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ABSTRACT DDX17 is a member of the DEAD-box helicase family proteins involved in
cellular RNA folding, splicing, and translation. It has been reported that DDX17 serves as
a cofactor of host zinc finger antiviral protein (ZAP)-mediated retroviral RNA degradation
and exerts direct antiviral function against Raft Valley fever virus through binding to
specific stem-loop structures of viral RNA. Intriguingly, we have previously shown that
ZAP inhibits hepatitis B virus (HBV) replication through promoting viral RNA decay, and
the ZAP-responsive element (ZRE) of HBV pregenomic RNA (pgRNA) contains a stem-
loop structure, specifically epsilon, which serves as the packaging signal for pgRNA
encapsidation. In this study, we demonstrated that the endogenous DDX17 is constitu-
tively expressed in human hepatocyte-derived cells but dispensable for ZAP-mediated
HBV RNA degradation. However, DDX17 was found to inhibit HBV replication primarily
by reducing the level of cytoplasmic encapsidated pgRNA in a helicase-dependent man-
ner. Immunofluorescence assay revealed that DDX17 could gain access to cytoplasm
from nucleus in the presence of HBV RNA. In addition, RNA immunoprecipitation and
electrophoretic mobility shift assays demonstrated that the enzymatically active DDX17
competes with HBV polymerase to bind to pgRNA at the 59 epsilon motif. In summary,
our study suggests that DDX17 serves as an intrinsic host restriction factor against HBV
through interfering with pgRNA encapsidation.

IMPORTANCE Hepatitis B virus (HBV) chronic infection, a long-studied but yet incura-
ble disease, remains a major public health concern worldwide. Given that HBV repli-
cation cycle highly depends on host factors, deepening our understanding of the
host-virus interaction is thus of great significance in the journey of finding a cure. In
eukaryotic cells, RNA helicases of the DEAD box family are highly conserved enzymes
involved in diverse processes of cellular RNA metabolism. Emerging data have
shown that DDX17, a typical member of the DEAD box family, functions as an antivi-
ral factor through interacting with viral RNA. In this study, we, for the first time,
demonstrate that DDX17 inhibits HBV through blocking the formation of viral repli-
cation complex, which not only broadens the antiviral spectrum of DDX17 but also
provides new insight into the molecular mechanism of DDX17-mediated virus-host
interaction.
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More than 257 million people are chronically infected with hepatitis B virus (HBV)
worldwide, harboring increased risk of developing liver fibrosis, cirrhosis, and pri-

mary hepatocellular carcinoma (HCC), which are responsible for over 0.8 million deaths
per year. Therefore, there is an urgent unmet need for HBV basic research and antiviral
development (1).
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HBV is a hepatotropic DNA virus belonging to the Hepadnaviridae family. The virion
particle consists of an outer envelope and an inner icosahedral capsid housing the 3.2-kb
partially double-stranded relaxed circular DNA (rcDNA) genome (2, 3). Upon entry into he-
patocytes via sodium taurocholate cotransporting polypeptide (NTCP) receptors (4), the
viral rcDNA is imported into the nucleus and converted into an episomal covalently closed
circular DNA (cccDNA), which serves as the template for generating all viral transcripts,
including the 3.5-kb precore mRNA and pregenomic RNA (pgRNA), 2.4- and 2.1-kb surface
(envelope) mRNA, and 0.7-kb X mRNA (5, 6). In the cytoplasm, pgRNA is translated into vi-
ral core proteins (HBc) and polymerase (pol), the latter in situ binds to a stem-loop struc-
ture at the 59 terminus of pgRNA, termed epsilon (« ), triggering encapsidation of the pol/
pgRNA complex (7, 8). After nucleocapsid assembly, the encapsidated pgRNA is reverse
transcribed into rcDNA by the pol, and then the mature capsid can either be enveloped
and secreted or redirected into the nucleus to replenish the cccDNA pool (9, 10).

With a small genome encoding all the constitutive viral components but only one
enzyme, HBV replication cycle is, thus, highly dependent on host functions, which posi-
tively or negatively regulate viral replication at various steps (6). We have previously
demonstrated that the cellular zinc finger antiviral protein (ZAP) is an intrinsic suppres-
sor of HBV replication through promoting viral RNA decay (11). ZAP was initially discov-
ered as a host antiretroviral factor that binds to retroviral RNA and recruits cellular RNA
processing exosome complex for RNA degradation (12–14). In addition, cellular DDX17
helicase (also known as p72) has been identified as a ZAP-interacting cofactor that
optimizes its antiviral activity against retroviral RNA (15). DDX17 is a member of the
Asp-Glu-Ala-Asp (DEAD)-box helicase family, which is involved in various aspects of
RNA metabolism, including mRNA transcription, translation, and RNA decay (16). Aside
from interacting with ZAP, DDX17 has been found to restrict Rift Valley fever virus
(RVFV) via binding to the host and viral stem-loop structures of RNA molecules for dual
functions, which regulates endogenous microRNA biogenesis in the nucleus and con-
ducts surveillance against structured non-self RNA elements in the cytoplasm (17).
Intriguingly, HBV pgRNA also possesses a stem-loop structure, « , which is the major
structural element in the mapped ZAP-responsive element (ZRE) of the HBV RNA ge-
nome (11), raising a research question of whether DDX17 has any antiviral activity
against HBV in a ZAP-dependent manner.

In the present study, we identified DDX17 as a host-intrinsic, non-interferon-induci-
ble factor that restricts HBV DNA replication. The DDX17-mediated antiviral effect is an
event independent of ZAP-mediated HBV RNA decay but primarily targets the pgRNA
encapsidation step. Mechanistic studies revealed that DDX17 binds to the stem-loop
structure « of pgRNA and blocks pgRNA encapsidation in a helicase-dependent man-
ner. The results presented here shed new light on virus-host interaction during HBV
infection and may aid the development of novel host-targeting agents for HBV
therapeutics.

RESULTS
Expression of DDX17 in cell cultures. To assess the endogenous expression of

DDX17 in cell cultures, we detected and compared its endogenous levels among different
cell lines by Western blotting. In hepatoma cell line HepG2, Huh7, and HepG2-derived
tet-inducible HBV stable cell line HepDES19 and HEK293T cells, the two isoforms of
DDX17, including p82 with a molecular weight of 82 kDa and p72 of 72 kDa, are constitu-
tively expressed at similar levels (Fig. 1A). It is known that, by using an upstream non-
AUG translation initiation codon, p72 mRNA is alternatively translated into p82, which
possesses the biological properties almost identical to those of p72 (18). However, the
plasmid FLAG-DDX17, which harbors the open reading frame (ORF) of p72 fused with an
N-terminal FLAG tag sequence under the control of a cytomegalovirus immediate-early
(CMV-IE) promoter, exclusively expresses the FLAG-tagged p72. Interestingly, the overex-
pression of p72 significantly reduced the expression of endogenous p82 in HepG2 cells
(Fig. 1B). Such autoregulation of DDX17 and its paralog DDX5 has been previously
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reported, and the underlying mechanism is related to their regulatory functions in mRNA
splicing and nonsense-mediated mRNA decay (NMD) (19, 20). Furthermore, both p72 and
p82 are expressed in primary human hepatocytes (PHH) at similar levels in HepG2 cells
and cannot be further upregulated by alpha interferon (IFN-a), indicating that DDX17 is
not an interferon-stimulated gene (ISG) (Fig. 1C).

DDX17 is dispensable for ZAP-mediated HBV RNA decay. ZAP is a cellular zinc
finger antiviral protein that promotes the degradation of viral RNA, including retrovi-
ruses, alphaviruses, filoviruses, and HBV (11, 21). It has been previously reported that
DDX17 serves as a cofactor to optimize ZAP-mediated retroviral RNA degradation
through facilitating the formation of ZAP-exosome RNA degradation apparatus and/or
restructuring the RNA substrate (15). Therefore, it is of interest to assess the potential
role of DDX17 in ZAP-mediated HBV RNA degradation. To this end, we assessed the
antiviral activity of ZAP-S (the short isoform of ZAP) in HBV-transfected HepG2-NTCP
cells with and without stable knockdown of DDX17. As shown in Fig. 2, depleting
DDX17 did not markedly alter the steady-state levels of HBV RNA in the absence of

FIG 1 Assessment of DDX17 expression in cell cultures. (A) HepG2, Huh7, HEK293T, and uninduced
HepDES19 cells were harvested 36 h after reaching confluence. Endogenous DDX17 levels were
detected by Western blotting. b-Actin served as a loading control. (B) HepG2 cells were transfected
with control plasmid or FLAG-DDX17 for 4 days. The endogenous DDX17 and FLAG-tagged DDX17
were detected by Western blotting using antibodies against DDX17 and FLAG epitope, respectively.
(C) HepG2 and PHH cells were left untreated or were treated with IFN-a (1,000 IU/ml) for 48 h. The
expression levels of DDX17 and ISG56 were determined by Western blotting.
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ZAP-S overexpression or the extent of HBV RNA reduction caused by ZAP-S overexpres-
sion, which indicated that DDX17 may not be involved, or at least not absolutely
required, in ZAP-mediated HBV RNA degradation.

DDX17 inhibits HBV replication through blocking pgRNA encapsidation. While
DDX17 does not seem to significantly regulate HBV RNA stability, in order to assess
whether DDX17 possesses any antiviral effect on HBV replication at other steps, we
cotransfected pHBV1.3 and FLAG-DDX17 into HepG2 cells and analyzed the major viral
replication intermediates and products. As shown in Fig. 3, the ectopically expressed
DDX17 (p72) dose-dependently inhibited HBV DNA replication primarily by reducing
the levels of encapsidated pgRNA without downregulating the levels of HBV total RNA
and precore/core protein expression. Furthermore, knockdown of endogenous DDX17
significantly upregulated the levels of encapsidated HBV pgRNA and core DNA in
HepDES19 cells without affecting the steady-state levels of HBV total RNA or core pro-
tein (Fig. 4).

Similar phenotypes were observed in HBV-infected HepG2-NTCP cells. After 9days of
HBV infection, the HepG2-NTCP-shDDX17 cells supported higher levels of encapsidated
pgRNA and core DNA than control knockdown cells (Fig. 5A), consistent with the findings
from the transient-transfection system and HBV-inducible stable cell line (Fig. 3 and 4).
Interestingly, the upregulation of HBV core DNA in HepG2-NTCP-shDDX17 cells was mainly
revealed by single-stranded DNA (ssDNA) and partially double-stranded DNA, but not the
relaxed circular DNA (rcDNA) (Fig. 5A, bottom). A plausible explanation for this observation
is that the majority of rcDNA in HBV-infected HepG2-NTCP cells represents the inoculated
rcDNA from HBV virions, while the ssDNA and partially double-stranded DNA are better
indicators for de novo HBV replication. Furthermore, the level of HBV total RNA was found
to be higher in HepG2-NTCP-shDDX17 cells than control knockdown cells upon HBV infec-
tion (Fig. 5A, top), which was consistent with the higher level of cccDNA transcription tem-
plates produced via intracellular cccDNA amplification (Fig. 5B). Nonetheless, another

FIG 2 DDX17 is dispensable for ZAP-mediated HBV RNA degradation. Control vector or HA-ZAP-S was
cotransfected with pHBV1.3 into HepG2-NTCP-shControl and HepG2-NTCP-shDDX17 cells. Five day
after transfection, cells were harvested for HBV total RNA analysis by Northern blotting. The 3.5-kb
precore mRNA and pgRNA and 2.4/2.1-kb surface mRNA are indicated. rRNA (28S and 18S) served as
an RNA loading control. The protein expression levels of DDX17 and HA-ZAP-S were detected by
Western blotting. b-Actin served as a protein loading control.
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possible effect(s) of DDX17 knockdown on HBV infection in HepG2-NTCP cells, such as viral
entry and/or cccDNA transcription, cannot be completely ruled out and, thus, awaits fur-
ther investigation.

Collectively, the above-described data obtained from different HBV replication sys-
tems have demonstrated that DDX17 is a host-intrinsic restriction factor of HBV, which
inhibits HBV replication primarily through interrupting pgRNA encapsidation.

DDX17-mediated inhibition of pgRNA encapsidation depends on its RNA-binding
activity. As a DEAD box RNA helicase, DDX17 possesses a RNA binding domain and an
ATPase domain (22). To identify the functional domain of DDX17 responsible for inhibiting
HBV pgRNA encapsidation, two DDX17 mutants were employed (Fig. 6A). Specifically, the
DDX17K142R mutation within the ATPase motif of DDX17 inactivates the ATP-binding
function and the subsequent ATP hydrolysis activity, and the DDX17S277L mutation alters a
SAT sequence, which is considered necessary for the conformational switch essential for

FIG 3 Overexpression of DDX17 inhibits HBV replication primarily by blocking pgRNA encapsidation
in a dose-dependent manner. HepG2 cells were cotransfected with 0.6mg of pHBV1.3 and the
indicated amounts of FLAG-DDX17. Control vector was supplemented to normalize the total amount
of transfected plasmids to 1.8mg/transfection. Cells were harvested at day 5 posttransfection, and
HBV total RNA and cytoplasmic encapsidated pgRNA were analyzed by Northern blotting. The lower-
molecular-weight encapsidated pgRNA species represent the degradation intermediates catalyzed by
the RNase activity of HBV pol during viral minus-strand DNA synthesis. HBV precore (p22) and core
proteins and FLAG-tagged DDX17 protein were detected by Western blotting. HBV cytoplasmic core
DNA was detected by Southern blotting. RC, relaxed circular DNA; SS, single-stranded DNA.
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RNA-binding function of helicases (23). Notably, the ATP-binding inactivated mutant
DDX17K142R partially attenuated the blockage of HBV pgRNA encapsidation by DDX17
(Fig. 6B, lane 3), and the RNA-binding inactivated mutant DDX17S277L completely abrogated
DDX17-mediated inhibition of HBV pgRNA encapsidation (Fig. 6B, lane 4). These results
suggest that the RNA-binding activity is pivotal for DDX17 to exert its antiviral activity
against HBV.

DDX17 partially gains cytoplasmic localization in the presence of HBV RNA.
Previous studies showed that DDX17 is an exportin/importin-dependent nucleocytoplas-
mic shuttling protein (24). DDX17 is naturally localized in the nucleus but could gain
access to cytoplasm after RVFV infection through binding to viral nucleocapsid protein N
(17). Considering that HBV pgRNA encapsidation occurs in cytoplasm, DDX17 must gain
cytoplasmic localization in the context of HBV replication. To determine the subcellular
localization of DDX17, immunofluorescence microscopy was performed on HepG2 cells
transfected with FLAG-DDX17 with or without HBV-related plasmids (Fig. 7). In the ab-
sence of HBV, DDX17 predominantly exhibited nuclear localization, as indicated by FLAG
immunofluorescence (Fig. 7, top), while in the FLAG-DDX17 and pCMVHBV cotransfected
cells, some FLAG-staining puncta in the cytoplasm were observed (Fig. 7, middle).
Additionally, to examine whether HBV RNA alone can trigger DDX17 subcellular translo-
cation, we cotransfected HepG2 cells with FLAG-DDX17 and pCMVHBVDORF, which is

FIG 4 Knockdown of DDX17 promotes HBV pgRNA encapsidation in HBV stable cell line. HBV pgRNA
transcription and DNA replication in HepDES19-shControl and HepDES19-shDDX17 cell lines were
induced for 5 days after tetracycline (tet) withdrawal. HBV total RNA and cytoplasmic encapsidated
pgRNA were analyzed by Northern blotting, HBV core protein and FLAG-tagged DDX17 protein were
detected by Western blotting. HBV cytoplasmic core DNA was detected by Southern blotting.
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capable of transcribing HBV RNA but unable to express any viral proteins. Similarly, cyto-
solic FLAG-staining signal appeared as well in this case (Fig. 7, bottom). Collectively,
these data suggest that, in the presence of HBV or even HBV RNA only, DDX17 could
be partially translocated from nucleus to cytoplasm together with HBV RNA nuclear
export or sequestrated in cytoplasm after protein translation, likely via interacting with
HBV RNA.

FIG 5 Knockdown of DDX17 promotes HBV infection in vitro. HepG2-NTCP-shControl and HepG2-
NTCP-shDDX17 cells were infected by HBV at an MOI (multiplicity of infection) of 100 for 9 days. (A)
HBV total RNA and cytoplasmic encapsidated pgRNA were analyzed by Northern blotting, and HBV
cytoplasmic core DNA was detected by Southern blotting. FLAG-tagged DDX17 proteins were
detected by Western blotting. (B) HBV cccDNA was quantified by qPCR and plotted as relative levels
of control (fold change of 1) (mean 6 standard deviation, n= 3).
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DDX17 interacts with HBV RNA intracellularly. To assess the potential interaction
between DDX17 and HBV RNA, immunoprecipitation (IP)-Northern blotting was per-
formed. Plasmid FLAG-DDX17, Myc-DDX17K142R, or FLAG-DDX17S277L was coexpressed
with pCMVHBV into Huh7 cells. The input HBV RNA was detected by Northern blotting
(Fig. 8, top). Western blot detection of wild-type and mutant DDX17 in input and
immunoprecipitated samples indicated an efficient protein expression and pulldown
of the target proteins. However, HBV pgRNA were detected in the immunoprecipitated
samples containing wild-type DDX17, as well as the DDX17K142R mutant to a lesser

FIG 6 RNA-binding activity is required for DDX17-mediated inhibition of pgRNA encapsidation. (A)
Schematic diagram of DDX17. The ATP-binding, RNA-binding, and DEAD domains of DDX17 are
indicated by shaded boxes. Point mutations are indicated by the residue number of the wild-type
residue and the alteration. (B) HepG2 cells were cotransfected with pHBV1.3 and equal amounts of
control vector (lanes 1), FLAG-DDX17 (lanes 2), Myc-DDX17K142R (lanes 3), or FLAG-DDX17S277L (lanes
4). Cells were harvested 5 days posttransfection, followed by Northern and Southern blotting of viral
total RNA, encapsidated pgRNA, and core DNA, respectively. HBV precore/core protein and epitope-
tagged wild-type and mutant DDX17 protein were analyzed by Western blotting.
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extent, but not the DDX17S277L mutant (Fig. 8, bottom), suggesting that DDX17 inter-
acts with HBV pgRNA through its RNA-binding motif.

DDX17 interacts with the epsilon of HBV pgRNA. It has been reported that DDX17
restricts Rift Valley fever virus (RVFV) via binding to the stem-loop structures of both viral
RNA and host pri-miRNA (17). Our data have demonstrated that DDX17 interacts with
HBV pgRNA and inhibits pgRNA encapsidation (Fig. 3 and 8). Given that pgRNA also has
a duplicated stem-loop structure, termed epsilon (« ; nucleotides [nt] 1849 to 1909),
within both the 59 and 39 terminal redundant sequence (nt 1820 to 1918), it is of interest
to investigate whether DDX17 interacts with the « of pgRNA. To this end, a set of
pgRNA-expressing plasmids with terminal redundancy deletion was employed, including
the 59 terminal redundancy deletion (D5TR), 39 terminal redundancy deletion (D3TR),
and the double deletions (D3/5TR) (Fig. 9A). The full-length wild type (WT) pgRNA
expression plasmid or each of the TR deletion plasmids was transfected into Huh7 cells
with or without FLAG-DDX17, followed by IP-Northern blotting. The results demon-
strated that the deletion of 39 TR from pgRNA only slightly reduced the binding with
DDX17 compared to that of WT pgRNA (Fig. 9B, lanes 2 and 8); in the absence of 59 TR,
the level of pgRNA coimmunoprecipitated with DDX17 was much lower than that with
39 TR deletion (Fig. 9B, lanes 4 and 8), whereas with the double TR deletions, no HBV
RNA was detected in the DDX17 pulldown sample (Fig. 9B, lane 6). These results indi-
cated that the interaction between DDX17 and HBV pgRNA requires the presence of
« -containing 59 and 39 terminal redundant sequences, with the 59 copy being more in-
dispensable. The preference of 59 TR binding by DDX17 is in accordance with its antiviral
function against pgRNA encapsidation, which employs the « motif in 59 TR as a packag-
ing signal (7, 8).

Furthermore, the interactions between DDX17 and « were validated in vitro by elec-
trophoretic mobility shift assay (EMSA). As shown in Fig. 10A, various amounts of puri-
fied His-tagged DDX17 or DDX17S277L proteins were incubated with 100 ng 32P-labeled
« RNA, and then the samples were analyzed by gel shift assay. The shifted bands

FIG 7 Subcellular localization of DDX17 in the absence and presence of HBV. HepG2 cells were
cotransfected with FLAG-DDX17 plus control vector (top), pCMVHBV (middle), or pCMVHBVDORF (bottom)
for 3days, and the intracellular localization of FLAG-DDX17 was detected by immunofluorescence. Cell
nuclei were stained by DAPI.
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indicated the formation of DDX17-« ribonucleoprotein complex, and the intensity of
shifted bands was increased in a DDX17 dose-dependent manner. However, « RNA
band shift was not detected in the case of RNA binding-deficient mutant DDX17S277L.
In addition, the binding of DDX17 with « RNA was further confirmed by super shifting
assay with add-on anti-His antibody (Fig. 10B, lanes 4, 6, and 8) and by competitive
EMSA with nonradiolabeled « (Fig. 10B, lanes 9 to 11). Collectively, these data clearly
suggested that DDX17 interacts with pgRNA via the « stem-loop sequence.

DDX17 competes with HBV pol for binding to pgRNA in cell cultures. During
HBV replication, viral pol binds to the 59 « of pgRNA and triggers the encapsidation of
pgRNA (7, 8). Given that DDX17 inhibits pgRNA encapsidation and that it also binds to
pgRNA via the « motif, it is plausible that DDX17 competes with pol for binding to
pgRNA and, thus, inhibits pgRNA encapsidation. To test this hypothesis, fixed amounts
of FLAG-pol and pCMVHBVDCDP were cotransfected into Huh7 cells together with
increased amounts of hemagglutinin (HA)-DDX17, followed by immunoprecipitation
(IP)-Northern blotting. Indeed, with the increased levels of HA-DDX17 expression, the
levels of DDX17-bound pgRNA increased together with decreased levels of pol-bound
pgRNA in a dose-dependent manner (Fig. 11). Based on the results from this study, we

FIG 8 DDX17 interacts with HBV RNA in cells. Huh7 cells were cotransfected with pCMVHBV and
control vector (lane 1), FLAG-DDX17 (lane 2), Myc-DDX17K142R (lanes 3), or FLAG-DDX17S277L (lane 4)
for 4 days. (Top) The input HBV RNA and epitope-tagged DDX17 proteins were detected by Northern
blotting and Western blotting, respectively. Cell lysates were immunoprecipitated by beads coated
with anti-FLAG or anti-Myc antibodies. (Bottom) The immunoprecipitated FLAG-DDX17, Myc-
DDX17K142R, and FLAG-DDX17S277L were detected by Western blotting. HBV RNA captured by beads
was extracted and subjected to Northern blotting.
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can conclude that DDX17 competes with pol to bind to the 59 « of HBV pgRNA, which
results in inhibition of pgRNA encapsidation and thereby the subsequent DNA
replication.

DISCUSSION

The helicase proteins specify a large number of motor enzymes that use energy
derived from NTP hydrolysis to unwind or rewind the double-stranded nucleic acids
(DNA, RNA, or DNA-RNA hybrid) (25). DDX17, a member of the DEAD box RNA helicase
family proteins, plays pleiotropic roles in cellular RNA processing and metabolism,

FIG 9 HBV pgRNA sequence element responsible for DDX17 binding is located in the terminal
redundancy. (A) Diagram of HBV plasmid constructs expressing the full-length wild-type (WT) pgRNA
and mutant pgRNA with terminal redundancy (TR) deletions, including the 59 TR deletion mutant (pg-
D5TR), 39 TR deletion mutant (pg-D3TR), and double-deletion mutant (pg-D3/5TR). The arrow
indicates the pgRNA transcription initiation site (nt 1820). pA is the polyadenylation signal (nt 1918).
The solid dot indicates the 59 cap of mRNA, and the sawtooth line represents the poly(A) tail. The 59
and 39 TR (nt 1820 to 1918) are indicated. (B) Huh7 cells were transfected with the indicated plasmids
for 4 days. (Top) The input HBV RNA and FLAG-tagged DDX17 proteins were detected by Northern
blotting and Western blotting, respectively. Cell lysates were immunoprecipitated by beads coated
with anti-FLAG antibodies. (Bottom) The immunoprecipitated FLAG-DDX17 was detected by Western
blotting. HBV RNA captured by beads were extracted and subjected to Northern blotting.
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FIG 10 DDX17 binds to « RNA in vitro. (A) Indicated amounts of purified His-tagged DDX17 or
DDX17S277L proteins were incubated with 100 ng 32P-labeled « RNA in binding buffer to form
nucleoprotein complexes. The samples were analyzed by native PAGE, and the shifted bands were
detected by autoradiography (lanes 2 to 7). Probe only served as a negative control (lane 1). (B)
Indicated amounts of purified His-tagged DDX17 proteins were incubated with 100 ng 32P-labeled «
RNA in binding buffer to form His-DDX17/« complexes (lanes 3, 5, and 7). Monoclonal anti-His
antibody was used to bind the His-DDX17/« complex for supershifting (lanes 4, 6, and 8). Excessive
amounts (10�, 20�, and 40�) of cold unlabeled « RNA were used to compete with the 32P-labeled «
RNA for DDX17 binding (lanes 9 to 11). Probe only and probe mixed with anti-His antibody served as
negative controls (lanes 1 and 2). The samples were separated by native PAGE and subjected to
autoradiography.
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including miRNA biogenesis, mRNA folding, splicing, translation, and stability, etc.,
which, in turn, directly and/or indirectly regulates cellular homeostasis and oncogenesis
signaling pathways (16, 22, 26–28). In addition to cellular RNA, there is a growing body
of evidence showing that cellular DDX17 also exerts regulatory effects on viral RNA mol-
ecules in virus-infected cells, either proviral or antiviral effects (29). For example, it has
been reported that DDX17 is required for efficient RNA synthesis of H1N1 and H5N1
avian influenza viruses (30) and that DDX17 promotes the production of HIV-1 infectious
particles by modulating viral genomic RNA packaging and the frameshift of Gag-Pol
translation (20). The antiviral effect of DDX17 has been reported in RVFV-infected cells,
which involves both endogenous miRNA biogenesis and surveillance against structured
non-self viral RNA elements; the latter is a DDX17-mediated binding and unwinding of
two primary noncoding stem-loop structures of the small segment of RVFV RNA
genomes (17, 31). Furthermore, the plant DDX17-like RH30 DEAD box helicase has been
shown to inhibit tombusviruses primarily through binding to the structured cis-acting
elements of viral RNA and blocking the assembly of viral replication complex (32). These
studies demonstrated that DDX17 exhibits a broad species and tissue distribution as
well as broad proviral/antiviral spectrum. In this study, we further demonstrated that the
hepatic DDX17 possesses antiviral activity against HBV.

HBV is a small DNA virus that replicates its genome via reverse transcription of
pgRNA in viral capsid; therefore, host factors/functions targeting pgRNA stability and

FIG 11 DDX17 competes with HBV pol for binding to pgRNA in cell cultures. Huh7 cells in 60-mm
dishes were transfected with 1mg of pCMVHBVDCDP and 5mg control vector (lane 1) or 1mg of
FLAG-Pol plus increased amounts of HA-DDX17 (0mg, 1mg, 2mg, and 4mg; lanes 2 to 5). Control
vector was supplemented to normalize the total amount of transfected plasmids to 6mg per
transfection. Cells were harvested 5days posttransfection. (Top) The input HBV RNA, FLAG-pol, and
HA-DDX17 proteins were detected by Northern and Western blotting, respectively. Cell lysates were
immunoprecipitated by beads coated with anti-FLAG or anti-HA antibodies. (Bottom) The
immunoprecipitated HBV RNA were extracted and analyzed by Northern blotting.
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encapsidation ought to pose significant influences on HBV DNA replication (6). We have
previously identified ZAP as an intrinsic host restriction factor that promotes HBV RNA
decay (11). Furthermore, it has been reported that DDX17 serves as a cofactor of ZAP to
promote ZAP-mediated degradation of Moloney murine leukemia virus (MLV) RNA in
HEK293T cells (15). Therefore, in this study, we attempted to assess the potential role of
DDX17 in ZAP-mediated HBV RNA degradation. However, an efficient knockdown of
DDX17 did not markedly affect the steady-state level of HBV RNA with or without ZAP
overexpression, indicating that DDX17 is not or at least is not absolutely required for
ZAP’s anti-HBV activity (Fig. 2). While there may be a cell type- or virus-specific require-
ment of DDX17 for ZAP-mediated RNA degradation, another possibility is that the resid-
ual level of DDX17 after knockdown is sufficient to potentiate ZAP activity. Nonetheless,
our study clearly uncovered a novel anti-HBV function of DDX17 beyond RNA degrada-
tion, which is that DDX17 inhibits HBV pgRNA encapsidation, an essential step prior to vi-
ral reverse transcription. In the HBV transient and stable transfection cell culture systems,
DDX17 ectopic expression or knockdown significantly reduced or upregulated pgRNA
encapsidation and subsequent DNA replication, respectively, without affecting the total
pgRNA level and core protein expression, suggesting that DDX17 inhibits HBV replica-
tion primarily by blocking pgRNA encapsidation (Fig. 3 and 4). The antiviral activity of
DDX17 was further confirmed in HBV-infected HepG2-NTCP cells upon stable knock-
down of DDX17, but compared to HBV transfection systems, the upregulation of pgRNA
encapsidation might result in an overall increase of HBV DNA, cccDNA, and total RNA
along the virus replication cycle in infection systems (Fig. 5). However, it is worth noting
that the intracellular cccDNA amplification was found to be less efficient in NTCP-recon-
stituted hepatoma cells (33–36). Thus, whether DDX17 possesses any additional effect(s)
on cccDNA formation and/or transcription requires further investigation.

Consistent with the ATP-dependent RNA helicase activity of DDX17, both the RNA-
binding and ATP-binding mutant forms of DDX17 significantly diminished its antiviral ac-
tivity against HBV, and the RNA-binding motif of DDX17 appears more important for its
antiviral activity than the ATP-binding motif (Fig. 6). In line with this, we have obtained
multiple lines of evidence to support an interaction between DDX17 and HBV pgRNA.
First, HBV RNA alone could induce the cytoplasmic localization of DDX17 (Fig. 7),
although whether this is due to HBV RNA-mediated DDX17 nuclear-cytoplasmic translo-
cation or cytoplasmic retention of nascent DDX17 remains unclear. Second, IP-Northern
blot assay revealed that DDX17, but not the RNA-binding deficient mutant DDX17S277L,
interacts with pgRNA in cell cultures (Fig. 8). Furthermore, the HBV RNA sequence ele-
ment responsible for DDX17 binding is predominantly located in the 59 terminal redun-
dancy (TR) region, which contains the stem-loop structure « . Interestingly, DDX17 binds
to 39 TR much less efficiently than the 59 counterpart despite the fact that their sequen-
ces are identical (Fig. 9B). Such discrepancy is perhaps due to the different surrounding
ribonucleotide sequences of 59 and 39 TR and their associated proteins/factors, for exam-
ple, the 59 cap structure and 39 poly(A) tail of pgRNA, which may influence the binding
of DDX17. In line with this notion, the 59 cap upstream of « is essential for HBV pgRNA
encapsidation (37).

In addition, the gel shift assay clearly demonstrated that DDX17 can directly bind to
« in vitro in an RNA-binding motif-dependent manner (Fig. 10). The binding of DDX17
with HBV « stem-loop structure is consistent with DEAD box helicases recognizing RNA
substrate in a structure-dependent manner (29).

Serving as the packaging signal for HBV pgRNA, the « stem-loop interacts with pol
to form ribonucleoprotein complex, which, in turn, is encapsulated into viral capsid for
reverse transcription to take place (7). In this regard, we found that the binding of
DDX17 to « competes with pol-« interaction in cell cultures (Fig. 11), which would lead
to the blockage of pgRNA encapsidation. Mechanistically, it is also plausible that
DDX17 unwinds or rearranges the structure of « with its ATP-dependent helicase activ-
ity or functions as an RNA clamp to arrest the dynamic changes of « structure. The
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latter may explain why the ATPase-deficient mutant DDX17K142R retains partial antiviral
activity against pgRNA encapsidation (Fig. 6).

Besides RNA binding activity, DDX17 is also able to interact with counterpart proteins
and ribonucleoproteins to regulate various host and viral functions (29, 38). Whether
there are host and/or viral cofactors involved in DDX17-« interaction and the inhibition
of pgRNA encapsidation awaits further investigation. Among the DDX17-interacting pro-
teins, it is worth noting that DDX5 is a paralog of DDX17 and both helicases exert over-
lapping or cooperative functions to regulate cellular gene transcription, splicing, and
miRNA biogenesis (26, 39). However, in terms of virus-host interaction, DDX17 and DDX5
may work differently, although the two helicases can form a heterodimer. For example,
DDX5 does not play a role in regulating HIV-1 and RVFV infection similar to that of
DDX17 (17, 20). It has been reported that DDX5 epigenetically represses HBV cccDNA
transcription through interacting with the long noncoding RNA HOTAIR in complex with
polycomb repressive complex 2 (PRC2) (40). Thus, it is of interest to systematically assess
and compare the potential antiviral effect of DDX5 and DDX17 on HBV transcription and
pgRNA encapsidation in a future study.

The stem-loop structure « of pgRNA represents a unique non-self signature in HBV-
infected cells, which is a hot spot of virus-host interactions. A few host proteins have
been identified as « -binding factors in previous studies, including ZAP and ISG20
RNase, which degrade HBV RNA (11, 41), RNA-binding motif protein 24 (RBM24), which
promotes pol-« binding and pgRNA encapsidation (42), and RNA helicase RIG-I, which
blocks pgRNA encapsidation and induces type III interferons (43). In the current study,
we identified DDX17 as a novel « -binding factor that competes with pol-« binding to
prevent pgRNA encapsidation. Considering that multiple factors could bind to « to
perform diverse functions, it is of great interest to investigate the spatiotemporal and
functional relationship between these « -binding proteins in the context of HBV infec-
tion, which will lead to a more coherent understanding of virus-host interaction
around HBV « . On the other hand, the interplay between « and binding proteins can
also be exploited to develop novel antiviral means for treatment of HBV infection.

MATERIALS ANDMETHODS
Cell lines. HepG2, Huh7, and HEK293T cells were maintained in Dulbecco’s modified Eagle medium

(DMEM)-F12 medium (Corning) supplemented with 10% fetal bovine serum, 100 U/ml penicillin, and
100mg/ml streptomycin. HepDES19 cells were maintained in the same medium with addition of 1mg/ml
tetracycline (tet) and 400mg/ml G418 (44). To initiate HBV replication in HepDES19 cells, tet was with-
drawn from the culture medium and the cells were cultured for the indicated time period. The HepG2-
NTCP cell line, supporting HBV infection, was maintained as described previously (45). To establish
HepDES19 and HepG2-NTCP cells with stable DDX17 knockdown (shDDX17) and control knockdown
(shControl), the cells were transduced by DDX17 short hairpin RNA (shRNA) and control shRNA lentiviral
particles (Santa Cruz Biotechnology), respectively, per the manufacturer’s directions. The transduced cells
were selected with 3mg/ml puromycin, and the antibiotic-resistant cells were pooled and expanded into
cell lines. Primary human hepatocytes (PHH) were obtained from the Biospecimen Repository and
Processing Core of Pittsburgh Liver Research Center. Recombinant human IFN-a2a was purchased from
PBL Biomedical Laboratories.

Plasmids and transfection. HBV (genotype D, subtype ayw) replication-competent plasmids,
pHBV1.3 and pCMVHBV, in which the transcription of viral pgRNA is governed by authentic HBV core
promoter and the human cytomegalovirus immediate-early (CMV-IE) promoter, respectively, were
described previously (46). Plasmid pCMVHBVDCDP harbors start codon mutations of core (ATG to CTG)
and pol (ATG to ACG) ORF in the pCMVHBV backbone to block the expression of core and pol (41).
Plasmid pCMVHBVDORF contains additional stop codon mutations in S ORF (T218A/T221A) and X ORF
(C1397T), introduced by site-directed mutagenesis, which only supports HBV RNA transcription without
translation of viral proteins. HBV pgRNA terminal redundancy (TR) deletion clones (pg-D5TR, pg-D3TR,
and pg-D5/3TR) were constructed previously (11). Plasmid pCMV-FLAG-pol, expressing the N-terminally
3�FLAG-tagged pol, was a gift from Wang-Shick Ryu (47). Plasmid FLAG-DDX17, expressing wild-type
DDX17 (p72) with FLAG tag at the N terminus and plasmid Myc-DDX17K142R expressing a Myc-tagged
DDX17 with K142R mutation in the ATPase motif, were kindly provided by Didier Auboeuf and Cyril
Bourgeois (26, 39, 48). Plasmid FLAG-DDX17S277L expresses a Flag-tagged DDX17 with S277L mutation in
the helicase motif to block RNA binding, which was constructed by introducing S277L mutation into
plasmid FLAG-DDX17 through site-directed mutagenesis. Plasmid HA-DDX17 expressing wild-type
DDX17 with an N-terminal HA tag was constructed by cloning the DDX17 ORF into the EcoRI/XhoI
restriction sites in expression vector pCMV-HA-N (Clontech). Plasmid ZAP-S, expressing the short isoform
of human ZAP with an N-terminal HA tag, was a gift from Harmit Malik (49). Cells were transfected with
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the indicated plasmid(s) by Lipofectamine 2000 (Life Technologies) according to the manufacturer’s
directions.

HBV infection. HepG2-NTCP-shControl and HepG2-NTCP-shDDX17 cells were inoculated with
HepDE19-derived HBV virion particles at 100 virus genome equivalents (vge)/cell according to a pub-
lished protocol (45).

HBV nucleic acid analyses. Total cellular HBV RNA, cytoplasmic encapsidated HBV pgRNA, and core
DNA were extracted and subjected to Northern and Southern blotting as described previously (41).
Hybridization signals were recorded on a phosphorimager screen and scanned by the Typhoon FLA-
7000 imager (GE Healthcare). HBV cccDNA was extracted by a modified Hirt DNA extraction method and
quantified by quantitative PCR (qPCR) according to previously published protocols (45, 50).

Western blot assay. Whole-cell lysate samples prepared in Laemmli buffer were resolved in 4% to
12% gradient SDS-PAGE, and proteins were transferred onto Immobilon PVDF-FL membrane (Millipore).
The membranes were blocked with Western Breeze blocking buffer (Life Technologies) and blotted with
antibodies against FLAG tag (clone M2; Sigma), Myc-tag (Santa Cruz), HA tag (clone 16B12; Covance),
DDX17 (Santa Cruz), ISG56 (Santa Cruz), b-actin (Millipore), and HBV precore/core (51), as indicated.
Bound antibodies were revealed by IRDye secondary antibodies. The immunoblot signals were visual-
ized and quantified with the Li-COR Odyssey system.

Immunofluorescence. HepG2 cells were transfected with FLAG-DDX17 alone or cotransfected with
FLAG-DDX17 and plasmid pCMVHBV or pCMVHBVDORF for 48 h, followed by fixation with 4% parafor-
maldehyde and permeabilization of the cell membrane with 0.2% Triton X-100. Cells were then stained
with anti-FLAG antibodies (clone 16B12; Covance), and the bound antibodies were visualized by Alexa
Fluor 594 goat anti-mouse IgG (Life Technologies). Nuclei were counterstained with 49,6-diamidino-2-
phenylindole (DAPI). Cells were imaged with a Nikon fluorescence microscope and photographed with a
charge-coupled device camera.

DDX17 and HBV RNA coimmunoprecipitation. Huh7 cells were transfected with the indicated
plasmids and maintained for 4 days. The harvested cells were lysed on ice with cell lysis buffer contain-
ing 1% NP-40, 10mM Tris-HCl (pH 7.5), 1mM EDTA, 50mM NaCl, 8% sucrose, and 1 U/ml of RNasin plus
RNase inhibitor (Promega). After centrifugation to remove the cell debris, the clarified cell lysates were
incubated with EZview red anti-Myc, anti-HA, or anti-FLAG affinity gel (Sigma-Aldrich) at 4°C for 2 h with
gentle rotation. The beads were spun down and resuspended gently with rinse buffer (10mM Tris-HCl
[pH 7.5], 1mM EDTA, 50mM NaCl, and 1 U/ml of RNasin Plus RNase inhibitor) three times at 4°C. The pel-
leted beads were subjected to RNA extraction with TRIzol and protein sample preparation with Laemmli
buffer. Immunoprecipitated protein and HBV RNA were analyzed by Western and Northern blot assays,
respectively.

Recombinant His-DDX17 protein expression and purification. The ORF of wild-type DDX17 and
DDX17S277L mutant were PCR amplified from plasmid FLAG-DDX17 and FLAG-DDX17S277L, respectively,
and cloned into pRSET, a prokaryotic expression vector (Thermo Fisher Scientific) under the T7 promoter
at BamHI and EcoRI sites to generate plasmid expressing His-tagged DDX17 (His-DDX17) and DDX17S277L

(His-DDX17S277L). The protein expression vectors were transformed into Escherichia coli BL21(DE3) pLysS
competent cells (Promega), and the cells were propagated with aeration at 37°C in 0.5 liters of SOB
broth in the presence of 100mg/ml ampicillin to an A600 of ;0.6, followed by adding 1mM isopropyl-1-
thio-b-D-galactopyranoside (IPTG) to induce protein expression at 37°C for 3 h. The induction of
recombinant proteins was confirmed by SDS-PAGE and Coomassie staining compared to an uninduced
control sample.

The aforementioned His-tagged proteins expressed from bacteria were purified using denaturing
conditions. Briefly, the bacterial pellet was resuspended in 0.1 M Na-phosphate, 0.1 M Tris-HCl, 6 M gua-
nidine-HCl, pH 8.0 with fresh 1mM phenylmethylsulfonyl fluoride (PMSF) and stirred for 2 h at 4°C to
lyse the cells and solubilize the proteins under denaturing conditions. The cell extract was centrifuged
at 12,000� g for 20min. The supernatant fraction containing soluble protein was incubated in batch
with PerfectPro nickel-nitrilotriacetic acid (Ni-NTA) agarose (5PRIME) for 1 h at room temperature. The
resin was washed once with 0.1 M Na-phosphate, 0.1 M Tris-HCl, 6 M guanidine-HCl, pH 6.3, and two
times with 0.1 M Na-phosphate, 0.1 M Tris-HCl, 6 M guanidine-HCl, pH 6.3, with an additional 20mM im-
idazole. The resin was loaded into the supplied purification column, and the protein was eluted with 0.1
M Na-phosphate, 0.1 M Tris-HCl, 6 M guanidine-HCl, pH 4.6, and 300mM imidazole with 1mM PMSF.
The eluted protein was dialyzed against three changes of 1� phosphate-buffered saline (PBS), 300mM
NaCl, 5% glycerol with freshly added 1mM dithiothreitol (DTT) and 0.1mM PMSF. The soluble proteins
were concentrated with Pierce concentrators (9-kDa cutoff; Thermo Scientific). Bio-Rad Bradford protein
assay and Coomassie staining were used to measure the concentration and the purity of the proteins.

EMSA. The synthetic HBV « RNA fragments (nt 1847 to 1911) were dissolved in diethyl pyrocarbon-
ate-treated 1� Tris-EDTA buffer to a concentration of 1mg/ml and denatured in a 80°C water bath for
5min, followed by slow cooling to room temperature for RNA annealing and secondary structure forma-
tion. HBV « RNA was 59 g-32P-radiolabeled by T4 polynucleotide kinase (New England Biolabs) and puri-
fied by a Quick Spin Sephadex G25 column (Roche) as previously described (41).

The indicated amounts of wild-type and mutant DDX17 proteins were incubated with 100 ng 32P-
radiolabeled HBV « RNA in the presence of 20mM HEPES, 100mM KCl, 1mM DTT, 0.5mg/ml bovine se-
rum albumin, 10% glycerol, and 0.05mg/ml nonspecific competitor RNA poly(dI-dC) at 30°C for 30min to
form ribonucleoprotein complexes; 1ml of monoclonal anti-polyhistidine antibody (clone H1029; Sigma)
was used for supershifting of the His-DDX17/HBV « complex; 1mg, 2mg, or 4mg of cold unlabeled HBV
« RNA was used to compete for binding of the DDX17 protein to 100 ng radiolabeled HBV « . The ribonu-
cleoprotein complexes were separated by native 5% PAGE at 200 V in a gel buffer containing 50mM
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Tris, 45mM boric acid, 1% (vol/vol) glycerol for 2 h in a cold room. The gel was fixed in 10% acetic acid
and 10% methanol, dried, and visualized by autoradiography.
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