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Myeloid differentiation primary response protein 88 (MyD88), which can be induced by alpha interferon
(IFN-�), has an antiviral activity against the hepatitis B virus (HBV). The mechanism of this antiviral activity
remains poorly understood. Here, we report that MyD88 inhibited HBV replication in HepG2.2.15 cells and in
a mouse model. The knockdown of MyD88 expression weakened the IFN-�-induced inhibition of HBV repli-
cation. Furthermore, MyD88 posttranscriptionally reduced the levels of viral RNA. Remarkably, MyD88
accelerated the decay of viral pregenomic RNA in the cytoplasm. Mapping analysis showed that the RNA
sequence located in the 5�-proximal region of the pregenomic RNA was critical for the decay. In addition,
MyD88 inhibited the nuclear export of pre-S/S RNAs via the posttranscriptional regulatory element (PRE).
The retained pre-S/S RNAs were shown to degrade in the nucleus. Finally, we found that MyD88 inhibited the
expression of polypyrimidine tract-binding protein (PTB), a key nuclear export factor for PRE-containing
RNA. Taken together, our results define a novel antiviral mechanism against HBV mediated by MyD88.

Hepatitis B virus (HBV) is a noncytopathic, enveloped virus
with a circular, double-stranded DNA genome. It causes both
acute and chronic infection of the human liver. Although a
highly effective preventive vaccine is now available, HBV in-
fection remains a major health problem worldwide. It is esti-
mated that chronic HBV infection affects 350 to 400 million
people globally, about a quarter of whom will eventually de-
velop severe liver diseases, including liver cirrhosis, liver fail-
ure, and hepatocellular carcinoma (HCC) (4).

Current antiviral therapies involve the use of nucleoside
analogs and alpha interferon (IFN-�) (28). IFN-�, a type I
interferon, engages the IFN-� receptor complex to activate the
Jak/Stat pathway and trigger the transcription of a diverse set
of genes, referred to as IFN-stimulated genes (ISGs) (2, 40). In
total, the gene products of ISGs establish an antiviral response
in target cells (2, 40). IFN-� inhibits HBV replication through
a variety of mechanisms. It was reported previously that IFN-�
can suppress viral gene expression, prevent the formation of
viral RNA-containing core particles, and reduce the accumu-
lation of viral replicative intermediates (11, 35, 37, 46–48).
Importantly, the precise antiviral mechanism of IFN-� and the
biological functions of many ISGs have not been fully eluci-
dated.

Myeloid differentiation primary response protein 88
(MyD88) is a key adaptor in the signaling cascade of the innate
immune response (22). We and others have shown that MyD88
expression can be induced by IFN-� and that MyD88 has an

antiviral activity against HBV in hepatoma cells that is medi-
ated by nuclear factor �B (NF-�B) activation (12, 25, 51, 52).
To counteract its inhibition, the HBV polymerase dampens the
activation of the MyD88 promoter by blocking the nuclear
translocation of Stat1, thereby reducing IFN-�-inducible
MyD88 expression (50), further suggesting a critical role for
MyD88 in antiviral activity against HBV. The aim of the
present study was to further investigate the antiviral activity of
MyD88 and the mechanism of action. We show that MyD88
inhibited HBV replication in HepG2.2.15 cells and in a mouse
model. Furthermore, MyD88 decreased the stability of HBV
pregenomic RNA and inhibited the nuclear export of HBV
pre-S/S RNAs mediated by the posttranscriptional regulatory
element (PRE).

MATERIALS AND METHODS

Plasmids and viruses. To construct HBV plasmid pHBV1.3, a terminally
redundant (1.3� copy), replication-competent HBV genome (subtype adw; nu-
cleotides 957 to 1952; GenBank accession number AF100309) was inserted into
pUC19 (Promega). pCIdA-HBV expresses all the HBV proteins, but it lacks the
5� ε RNA signal, which eliminates pregenomic RNA packaging and DNA rep-
lication (27). Both pCMV-HBV (6) and pTet-HBV (36) contain the wild-type
HBV 1.1-mer overlength genomic sequence. For these plasmids, the synthesis of
the pregenomic RNA is driven by the cytomegalovirus (CMV) promoter and the
Tet promoter, respectively. pCMV-HBV M2 is a derivative of pCMV-HBV in
which the La protein-binding sites have been mutated (5). pCMV-HBV�PRE is
a PRE deletion mutant of pCMV-HBV (15). The luciferase reporter constructs
of HBV promoters/enhancers (ENII/Cp, Sp1, Sp2, and ENI/Xp) were described
previously (33). The pRSV138PRE-CAT and pRSV-CAT constructs were de-
scribed previously (39). To construct Myc-tagged MyD88, polypyrimidine tract-
binding protein 1 (PTB1), and nuclear export signal (NES)(�)RanBP plasmids,
the complete cDNAs of human MyD88 carried on pCDNA3-MyD88 (51), PTB1
carried on His-PTB1 (43), and NES(�)RanBP carried on green fluorescent
protein (GFP)-NES(�)RanBP1 (57) were inserted into the EcoRI and NotI sites
of pCMV/Myc vectors (Invitrogen). cDNA fragments of HBV pregenomic RNA
from pCMV-HBV and the complete HBV cDNA from pCMV-HBV�PRE were
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inserted into pcDNA3.1/Luc (9) at the 3� end of the luciferase coding sequence
before the bovine growth hormone (BGH) polyadenylation signal (see Fig. 6A).
The sequence of HBV(1804-2454) was deleted from pCMV-HBV by inverse
PCR using a KOD-Plus mutagenesis kit (Toyobo) according to the manufactur-
er’s instructions, and the resultant plasmid was named pCMV-HBV�1804-2454.
The complete cDNA of the pre-S2/S RNA was inserted into pCDNA3.1 (In-
vitrogen) and pTRE2hyg (Clontech), and the resultant plasmids were named
pCDNA3.1-preS2/S and pTRE2hyg-preS2/S, respectively. All primer sequences
are available upon request. All of the constructs were confirmed by DNA se-
quencing.

Adenoviruses expressing enhanced green fluorescent protein (EGFP) (Ad-
EGFP) or MyD88 (Ad-MyD88) were created by using the bacterial plasmid
recombination system AdMax (VGTC, China). The viral titers were deter-
mined by a cytopathic effect assay that involved determining the median tissue
culture infective dose (TCID50) for HEK293 cells.

Cell culture. The hepatoma cell lines HepG2 and Huh7, the African green
monkey kidney cell line Vero, and the human cervical carcinoma cell line HeLa
were obtained from the ATCC; the HBV-expressing stable cell lines HepG2.2.15
(42) and HepAD38 (23) were kindly provided by Yumei Wen (Fudan University,
China). All cell lines were cultured in Dulbecco’s modified Eagle’s medium
(Invitrogen) supplemented with 10% (vol/vol) fetal bovine serum (Invitrogen), 2
mM glutamine, 100 units/ml penicillin, and 100 �g/ml streptomycin at 37°C in
5% CO2.

Cell transfection and virus infection. Transient transfection was performed by
using FuGENE 6 reagent (Roche) according to the manufacturer’s instructions.
Confluent cell monolayers (60 to 80%) were transfected with a 3:1 ratio of
liposomes to DNA. For adenovirus infection, HepG2.2.15 or HepAD38 cells
were infected at a multiplicity of infection (MOI) of 100. Cells were harvested at
48 h posttransfection or postinfection. The levels of HBV RNA and core parti-
cle-associated DNA were determined by Northern blot and Southern blot anal-
yses, respectively.

Northern blot and Southern blot analyses. Total RNA was isolated by use of
TRIzol reagent (Invitrogen) according to the manufacturer’s instructions. Cyto-
plasmic or nuclear RNA was extracted by using a Cytoplasmic & Nuclear RNA
purification kit (Norgen) as recommended by the manufacturer. RNA (15 �g)
was separated on a denaturing formaldehyde–1% agarose gel and transferred
onto a positively charged nylon membrane (Roche) in 20� SSC (1� SSC is 0.15
M NaCl plus 0.015 M sodium citrate) buffer. HBV RNA was detected with a
32P-radiolabeled HBV DNA probe prepared by using the Random Priming
labeling kit (Roche) in Ultrahyb ultrasensitive hybridization buffer (Ambion).
Hybridization signals were visualized by phosphorimaging (Fujifilm) and quan-
tified by use of MultiGauge V2.2 software. The blots were then stripped and
rehybridized with a 32P-radiolabeled GAPDH (glyceraldehyde-3-phosphate de-
hydrogenase) DNA probe for loading normalization.

Intracellular HBV core particle-associated DNA was extracted as described
previously (33). After extraction, viral DNA was separated on a 1% agarose gel.
The gel was then subjected to denaturalization in a solution containing 0.5 M
NaOH and 1.5 M NaCl, followed by neutralization in a buffer containing 1.5 M
NaCl and 1 M Tris-HCl (pH 7.4). The DNA was blotted onto a positively
charged nylon membrane and detected with an HBV probe via an approach
identical to that described above. �-Galactosidase (�-Gal) activities were mea-
sured to normalize viral DNA loading.

Hydrodynamics-based transfection in mice. Specific-pathogen-free female
BALB/c mice were purchased from the Center of Experimental Animals of the
Shanghai Institute of Biological Sciences (Shanghai, China). A total of 10 �g of
pHBV1.3 and 20 �g of pCMV/Myc or pCMV/Myc-MyD88 were diluted in 2 ml
of saline and injected into the tail vein of 6- to 8-week-old mice within 5 to 8 s.
Four days after the injection, viral DNA and RNA were extracted and analyzed
by Southern and Northern blotting, respectively. Briefly, a piece of liver tissue
was digested overnight in 400 �l of proteinase K-SDS digestion buffer, contain-
ing 10 mM EDTA, 100 mM NaCl, 1 mg/ml proteinase K, 0.5% SDS, and 25 mM
Tris-HCl (pH 7.9), at 55°C. The DNA was phenol-chloroform extracted from the
lysate. Thirty micrograms of DNA was then digested with HindIII, which linear-
ized input plasmid pHBV1.3. Total liver RNA was isolated by use of TRIzol
reagent, and 20 �g of purified RNA was submitted to Northern blot analysis. The
animal experiments were carried out according to the guide for the care and use
of medical laboratory animals (Ministry of Health, People’s Republic of China).

RNA interference. Huh7 cells at 30 to 40% confluence were transfected with
40 nM small interfering RNA (siRNA) duplexes (Invitrogen) by using Lipo-
fectamine 2000 (Invitrogen) according to the manufacturer’s instructions. At
24 h posttransfection, the cells were transfected with 20 nM the same siRNA
duplexes and the indicated plasmids.

Viral RNA stability analysis. To assess the half-life of viral pregenomic RNA
in Huh7 cells, cells were transfected with 1.5 �g of pTet-HBV, 0.5 �g of
pUHD-TA (which expresses tTA, the tetracycline-controlled transactivator), and
3 �g of pCMV/Myc or pCMV/Myc-MyD88. To assess the half-life of viral
pregenomic RNA in HepAD38 cells, cells were infected with Ad-EGFP or
Ad-MyD88 at an MOI of 100. The synthesis of viral pregenomic RNA was
blocked by the addition of 1 �g/ml doxycycline to the culture medium 39 h after
transfection or infection. Cells were harvested directly upon the addition of
doxycycline or at 3, 6, or 9 h thereafter. RNA was prepared and analyzed by
Northern blotting. Two independent experiments were performed in duplicate,
and viral RNA levels were normalized against RNA loading. The half-life of viral
pre-S2/S RNA was determined in a similar manner by using the pTRE2hyg-
preS2/S construct.

Western blot analysis. Cell lysates were separated by SDS-PAGE and elec-
trophoretically blotted onto nitrocellulose membranes (Roche). The membranes
were blocked for 1 h with phosphate-buffered saline (PBS) containing 0.05%
Tween 20 and 5% nonfat dry milk, followed by overnight incubation at 4°C with
primary antibodies against Myc (Sigma), MyD88 (Sigma), DCP2 (Santa Cruz),
EXOSC5 (Novus Biologicals), PTB (Sigma), or �-actin (Sigma). Bound antibod-
ies were revealed by horseradish peroxidase (HRP)-labeled secondary antibodies
(Sigma) and visualized with enhanced chemiluminescence (ECL) detection re-
agents (Amersham).

Reporter assays. Luciferase assays were performed as described previously
(50). For chloramphenicol acetyltransferase (CAT) assays, Huh7 cells were
transfected with the indicated plasmids. At 48 h posttransfection, cells were
harvested for the quantification of CAT activity by using a CAT enzyme-linked
immunosorbent assay (ELISA) kit (Roche) according to the manufacturer’s
protocol. An aliquot of each lysate was assayed for �-Gal activity to standardize
the results according to transfection efficiency.

Statistics. Results are reported as means 	 standard deviations. t tests were
applied for comparisons between groups; a P value of 
0.05 was considered to
indicate statistical significance.

RESULTS

MyD88 inhibits HBV replication in HepG2.2.15 cells and in
a mouse model. We and others have previously shown that
MyD88 inhibits transient HBV replication in hepatoma cells
(12, 25, 51). To determine the effect of MyD88 on established
HBV replication, a cell line stably transformed with replicating
HBV genomic DNA, HepG2.2.15, was mock infected or in-
fected with adenovirus expressing EGFP (Ad-EGFP) or
MyD88 (Ad-MyD88). As a control, one set of HepG2.2.15
cells was treated with IFN-�. The amounts of viral RNA and
core particle-associated DNA were determined by Northern
and Southern blot analyses, respectively. As shown in Fig. 1A,
the levels of HBV RNA and DNA were decreased in Ad-
MyD88-infected cells compared to mock-infected cells, while
Ad-EGFP infection did not reduce the levels of HBV RNA or
DNA. As a control, IFN-� treatment resulted in a decrease in
the levels of viral RNA and DNA to a greater extent (Fig. 1A).

Recently, a mouse model of acute HBV infection was estab-
lished by using hydrodynamics-based transfection (53). To ex-
amine the antiviral effect of MyD88 in vivo, BALB/c mice were
hydrodynamically coinjected with plasmids expressing HBV
(pHBV1.3) and MyD88 (pCMV/Myc-MyD88). Total liver
DNA and RNA were analyzed by Southern and Northern
blotting, respectively. Consistent with in vitro results, MyD88
significantly reduced the levels of viral core particle-associated
DNA and RNA (Fig. 1B, top and middle). The expression of
MyD88 in transfected mouse livers was confirmed by Western
blot analysis (Fig. 1B, bottom). Furthermore, the possible tox-
icity of MyD88 to liver was assessed by determining the alanine
aminotransferase (ALT) levels in the sera of mice. No differ-
ence in ALT levels was observed between mice injected with
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pCMV/Myc and those injected with pCMV/Myc-MyD88 (data
not shown).

Interestingly, viral DNA levels were decreased to the same
extent as viral RNA levels (Fig, 1A and B), which is in agree-
ment with previous findings (12, 25, 51). According to the HBV
life cycle, we reasoned that the main primary antiviral target of
MyD88 was most likely the viral RNA. To evaluate this hy-
pothesis, we investigated whether MyD88 overexpression de-
creased the levels of viral RNA by using the pCIdA-HBV
construct, which is capable of viral gene expression and inca-
pable of viral DNA replication. As shown in Fig. 1C (top), the
expression of MyD88 greatly downregulated viral RNA levels.
This inhibitory effect was not restricted to Huh7 cells; it was
also seen for HepG2 cells (Fig. 1C, bottom). Collectively, these
results suggest that MyD88 has a strong inhibitory effect on
HBV replication both in vitro and in vivo and that it inhibits
HBV replication primarily by downregulating viral RNA
levels.

Knocking down MyD88 weakens IFN-�-induced inhibition
of HBV replication. The above-described data and previous
results (25, 51) indicate that the ectopic expression of MyD88
inhibits HBV replication; however, an antiviral activity of
MyD88 has not yet been shown at physiological levels. For this
reason, we investigated whether the silencing of MyD88 ex-
pression could weaken the inhibitory effect of IFN-� against
HBV. Huh7 cells were transfected with either control EGFP
siRNA or siRNA targeting MyD88, and the antiviral activity of
IFN-� was tested. As shown in Fig. 2A (top and middle, lane
3 versus lane 1) and Fig. 2B (bar 3 versus bar 1), HBV showed
a high sensitivity to IFN-� treatment in the control cells, as
expected. In contrast, when treated with IFN-�, MyD88 knock-
down cells showed a slight increase in levels of viral RNA and
DNA (Fig. 2A, top and middle, lane 4 versus lane 3, and 2B,
bar 4 versus bar 3). The effectiveness of the siRNA targeting of
MyD88 was confirmed by Western blot analysis (Fig. 2A, bot-
tom). These results indicate that MyD88 plays an active anti-
viral role in the IFN-�-mediated inhibition of HBV replica-
tion.

MyD88 downregulates HBV RNAs by a posttranscriptional
mechanism. The above-described analysis suggested that
MyD88 downregulates viral RNA levels. To determine
whether this inhibition occurs transcriptionally or posttran-
scriptionally, we first employed reporter plasmids in which the
luciferase reporter gene was under the control of HBV pro-
moters/enhancers. At 48 h after the cotransfection of Huh7 or
HepG2 cells with pCMV/Myc-MyD88, the cells were har-
vested, and the luciferase activity in the lysates was deter-
mined. The results showed that MyD88 had little inhibitory
effect on the activity of the viral promoters/enhancers in both
Huh7 (Fig. 3A) and HepG2 (data not shown) cells.

We next examined whether HBV ENII/Cp was required for
the downregulation of viral pregenomic RNA by MyD88.
pCMV-HBV was cotransfected into Huh7 or HepG2 cells to-
gether with pCMV/Myc-MyD88, and the levels of pregenomic
RNA were examined by Northern blot analysis. Our results
showed that the expression of MyD88 significantly downregu-
lated the pregenomic RNA levels in Huh7 (Fig. 3B, lanes 3 and
2 versus lane 1) and HepG2 (data not shown) cells. The inhi-
bition was not due to a decreased transcriptional activity of the
CMV promoter itself, as MyD88 could not inhibit CMV pro-

FIG. 1. MyD88 inhibits HBV replication in HepG2.2.15 cells and
in a mouse model. (A) HepG2.2.15 cells were mock infected or in-
fected with Ad-EGFP or Ad-MyD88 or treated with 5,000 IU/ml
IFN-�. The levels of viral RNA and core particle-associated DNA
were determined by Northern (top) and Southern (middle) blot anal-
yses, respectively, using a 32P-radiolabeled HBV DNA probe. After the
detection of HBV RNA, the blots were stripped and rehybridized with
a 32P-radiolabeled GAPDH DNA probe to control for gel loading. The
positions of HBV pregenomic RNA (3.5 kb), pre-S1/S RNA (2.4 kb),
and pre-S2/S RNA (2.1 kb) and the positions of relaxed circular (RC),
single-stranded (SS) DNAs are indicated. MyD88 expression was con-
firmed by Western blot analysis using an anti-MyD88 antibody. The
levels of the �-actin protein were determined to normalize for protein
loading (bottom). (B) BALB/c mice were hydrodynamically coinjected
with pHBV1.3 and pCMV/Myc or pCMV/Myc-MyD88. At 4 days
postinjection, total liver DNA was extracted and subjected to digestion
with HindIII restriction endonuclease. Input pHBV1.3 and viral core
particle-associated DNA were examined by Southern blot analysis
(top). The intensity of input pHBV1.3 in each lane was used as an
internal control indicating equivalent transfection efficiency. Total
liver RNA was analyzed by Northern blotting, and GAPDH was ana-
lyzed as a loading control (middle). MyD88 expression was confirmed
by Western blot analysis using an anti-Myc antibody (bottom). Eight
comparable pairs in which each part showed similar amounts of input
DNA were obtained from two independent injections, and two repre-
sentative pairs are shown. (C) Huh7 (top) and HepG2 (bottom) cells
were cotransfected with the indicated amounts of pCIdA-HBV and
pCMV/Myc or pCMV/Myc-MyD88. Levels of HBV RNAs were de-
termined by Northern blot analysis. GAPDH was analyzed as a loading
control.
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moter-driven luciferase expression (Fig. 3C, lane 2 versus lane
1). Interestingly, we found that this inhibition could not be
extended to Vero (Fig. 3D, lanes 3 and 2 versus lane 1) or
HeLa (data not shown) cells, suggesting that the inhibitory
effect may be hepatocyte specific. These results suggest that
MyD88 posttranscriptionally reduces the levels of HBV RNA.

MyD88 accelerates the decay of HBV pregenomic RNA in
cytoplasm. Because the inhibition of pregenomic RNA expres-
sion is a posttranscriptional event, we investigated whether the
decrease in RNA levels was due to an accelerated turnover
rate of the pregenomic RNA. Huh7 cells were transfected with
pTet-HBV, pUHD-TA, and pCMV/Myc-MyD88. At 39 h post-
transfection, the cells were treated with doxycycline to turn off

HBV pregenomic RNA transcription. The cells were har-
vested, and the levels of pregenomic RNA were measured by
Northern blot analysis at different time points posttreatment.
As shown in Fig. 4A and B, the half-life of the pregenomic
RNA in MyD88-overexpressing cells was shortened by about
2 h compared with that in control cells. A similar effect
of MyD88 on pregenomic RNA decay was observed for
HepAD38 cells (data not shown). In addition, cytoplasmic and
nuclear fractionation analysis showed that a MyD88-induced
decay of the pregenomic RNA occurred in the cytoplasm (Fig.
4C, left, and D) and not in the nucleus (Fig. 4C, right, and E).

In mammalian cells, mRNA decay occurs mainly in the cy-
toplasm, where mRNA degradation proceeds through two
main pathways (8, 17). The 5�-to-3� mRNA decay pathway is
initiated by the removal of the 5� cap by the decapping enzymes
DCP1 and DCP2, whereas 3�-to-5� mRNA decay is mediated
by a large complex of 3�-to-5� exonucleases known as the exo-
some, which includes exosome component 5 (EXOSC5). Con-
sidering that pregenomic RNA resembles cellular mRNA in
structure, we determined whether one or both of these mRNA
decay pathways are required for the MyD88-induced decay of
pregenomic RNA. We knocked down the expression of DCP2
or EXOSC5 in Huh7 cells to block these two pathways inde-
pendently. The results showed that siRNAs targeting DCP2 or
EXOSC5 abrogated the MyD88-mediated inhibition of viral
pregenomic RNA levels (Fig. 4F, top, lanes 3 and 4 versus lane
2). The effectiveness of siRNAs targeted against DCP2 or
EXOSC5 was confirmed by Western blot analysis (Fig. 4F,
bottom). Collectively, the above-described results suggest that
MyD88 reduced the levels of HBV pregenomic RNA mainly
through accelerating its decay in the cytoplasm and that RNA
degradation proceeds through both the 5�-to-3� and 3�-to-5�
mRNA decay pathways.

The RNA sequence in the 5�-proximal region of HBV pre-
genomic RNA mediates its decay. It was reported previously
that the La protein contributes to HBV pregenomic RNA
stability through specific binding to the viral RNA, while cyto-
toxic T-lymphocyte (CTL) and interleukin-2 (IL-2) treatment
results in the fragmentation of the La protein, which renders
viral RNA vulnerable to degradation by cellular nucleases (5,
13, 14, 16, 44). To determine whether MyD88 induces the
fragmentation of the La protein, we studied the expression of
the La protein in MyD88-overexpressing cells by Western blot
analysis. Our results showed that MyD88 overexpression did
not result in a decrease in levels of the La protein in Huh7 cells
in the absence or presence of HBV replication (Fig. 5A).
Importantly, MyD88 inhibited the La protein-binding-deficient
pregenomic RNA from pCMV-HBV M2 to the same extent as
wild-type pregenomic RNA (Fig. 5B).

Because the La protein-binding sequence is not required for
MyD88-induced decay, we attempted to map the MyD88-re-
sponsive sequences in HBV pregenomic RNA. A series of
HBV fragments was individually inserted into the multiple-
cloning site of a CMV promoter-driven luciferase expression
plasmid (pcDNA3.1/Luc) (Fig. 6A). The resultant chimeric
plasmids were transfected into Huh7 or HepG2 cells with
pCMV/Myc-MyD88. Luciferase assays showed that MyD88
overexpression significantly decreased the luciferase activity
derived from the Luc-HBV(1804-3170), Luc-HBV(3171-1986),
Luc-HBV(1804-2454), Luc-HBV(837-1986), and Luc-HBV

FIG. 2. Knockdown of MyD88 expression by RNA interference
partially abrogates IFN-�-induced inhibition of HBV replication.
(A) Huh7 cells were transfected with 40 nM siRNAs targeting EGFP
(siEGFP) or MyD88. After 24 h, the cells were transfected with 20 nM
the same siRNAs together with pHBV1.3 and a �-Gal control plasmid,
followed by treatment with or without 5,000 IU/ml IFN-� for 48 h.
Viral RNA and DNA were analyzed by Northern blotting and South-
ern blotting, respectively. (B) Viral RNA and DNA levels from three
independent experiments were quantified by phosphorimaging and
normalized against GAPDH levels and �-Gal activity, respectively. *,
P 
 0.05.
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(1151-1684) constructs but not the Luc-HBV(2455-3170), Luc-
HBV(3171-836), Luc-HBV(837-1308), and Luc-HBV(1309-
1986) constructs in Huh7 cells (Fig. 6B). A similar result was
observed for HepG2 cells (data not shown). We were able to
demonstrate that the decreases in luciferase activity derived
from the Luc-HBV(1804-2454) and Luc-HBV(1151-1684) con-
structs reflected the levels of luciferase mRNA (Fig. 6C, lane 4
versus lane 3 and lane 6 versus lane 5), suggesting that
HBV(1804-2454) and HBV(1151-1684) are MyD88-responsive
regions of the pregenomic RNA. To investigate the relative
contribution of the two MyD88-responsive sequences to the
MyD88-induced decay of viral pregenomic RNA, we con-

structed deletion mutants of these sequences in the context of
Luc-HBV(1804-1986) and tested their response to MyD88.
Our results showed that the HBV(1151-1684) deletion mutant
retained sensitivity to MyD88 (Fig. 6D, lane 2 versus lane 1),
while the HBV(1804-2454) deletion mutant was resistant to
MyD88 (Fig. 6D, lane 4 versus lane 3). To exclude the influ-
ence of the luciferase RNA sequence on the response of the
two deletion mutants to MyD88, we used the constructs
pCMV-HBV�1804-2454 and pCMV-HBV�1151-1684, in
which HBV(1804-2454) and HBV(1151-1684) were deleted in
the context of pCMV-HBV, respectively, and found that the
construct pCMV-HBV�1151-1684 showed a sensitivity to

FIG. 3. MyD88 downregulates HBV RNAs by a posttranscriptional mechanism. (A) Huh7 cells were cotransfected with 0.1 �g of each of four
reporter plasmids for HBV promoters and enhancers (ENII/Cp, Sp1, Sp2, and ENI/Xp, respectively) and pCMV/Myc or pCMV/Myc-MyD88. The
cells were harvested at 48 h posttransfection, and luciferase activity in the lysates was assessed. For each transfection, 0.01 �g of pRL-tk was
included as an internal control of transfection efficiency. Results represent the means of data from three independent experiments performed in
duplicate. (B). Huh7 cells were cotransfected with the indicated amounts of pCMV-HBV and pCMV/Myc or pCMV/Myc-MyD88. Levels of the
pregenomic RNA were determined by Northern blot analysis. GAPDH was analyzed as a loading control. (C) Huh7 cells were cotransfected with
the indicated amounts of pCDNA3.1-Luc and pCMV/Myc or pCMV/Myc-MyD88. Levels of luciferase mRNA were determined by Northern blot
analysis. GAPDH was analyzed as a loading control. (D) Vero cells were transfected as described above (B). Levels of pregenomic RNA were
determined by Northern blot analysis. GAPDH was analyzed as a loading control.
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MyD88 similar to that of wild-type pCMV-HBV, while the
construct pCMV-HBV�1804-2454 lost sensitivity to MyD88
(Fig. 6E). These results define the HBV(1804-2454) region as
a crucial cis-regulatory sequence for the MyD88-induced decay
of viral pregenomic RNA.

The RNA region of HBV(1151-1684) selectively mediates
MyD88-induced decay of HBV pre-S/S RNAs in the nucleus.
Because the HBV(1151-1684) region, which is located in the

3�-overlapping region of the pregenomic RNA and pre-S/S
RNAs, was not required for the MyD88-induced decay of
pregenomic RNA, we determined whether it selectively con-
ferred a sensitivity of pre-S/S RNAs to MyD88. We deleted
this sequence in the context of pre-S2/S RNA and pre-S1/S
RNA and found that the two deletion mutants lost responsive-
ness to MyD88 compared with the wild-type versions (Fig. 7A
and data not shown).

FIG. 4. MyD88 accelerates the decay of HBV pregenomic RNA in the cytoplasm. (A) Huh7 cells were cotransfected with pTet-HBV and
pUHD-TA together with pCMV/Myc or pCMV/Myc-MyD88. At 39 h posttransfection, the cells were harvested directly upon the addition of
doxycycline (Dox) or at 3, 6, or 9 h thereafter. The levels of pregenomic RNA were determined by Northern blot analysis. To normalize RNA
loading, the same blots were hybridized with a GAPDH probe. (B) The half-life of the pregenomic RNA was determined by Northern blot analysis,
and the bands were quantified by phosphorimaging. Two independent experiments performed in duplicate were analyzed, and the levels of
pregenomic RNA were normalized against RNA loading. (C) Huh7 cells were transfected as described above (A). Cytoplasmic (left) and nuclear
(right) RNAs were prepared and analyzed by Northern blotting. (D and E) The half-lives of pregenomic RNA in the cytoplasm (D) and nucleus
(E) were determined by Northern blot analysis, and the bands were quantified by phosphorimaging. Two independent experiments performed in
duplicate were analyzed and quantified by phosphorimaging, and the levels of pregenomic RNA were normalized against RNA loading. (F) Huh7
cells were transfected with 40 nM siRNA targeting EGFP, DCP2, or EXOSC5. At 24 h posttransfection, the cells were transfected with 20 nM
the same siRNA together with pHBV1.3 and pCMV/Myc-MyD88. At 48 h after the second transfection, the cells were harvested, and viral
pregenomic RNA was analyzed by Northern blot analysis (top). The expression of target proteins was evaluated by Western blot analysis using
anti-DCP2 and anti-EXOSC5 antibodies (bottom).
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To confirm that MyD88 accelerated the decay of pre-S2/S
RNA, the stability of cytoplasmic and nuclear pre-S2/S RNAs
was determined. Our results showed that the overexpression of
MyD88 accelerated the degradation of nuclear pre-S2/S RNA
in Huh7 cells (Fig. 7B, top) and shortened the nuclear pre-S2/S
RNA half-life by approximately 2.5 h (Fig. 7C). The stability of
cytoplasmic pre-S2/S RNA was not significantly affected by
MyD88 overexpression (Fig. 7B, bottom, and D). A similar
result was also obtained with pre-S1/S RNA (data not shown).
In summary, the above-described results suggest that the
HBV(1151-1684) sequence mediates the MyD88-induced de-
cay of HBV pre-S/S RNAs in the nucleus.

MyD88 inhibits the nuclear export of HBV pre-S/S RNAs
mediated by PRE. Interestingly, we found that the HBV(1151-
1684) region overlaps with an RNA cis element termed the
posttranscriptional regulatory element (PRE) (18–20). The
PRE mediates the nuclear export of viral pre-S/S RNAs, but it
does not affect the nuclear export of pregenomic RNA (15,
18–20). In addition, viral pre-S/S RNAs lacking the PRE fail to
translocate to the cytoplasm and degrade in the nucleus via a
mechanism that has remained elusive (54, 55).

We evaluated whether the decay of pre-S/S RNAs in the
nucleus was associated with a deficiency in nuclear transport
mediated by the PRE. We used the pRSV138PRE-CAT con-
struct (39), which expresses a transcript that contains the PRE
sequence and the coding sequence for CAT between a splicing
donor and a splicing acceptor site. Because the sequence en-
coding the reporter enzyme is located within an intron, the
reporter cannot be expressed after the transcript is spliced.
However, the presence of the PRE within the same intron

allows the efficient nuclear export of the nonspliced mRNA
and results in CAT expression. CAT activity derived from the
PRE-containing transcript was significantly decreased by
MyD88 (Fig. 8A) compared to that derived from pRSV-CAT
(Fig. 8A), suggesting that MyD88 impairs PRE-mediated nu-
clear export. To exclude the possibility that MyD88 directly
induces the decay of the PRE-containing transcripts in the
nucleus, we tested whether MyD88 inhibited CAT expression
when PRE-mediated nuclear export was blocked by the expres-
sion of NES(�)RanBP1 (55), which is an inhibitor of PRE-
mediated nuclear export. Our results showed that MyD88 did
not further diminish CAT expression when coexpressed with
NES(�)RanBP1 (Fig. 8B, bars 3 and 4 versus bar 2). We
performed the converse experiments by determining whether
the expression of polypyrimidine tract-binding protein (PTB)
(including PTB1 and PTB4, encoded by the same gene [49]),
which is an export factor for PRE-containing RNA (54), an-
tagonized the inhibition of CAT expression. The results
showed that the expression of PTB1 almost fully restored the
function of the PRE (Fig. 8C, bars 4 and 5 versus bar 3).

Given that the CAT assays performed as described above
represent only an indirect measure of RNA levels, we also
performed Northern blot analysis for CAT RNA in the nucleus
and cytoplasm. As expected from previous data (55),
NES(�)RanBP1 expression resulted in decreases in both nu-
clear and cytoplasmic unspliced CAT RNA levels (Fig. 8D,
lane 2 versus lane 1). The coexpression of MyD88 did not
promote a further decay of nuclear unspliced CAT RNA (Fig.
8D, lanes 3 and 4 versus lane 2). In addition, the coexpression
of PTB1 abrogated MyD88-induced decreases in both nuclear
and cytoplasmic unspliced CAT RNA levels (Fig. 8E, lanes 3
and 4 versus lane 2). These changes in RNA levels are in good
agreement with the observed changes in CAT activity. There-
fore, from the results presented above, we conclude that
MyD88 inhibits the nuclear export of HBV pre-S/S RNAs
mediated by the PRE.

MyD88 transcriptionally inhibits the expression of PTB. It
was reported previously that I�B�, an NF-�B-responsive pro-
tein, can reduce HBV PRE-dependent nuclear export (39). As
mentioned above, PTB, a PRE-interacting protein, is involved
in the process of the nuclear transport of pre-S/S RNAs (54).
To uncover the mechanism underlying the impaired PRE func-
tion in nuclear export, we evaluated the expression of I�B�
and PTB in MyD88-overexpressing cells by Western blot anal-
ysis. The results showed that MyD88 did not change the ex-
pression levels of I�B� or PTB in Huh7 cells in the absence of
HBV replication (Fig. 9A, lane 2 versus lane 1). In the pres-
ence of HBV replication, the expression of PTB was greatly
downregulated by MyD88, in contrast to I�B� (Fig. 9A, lane 4
versus lane 3). A similar result was obtained for HepG2 cells
(data not shown). Considering that the impaired function of
the PRE was almost fully restored by PTB1 (Fig. 8C and E), we
conclude that the reduction in levels of PTB expression may be
the main cause of the impairment of HBV PRE function.

We investigated the effect of MyD88 on PTB mRNA levels
to determine whether changes in the levels of mRNA were
responsible for the changes in protein expression levels. As
shown in Fig. 9B, the overexpression of MyD88 significantly
decreased the levels of PTB mRNA. As the decreased levels of
PTB mRNA induced by MyD88 could result from an increased

FIG. 5. MyD88-induced decay of viral pregenomic RNA was inde-
pendent of the interaction of La with viral pregenomic RNA.
(A) Huh7 cells were transfected with 1 �g of pCMV/Myc or pCMV/
Myc-MyD88, with or without 0.5 �g of pHBV1.3, for 48 h. Western
blot analysis for La was performed as described in Materials and
Methods. (B) Huh7 cells were transfected with 1 �g of pCMV-HBV or
pCMV-HBV M2 together with 2 �g of pCMV/Myc or pCMV/Myc-
MyD88. Levels of pregenomic RNA were determined by Northern blot
analysis. GAPDH was analyzed as a loading control.
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FIG. 6. Mapping of the RNA sequence(s) in HBV pregenomic RNA responsible for HBV RNA decay. (A) Schematic diagram of the
truncation and deletion mutants of HBV pregenomic RNA. The numbers indicate the HBV DNA sequence with 1 at the unique EcoRI site in
the HBV genome. (B) Huh7 cells were transfected with 0.1 �g of luciferase fusion constructs containing the truncation mutants of HBV DNA and
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rate of mRNA degradation or a decreased rate of transcrip-
tion, we treated cells with actinomycin, a general inhibitor of
transcription, and monitored PTB mRNA levels by Northern
blot analysis. Our results showed that the expression of MyD88
could not accelerate the degradation of PTB mRNA (Fig. 9C
and D). Therefore, the inhibition of transcription, and not the
acceleration of mRNA degradation, is responsible for the
MyD88-induced decrease in PTB mRNA levels.

DISCUSSION

In this study, the effect of MyD88 on HBV replication and the
mechanism of this effect were further investigated. Based on
the data presented above, we propose the following model for the
MyD88-mediated inhibition of HBV replication (illustrated in
Fig. 10). After induction by IFN-�, MyD88 posttranscriptionally
regulates HBV viral RNA expression. MyD88 accelerates the
degradation of HBV pregenomic RNA in the cytoplasm through

a process that requires the HBV(1804-2454) region. In addition,
MyD88 inhibits the nuclear export of HBV pre-S/S RNAs medi-
ated by the PRE by decreasing PTB expression. The retained
pre-S/S RNAs are degraded in the nucleus.

Although IFN-� has been used for the treatment of HBV
infection for 2 decades, the downstream effectors are still elu-
sive. It was reported previously that the IFN-inducible protein
MxA blocked HBV replication both in vitro and in vivo (11,
29). However, it was also reported that IFN-� induced the
suppression of HBV replication in MxA-deficient cells (34).
Members of the APOBEC3 family of cytidine deaminases,
which have been shown to target a wide range of retroviruses,
were reported to inhibit HBV replication (1, 26, 27, 38, 45).
Whether these enzymes are the main mediators of the action
of IFNs on HBV remains controversial (21, 32). Recently,
TRIM22 was reported to be expressed in response to IFNs and
displayed anti-HBV activity both in vitro and in vivo, but it is

0.2 �g of pCMV/Myc or pCMV/Myc-MyD88 for 48 h, and the luciferase activity was then assessed. For each transfection, 0.01 �g of pRL-tk was
included as an internal control of transfection efficiency. Results represent the means of data from three independent experiments performed in
duplicate. *, P 
 0.05. (C) Huh7 cells were transfected with 1 �g of pCDNA3.1-Luc, Luc-HBV(1804-2454), or Luc-HBV(1151-1684) together with
2 �g of pCMV/Myc or pCMV/Myc-MyD88 for 48 h. Levels of luciferase mRNA were determined by Northern blot analysis. GAPDH was analyzed
as a loading control. (D) Huh7 cells were transfected with 1 �g of Luc-�HBV(1151-1684) or Luc-�HBV(1804-2454) together with 2 �g of
pCMV/Myc or pCMV/Myc-MyD88 for 48 h. Levels of luciferase mRNA were determined by Northern blot analysis. GAPDH was analyzed as a
loading control. (E) Huh7 cells were transfected with 1 �g of pCMV-HBV, pCMV-HBV�1804-2454, or pCMV-HBV�1151-1684 (also named
pCMV-HBV�PRE in this study) together with 2 �g of pCMV/Myc or pCMV/Myc-MyD88 for 48 h. Levels of luciferase mRNA were determined
by Northern blot analysis. GAPDH was analyzed as a loading control.

FIG. 7. MyD88 accelerates the decay of HBV pre-S2/S RNA in the nucleus. (A) Huh7 cells were transfected with 1 �g of pCDNA3.1-pre-S2/S or
its deletion mutant of HBV [HBV(1151-1684)] together with 2 �g of pCMV/Myc or pCMV/Myc-MyD88 for 48 h. Levels of viral RNA were determined
by Northern blot analysis. GAPDH was analyzed as a loading control. (B) Huh7 cells were cotransfected with pTRE2hyg-preS2/S and pUHD-TA
together with pCMV/Myc or pCMV/Myc-MyD88. Cells were harvested directly upon the addition of doxycycline or 3, 6, and 9 h thereafter. (B) Nuclear
(bottom) and cytoplasmic (top) RNAs were prepared and analyzed by Northern blotting. (C and D) The half-life of pre-S2/S RNA in the nucleus (C) and
cytoplasm (D) was determined by Northern blot analysis and quantified by phosphorimaging. Data from two independent experiments performed in
duplicate were analyzed and quantified by phosphorimaging, and the levels of pre-S2/S RNA were normalized against RNA loading.

VOL. 84, 2010 CONTROL OF HBV GENE EXPRESSION BY MyD88 6395



uncertain whether TRIM22 would displays such an activity at
physiological levels (7). In this study, we showed that MyD88
inhibited HBV replication in HepG2.215 cells and in a mouse
model (Fig. 1A and B). The knockdown of MyD88 expression
weakened the IFN-�-induced inhibition of HBV replication in
Huh7 cells (Fig. 2). In addition, we did not observe enhanced
HBV replication when the basal level of MyD88 was knocked
down (Fig. 2A, lane 2 versus lane 1, and B, bar 2 versus bar 1).
This result might be due partially to a defect of the IFN
induction pathway in Huh7 cells (24, 31). Nevertheless, from
these data, we conclude that MyD88 partially accounts for the
antiviral action of IFN-� in our system.

Previous studies demonstrated that IFN-� targets multiple
steps of the HBV life cycle, including transcription, the export
and degradation of viral RNAs, as well as the formation of the
core particle and DNA replication (11, 35, 37, 46–48). Here,
we showed that there was no marked inhibitory effect of

MyD88 on the activity of three HBV regulatory elements (Sp1,
Sp2, and ENI/Xp), except that a slight dose-dependent de-
crease in the activity of ENII/Cp was observed (Fig. 3A). As
there was a significant inhibition of MyD88 on viral pre-
genomic RNA expression (Fig. 1), the changes in HBV pre-
genomic RNA transcription could not account for the large
reduction in viral pregenomic RNA levels. In addition, we did
not detect changes in the expression of the liver-enriched tran-
scription factors HNF1 and HNF4 (data not shown), which
were reported previously to regulate the activity of ENII/Cp
(56). Besides, MyD88 reduced the levels of both HBV pre-
genomic RNA and pre-S2/S RNA transcribed from the CMV
promoter (Fig. 3B and 7A). This reduction is likely not due to
an inhibition of the CMV promoter itself, given that MyD88
did not inhibit luciferase expression from pcDNA3.1-Luc (Fig.
3C and 6B and C). Thus, it is reasonable to consider that
MyD88 downregulates HBV RNA primarily through posttran-

FIG. 8. The decay of HBV pre-S2/S RNA in the nucleus is associated with the deficiency in PRE-dependent nuclear transport. (A) Huh7 cells
were transfected with 0.2 �g of pRSV-CAT or pRSV138PRE-CAT together with 0.4 �g of pCMV/Myc or pCMV/Myc-MyD88. At 48 h
posttransfection, the cells were harvested, and CAT activity was measured. For each transfection, 0.1 �g of �-Gal was included as an internal
control of transfection efficiency. Results represent the means of data from three independent experiments performed in duplicate. *, P 
 0.05.
(B and C) Huh7 cells were transfected with the indicated amounts of pRSV138PRE-CAT and pCMV/Myc-MyD88 together with pCMV/Myc-
NES(�)RanBP or pCMV/Myc-PTB1. At 48 h posttransfection, the cells were harvested, and CAT activity was measured as described above (A).
(D and E) Huh7 cells were transfected with the indicated amounts of pRSV138PRE-CAT and pCMV/Myc-MyD88 together with pCMV/Myc-
NES(-)RanBP or pCMV/Myc-PTB1 for 48 h. Cytoplasmic and nuclear RNAs were prepared and analyzed by Northern blotting with a 32P-
radiolabeled CAT DNA probe. To normalize RNA loading, the same blots were hybridized with a GAPDH probe.
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scriptional regulation rather than through a modification of
transcription.

In our effort to investigate the underlying mechanism of the
posttranscriptional control of HBV RNA by MyD88, we found
that MyD88 accelerated the decay of HBV pregenomic RNA

in the cytoplasm (Fig. 4). It should be noted that, based on the
presented data, we cannot exclude other mechanisms used by
MyD88 to posttranscriptionally control viral pregenomic RNA.
However, it appears certain that accelerated decay is respon-
sible for the main reduction of viral pregenomic RNA levels. In
fact, the promotion of viral RNA decay has been adopted by
other ISGs as a strategy against virus replication. For example,
it was reported previously that the activation of the 2�-5�(A)
synthetase/RNase L pathway by IFNs inhibits a variety of RNA
viruses by targeting viral RNAs for degradation (3, 10, 41).

Similar to transcription and translation, mRNA decay is a
tightly controlled process that is determined by cis-acting ele-
ments within the mRNA and trans-acting factors in the host
cell. In this study, we identified the HBV(1804-2454) region as
a crucial cis-regulatory sequence for the MyD88-induced decay
of HBV pregenomic RNA (Fig. 6). Notably, the binding sites
for the La protein are not included in this region. Consistent
with this fact, we found that the decay induced by MyD88 was
independent of the interaction between La and viral pre-
genomic RNA (Fig. 5). Interestingly, a previous report identi-
fied a 65-kDa cellular protein that binds to the 5� end of HBV
pregenomic RNA and is probably involved in the posttran-
scriptional regulation of HBV RNA expression (30). One
might therefore hypothesize that MyD88 acts by blocking this
protein and thus results in the decay of HBV pregenomic
RNA. In addition, one or more of the MyD88-induced trans-
acting factors may be hepatocyte specific, given that the ob-
served RNA decay could not be extended to Vero or HeLa
cells (Fig. 3). Nevertheless, future studies are needed to more
accurately delimitate the target sequence and identify the host

FIG. 9. MyD88 transcriptionally inhibits the expression of PTB. (A) Huh7 cells were transfected with 1 �g of pCMV/Myc or pCMV/Myc-
MyD88, with or without 0.5 �g of pHBV1.3, for 48 h. Western blot analysis for PTB and I�B� was performed as described in Materials and
Methods. (B) Huh7 cells were transfected with 2 �g of pCMV/Myc or pCMV/Myc-MyD88 together with 1 �g of pHBV1.3 for 48 h. Total RNA
was prepared and analyzed by Northern blotting with a 32P-radiolabeled PTB DNA probe. (C) Huh7 cells were transfected as described above (B).
At 44 h posttransfection, the cells were treated with actinomycin D. The cells were harvested directly upon the addition of actinomycin D or at
2 or 4 h thereafter. Total RNA was prepared, and PTB mRNA levels were determined by Northern blot analysis. (D) Two independent
experiments performed in duplicate were analyzed, data were quantified by phosphorimaging, and the levels of PTB mRNA were normalized
against RNA loading.

FIG. 10. Proposed model for MyD88-mediated inhibition of HBV
replication in hepatoma cells. See the text for a more detailed discus-
sion. cccDNA, covalently closed circular DNA.
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factors that mediate the MyD88-induced decay of viral pre-
genomic RNA.

Guo and colleagues previously identified the RNA sequence
of HBV(835-2327) as being responsive to MyD88 within the
3�-overlapping region of the pregenomic RNA and pre-S/S
RNAs (12). The MyD88-responsive element HBV(1151-1684)
that we identified is within this region (Fig. 6) and is com-
pletely included in the HBV(835-2327) region and almost com-
pletely overlaps the HBV PRE.

Similar to the HIV Rev response element (RRE), the HBV
PRE mediates the nuclear export of unspliced viral RNAs
(18–20). Specifically, the HBV PRE promotes the nuclear ex-
port of pre-S/S RNAs and not of the pregenomic RNA (15). It
was reported previously that MxA inhibits the nuclear export
of pre-S/S RNAs mediated by the HBV PRE (11). In this
study, we showed that MyD88 also blocked PRE-dependent
nuclear export (Fig. 8). It was previously shown that the IFN-
inducible protein RBP9-27 inhibits Rev/RRE-mediated HIV
expression by interfering with Rev function. In a manner sim-
ilar to that of RBP9-27, MyD88 inhibits PRE-mediated HBV
expression by targeting PTB (Fig. 9), an export factor for
PRE-containing RNA (54). Interestingly, MyD88 exerted this
effect only on HBV-infected cells (Fig. 9A). This might be due
to the finding that MyD88 alone is not a strong activator of
NF-�B, but it can strongly activate NF-�B through synergy
with HBV (51).

Taken together, our results provide further insights into the
mechanism of MyD88 antiviral activity. An elucidation of this
antiviral pathway may ultimately lead to the development of
new therapeutics for acute and chronic HBV infection.
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