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ABSTRACT Chronic hepatitis B (CHB) remains a global health problem, carrying a
high risk for progression into cirrhosis and liver failure. Molecular chaperones are in-
volved in diverse pathophysiological processes including viral infection. However,
the role of molecular chaperones in hepatitis B virus (HBV) infection and its underly-
ing mechanisms remain unclear. Here, we identified GRP78 as one of the molecular
chaperones most strongly induced by HBV in human hepatocytes. Gain- and loss-of-
function analyses demonstrated that GRP78 exerted an inhibitory effect on HBV
transcription and replication. Further study showed that GRP78 was involved in the
activation of AKT/mTOR signaling in hepatocytes, which contributed to GRP78-
mediated inhibition of HBV. Of note, HBV-upregulated GRP78 was found to play a
crucial role in maintaining the survival of hepatocytes via facilitating a mild endo-
plasmic reticulum (ER) stress. Together, our findings suggest that HBV may sacrifice
part of its replication for establishing a persistent infection through induction of
GRP78, a master ER stress regulator. Targeting GRP78 may help develop to design
novel therapeutic strategies against chronic HBV infection and the associated hepa-
tocellular carcinoma.

KEYWORDS HBV, GRP78, AKT/mTOR signaling, mild ER stress, persistent viral
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epatitis B virus (HBV) infection remains a serious health problem, with about 260

million people chronically infected with HBV worldwide. Every year, nearly one
million people die of chronic HBV infection-related diseases, including cirrhosis and
hepatocellular carcinoma (HCC) (1, 2). The therapeutic efficacy of currently used anti-
HBV drugs, such as antiviral nucleoside analogues and interferon (IFN), is limited due to
short-term efficacy, drug resistance or side effects, etc. (3, 4). The development of novel
therapeutic approaches for chronic hepatitis B (CHB) is likely to require a more
thorough understanding of the host factors that favor viral persistence in chronically
infected patients. However, despite decades of intensive investigation, the host inter-
action with HBV and the molecular mechanisms underlying persistent viral infection
remain elusive (2, 5, 6).

Molecular chaperones, including heat shock protein 70 (HSP70), HSP90, and
glucose-regulated protein 78 (GRP78), are key host factors contributing to maintaining
cellular homeostasis under both optimal and adverse growth conditions, and they are
involved in the pathogenesis of a variety of diseases, such as cancer, neurodegenerative
diseases, and cardiovascular diseases (7, 8). Accumulating evidence indicates that
molecular chaperones are also closely associated with viral infection, and they have
emerged as important therapeutic targets for viral diseases (9, 10). It is reported that
the HSP70/DnaJ chaperone network is required at distinct steps of the dengue virus life
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cycle (11). HSP90 suppresses the regulatory effects of mammalian endogenous retro-
viruses on neighboring genes (12). Calreticulin is hijacked by the white spot syndrome
virus for its own replication cycle (13). PDIA3 (ERp57) contributes to the reproduction
of enterovirus 71 (14), and its expression level is associated with HBV-related HCC (15).
GRP78, as a master regulator of endoplasmic reticulum (ER) stress, has received
particular attention in recent years and has been proposed as a universal therapeutic
target for diverse human diseases (16). It is reported that GRP78 contributes to the
proper folding/assembly of HBV proteins and HBV secretion (17) and acts as a pro-HBV
factor in Boehmeria nivea extract-mediated inhibition of HBV replication (18). However,
Ma et al. (19) reported that GRP78 inhibited HBV replication via activation of type | IFN
signaling. Zheng et al. (20) also demonstrated the anti-HBV effect of GRP78, but its
antiviral activity was not due to the activation of IFN signaling. As for the effect of HBV
on the expression level of GRP78, the data also appeared to be contradictory: Ma et al.
(19) and Liu et al. (21) reported that HBV induced the upregulation of GRP78, whereas
data from Zhang et al. (22) showed that HBV disrupted the induction of GRP78. In
addition, GRP78 may also contribute to the inhibition of other hepatotropic viruses,
including hepatitis A virus and hepatitis C virus (HCV) (23, 24). Of note, GRP78 may play
an important role in the development of persistent infection of several viruses, includ-
ing HCV and Japanese encephalitis virus (25, 26). Until now, the role of molecular
chaperones in HBV infection and its underlying mechanisms have remained largely
unclear.

In the present study, we found that, of selected molecular chaperones, HBV induced
the upregulation of GRP78 most significantly in hepatocytes and that GRP78 exhibited
an inhibitory effect on HBV replication. Further, it was found that GRP78 did not have
a significant effect on the antiviral innate immune responses in HBV-replicating cells,
but it was important for the activation of AKT/mTOR signaling, which was revealed to
contribute to the inhibition of HBV replication by GRP78. Furthermore, our data
revealed that GRP78 played a crucial role in maintaining the cell survival of HBV-
replicating hepatocytes by facilitating the establishment of a mild ER stress. Together,
our data suggest that HBV may sacrifice part of its replication to facilitate a persistent
infection in a more favorable cellular environment through induction of the ER stress
master regulator GRP78 and that targeting GRP78 may be a way to develop a potential
therapeutic strategy for treating chronic HBV infection and the associated HCC.

(This study was presented in part as a poster at the 17th International Congress of
Immunology, Beijing, China, 19 to 23 October 2019.)

RESULTS

HBYV infection induces the upregulation of GRP78 in hepatocytes. To investigate
the role of molecular chaperones in HBV infection, we first transfected Huh7 cells with
a replication-competent HBV plasmid (pHBV1.3) and then detected the mRNA levels of
molecular chaperones, including HSP27, HSP40, HSP60, HSP70, HSC70, HSP90, GRP78,
GRP94, protein disulfide isomerase (PDI), PDIA3, calreticulin, and calnexin, by quanti-
tative reverse transcription-PCR (gRT-PCR). The results showed that, of these selected
molecular chaperones, GRP78 was most strongly induced in pHBV1.3-transfected Huh7
cells (Fig. 1A). We also examined the effect of HBV on GRP78 expression in HepAD38
cells, in which the HBV production is under the control of the tetracycline-off (Tet-off)
promoter, and Tet removal permits the transcription and replication of HBV (27). Similar
to the data obtained from pHBV1.3-transfected Huh7 cells, GRP78 was most strongly
induced by HBV in HepAD38 cells among the selected molecular chaperones. Further,
we examined the effect of HBV on the expression of GRP78 at the protein level by
Western blotting (Fig. 1B). The results showed that, in both Huh7 and HepAD38 cells,
HBV upregulated the protein level of GRP78 significantly (Fig. 1C). Furthermore, we
assessed the effect of HBV on the expression level of GRP78 in primary human
hepatocytes (PHHs). We found that GRP78 expression was significantly increased by
HBV infection at both mRNA and protein levels in PHHs (Fig. 1D and E). Of note, our
data revealed that the expression of GRP78 was upregulated at both mRNA (Fig. 1F)
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FIG 1 HBV infection induced the upregulation of GRP78 expression in human hepatocytes. (A) Huh7 cells were
transfected with pHBV1.3 or empty control vector pUC19. At 48 h posttransfection, the mRNA levels of molecular
chaperones were determined by qRT-PCR. The data are means *+ the SEM of four samples pooled from three
independent experiments. * P < 0.05. (B) The mRNA levels of molecular chaperones in HepAD38 cells treated with
or without tetracycline were determined as in panel A. The data are means =+ the SEM of five samples pooled from
three independent experiments. * P < 0.05. (C) Huh7 cells and HepAD38 cells were treated as in panels A and B,
respectively. Western blotting was then performed with antibodies against GRP78, HBcAg, or GAPDH. (D) PHHs
were infected with HBV at 100 vge per cell in the presence of 4% PEG-8000 for 16 h. At 7 days postinfection, the
GRP78 mRNA level was determined by gRT-PCR. The data are means = the SEM of five samples pooled from three
independent experiments. * P < 0.05. (E) PHHs were infected with HBV as in panel D, and Western blotting was
performed with antibodies against GRP78, HBcAg, or GAPDH. (F) GRP78 mRNA levels in liver tissues from CHB
patients (n = 22) and control individuals (n = 17) were determined by qRT-PCR. * P < 0.05. (G) GRP78 protein levels
in liver tissues from CHB patients and control individuals that were age and gender matched were determined by
Western blotting (n = 16).

and protein levels (Fig. 1G) in liver tissues from CHB patients compared to those from
control individuals.

GRP78 exhibits an inhibitory effect on HBV transcription and replication. As
above, the data showed that HBV induced the upregulation of GRP78 significantly,
while GRP78 is emerging as an important therapeutic target for a variety of human
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diseases (16). We thus focused our attention on the role of GRP78 in HBV infection in
the present investigation. First, we cotransfected Huh7 cells with pHBV1.3 and a GRP78
expression plasmid (pGRP78). Western blot analysis showed that pGRP78 transfection
led to the efficient expression of GRP78 in Huh7 cells at the indicated time points (Fig.
2A). GRP78 overexpression was found to inhibit HBV gene expression significantly in
Huh7 cells, as shown by the decreased levels of HBsAg (Fig. 2B), HBeAg (Fig. 2C), or
pregenomic RNA (pgRNA) (Fig. 2D). GRP78 expression also decreased the HBV DNA
level significantly (Fig. 2E), and this effect displayed a dose-dependent tendency
(Fig. 2F). We further examined the effect of GRP78 on HBV gene expression and
replication in HepAD38/Tet-off cells. As shown in Fig. 2G, electrotransfection with
pGRP78 led to the efficient expression of GRP78 in HepAD38 cells. Consistent with the
data from pHBV1.3-transfected Huh7 cells, overexpression of GRP78 significantly inhib-
ited HBV gene expression and replication, as demonstrated by the decreased levels of
HBsAg (Fig. 2H), HBeAg (Fig. 21), pgRNA (Fig. 2J), or HBV DNA (Fig. 2K) in HepAD38 cells.
Further, the inhibitory effect of GRP78 expression on HBV replication in HepAD38 cells
was confirmed by Southern blotting, as indicated by the decreased level of HBV
replication intermediates (RI) in pGRP78-transfected HepAD38 cells (Fig. 2L).

To further confirm the inhibitory effect of GRP78 on HBV gene expression and
replication, we downregulated GRP78 expression in Huh7 cells by using the small
interfering RNA (siRNA) technique. Western blot analysis confirmed the knockdown
efficiency of GRP78-specific siRNA (siGRP78) in Huh7 cells (Fig. 3A). siRNA-mediated
GRP78 downregulation significantly enhanced HBV gene expression and replication in
Huh7 cells, as demonstrated by the increased levels of HBsAg (Fig. 3B), HBeAg (Fig. 30),
PgRNA (Fig. 3D), or HBV DNA (Fig. 3E). We further investigated the effect of GRP78
downregulation on HBV replication in HepAD38/Tet-off cells. As shown in Fig. 3F,
transfection with GRP78-specific siRNA efficiently downregulated GRP78 protein level in
HepAD38 cells. Consistent with data from Huh7 cells, knockdown of GRP78 by the
siRNA approach in HepAD38 cells led to the significant increase of HBV gene expression
and replication, as revealed by the upregulated levels of HBsAg (Fig. 3G), HBeAg (Fig.
3H), pgRNA (Fig. 3l), or HBV DNA (Fig. 3J). Data from Southern blotting further verified
the effect of GRP78 downregulation on HBV replication (Fig. 3K). We also treated
HepAD38/Tet-off cells with VER155008, a pharmacological inhibitor targeting the
ATPase binding domain of GRP78. We found that inhibition of GRP78 function by
VER155008 significantly enhanced HBV replication, and similar results were obtained
from another structurally different GRP78 inhibitor, HA15 (Fig. 3L). Furthermore, we
investigated the role of GRP78 in HBV-infected PHHs. The results showed that inhibition
of GRP78 activity via either VER155008 or HA15 increased the HBV DNA level in PHHs
significantly (Fig. 3M).

Taken together, these data demonstrated that GRP78 displayed an inhibitory effect
on HBV transcription and replication.

GRP78 does not have a significant effect on antiviral innate immune responses
in HBV-replicating cells. Reports indicate that GRP78 may be implicated in innate
immune regulation (19, 23, 28), while it now well established that activation of innate
immune response can suppress HBV replication efficiently (29). We therefore investi-
gated whether GRP78-mediated inhibition of HBV was due to the activation of innate
immune responses. We first examined the effect of GRP78 on the activation of type | IFN
signaling by transfection of increasing amounts of pGRP78 into HBV-replicating cells.
We found that overexpression of GRP78 did not have significant effect on the expres-
sion levels of IFN-B (Fig. 4A) and some important IFN-stimulating genes (ISGs; including
the MxA, 1SG56, and TRIM22 genes) (Fig. 4B) in HepAD38/Tet-off cells, as well as in
pHBV1.3 transiently transfected HepG2 cells (see Fig. STA and B in the supplemental
material), although a constitutively active mutant of RIG-I (RIG-IN), as a positive control,
dramatically increased the expression levels of IFN-B and ISGs in these cells (Fig. 4A and
B; Fig. S1A and B). Further, Western blotting showed that GRP78 failed to enhance the
phosphorylation of TBK1 and IRF3 (Fig. 4C). Our data also revealed that GRP78 expres-
sion did not lead to the activation of inflammasomes in HBV-replicating cells, as
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FIG 2 GRP78 overexpression inhibited HBV replication. (A to E) Huh7 cells were cotransfected with pHBV1.3 and GRP78
expression plasmid (pGRP78) or control empty vector (pcDNA). At 48 or 72 h posttransfection, the cells were harvested and
evaluated for effect of GRP78 on HBV replication. (A) The expression level of GRP78 was detected by Western blotting with
GRP78-specific antibody. GAPDH was used as a loading control. The levels of HBsAg (B) and HBeAg (C) were examined by
enzyme-linked immunosorbent assay (ELISA), the level of pgRNA was determined by qRT-PCR (D), and the intracellular HBV
DNA level was determined by qPCR (E). The data are means = the SEM of five samples pooled from three independent
experiments. *, P < 0.05. (F) Huh7 cells were transfected with pHBV1.3, together with an increasing dose of pGRP78. At
48 h posttransfection, the cells were harvested and subjected to HBV DNA quantification by qPCR. The data are means =+
the SEM of three samples pooled from three independent experiments. (G to K) HepAD38/Tet-off cells were electrotrans-
fected with pGRP78 or pcDNA. At 48 or 72 h posttransfection, the cells were harvested and evaluated for effect of GRP78
on HBV replication. The levels of GRP78 (G), HBsAg (H), HBeAg (I), preC-pgRNA (J), and intracellular HBV DNA (K) were
determined as in panels B and F. The data are means * the SEM of four samples pooled from three independent
experiments. ¥, P < 0.05. (L) HepAD38/Tet-off cells were treated as in panels G to K. At 72 h posttransfection, the cells were
harvested, and HBV replicative intermediates were determined by Southern blotting. R, replication intermediates; RC,
relaxed circular DNA.
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FIG 3 Inhibition of GRP78 enhanced HBV replication. (A to E) Huh7 cells were transfected with GRP78 siRNA (siGRP78) or control siRNA (siCtrl),
followed by the transfection of pHBV1.3. At 48 and 72 h posttransfection, the GRP78 expression level was examined by Western blotting (A), the
levels of HBsAg (B) and HBeAg (C) were measured by ELISA, and the level of pgRNA (D) or intracellular HBV-DNA (E) was quantified by qRT-PCR
or gPCR, respectively. The data are means = the SEM of five samples pooled from three independent experiments. * P < 0.05. (F to J)
HepAD38/Tet-off cells were electrotransfected with siGRP78 or siCtrl. At 72 and 96 h posttransfection, the HepAD38 cells were harvested. The
levels of GRP78 protein (F), HBsAg (G), HBeAg (H), pgRNA (1), and HBV DNA (J) were determined as in panels A to E. The data are means = the
SEM of four samples pooled from three independent experiments. * P < 0.05. (K) HepAD38 cells were treated as in panels F to J. HBV replicative
intermediates were detected by Southern blotting. (L) HepAD38 cells were treated with VER155008 (20 wM) or HA15 (10 uM) for 12 or 24 h, and
the intracellular HBV DNA was then extracted and subjected to quantification by qPCR. The data are means *+ the SEM of four samples pooled
from three independent experiments. ¥ P < 0.05. (M) PHHs were infected with HBV as in Fig. 1D. At day 7 postinfection, the cells were treated
with VER155008 (20 uM) or HA15 (10 uM) for 24 h, and the HBV DNA level was determined by qPCR. The data are means * the SEM of three
samples pooled from three independent experiments. * P < 0.05.

demonstrated by the small change in the level of caspase-1 activity (Fig. 4D; Fig. S1C)
and that of caspase-1 p10 or IL-18 p17 (Fig. 4E). In addition, we also tested the effect
of GRP78 on the NF-kB activity. We found that overexpression of GRP78 did not activate
the NF-«B promoter activity (Fig. 4F) and also failed to increase the expression level of
proinflammatory cytokines TNF-« (Fig. 4G; Fig. S1D) and IL-6 (Fig. 4H; Fig. S1E) in
HBV-replicating cells. Collectively, our data indicated that GRP78-mediated inhibition of
HBV replication might not involve the activation of innate immune signaling.

GRP78 contributes to the activation of AKT/mTOR signaling in HBV-replicating
cells. Accumulating evidence demonstrates that GRP78 may have a close relationship
with the activation of AKT/mTOR signaling (30, 31), whereas AKT/mTOR have been
demonstrated to be a barrier for a variety of viruses, including HBV (32-36). We thus
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FIG 4 GRP78-mediated inhibition of HBV replication was not due to the activation of innate immune responses. (A)
HepAD38/Tet-off cells were transfected with increasing amounts of pGRP78 or a constitutively active mutant of RIG-I
expression plasmid (pRIG-IN). At 48 h posttransfection, the cells were collected, and the level of IFN-8 mRNA was tested by
gRT-PCR. The data are means =+ the SEM of five samples pooled from three independent experiments. (B) Cells were treated
as in panel A. The mRNA level of MxA, ISG56, or TRIM22 was determined by qRT-PCR. The data are means *+ the SEM of four
samples pooled from three independent experiments. (C) Cells were treated as in panel A and then subjected to Western
blotting with antibodies against p-TBK1, TBK1, p-IRF3, IRF3 GRP78, or GAPDH. (D) HepAD38/Tet-off cells were transfected with
pcDNA or increasing amounts of pGRP78. At 48 h posttransfection, the caspase-1 activity was determined. The data are
means * the SEM of three samples pooled from three independent experiments. Cells stimulated with lipopolysaccharide
(500 ng/ml) plus ATP (5 mM) were used as a positive control for inflammasome activation. (E) HepAD38 cells were treated as
in panel D, and Western blotting was then performed with antibodies against caspase-1, IL-18, GRP78, and GAPDH. (F) NF-xB
promoter-dependent luciferase reporter plasmids (pNF-kB-Luc) were transfected into HepAD38 cells, together with pcDNA
and increasing amounts of pGRP78 or pRIG-IN. After 48 h, the luciferase activity in the cell lysates was measured. The data are
means * the SEM of four samples pooled from three independent experiments. (G and H) Cells were transfected as in panel
A. After 48 h, the mRNA level of TNF-a (G) or IL-6 (H) was determined by qRT-PCR. The data are means = the SEM of four
samples pooled from three independent experiments.

further investigated the effect of GRP78 on AKT/mTOR signaling in HBV-replicating
cells. Our results showed that GRP78 overexpression led to the activation of AKT/mTOR
signaling in HBV-replicating HepAD38 cells and Huh7 cells, as revealed by the upregu-
lated level of p-AKT, p-mTOR, or p-p70s6K (Fig. 5A; Fig. S2A), whereas the siRNA-
mediated knockdown experiment showed that downregulation of GRP78 significantly
decreased the phosphorylation level of AKT, mTOR, or p70s6K (Fig. 5B; Fig. S2B).
Inhibition of GRP78 activity by VER155008 or HA15 also efficiently decreased the levels
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FIG 5 GRP78 contributed to the activation of AKT/mTOR signaling in HBV-replicating cells. (A) HepAD38/Tet-off cells were transfected with pcDNA or pGRP78.
At 48 and 72 h posttransfection, the levels of p-AKT, AKT, p-mTOR, mTOR, p-p70s6K, p70s6K, GRP78, and GAPDH were determined by Western blotting. (Right)
The relative levels of p-AKT to AKT, p-mTOR to mTOR, or p-p70s6K to p70s6K were examined by densitometric analysis, and the value from pcDNA-transfected
cells was set at 1.0. The data are means = the SEM of six samples pooled from three independent experiments. * P < 0.05. (B) HepAD38/Tet-off cells were
transfected with siGRP78 or siCtrl. At 72 and 96 h posttransfection, the level of p-AKT or p-mTOR were determined as in panel A, and value from
siCtrl-transfected cells was set at 1.0. The data are means *= the SEM of five samples pooled from three independent experiments. * P < 0.05. (C)
HepAD38/Tet-off cells were treated with increasing doses of VER155008 (10 or 20 uM) or HA15 (5 or 10 uM) for 24 h. The level of p-AKT, p-mTOR, or p-p70s6K
was determined as in panel A, and the value from dimethyl sulfoxide-treated cells was set at 1.0. The data are means = the SEM of five samples pooled from
three independent experiments. (D and E) The level of GRP78, p-AKT, or p-mTOR of liver tissues from CHB patients (n = 26) and control individuals (n = 20)
was determined by Western blotting as in panel A. The correlation of the GRP78 protein level with the p-AKT or p-mTOR level was carried out by Pearson

correlation analysis.

of p-AKT, p-mTOR, or p70s6K (Fig. 5C). Furthermore, we examined the relationship
between the level of GRP78 protein and those of p-AKT and p-mTOR in human liver
biopsy specimens. We found that the level of GRP78 protein was positively associated
with that of p-AKT or p-mTOR in CHB patients (Fig. 5D and E; Fig. S3). Together, these
data indicate that GRP78 expression might contribute to the activation of AKT/mTOR
signaling in HBV infection.

AKT/mTOR signaling is involved in GRP78-mediated inhibition of HBV replica-
tion. To investigate whether AKT/mTOR signaling was involved in GRP78-mediated
inhibition of HBV, we first treated GRP78-transfected HepAD38/Tet-off cells with mTOR
signaling-specific inhibitor rapamycin or everolimus. The results showed that treatment
with rapamycin or everolimus significantly inhibited GRP78-activated mTOR signaling,
as indicated by the decreased levels of p-mTOR and p-p70s6K (Fig. 6A). Inhibition of
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FIG 6 AKT/mTOR signaling was involved in GRP78-mediated inhibition of HBV replication. (A) HepAD38/Tet-off cells were transfected with pGRP78 for 48 h,
followed by treatment with rapamycin (100 nM) or everolimus (100 nM) for another 24 h. The cells were then subjected to Western blotting with antibodies
against p-mTOR, mTOR, p-p70S6K, p70S6K, GRP78, and GAPDH. (Lower panel) The relative levels of p-mTOR to mTOR or p-p70s6K to p70s6K were examined
by densitometric analysis, and the value from empty vector-transfected cells was set at 1.0. The data are means * the SEM of five samples pooled from three
independent experiments. * P < 0.05. (B to D) Cells were treated as in panel A. The levels of HBeAg (B), pgRNA (C), or HBV-DNA (D) were determined by ELISA,
gRT-PCR, and gPCR, respectively. The data are means =+ the SEM of five samples pooled from three independent experiments. * P < 0.05. (E) HepAD38/Tet-off
cells were transfected with pGRP78 for 48 h, followed by treatment with LY294002 (10 uM) or AKTi (10 uM) for another 24 h. The cells were then collected and
subjected to Western blotting with antibodies against p-AKT, AKT, p-mTOR, mTOR, GRP78, and GAPDH. (Lower panel) The relative level of p-AKT to AKT or
p-mTOR to mTOR was examined by densitometric analysis, and the value from empty vector-transfected cells was set at 1.0. The data are means * the SEM
of four samples pooled from three independent experiments. * P < 0.05. (F to H) Cells were treated as for panel E. The levels of HBeAg (F), pgRNA (G), or HBV
DNA (H) were determined as in panels B to D. The data are means = the SEM of five samples pooled from three independent experiments. ¥ P < 0.05.

mTOR activation led to the significant attenuation of GRP78-mediated inhibition of HBV
transcription and replication, as indicated by the increased levels of HBeAg (Fig. 6B),
pgRNA (Fig. 6C), and HBV-DNA (Fig. 6D). We also treated GRP78-transfected HepAD38/
Tet-off cells with phosphatidylinositol 3-kinase (PI3K) inhibitor LY294002 and AKT
inhibitor (AKTi). It was found that the treatment of HepAD38/Tet-off cells with
LY294002 and AKTi significantly inhibited AKT/mTOR signaling, as indicated by the
decreased level of p-AKT or p-mTOR (Fig. 6E), and consequently attenuated GRP78-
mediated suppression of HBV transcription and replication (Fig. 6F to H). We also
examined the role of AKT/mTOR signaling in GRP78-mediated inhibition of HBV in Huh7
cells, and similar results were obtained (Fig. S4). Taken together, these data indicated
that the AKT/mTOR signaling might be involved in GRP78-mediated inhibition of HBV.

GRP78 plays a prosurvival role in HBV-replicating cells. The data presented above
showed that HBV induced the upregulation of GRP78, whereas GRP78 displayed an

February 2020 Volume 40 Issue 3 e00475-19 mcb.asm.org 9


https://mcb.asm.org

Shu et al.

inhibitory effect on HBV replication. This led us to question why HBV should upregulate the
expression level of a molecule which inhibited its own replication. Evidence suggests that
inhibition of hepatocyte apoptosis may be necessary for the noncytotoxic and persistent
replication of HBV (33, 37). We therefore further investigated the role of GRP78 in cell
survival of HBV-replicating HepAD38 cells in response to thapsigargin treatment or serum
deprivation. A CCK8 assay showed that overexpression of GRP78 decreased cell death,
while knockdown of GRP78 by siRNA increased cell death significantly (Fig. 7A; Fig. S5A),
and inhibition of GRP78 activity by VER155008 or HA15 was also revealed to decrease the
cell viability significantly (Fig. 7B) in response to thapsigargin treatment. Western blotting
showed that GRP78 overexpression decreased, whereas knockdown of GRP78 by siRNA or
inhibition of GRP78 activity by VER155008 or HA15 significantly increased, the level of
cleaved caspase-3 (an apoptosis marker) in response to thapsigargin treatment or serum
deprivation (Fig. 7C to E; Fig. S5B and C). Furthermore, the gain- and loss-of-function
analyses revealed that GRP78 contributed to the decrease of annexin V-positive cells in
thapsigargin-treated or serum-starved HepAD38 cells (Fig. 7F and G; Fig. S5D). Since
primary human hepatocytes have been proved to be valuable for viability studies (38), we
further tested the effect of GRP78 on the cell viability of HBV-infected PHHs by CCK8 test.
Our data showed that inhibition of GRP78 function by either VER155008 or HA15 signifi-
cantly decreased the cell viability of HBV-infected PHHs in response to thapsigargin
treatment (Fig. 7H).

GRP78 contributes to cell survival by facilitating mild ER stress in HBV-
replicating cells. Accumulating evidence shows that regulation of ER stress plays a
crucial role in controlling cell death. ER stress can simultaneously activate both adaptive
and proapoptotic pathways, depending on the stress intensity. Severe and sustained ER
stress will activate proapoptotic proteins, such as C/EBP homologous binding protein
(CHOP), and ultimately lead to the cell death, whereas mild ER stress (characterized by
the constant upregulation of GRP78 without induction of apoptosis) is often associated
with the activation of an adaptive response which allows the cells to cope with various
apoptotic insults (39-42). Since our data revealed that GRP78 was crucial for the
regulation of ER stress in HBV-replicating cells (Fig. S6), we paid particular attention to
the role of ER stress signaling in GRP78-contributed cell survival. We subjected GRP78-
knockdown cells to the treatment of thapsigargin or serum deprivation in the presence
or absence of 4-phenylbutyric acid (4-PBA), a chemical chaperone known to reduce ER
stress. Our data showed that downregulation of GRP78-sensitized HepAD38 cells to
thapsigargin- or serum deprivation-induced cell death significantly, as shown by the
decreased cell viability (Fig. 8A; Fig. S7A) and the upregulation of annexin V-positive
cells (Fig. 8B, Fig. S7B), as expected, whereas inhibition of ER stress by 4-PBA signifi-
cantly reversed this phenomenon (Fig. 8A and B; Fig. S7A and B). Accordingly, GRP78
knockdown was found to significantly upregulate the level of ER stress-associated
proapoptotic protein CHOP in response to the treatment of thapsigargin or serum
deprivation, which could be significantly attenuated by the treatment with 4-PBA (Fig.
8C; Fig. S7Q), indicating that GRP78 contributed to the survival of HBV-replicating cells
through controlling excessive ER stress.

Our data revealed that HBV, per se, induced ER stress in hepatocytes (Fig. S8); we
therefore also investigated the sensitivity of hepatocytes with or without HBV replica-
tion to thapsigargin-induced cell death. As shown in Fig. 8D, compared to HepAD38
cells without HBV replication (Tet+), cells with HBV replication (Tet-) showed greater
resistance to thapsigargin-induced cell death. We also investigated whether the differ-
ence in the sensitivity to cell death was due to the activation of the ER stress-related
apoptotic signal. In accordance with data of cell viability assay, our data revealed that
the expression level of the ER stress-associated protein CHOP was significantly higher
in cells without HBV replication than those in HBV-replicating cells after thapsigargin
treatment (Fig. 8E). Further, we compared the cell viability of HBV-infected and non-
infected PHHs in response to thapsigargin treatment. Similar to the data obtained from
HepAD38 cells, HBV-infected PHHs were more resistant to thapsigargin-induced cell
death than HBV-uninfected cells (Fig. 8F). Accordingly, the level of proapoptotic protein
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CHOP in HBV-infected PHHs was significantly lower than that in HBV-uninfected control
cells in response to thapsigargin treatment (Fig. 8G). Combining the prosurvival activity
of HBV with the data that HBV induced the upregulation of GRP78, which plays a crucial
role in regulating HBV-induced ER stress, we propose that HBV induced a mild ER stress
for maintaining cell survival, with GRP78 playing a key role in this process.

DISCUSSION

CHB is still a major public health issue and causes millions of deaths every year
around the world. It remains a challenge to decipher the molecular mechanisms by
which persistent HBV infection is established and maintained (2).

Accumulating evidence indicates that molecular chaperones are closely associated
with a variety of pathophysiological processes, including persistent viral infection. In
present investigation, GRP78 was identified as one of the most strongly induced
molecular chaperones by HBV in hepatocytes. Of note, GRP78 expression was signifi-
cantly upregulated in the liver tissues of CHB patients, suggesting the possible involve-
ment of GRP78 in the pathogenesis of CHB. Contradictory to our data, Zhang et al. (22)
reported that HBV induced the downregulation of GRP78 in HepG2.2.15 cells, as well as
in human liver tissues. The reason for this discrepancy is unknown, but it may be due
to different cell lines or liver biopsy samples used. Since the production of HBV particles
in HepAD38 is under the control of a Tet-responsive promoter, HepAD38 has been
proved to be a suitable tool to directly compare the cellular characteristics with or
without HBV replication, while the different genetic backgrounds of HepG2 and
HepG2.2.15 may result in an inaccurate evaluation of the effect of HBV replication on
host gene expression. In the case of comparative biological analysis between
HepG2.2.15 and HepG2, another previous investigation using a two-dimensional blue
native/SDS-PAGE technique showed that, compared to HepG2 cells, the expression
level of GRP78/Bip was upregulated in HepG2.2.15 cells (21). Consistent with our data,
Ma et al. (19) also reported that HBV induced the upregulation of GRP78 at both mRNA
and protein level in HBV stably transfected HepAD38 cells, as well as in HBV transiently
transfected HepG2 cells, and their data also revealed that inhibition of HBV replication
in CHB patients by lamivudine significantly downregulated the expression level of
GRP78 in human liver tissues.

Since GRP78 is one of the most strongly induced molecular chaperones by HBV in
hepatocytes and also in consideration of the important roles of GRP78 in a variety of
pathophysiological processes, we focused our attention on GRP78 in the present
investigation. Through genetic and pharmacological approaches, we demonstrated
that GRP78 exhibited an inhibitory effect on HBV replication in hepatocytes. However,
it has been reported that GRP78 may contribute to the folding of HBV protein (17) and
is required for the secretion of HBV virions (18), although our results showed that GRP78
could also decrease the HBV DNA level in the culture supernatants of HepAD38 cells
(see Fig. S9 in the supplemental material). In agreement with our results, Ma et al. (19)
and Zheng et al. (20) reported that GRP78 expression could downregulate the HBV
titers of both cytoplasm and supernatants. This discrepancy remains unclear; it may be
due to the inhibitory effect of GRP78 overriding its stimulatory effect on HBV replica-
tion.

Studies indicate that GRP78 may be involved in the regulation of innate immune
responses. Data from Wei et al. (23) indicated that GRP78 contributed to TLR3-mediated
innate immune responses against HCV. Ma et al. (19) reported that GRP78 overexpres-
sion led to the upregulation of IFN-B and some of ISGs (including OAS1, OAS2, and
RNase L) and that IFN-3 in turn induced the upregulation of GRP78 in HepG2 cells. The
mutual activation of GRP78 and IFN-B might contribute to the suppression of HBV.

FIG 7 Legend (Continued)
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experiments. * P < 0.05. (H) PHHs were infected with HBV as in Fig. 1D and E. The cells were treated with increasing doses of VER155008 (10 or 20 uM) or HA15
(5 or 10 uM) in the presence of 0.5 uM thapsigargin. The cell viability was determined by a CCK8 test. The data are means = the SEM of three samples pooled

from three independent experiments. * P < 0.05.
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FIG 8 GRP78 contributed to the survival of HBV-replicating cells via facilitating the establishment of a mild ER stress. (A) GRP78 knockdown HepAD38/Tet-off
cells were pretreated with 4-PBA (5 mM) for 30 min and then treated with 0.5 uM thapsigargin for 24 h. The cell viability was then determined by a CCK8 test. The data
are means = the SEM of six samples pooled from three independent experiments. * P < 0.05. (B) Cells were treated as in panel A and then subjected to apoptosis
analysis by FACS. The data are means * the SEM of five samples pooled from three independent experiments. * P < 0.05. (C) Cells were treated as in panel A and
then subjected to Western blotting with antibodies against cleaved caspase-3, CHOP, GRP78, or GAPDH. (Right panel) The relative level of Cl. Casp-3 or CHOP to GAPDH
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However, in contrast to the data from Ma et al, our results showed that GRP78
overexpression did not activate the IFN signaling in both HBV-replicating Huh7 and
HepAD38 cells, although RIG-IN, as a positive control, activated type | IFN signaling
dramatically. In agreement with our data, Zheng et al. (20) also reported that IFN
signaling might not be responsible for GRP78 inhibition of HBV. In addition, since
transformed cell lines like HepG2 have defects in IFN signaling (43, 44), it is also
intriguing that GRP78 can inhibit HBV replication by activating type | signaling in these
cell lines. Further, our data also showed that overexpression of GRP78 did not have a
significant effect on the activation of inflammasome and NF-«kB activity in HBV-
replicating cells. Together, our data suggest that GRP78-mediated inhibition of HBV
replication might not involve the activation of innate immune responses.

Accumulating evidence demonstrates that the AKT/mTOR pathway may act as a
barrier for a variety of viruses, including the hepatitis viruses (32-34, 45). It is also
evident that GRP78 may be closely associated with the activation AKT/mTOR signaling
(30, 46). We thus investigated the effect of GRP78 on AKT/mTOR signaling in HBV-
infected cells. Our data revealed that overexpression of GRP78 activated while knock-
down of GRP78 suppressed AKT/mTOR signaling significantly in HBV-replicating hep-
atoma cells. Of note, our data revealed that there existed a positive correlation between
the expression level of GRP78 and that of p-AKT or p-mTOR in clinical liver biopsy
specimens, suggesting the possible role of GRP78 in the activation of AKT/mTOR under
physiological conditions. Further, our data revealed that inhibiting AKT/mTOR signaling
indeed significantly attenuated GRP78-mediated inhibition of HBV transcription and
replication, indicating that AKT/mTOR signaling was involved in the inhibitory effect of
GRP78 on HBV.

These data showed that HBV induced the upregulation of GRP78, while GRP78
displayed an inhibitory effect on HBV replication. We wondered why HBV should
stimulate the expression of a molecule that would inhibit the replication of itself. It was
reported that inhibition of hepatocyte apoptosis is important for HBV to release
infectious progeny and might be important for the persistent replication of HBV (2, 37).
We thus further evaluated the role of GRP78 in cell apoptosis in HBV-replicating cells.
Our data showed that ectopic expression of GRP78 could decrease thapsigargin- or
serum deprivation-induced cell death, whereas inhibition GRP78 by genetic or phar-
macological approaches significantly increased it, indicating that GRP78 indeed played
a protective role in HBV-replicating cells. Accumulating evidence shows that ER stress
signaling plays a crucial role in the regulation of cell survival, although its role is
somewhat paradoxical: mild ER stress is often favorable for cell survival, whereas
excessive ER stress leads to cell death (47-51). Our data showed that knockdown of
GRP78 by an siRNA approach induced severe ER stress in hepatocytes, characterized by
the upregulation of the proapoptotic protein CHOP, followed by cell death, whereas
inhibiting ER stress by 4-PBA significantly attenuated these processes, indicating that
GRP78 contributed to cell survival of HBV-infected hepatocytes by controlling excessive
ER stress. We and others demonstrated that HBV, per se, induced ER stress in hepato-
cytes (52-54). We thus investigated the sensitivity of human hepatocytes with or
without HBV replication to thapsigargin- or serum deprivation-induced cell death and
found that cells with HBV replication were more resistant to thapsigargin- or serum
deprivation-induced cell death, which was correlated with the suppression of CHOP

FIG 8 Legend (Continued)

was examined by densitometric analysis, and the value from control siRNA-transfected cells was set at 1.0. The data are means =+ the SEM of five samples pooled from
three independent experiments. * P < 0.05. (D) HepAD38 cells treated with or without tetracycline were subjected to thapsigargin treatment at the concentration of
0.5 or 1T uM for 24 h, and the cell viability was determined by a CCK8 assay. The data are means = the SEM of five samples pooled from three independent experiments.
* P < 0.05. (E) Cells were treated as in panel D and then subjected to Western blotting with antibodies against Cl. Casp-3, CHOP, or GAPDH. (Right panel) The relative
level of Cl. Casp-3 or CHOP to GAPDH was examined by densitometric analysis, and the value from siCtrl-transfected cells was set at 1.0. The data are means * the
SEM of four samples pooled from three independent experiments. * P < 0.05. (F) PHHs infected with or without HBV were treated with 0.5 uM thapsigargin for 24 h,
and the cell viability was determined by a CCK8 test. The data are means = the SEM of three samples pooled from three independent experiments. * P < 0.05. (G)
PHHs were treated as in panel F, and levels of Cl. Casp-3 and CHOP were determined by Western blotting as in panel E. The data are means = the SEM of four samples
pooled from three independent experiments.
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expression in HBV-replicating cells. Together, these data indicated that HBV induced a
mild ER stress, which is favorable for cell survival, with GRP78 playing a central role in
this process.

In conclusion, our data demonstrated that HBV induced the upregulation of the
molecular chaperone GRP78 significantly in hepatocytes. GRP78 exhibited an inhibitory
effect on HBV replication. Mechanistically, GRP78 did not have a significant effect on innate
antiviral responses, but it contributed to the regulation of AKT/mTOR signaling, which
contributed to the GRP78-mediated inhibition of HBV replication. Further, our data showed
that GRP78 plays a crucial role in maintaining cell survival via facilitating a mild ER stress. We
suggest that, on the one hand, GRP78 inhibits HBV replication to keep viral load to a
relatively low level and that, on the other hand, it is beneficial for creating a “mild” cellular
environment via regulating HBV-induced ER stress and finally contributes to persistent viral
infection. These data indicate that targeting GRP78 might provide an important therapeutic
strategy against chronic HBV infection and the associated HCC.

MATERIALS AND METHODS

Antibodies and reagents. Antibodies against GRP78 (sc-13968), IL-13 (sc-7884), and caspase-1
(sc-56036) were obtained from Santa Cruz (Santa Cruz, CA). Antibodies against p-AKT (catalog no. 9271),
AKT (catalog no. 9272), p-mTOR (catalog no. 2971), mTOR (catalog no. 2972), p-p70S6K (catalog no. 9234),
p70S6K (catalog no. 9202), cleaved caspase-3 (catalog no. 9661), and CHOP (catalog no. 2895) were
purchased from Cell Signaling Technology (Beverly, MA). Antibody against GAPDH (AP0063) was from
BioWorld Biotechnology (Minneapolis, MN). Antibody against HBcAg (ab8639) was obtained from Abcam
(Cambridge, MA). VER155008 (a potent inhibitor of the Hsp70 family of chaperones with 50% inhibitory
concentrations of 0.5, 2.6, and 2.6 uM in cell-free assays for HSP70, HSC70, and GRP78, respectively)
(catalog no. 0217), GRP78 inhibitor HA15 (catalog no. 2118), PI3K inhibitor LY294002 (catalog no. 1571),
AKT inhibitor (catalog no. 124005), mTOR inhibitor rapamycin (catalog no. 553210), mTOR inhibitor
everolimus (catalog no. 2282), ER stress inducer thapsigargin (catalog no. 1845), and chemical chaperone
4-phenylbutyric acid (YO000808) were obtained from Merck (Darmstadt, Germany).

Cell culture and human samples. Huh7 and HepAD38 cells (in which the HBV replication is under
the control of a tetracycline-regulated promoter) were maintained in Dulbecco modified Eagle medium
supplemented with 10% fetal bovine serum, 100 ug/ml penicillin, and 100 ug/ml streptomycin.
HepAD38 cells were grown in the absence or presence of 0.3 ug/ml tetracycline and 400 ug/ml G418.
Primary human hepatocytes (PHHs) were isolated from the surgically removed liver sections and cultured
as described previously (38, 55). All cells were maintained in an incubator containing 5% CO, at 37°C.
Human liver tissue samples were collected from CHB patients and control individuals in Zhongshan
Hospital (Fudan University, Shanghai, China). For the control group, liver tissues were obtained from
patients who underwent surgical resection for benign hepatic lesions. Patients with the following criteria
were excluded: infection with HBV and HCV, decompensated liver disease, liver cirrhosis, steatohepatitis,
or immunologically mediated liver diseases. This study was approved by the Ethics Committee of Fudan
University and performed in compliance with the Helsinki Declaration.

Plasmid or siRNA transfection and HBV infection. Huh7 cells were cotransfected with pHBV1.3 and
pGRP78 (Addgene, catalog no. 32701) or empty control vector (pcDNA3.1) by Lipofectamine 2000
(Invitrogen, Carlsbad, CA). GRP78-specific or control siRNA was transfected into Huh7 cells by HiPerFect
transfection reagent (Qiagen, Hilden, Germany). For the transfection of HepAD38 cells, 10 cells were
resuspended in 100 ul of Cell Line Nucleofector solution C (Amaxa GmbH, Koln, Germany) and nucleo-
fected with 2 ug of the indicated plasmids or 100 nM siRNA. HBV virions were prepared from the stable
HBV-producing HepAD38 cells. To infect PHHSs, the cells were incubated with HBV inoculum for 16 h at
a multiplicity of infection of 100 virus genome equivalents (vge) per cell in the presence of 4%
polyethylene glycol 8000 (PEG-8000) as described previously (38, 56). The infection experiments were
repeated at least three times on different days.

Quantitative RT-PCR. qRT-PCR was performed as previously described (56, 57). The primers for
qRT-PCR are listed in Table S1 in the supplemental material.

Extraction and quantitative analysis of intracellular HBV DNA. The method for the extraction and
analysis of intracellular core particle-associated HBV DNA was described previously (56-58). Briefly, HBV
genomic DNA was then extracted with the Viral Genome purification kit (Cwbiotech, Beijing, China)
according to the manufacturer’s protocol and subjected to quantitative PCR (qPCR) using an HBV
diagnostic kit (Kehua Biotech, Shanghai, China) according to the manufacturer’s instructions. For the
Southern hybridization, the intracellular core particle-associated HBV DNA was extracted and probed
with a digoxigenin (DIG)-labeled full-length HBV probe synthesized from a DIG probe synthesis kit (Roche
Diagnostics, Mannheim, Germany).

Western blot analysis. Western blot analysis was performed as described previously (56, 58, 59).

Cell viability analysis by CCK8 assay. Cells were plated on a 96-well plate in a volume of 100 wl and
allowed to attach for 24 h. After indicated treatments, 20 ul of CCK-8 solution (Dojindo Laboratories,
Kumamoto, Japan) was added to each well, and the cells were incubated for 2 h. The absorbance was
then measured at 450 nm. Values are expressed as a percentage relative to those obtained for the control
groups.
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Flow cytometric analysis of cell apoptosis. Cells were detached from the plate with 0.25% trypsin
and resuspended in binding buffer at the density of 105/ml. One hundred microliters of cells was
incubated with fluorescein isothiocyanate-labeled annexin V and propidium iodide (eBioscience, San
Diego, CA) for 15 min on ice in the dark. Data were acquired on a BD FACSCalibur (BD Biosciences) in
CellQuest (BD Biosciences) and analyzed by using FlowJo software (Tree Star).

Statistical analysis. Results are expressed as means = the standard errors of the mean (SEM).
Statistical analyses of the data were performed using the GraphPad Prism (v5.0) statistical program.
Differences between two groups were evaluated by two-tailed Student t tests, while differences between
multiple groups were evaluated by analysis of variance with post hoc tests to compare differences
between individual groups. A P value of <0.05 was considered statistically significant.

SUPPLEMENTAL MATERIAL
Supplemental material for this article is available online only.
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