may provide a possible expla-
nation for the phenomenon of relatively few complete virions.

In summary, we determined that HBV encodes HBV-miR-3 is present in all HBV�

tissues and cells. HBV-miR-3 represses HBV replication by targeting the region of HBV
3.5-kb mRNA encoding HBV core protein (HBc) to reduce HBc protein and HBV
pregenomic RNA (pgRNA), which in turn led to attenuated HBV replication (Fig. 7).
Overall, these results indicate that HBV encodes miRNA which may provide new
potential biomarkers for clinical HBV infection and shed light on a new mechanism of
HBV replication regulation by which HBV-encoded miRNAs control self-replication by
targeting viral transcripts.

MATERIALS AND METHODS
Human hepatoma tissue specimens and serum specimens from patients with HBV infection.

Twenty HBV� hepatoma tumors and 3 HBV� hepatoma tumors were obtained from the cancer center of
Sun Yat-Sen University. These diagnoses were verified by pathological analysis. The sera of 25 pairs of
patients with HBV infection were obtained from the Second People’s Hospital of Tianjin. Written
informed consent was obtained from every patient, and ethics approval for the work was granted by the

FIG 7 Proposed model describing HBV-encoded miRNA (HBV-miR-3) targeting HBV 3.5-kb mRNA to reduce
HBc protein and pgRNA levels and to suppress HBV transcription and HBV replication.
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Ethics Committee of Tianjin Medical University. All the methods were carried out in accordance with the
relevant guidelines, including any relevant details.

Cell cultures and transfections. Human hepatoma cell lines Huh7 and HepG2.2.15 were pur-
chased from the Cell Bank of the Chinese Academy of Sciences (Shanghai, China). The Huh7 and
HepG2.2.15 cell lines were propagated and maintained in Dulbecco’s modified Eagle’s medium
(DMEM) or minimal essential medium alpha (MEM-�) (Gibco, BRL, Grand Island, NY, USA) supple-
mented with 10% fetal bovine serum (Gibco), 20 mM HEPES, 100 units/ml penicillin, and 100 �g/ml
streptomycin. MEM-� was additionally supplemented with 2 mM glutamine and 200 �g/ml G418.
Cultures were incubated in a humidified atmosphere at 37°C with 5% CO2. All transfections were
performed with Lipofectamine 2000 reagent (Invitrogen, Carlsbad, CA, USA) according to the
manufacturer’s recommendations.

Deep sequencing and bioinformatics analysis. Small RNA was extracted from 3 HBV� (880T,
971T, and 980T) and 3 HBV� (887T, 895T, and 1033T) hepatoma tumors using the mirVana miRNA
isolation kit (Ambion, Austin, TX, USA) according to the manufacturer’s protocol. The samples were
qualified and sent to Beijing Genomics Institute Shenzhen Co. (BGI-Shenzhen) for sequencing using
Solexa technology (58), and 18- to 30-nt sequences were identified. Sequencing reads that did not
align with the human genome were analyzed to align with the HBV genome (GenBank accession
number M54923.1), and thus, 5 HBV-sncRNAs were obtained. The secondary-structure analysis and
prediction of the precursor and targets of the miRNA were performed online with RNAhybrid, TargetScan,
and PicTar.

RT-qPCR. For RNA detection, RNA was isolated from cells and HCC tissues using a mirVana miRNA
isolation kit (Ambion, Austin, TX, USA) according to the manufacturer’s instructions. Serum RNA was
extracted with a miRcute miRNA isolation kit (Tiangen Biotech, China) according to the manufac-
turer’s instructions and was then subjected to cDNA synthesis using Moloney murine leukemia virus
(M-MLV) reverse transcriptase (Promega, Madison, WI). qPCR was performed at 94°C for 10 min,
followed by 40 cycles of 94°C for 30 s, 50°C for 30 s, and 72°C for 30 s in an iQ5 real-time PCR
detection system (Bio-Rad). A SYBR Premix Ex Taq II kit (TaKaRa) was used, following the manufac-
turer’s instructions. �-Actin mRNA or U6 RNA was used as the normal control. For miRNA detection,
we used a special RT-qPCR (stem-loop RT-qPCR), as described by Chen et al. (46), and miR-16 was
analyzed to serve as an internal control. The relative fold change in the transcripts was calculated
using the 2�ΔCT method (47) and the 2�ΔΔCT method (46). The relative levels of HBV-miR-3 in serum
were presented as a standardized threshold cycle value of 39 (39-Ct) after normalization to miR-16
(48). The specific primers are shown in Table 3.

ELISA for HBsAg and HBeAg detection. Huh7 cells were cotransfected with pHBV1.3 (300 ng),
HBV-miR-3 (600 ng), HBV-miR-3-mut (600 ng), or the control vector pcDNA3 (600 ng), and
HepG2.2.15 cells were transfected with ASO-HBV-miR-3 (20 pmol) or scrambled oligomer (ASO-NC;
20 pmol) in 24-well plates. At 48 or 72 h after transfection, the supernatants of Huh7 cells were
harvested or the supernatants of HepG2.2.15 cells were harvested and diluted 1:10 in phosphate-
buffered saline (PBS). The harvested supernatants were used to examine HBsAg and HBeAg using
ELISA kits (InTec Products, Xiamen, China), following the manufacturer’s protocol. Absorbance was
determined in a microtiter plate reader (Quant, Biotek, Germany) with dual-wavelength measure-
ment (450 nm).

Plasmid construction. The HBV replication-competent plasmid cloned in pUC18, pHBV1.3, contain-
ing 1.3 copies of the HBV genome that could result in HBV particles, was a generous gift from Z. H. Yuan’s
laboratory at Shanghai Medical School, Fudan University (49). pHBV1.3-mut, containing the HBV-miR-3-
binding site of the HBV genome, was constructed by PCR with specific mutant primers.

To construct HBV transcripts, pHBV3.5 kb, -2.4 kb, -2.1 kb, and -0.7 kb were PCR amplified from
pHBV1.3, pHBV-miR-3 vectors, and pHBV-miR-3 mutant vectors in which the seed sequence of HBV-miR-3
was mutated by PCR with the primers. The fragments were then cloned into the pcDNA3 vector.

The construction of the EGFP expression vector, pcDNA3/EGFP, was described previously (50).
Nucleotides 2125 to 2145 of the HBV genome and mutations in the complementarity sites of HBV-miR-3
seed sequences were designed. The oligomers were synthesized and annealed into double-stranded
fragments that were cloned into the BamHI and EcoRI sites downstream of the EGFP ORF in pcDNA3/
EGFP.

All the specific primers are shown in Table 3. All the constructs were confirmed by DNA sequencing.
Fluorescent reporter assay. Huh7 cells were seeded in 48-well plates the day before transfection

and were then transfected with HBV-miR-3 (400 ng) or HBV-miR-3-mut (400 ng), together with the
pEGFP-HBV2125-45 (200-ng) reporter vectors and the pEGFP-HBV2125-45-mut (200-ng) vectors. The red
fluorescent protein (RFP) expression vector pDsRed2-N1 (Clontech; 20 ng) was used as an internal
control. At 48 h after transfection, cells were lysed with radioimmunoprecipitation assay (RIPA) lysis
buffer (10 mM Tris-HCl, pH 7.4, 1% Triton X-100, 0.1% SDS, 1% NP-40, 1 mM MgCl2), and the proteins
were harvested. Subsequently, we detected the EGFP and RFP intensities using an F-4500 fluores-
cence spectrophotometer (Hitachi, Tokyo, Japan). All experiments were performed more than three
times.

Western blotting. The transfected cells were lysed in RIPA buffer. Proteins were separated by
SDS-10% PAGE, transferred to nitrocellulose membranes, and then detected using the appropriate
antibodies. Rabbit anti-GAPDH (glyceraldehyde-3-phosphate dehydrogenase), -AGO2, -mouse IgG,
-EGFP, -HBcAg, -HBsAg, -HBV DNA Pol, -Dicer, and -CD63 antibodies were from Saierbio (Tianjin, China).
Anti-Drosha and anti-Flag antibodies were from Abcam (Cambridge, United Kingdom).
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Northern blotting. Total cellular RNA was extracted. Five micrograms of total RNA was resolved in
a 1% agarose gel containing 2.2 M formaldehyde and was then transferred onto a positively charged
nylon membrane (GE Healthcare, Waukesha, WI). To detect HBV transcripts, a biotin-labeled specific RNA
probe corresponding to nt 373 to 393 of the HBV genome, which was synthetized directly, was used for
the detection of biotin luminescence using the chemiluminescent Nucleic Acid Detection Module
(Thermo Scientific) according to the manufacturer’s instructions. The U6 RNA was used as a loading
control.

HBV DNA analysis. Huh7 cells were cotransfected with pHBV1.3 (1 �g), HBV-miR-3 (2 �g), HBV-
miR-3-mut (2 �g), or the control vector pcDNA3 (2 �g), and HepG2.2.15 cells were transfected with
ASO-HBV-miR-3 (40 pmol) or scrambled oligomer (ASO-NC; 40 pmol) in 6-well plates. Seventy-two hours
posttransfection, extracellular encapsulated HBV DNA was extracted according to the protocol described
previously (51) with modifications. Briefly, 500 �l of culture supernatants was treated with DNase I and
MgCl2 for 2 h at 37°C to remove free DNA. In the presence of EDTA, SDS, NaCl, and proteinase K and
following incubation for 4 h at 55°C overnight, viral DNA was isolated by phenol-chloroform extraction
and ethanol precipitation. The DNA pellet was rinsed with 75% ethanol and resuspended in 10 �l
Tris-EDTA (TE). The viral DNA was then analyzed by qPCR.

TABLE 3 Primers used in the construction of plasmids and RT-qPCR

Use Primer name Sequence (5 =–3 =)
Construction of HBV-miR-3 HBV-miR-3-S CGGGGTACCGAGAGCACAACATCAGGATTC

HBV-miR-3-AS GACGAATTCGGACTGAGGCCCCCTCCC
RT-qPCR of HBV-miR-3 HBV-miR-3/HBV-miR-3-mut RT GTCGTATCCAGTGCAGGGTCCGAGGTGCACTGGATACGACAAACGCCG

HBV-miR-3 Forward TGCGGCTGGATGTGTCTGCGG
RT-qPCR of HBV-miR-3-3p HBV-miR-3-3p-RT GTCGTATCCAGTGCAGGGTCCGAGGTGCACTGGATACGACAGAAGAAC

HBV-miR-3 Forward TGCGGATCTTCTTGTTGGTT
Construction of HBV-miR-3mut HBV-miR-3-mut-MS TATCGCAATGCACGTCTGCGGCGTTTTATC

HBV-miR-3-mut-MA GATAAAACGCCGCAGACGTGCATTGCGATA
RT-qPCR of HBV-miR-3mut HBV-miR-3-mut Forward TGCGGCAATGCACGTCTGCG
RT-qPCR of miR-423 miR-423 RT GTCGTATCCAGTGCAGGGTCCGAGGTGCACTGGATACGACAAAGTCTC

miR-423 Forward TGCGGTGAGGGGCAGAGAG
RT-qPCR of miR-16 miR-16 RT GTCGTATCCAGTGCAGGGTCCGAGGTGCACTGGATACGACCGCCAAT

miR-16 Forward TGCGGTAGCAGCACGTAAATA
RT-qPCR of U6 snRNA U6 RT GTCGTATCCAGTGCAGGGTCCGAGGTGCACTGGATACGACAAAATATGG

U6 Forward TGCGGGTGCTCGCTTCGGCAGC
miRNA Reverse primer CCAGTGCAGGGTCCGAGGT

Construction of HBV2139 EGFP reporters EGFP-HBV2139-S GATCCAGATCCAGCATCCAGGAAGCTTG
EGFP-HBV2139-AS AATTCAAGCTTCCTGGATGCTGGATCTG
EGFP-HBV2139-MS GATCCAGATCCAGAGAGTCGGAAGCTTG
EGFP-HBV2139-MA AATTCAAGCTTCCGACTCTCTGGATCTG

Construction of pHBV-1.3-mut HBV1.3-mut-S GGAAGATCCAGCCAGTCGAGACCTAGTAGTCAGT
HBV1.3-mut-AS CTAGGTCTCGACTGGCTGGATCTTCCAAATTAAC

RT-qPCR of �-actin �-actin-S CGTGACATTAAGGAGAAGCTG
�-actin-AS CTAGAAGCATTTGCGGTGGAC

Construction of HBV 3.5 kb HBV3.5kb-S GCAGGCAAGCTTGTTCATGTCCTACTGTTCAAG
HBV-mRNA-Reverse ATAAGAATGCGGCCGCGCAAAAACGAGAGTAACTCC

Construction of HBV 2.4 kb HBV2.4kb-S GCAGGCAAGCTTATAAGAGAGAAACAACACAT
HBV-mRNA-Reverse ATAAGAATGCGGCCGCGCAAAAACGAGAGTAACTCC

Construction of HBV 2.1 kb HBV2.1kb-S GCAGGCAAGCTTAGAAACACTCATCCTCAGGC
HBV-mRNA-Reverse ATAAGAATGCGGCCGCGCAAAAACGAGAGTAACTCC

Construction of HBV 0.7 kb HBV0.7kb-S GCAGGCAAGCTTCATGGC TGCTAGGCTGTGC
HBV-mRNA-Reverse ATAAGAATGCGGCCGCGCAAAAACGAGAGTAACTCC

RT-qPCR of pgRNA/HBV DNA copies pgRNA-qRT-S TCTTGCCTTACTTTTGGAAG
pgRNA-qRT-AS AGTTCTTCTTCTAGGGGACC

RT-qPCR of total RNA Total RNA-qRT-S CTCCCCGTCTGTGCCTTCTC
Total RNA-qRT-AS TCGGTCGTTGACATTGCTGA

Construction of shR-Dicer shR-Dicer-S GATCCCTCGAAATCTTACGCAAATACTCGAGTATTTGCGTAAGATTTCG
AGTTTTTGA

shR-Dicer-AS AGCTTCAAAAACTCGAAATCTTACGCAAATACTCGAGTATTTGCGTAAG
ATTTCGAGG

Construction of shR-Drosha shR-Drosha-S GATCCCCAGATGAGACTGAAGACATCTCGAGATGTCTTCAGTCTCATCT
GGTTTTTGA

shR-Drosha-AS AGCTTCAAAAACCAGATGAGACTGAAGACATCTCGAGATGTCTTCAG
TCTCATCTGGG

Construction of DNA Pol DNA pol-S GCCGGTACCGCCATGCCCCTATCTTATCCACAC
DNA pol-AS ATAAGAATGCGGCCGCTCACGGGGGTCTCCATGCGAC

Construction of DNA Pol-mut DNA pol-M-S GCCGGTACCGCCATGCCCTATCTTATCCACAC
DNA pol-M-AS ATAAGAATGCGGCCGCTCACGGGGGTCTCCATGCGAC
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Intracellular HBV DNA was isolated as described previously (52), and the cells were washed with cold
PBS and lysed in NP-40 lysis buffer (50 mM Tris-HCl [pH 7.5] and 0.5% NP-40) at 4°C for 30 min. Following
centrifugation, the supernatants were digested with DNase I (Promega, Madison, WI) and RNase A
(Promega, Madison, WI) at 37°C for 2 h. The following procedures were similar to the processes of
extracellular DNA extraction. All of the extracted DNA was loaded and separated on a 1% agarose gel.
After standard denaturation and neutralization procedures, the DNA was transferred onto a positively
charged nylon membrane (GE Healthcare, Waukesha, WI) and probed with a biotin-labeled HBV RNA
probe, similar to the method for Northern blotting.

RNA immunoprecipitation assay. The RIP assay was carried out following the method described by
Song et al. (53). Briefly, Huh7 cells were cotransfected with pHBV1.3 (10 �g) and pcDNA3-Flag-AGO2 (10
�g) in a 75-cm2 culture flask. After transfection for 72 h, the cells were washed with cold PBS before lysis
in 1 ml lysis buffer (50 mM Tris-HCl [pH 7.5], 1% NP-40, 0.5% sodium deoxycholate, 1 mM EDTA, 140 mM
NaCl, 1.5 mM MgCl2, 1 mM dithiothreitol [DTT], 100 U/ml RNasin, and 1� proteinase inhibitor cocktail
[Roche]). The lysates were placed on ice for 10 min and then centrifuged at 16,000 � g at 4°C for 5 min.
Fifty microliters of protein A/G slurry and 10 �g of anti-Flag antibody or nonspecific control mouse IgG
(Tianjin Saierbio, Inc., Tianjin, China) were added to the supernatants. After rotation at 4°C overnight, the
samples were washed twice with lysis buffer. The pellet was then washed twice with high-salt lysis buffer
(the same as lysis buffer except that NaCl was at 700 mM). The RNAs in the pellets were released from
the samples after proteinase K treatment for 30 min at 50°C, extracted with phenol-chloroform-isoamyl
alcohol (25:24:1), and then precipitated in alcohol overnight. The isolated RNA was used for RT-qPCR as
described above.

Exosome and HBV virion particle preparation. To prepare exosomes, the culture supernatants of
HepG2.2.15 cells were harvested by differential centrifugation as previously described (54–56), with some
modifications. Briefly, culture supernatants were harvested and centrifuged at 500 � g for 10 min to
eliminate cells and at 16,500 � g for 20 min to remove cell debris. The supernatants were pelleted by
ultracentrifugation at 100,000 � g for 70 min and then washed with PBS and filtered through 0.45-�m
filters and centrifuged again at 100,000 � g for 100 min, and the pellets were resuspended in 1 ml PBS.
Then, sucrose gradient sedimentation was performed as described by Song et al. with some modifica-
tions (53). Briefly, 4 ml of 40%, 43%, 45%, and 50% (1 ml per fraction) sucrose gradients in 50 mM NH4Cl,
50 mM Tris-acetate at pH 7.0, 12 mM MgCl2, 150 mM NaCl, 100 �g/ml cycloheximide (added before use),
and 1 mM DTT (added before use) was prepared 1 day prior to culture supernatant harvest. The
supernatant was loaded on top of the sucrose gradient and centrifuged at 25,000 rpm for 4 h at 4°C. The
density of HBV core particles was 1.22 g/ml, that of HBV empty particles was 1.18 (57), and that of
the exosomes was 1.13 to 1.19 (56). After centrifugation, the top fractions (exosomes and HBV subviral
particles) and the bottom fractions (HBV particles) (1 ml per fraction) were collected, diluted 6-fold
with double-distilled water (DDW), and centrifuged at 110,000 � g for 2 h at 4°C; the supernatant
was poured off, the pellets were resuspended in 1 ml PBS, and then the HBV particle pellets were
extracted with TRIzol or RIPA; the exosome and HBV subviral particle pellets were immunoprecipi-
tated using HBs monoclonal antibody (Tianjin Saierbio, Inc., Tianjin, China) to obtain the HBV
subviral particles; then, the exosomes and HBV subviral particles were extracted with TRIzol or RIPA,
respectively.

Statistical analysis. Statistical significance was determined using a two-tailed unpaired Student t
test. The data represent means and standard deviations (SD). P values of �0.05 were considered
statistically significant. The graphs represent the average results of three experiments.

Accession number(s). The GenBank accession number for the HBV-miR-3 sequence is KY684291.
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