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Since 2010, outbreak and spread of tembusu virus (TMUV) caused huge losses to the
breeding industry of waterfowl in several provinces of China. In this study, we identify
the glucose-regulated protein 78 (GRP78) as a receptor in BHK-21 cells for duck
TMUV infection. Using cell membrane from BHK-21 cells, a TMUV-binding protein of
approximately 70 kDa was observed by viral overlay protein binding assay (VOPBA).
LC-MS/MS analysis and co-immunoprecipitation identified GRP78 as a protein
interacting with TMUV. Antibody against GRP78 inhibited the binding of TMUV to the cell
surface of BHK-21 cells. Indirect immunofluorescence studies showed the colocalization
of GRP78 with TMUV in virus-infected BHK-21 cells. We found that GRP78 over-
expression increased TMUV infection, whereas GRP78 knockdown by using a specific
small interfering RNA inhibited TMUV infection in BHK-21 cells. Taken together, our
results indicate that GRP78 is a novel host factor involved in TMUV entry.
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INTRODUCTION

Tembusu virus (TMUV) caused severe disease in ducks and spread rapidly in many duck-
producing provinces of China since 2010. The morbidity reaches 100% and the mortality ranges
from 5 to 30%. It is reported that domestic chicken is sensitive to this newly emerging disease and
exhibits similar clinical signs (Liu et al., 2012; Tang et al., 2012; Chen et al., 2014). Recent studies
indicate that TMUV can be isolated from other birds like geese, pigeons as well as house sparrows
(Liu et al., 2012; Tang et al., 2013; Dai et al., 2015). TMUV has become one of the widespread
infectious diseases of ducks, which lead to serious economic loss in duck industry of China (Wang
et al., 2011).

Tembusu virus, family Flaviviridae, genus Flavivirus, is made up of three structural proteins
(envelope [E], capsid [C], and membrane [M]) and seven non-structural proteins (NS1, NS2a,
NS2b, NS3, NS4a, NS4b, and NS5). Among these viral proteins, E protein is the main structural
protein, which has three separate domains and form head-to-tail homodimers on the surface of
the virion (Oliphant et al., 2006). The E protein of flavivirus mainly functions as receptor binding
protein, which is the primary determinant of virulence, cell tropism, and host range. Antigenic
analysis shows that E protein contains many epitopes which elicit neutralizing antibodies during
the immune response (Roehrig, 2003; Chu et al., 2005). Besides, E protein mediates fusion between
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virus and host membrane in the acidic condition of the late
endosomes (Heinz and Allison, 2003; Chu and Ng, 2004a).

As enveloped virus, the first step in the infection of flavivirus
involves the binding between E protein and cellular receptor
of host cell. Flavivirus can recognize uniquitous cell surface
molecules or utilize multiple receptors for cell entry (Rodenhuis-
Zybert et al., 2010). Subsequently, flaviviruses enter cells through
clathrin-mediated endocytosis. After clathrin-mediated entry,
virion is delivered to endosomes. The acidic condition of
endosome triggers E protein mediated membrane fusion between
viral and endosomal membrane. Finally, fusion pore is formed
and nucleocapsid is released into the cytosol (Smit et al., 2011).

In recent years, several binding factors have been identified,
suggesting that flavivirus may use multiple receptors for
cell entry, which is strain-specific and/or cell type-dependent
(Medigeshi et al., 2008). C-type lectin expressed by monocyte-
derived dendritic cells, named DC-SIGN or CD209, mediates
dengue virus (DENV) infection. DC-SIGN is considered to be
one of the most important receptors for DENV (Navarro-Sanchez
et al., 2003; Tassaneetrithep et al., 2003; Lozach et al., 2005; Alen
et al., 2009). Mannose receptor (MR, CD206) in macrophages
binds to all four serotypes of DV and specifically to the E protein
(Miller et al., 2007). Heparan sulfate expressed by almost all cell
types, is a non-specific receptor molecule responsible for DENV
attachment in several cell lines (Chen et al., 1997; Dalrymple and
Mackow, 2011). Cellular αvβ3 integrin, laminin-binding protein
and C-type lectin were reported to function as West Nile virus
(WNV) receptors (Chu and Ng, 2004b; Bogachek et al., 2010;
Cheng et al., 2010). Heat shock protein 90 (HSP90), HSP70,
vimentin, laminin receptor, CD4, αvβ3 integrin and DC-SIGN
played a role in Japanese encephalitis virus (JEV) entry (Chu and
Ng, 2004b; Ren et al., 2007; Das et al., 2009; Thongtan et al.,
2012; Nain et al., 2016). Recent studies identified HSPA9 as a
TMUV binding protein in DF-1 cells (Liu et al., 2017). However,
it is still unclear about TMUV-binding molecules in BHK-21
cells.

In the present study, glucose-regulated protein 78 (GRP78)
was identified as a cellular molecules that involves in TMUV
infection in BHK-21 cells using viral overlay protein binding
assay (VOPBA) technique and mass spectroscopy. Our results
demonstrated that GRP78 played important role in TMUV entry
into the cell.

MATERIALS AND METHODS

Cells, Viruses, and Antibodies
BHK-21 cells were maintained in RPMI 1640 medium
supplemented with 10% inactivated fetal calf serum (FCS)
plus 100 µg/ml of penicillin/streptomycin at 37◦C in 5% CO2
(Zhao et al., 2015b). TMUV JS804 was isolated from an affected
goose with neurological clinical signs, propagated in BHK-21
cells and used in this study (Huang et al., 2013).

Monoclonal antibody against JS804 E protein was produced
by this laboratory (Niu et al., 2013). Alkaline phosphatase-
conjugated goat anti-mouse IgG and DAPI were purchased from
the Beyotime Institute of Biotechnology. GRP78 N-terminal

(ab32618, rabbit), GRP78 C-terminal (ab21685, rabbit), goat anti-
rabbit IgG (Alexa Fluor 488, ab150077), goat anti-mouse (Alexa
Fluor 594, ab150080), and anti-GAPDH antibody (ab8245) were
purchased from Abcam. Anti-Na+/K+ ATPase antibody was
purchased from Sigma. HRP-conjugated secondary antibodies
were obtained from Invitrogen.

Viral Overlay Protein Binding Assay
The membrane proteins from BHK-21 cells were isolated
using Mem-PER Plus Kit (Thermo) in accordance with the
manufacturer’s protocol. VOPBA was performed as essentially
described in Thepparit and Smith (2004). Briefly, membrane
proteins were subjected to electrophoresis through 12% SDS-
PAGE and transferred to PVDF membranes. The membrane
containing transferred proteins was blocked with 5% BSA in
PBST at 37◦C for 2 h. For viral overlay, the membranes were
incubated with 105 TCID50 of TMUV in 5% BSA in PBST
overnight at 4◦C and washed three times with PBST buffer.
Subsequently, the membranes were incubated with monoclonal
antibody against TMUV at 37◦C for 1 h followed by incubated
with a alkaline phosphatase-conjugated goat anti-mouse IgG.
Finally, the signal was developed using Alkaline Phosphatase
Assay Kit (Beyotime) in accordance with the manufacturer’s
protocol.

Mass Spectroscopy
To identify viral binding band, the position equivalent to the
major virus binding band was excised from duplicated gel and
sent for commercial mass spectrometry (LC-MS/MS) analysis.
Mass spectrometry was undertaken commercially by Shanghai
Luming Biotechnology Company.

Co-immunoprecipitation Assay
Co-immunoprecipitation assay was carried out as previously
described (Lin et al., 2007). Briefly, the membrane proteins from
BHK-21 cells were incubated with TMUV on a rocker at 4◦C
overnight followed by incubation with monoclonal antibody
against TMUV for 5 h. Subsequently, protein A/G agarose beads
were added to the mixture and incubated for 3 h. The beads
were washed by PBS for five times and boiled in 4× SDS-PAGE
loading buffer for 5 min. Samples were then analyzed by SDS-
PAGE and western blot with anti-GRP78 antibody (ab21685) and
HRP-conjugated goat anti-rabbit IgG.

Inhibition of TMUV Infection by GRP78
Antibody
BHK-21 cells were incubated with 100 µg/ml of anti-GRP78
antibody (ab21685 or ab32618) or rabbit IgG (as negative control)
at 4◦C for 1 h. Unbound antibodies were removed by washing
the cells twice with chilled PBS. The cells were then infected with
200 TCID50 TMUV for 30 min at 4◦C followed by 1 h at 37◦C.
Cells were then washed twice with PBS and 1640 containing
1% FCS was added. After 24 h, viral RNA was extracted by
QIAamp Viral RNA Mini Kit (QIAGEN) and TMUV RNA
levels were determined by qRT-PCR. The primers used for
qRT-PCR were described previously (Zhao et al., 2015b): EF
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primer (forward, 5′-GTGAGATCTTACTGCTATGAG-3′) and
the ER primer (reverse, 5′-ACTTGGCACATGTCTGTATGC-3′).
qRT-PCR data were analyzed using the comparative CT
method (11CT) as described in Zhao et al. (2015a). GAPDH
was chosen as a reference gene for internal control. The
negative control was used as a reference for each comparison.
Differences between the 1CT of each sample and reference
sample [11CT = (CTtarget–CTinternal control)sample-(CTtarget–
CTinternal control)negative control] were calculated. Three
independent experiments were carried out.

Western Blot for Surface Expression of
GRP78
The membrane proteins and cytosolic proteins from BHK-
21 cells were isolated using Mem-PER Plus Kit (Thermo) as

described above. Membrane proteins and cytosolic proteins
were subjected to electrophoresis through 12% SDS-PAGE and
transferred to PVDF membranes. The protein was probed by
anti-GRP78 antibody (ab21685).

Indirect Immunofluorescent Assay
BHK-21 cells grown in 48-well plate were infected with
200 TCID50 TMUV. At 24 h post-infection, the cells were
fixed with 4% paraformaldehyde and blocked with 5%
BSA in PBS. The cells were then incubated with a rabbit
anti-GRP78 antibody (ab21685) and monoclonal antibody
against TMUV as the primary antibodies followed by an
Alexa-488-anti-rabbit and Alexa-594-anti-mouse as the
secondary antibodies. Nuclei of the cells were stained
with DAPI. The cells were then examined by fluorescence
microscope.

FIGURE 1 | Identification of GRP78 as TMUV-binding membrane protein. (A) Detection of protein involved in TMUV binding in BHK-21 cell membrane by VOPBA.
The PVDF membrane containing BHK-21 cell membrane proteins were incubated without (Lane 1) or with 105 TCID50 of TMUV (Lane 2). Virus binding bands were
detected by monoclonal antibody against TMUV. The approximate 70 kDa band was observed in Lane 2 (black arrow). Lane 3, molecular weight marker.
(B) Coomassie staining of the membrane protein extracted from BHK-21 cells. Lane 1, molecular weight marker; Lane 2, membrane protein extracted from BHK-21
cells. (C) Co-immunoprecipitation assay of TMUV binding membrane protein. The membrane protein extracted from BHK-21 cells immunoprecipitated with (Lane 1)
or without (Lane 2) TMUV. The immunoprecipitated complexes were analyzed by SDS-PAGE and transferred to PVDF membrane. The membrane was then
incubated with anti-GRP78 antibody. The approximate 70 kDa band was observed in Lane 1 (black arrow). Lane 3, molecular weight marker. (D) Identification of
TMUV binding protein by mass spectrometry. The peptide sequences of GRP78 identified by mass spectrometry were underlined.
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RNA Interference and TMUV Infection
GRP78 shRNA were designed and synthesized by Shanghai
Asia-Vector Biotechnology Company with siRNA target site
of 5′-GGATTGAGATTGAGTCCTTCT-3′. BHK-21 cells in
6-well plate were, respectively, transfected with GRP78 shRNA
and empty pLL3.7-GFP vector by using Lipofectamine-2000
(Invitrogen) according to the manufacturer’s instructions. At
48 h post-transfection, GRP78 mRNA levels were checked
by qRT-PCR and cell surface protein was biotinylated and
purified. The knock-down of surface-expressed GRP78
was determined by western blotting with GRP78 antibody
(ab21685). To determine the TMUV entry in shRNA-transfected
cells at 48 h post-transfection, cells were infected with 200
TCID50 TMUV at 4◦C for 1 h. The cells were washed once
with chilled PBS and 1640 containing 10% FCS was added
followed by incubated at 37◦C for 2 h. Cells were then
washed once with chilled PBS and collected. Viral RNA
was extracted and determined by qRT-PCR as described
above.

Over-Expression of GRP78 and TMUV
Infection
Total RNA was extracted from the BHK-21 cells using TRIzol
(Invitrogen) according to the manufacturer’s instructions.
cDNA was synthesized by PrimeScriptTM 1st Strand cDNA
Synthesis Kit (TAKARA). Gene fragment of GRP78 was
amplified by PCR using following primers. Forward primer,
5′-GGATCCATGGACTACAAAGACGACGACGACAAAAAGTT
CACTGTGGT-3′ and reverse primer, 5′-GCGGCCGCC
CTATTTGTCGTCGTCGTCTTTGTAGTCAACTCATCTTTTTC
TG-3′. The BamHI and Not I restriction sites are underlined.
The sequence of FLAG tag (DYKDDDDK) is italicized. The PCR
product of 2014 bp was digested with the restriction enzymes
BamHI and Not I and ligated into pcDNA3.1 vector digested
with the same restriction enzymes. The resulting construct
was designated as GRP78-pcDNA and confirmed by DNA
sequencing. BHK-21 cells in 6-well plate were, respectively,
transfected with GRP78-pcDNA and empty pcDNA3.1 vector
by using Lipofectamine-2000 (Invitrogen) according to the
manufacturer’s instructions. At 48 h post-transfection, GRP78
mRNA levels were checked by qRT-PCR and cell surface protein
was biotinylated and purified. The over-expression of surface-
expressed GRP78 was determined by western blotting with

GRP78 antibody (ab21685). To determine the TMUV entry in
GRP78-pcDNA-transfected cells at 48 h post-transfection, cells
were infected with 200 TCID50 TMUV at 4◦C for 1 h. Cells were
washed once with chilled PBS and 1640 containing 10% FCS
was added followed by incubated at 37◦C for 2 h. Cells were
then washed once with chilled PBS and collected. Viral RNA was
extracted and determined by qRT-PCR as described above.

Cell Surface Protein Biotinylation and
Purification
Cell surface protein was biotinylated and purified as described
previously (Tsai et al., 2015). The cells were collected and washed
three times with chilled PBS to remove contaminating proteins.
0.5 mg/ml EZ-link Sulfo-NHS-SS-Biotin (Thermo) in PBS was
added, and cells were gently shaked at 4◦C for 30 min. Then
biotin solution was removed and Tris-Cl, pH7.5, was added to
stop the biotinylation reaction. The cells were rinsed with chilled
PBS three times and subject to RIPA lysis (Thermo). To purify
surface protein, the lysates were mixed with NeutrAvidin-agarose
beads (Thermo) at 4◦C overnight. The beads were washed by PBS
for five times and boiled in 4× SDS-PAGE loading buffer for
5 min. Samples were then analyzed by SDS-PAGE and western
blot.

RESULTS

Identification of GRP78 as TMUV-Binding
Membrane Protein
Viral overlay protein binding assay was used to preliminarily
identify the molecules in BHK-21 cells involved in TMUV
binding. A distinct virus binding band of approximately 70 kDa
was observed. In absence of TMUV, the monoclonal antibody
against TMUV was unable to detect specific binding band
(Figure 1A). To identify the 70 kDa protein, the protein band
equivalent to the major virus binding band was obtained from
the gel and sent for commercial mass spectrometry (LC-MS/MS)
(Figure 1B). The Mascot algorithm was used for databases
searches and nine of the most abundant proteins were identified
in 70 kDa band (Table 1). Of the nine proteins, eight proteins
were involved in cell metabolism and cytoskeleton. Since glucose-
regulated protein 78 (GRP78) has been identified as receptor
of Japanese encephalitis virus and DENV, we decided to study

TABLE 1 | LC-MS/MS analysis of 70 kDa protein.

Protein name NCBI number Mass (Da)

1 Succinate dehydrogenase [ubiquinone] flavoprotein subunit, mitochondrial [Mesocricetus auratus] XP_005065480.1 73,444

2 78 kDa glucose-regulated protein [Mesocricetus auratus] XP_012977507.1 72,416

3 Dihydropyrimidinase-related protein 2 isoform X1 [Mesocricetus auratus] XP_005075293.1 73,584

4 Apoptosis-inducing factor 1, mitochondrial isoform X1 [Mesocricetus auratus] XP_005076907.1 67,000

5 Prolyl 4-hydroxylase subunit alpha-1-like isoform 2 [Cricetulus griseus] ERE87262.1 75,764

6 Dolichyl-diphosphooligosaccharide–protein glycosyltransferase subunit 1 [Mesocricetus auratus] XP_005071196.1 68,395

7 Annexin A6 isoform X1 [Mesocricetus auratus] XP_005067811.1 76,280

8 Transketolase [Mesocricetus auratus] XP_005085264.1 68,342

9 Cytoskeleton-associated protein 4 [Mesocricetus auratus] XP_012978803.1 60,111
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whether GRP78 played a role in TMUV binding to the cells.
The result of mass spectrometry are shown in Figure 1D. The
interaction between TMUV and GRP78 was further confirmed
by co-immunoprecipitation assay. As shown in Figure 1C, the
anti-GRP78 antibody can specifically recognize the 70 kDa
protein band.

The Antibody Against GRP78
Competitively Inhibited TMUV Entry
An infection inhibition assay was then taken to further determine
the role of GRP78 in TMUV entry. BHK-21 cells were pre-
incubated with antibodies against the N- or C-terminal domains
of GRP78, followed by TMUV infection as described in Section
“Materials and Methods.” Viral RNA level was significantly lower
in N-terminal GRP78 antibody treated cells compared with
non-specific rabbit IgG treated cells, suggesting the N-terminal
GRP78 antibody had a significantly reduced (50%) virus binding.
However, the C-terminal GRP78 antibody failed to affect the virus
binding (Figure 2).

Expression of GRP78 on the Surface of
BHK-21 Cells
Traditionally, GRP78 was regarded as an endoplasmic reticulum
lumenal protein. Recent studies showed that GRP78 also
expressed on the cell surface (Tsai et al., 2015). In order to
validate the expression of GRP78 on the surface of BHK-21 cells,
membrane proteins and cytosolic proteins from BHK-21 cells
were isolated and subject to western blot analysis. The result of
western blot showed that GRP78 can be expressed on the surface
of BHK-21 cells (Figure 3A).

GRP78 and TMUV Colocalized in BHK-21
Cells
Indirect immunofluorescent assay was used to observe
colocalization of GRP78 and TMUV in BHK-21 cells. The
non-permeabilized fixed cells were stained with anti-GRP78

FIGURE 2 | Anti-GRP78 antibody inhibits TMUV infection in BHK-21 cells.
BHK-21 cells were pre-incubated with 100 µg/ml rabbit IgG, anti-GRP78
N-terminal or anti-GRP78 C-terminal antibodies at 4◦C or 1 h followed by
TMUV infection. The level of TMUV RNA in rabbit IgG incubated cells was
taken as 1 for determining the relative RNA levels. The viral RNA was
compared to those in rabbit IgG incubated cells. Data were presented from
three independent experiments and statistic analysis was done with SPSS
software. The asterisk designates statistically significant differences (p < 0.05)
between groups.

antibody and monoclonal antibody against TMUV as primary
antibodies followed by an Alexa-488-anti-rabbit and Alexa-594-
anti-mouse as the secondary antibodies. Visualization under a
fluorescent microscope showed that GRP78 colocalized with
TMUV on the surface of BHK-21 cells (Figure 3B).

RNA Interference With GRP78 in BHK-21
Cells Inhibited TMUV Infection
To further demonstrate the role of GRP78 in TMUV binding and
entry into cells, the protein was depleted by shRNA in BHK-
21 cells. qRT-PCR indicated that the mRNA level of GRP78
was significantly inhibited in the BHK-21 cells (Figure 4A). Cell
surface protein of transfected cells was purified and subjected to

FIGURE 3 | Colocalization of GRP78 and TMUV on the surface of BHK-21
cells. (A) Membrane proteins and cytosolic proteins of BHK-21 cells were
western blotted with GRP78 antibody. GAPDH was chosen as cytosolic
marker. (B) Immunofluorescence detection of non-permeabilized cells infected
with TMUV.
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FIGURE 4 | Effect of GRP78 shRNA transfection on TMUV entry at 48 h
post-transfection. (A) Relative GRP78 mRNA level in transfected BHK-21
cells. (B) Analysis of surface-expressed GRP78 protein in transfected BHK-21
cells by western blot (Na+/K+ ATPase was chosen as plasma membrane
marker). (C) Relative TMUV RNA were detected by qRT-PCR. Data were
presented from three independent experiments and the asterisk designates
statistically significant differences (p < 0.05) between groups.

western blot analysis. The results of western blot showed that
protein level of surface-expressing GRP78 decreased about 70%
(Figure 4B). Compared to cells transfected with empty vector, the
GRP78 shRNA-transfected cells showed a significant reduction
(approximate 60%) in TMUV RNA levels (Figure 4C). These
results suggest that GRP78 plays a significant role in the process
of TMUV binding and entry into BHK-21 cells.

GRP78 Over-Expression in BHK-21 Cells
Improved TMUV Infection
BHK-21 cells were transfected with GRP78-pcDNA and empty
pcDNA3.1, respectively. At 48 h post-transfection, TMUV was
added into transfected cells at an dose of 200 TCID50 and
viral E gene was detected by qRT-PCR. Compared to cells
transfected with empty pcDNA3.1, the cells transfected with
GRP78-pcDNA showed a significant increase in expression of cell
surface GRP78. Correspondingly, TMUV RNA levels in GRP78-
pcDNA transfected cells increased significantly (Figure 5). It is
demonstrated that over-expression of GRP78 can support TMUV
uptake and entry into BHK-21 cells.

FIGURE 5 | Effect of over-expression of GRP78 on TMUV entry at 48 h
post-transfection. (A) qRT-PCR analysis of over-expression of GRP78 in
transfected BHK-21 cells. (B) Surface-expressed GRP78 protein was
determined by western blot (Na+/K+ ATPase was chosen as plasma
membrane marker). (C) The TMUV entry in BHK-21 cells transfected with
GRP78-pcDNA was measured by qRT-PCR. Data were presented from three
independent experiments and the asterisk designates statistically significant
differences (p < 0.05) between groups.

DISCUSSION

GRP78, a member of the Hsp70 family, is also referred to
as Bip/HSPA5. The GRP78 protein consists of membrane-
associated and trans-membrane segments (Reddy et al., 2003;
Quinones et al., 2008; Gonzalez-Gronow et al., 2009). It can be
found on the cell surface of various cell types including tumor
cells, neural stem cells, spermatogenic cells, epidermal cells,
arterial smooth muscles cells, monocytes, and B-cells (Mayer,
2005). More than an endoplasmic reticulum stress-regulating
chaperone, GRP78 is associated multiple cellular functions, such
as stress response, antigen processing, cancer, inflammatory,
control of cell proliferation and autoimmune diseases (Liu et al.,
2017).

Although GRP78 has been traditionally regarded as
endoplasmic reticulum lumenal protein, now many studies
provide the evidence that GRP78 can also be detected on cell
surface and exerts functions beyond the endoplasmic reticulum
(Tsai et al., 2015). Substantial research has found that GRP78
is a receptor or co-receptor for pathogens such as DENV
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(Wati et al., 2009), coxsackievirus (Triantafilou et al., 2002),
herpes simplex virus (Wu et al., 2011), avian leukosis virus (Wang
et al., 2016) and Japanese encephalitis virus (Nain et al., 2017). In
this study, we identified GRP78 as a TMUV-binding protein in
BHK-21 cells by the VOPBA, mass spectrometry analysis and co-
immunoprecipitation assay. Western blot further validated that
GRP78 was expressed on the surface of BHK-21 cells. Indirect
immunofluorescent assay of non-permeabilized cells showed the
colocalization between GRP78 and TMUV in BHK-21 cells.
These results suggest that GRP78 is a putative receptor for
TMUV.

GRP78, like other Hsp70 proteins, consists of two domains:
the 44 kD N-terminal domain, which exhibits ATPase activity,
and C-terminal domain, which contains a peptide-binding
subdomain followed by helical and variable C-terminal tail
(Chevalier et al., 2000). It is believed that C-terminal of
GRP78 involves in protein binding, while N-terminal acts as
regulatory domain governing binding through conformational
changes of GRP78 (Jindadamrongwech et al., 2004). Antibody
inhibition assay showed that TMUV binding was significantly
inhibited when BHK-21 cells were blocked with polyclonal
antibody against N-terminal of GRP78, while antibody against
the C-terminal did not exhibit any blocking effect on infection.
Interestingly, antibody against the C-terminal enhance infection
slightly (Figure 2). We speculated that binding of C-terminal
specific antibody induced the conformational changes of GRP78
which can increase the virus-receptor-binding ability. It is also
possible that binding of C-terminal antibody activated the cells to
improve replication of virus.

RNA interference and over-expression were employed to
determine the role of GRP78 in TMUV attachment. In order to
rule out the interference from GRP78 located in endoplasmic
reticulum, cell surface protein was biotinylated and purified
after 48 h post transfection and the levels of GRP78 expressed
on the cell surface were determined by western blot. The
results showed that levels of surface-expressed GRP78 was
significantly knocked down or enhanced by RNA interference
and over-expression of GRP78, respectively. Previous studies
showed that flavivirus replication complexes are established
in the infected cell by 6–8 h post inoculation (Sharma
et al., 2014; Nain et al., 2017). Therefore, to analyze the
role of GRP78 in TMUV binding and entry into cells, and
rule out the potential effect of endoplasmic reticulum stress

and unfolded protein response induced by flavivirus, we
detect the viral RNA at 3 h post inoculation. The results
demonstrated that knock-down of surface-expressed GRP78
by shRNA impaired virus attachment and entry. Furthermore,
the over-expression of GRP78 on the surface of BHK-21
cells improved the entry of TMUV, which suggests that
GRP78 is involved in viral attachment and entry into BHK-21
cells.

Considering flavivirus may use multiple receptors for cell
entry and the binding between flaviviruses and its cellular
receptors is a multistep process (Liu et al., 2017), the GRP78
antibody did not completely abolish the virus infection, it
is highly likely that additional molecules besides GRP78 act
as TMUV receptor. Indeed, HSPA9 has been reported to be
involved in TMUV entry into DF-1 cells (Liu et al., 2017). Thus,
further studies on the interactions between GRP78 and TMUV
are undergoing to better understand the receptor system and
infection mechanism of TMUV. Meanwhile, recognition of other
receptors or co-receptors involved in TMUV infection system is
also under way in our laboratory.

In summary, this is the first report that identified GRP78
as receptor for TMUV in BHK-21 cells. GRP78 is involved in
TMUV receptor binding and entry to BHK-21 cells, indicating
its important role in virus infection. The identification of GRP78
will allow us to better understand the mechanism of TMUV
pathogenesis. Furthermore, the multiple critical roles of GRP78
on the infection of TMUV may provide novel target for anti-
viral drug design and additional information regarding TMUV
prevention and control.

AUTHOR CONTRIBUTIONS

DZ and YiL designed the experiments. DZ, QL, KH, and HW
performed the experiments. JY, KB and YuL analyzed the data.
NL and YT prepared the reagents. DZ wrote the manuscript.

FUNDING

The project was supported by Jiangsu Provincial Natural Science
Foundation of China (No. BK20160064) and National Natural
Science Foundation of China (No. 31502101).

REFERENCES
Alen, M. M., Kaptein, S. J., De Burghgraeve, T., Balzarini, J., Neyts, J., and

Schols, D. (2009). Antiviral activity of carbohydrate-binding agents and the role
of DC-SIGN in dengue virus infection. Virology 387, 67–75. doi: 10.1016/j.virol.
2009.01.043

Bogachek, M. V., Zaitsev, B. N., Sekatskii, S. K., Protopopova, E. V., Ternovoi, V. A.,
Ivanova, A. V., et al. (2010). Characterization of glycoprotein E C-end of West
Nile virus and evaluation of its interaction force with alphaVbeta3 integrin as
putative cellular receptor. Biochemistry 75, 472–480.

Chen, S., Wang, S., Li, Z., Lin, F., Cheng, X., Zhu, X., et al. (2014). Isolation
and characterization of a Chinese strain of Tembusu virus from Hy-Line
Brown layers with acute egg-drop syndrome in Fujian, China. Arch. Virol. 159,
1099–1107. doi: 10.1007/s00705-013-1931-0

Chen, Y., Maguire, T., Hileman, R. E., Fromm, J. R., Esko, J. D., Linhardt, R. J., et al.
(1997). Dengue virus infectivity depends on envelope protein binding to target
cell heparan sulfate. Nat. Med. 3, 866–871. doi: 10.1038/nm0897-866

Cheng, G., Cox, J., Wang, P., Krishnan, M. N., Dai, J., Qian, F., et al. (2010).
A C-type lectin collaborates with a CD45 phosphatase homolog to facilitate
West Nile virus infection of mosquitoes. Cell 142, 714–725. doi: 10.1016/j.cell.
2010.07.038

Chevalier, M., Rhee, H., Elguindi, E. C., and Blond, S. Y. (2000). Interaction
of murine BiP/GRP78 with the DnaJ homologue MTJ1. J. Biol. Chem. 275,
19620–19627. doi: 10.1074/jbc.M001333200

Chu, J., Rajamanonmani, R., Li, J., Bhuvanakantham, R., Lescar, J., and Ng, M. L.
(2005). Inhibition of West Nile virus entry by using a recombinant domain III
from the envelope glycoprotein. J. Gen. Virol. 86, 405–412. doi: 10.1099/vir.0.
80411-0

Frontiers in Microbiology | www.frontiersin.org 7 April 2018 | Volume 9 | Article 694

https://doi.org/10.1016/j.virol.2009.01.043
https://doi.org/10.1016/j.virol.2009.01.043
https://doi.org/10.1007/s00705-013-1931-0
https://doi.org/10.1038/nm0897-866
https://doi.org/10.1016/j.cell.2010.07.038
https://doi.org/10.1016/j.cell.2010.07.038
https://doi.org/10.1074/jbc.M001333200
https://doi.org/10.1099/vir.0.80411-0
https://doi.org/10.1099/vir.0.80411-0
https://www.frontiersin.org/journals/microbiology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles


fmicb-09-00694 April 10, 2018 Time: 14:22 # 8

Zhao et al. Identification of GRP78 as TMUV Receptor

Chu, J. J., and Ng, M. L. (2004a). Infectious entry of West Nile virus
occurs through a clathrin-mediated endocytic pathway. J. Virol. 78,
10543–10555.

Chu, J. J., and Ng, M. L. (2004b). Interaction of West Nile virus with alpha
v beta 3 integrin mediates virus entry into cells. J. Biol. Chem. 279,
54533–54541.

Dai, L., Li, Z., and Tao, P. (2015). Evolutionary analysis of Tembusu virus: evidence
for the emergence of a dominant genotype. Infect. Genet. Evol. 32, 124–129.
doi: 10.1016/j.meegid.2015.03.004

Dalrymple, N., and Mackow, E. R. (2011). Productive dengue virus infection of
human endothelial cells is directed by heparan sulfate-containing proteoglycan
receptors. J. Virol. 85, 9478–9485. doi: 10.1128/JVI.05008-11

Das, S., Laxminarayana, S. V., Chandra, N., Ravi, V., and Desai, A. (2009).
Heat shock protein 70 on Neuro2a cells is a putative receptor for
Japanese encephalitis virus. Virology 385, 47–57. doi: 10.1016/j.virol.2008.
10.025

Gonzalez-Gronow, M., Selim, M. A., Papalas, J., and Pizzo, S. V. (2009). GRP78:
a multifunctional receptor on the cell surface. Antioxid. Redox. Signal. 11,
2299–2306. doi: 10.1089/ARS.2009.2568

Heinz, F. X., and Allison, S. L. (2003). Flavivirus structure and membrane fusion.
Adv. Virus Res. 59, 63–97. doi: 10.1016/S0065-3527(03)59003-0

Huang, X., Han, K., Zhao, D., Liu, Y., Zhang, J., Niu, H., et al. (2013). Identification
and molecular characterization of a novel flavivirus isolated from geese in
China. Res. Vet. Sci. 94, 774–780. doi: 10.1016/j.rvsc.2012.11.014

Jindadamrongwech, S., Thepparit, C., and Smith, D. R. (2004). Identification
of GRP 78 (BiP) as a liver cell expressed receptor element for dengue
virus serotype 2. Arch. Virol. 149, 915–927. doi: 10.1007/s00705-003-
0263-x

Lin, T. W., Lo, C. W., Lai, S. Y., Fan, R. J., Lo, C. J., Chou, Y. M., et al. (2007).
Chicken heat shock protein 90 is a component of the putative cellular receptor
complex of infectious bursal disease virus. J. Virol. 81, 8730–8741. doi: 10.1128/
JVI.00332-07

Liu, M., Chen, S., Chen, Y., Liu, C., Chen, S., Yin, X., et al. (2012). Adapted
Tembusu-like virus in chickens and geese in China. J. Clin. Microbiol. 50,
2807–2809. doi: 10.1128/JCM.00655-12

Liu, Q., Huang, X., Zhao, D., Han, K., Liu, Y., Yang, J., et al. (2017).
Identification of heat shock protein A9 as a Tembusu virus binding
protein on DF-1 cells. Virus Res. 227, 110–114. doi: 10.1016/j.virusres.2016.
09.020

Lozach, P. Y., Burleigh, L., Staropoli, I., Navarro-Sanchez, E., Harriague, J.,
Virelizier, J. L., et al. (2005). Dendritic cell-specific intercellular adhesion
molecule 3-grabbing non-integrin (DC-SIGN)-mediated enhancement
of dengue virus infection is independent of DC-SIGN internalization
signals. J. Biol. Chem. 280, 23698–23708. doi: 10.1074/jbc.M50433
7200

Mayer, M. P. (2005). Recruitment of Hsp70 chaperones: a crucial part of viral
survival strategies. Rev. Physiol. Biochem. Pharmacol. 153, 1–46. doi: 10.1007/
s10254-004-0025-5

Medigeshi, G. R., Hirsch, A. J., Streblow, D. N., Nikolich-Zugich, J., and Nelson,
J. A. (2008). West Nile virus entry requires cholesterol-rich membrane
microdomains and is independent of alphavbeta3 integrin. J. Virol. 82,
5212–5219. doi: 10.1128/JVI.00008-08

Miller, S., Kastner, S., Krijnse-Locker, J., Bühler, S., and Bartenschlager, R. (2007).
The non-structural protein 4A of dengue virus is an integral membrane protein
inducing membrane alterations in a 2K-regulated manner. J. Biol. Chem. 282,
8873–8882. doi: 10.1074/jbc.M609919200

Nain, M., Abdin, M. Z., Kalia, M., and Vrati, S. (2016). Japanese encephalitis virus
invasion of cell: allies and alleys. Rev. Med. Virol. 26, 129–141. doi: 10.1002/rmv.
1868

Nain, M., Mukherjee, S., Karmakar, S. P., Paton, A. W., Paton, J. C., Abdin, M. Z.,
et al. (2017). GRP78 is an important host factor for Japanese encephalitis virus
entry and replication in mammalian cells. J. Virol. 91, e2274-16. doi: 10.1128/
JVI.02274-16

Navarro-Sanchez, E., Altmeyer, R., Amara, A., Schwartz, O., Fieschi, F., Virelizier,
J. L., et al. (2003). Dendritic-cell-specific ICAM3-grabbing non-integrin is
essential for the productive infection of human dendritic cells by mosquito-
cell-derived dengue viruses. EMBO Rep. 4, 723–728. doi: 10.1038/sj.embor.
embor866

Niu, H., Huang, X., Han, K., Liu, Y., Zhao, D., Zhang, J., et al. (2013).
Development of double antibody sandwich ELISA for detection of duck or
goose flavivirus. J. Int. Agric. 12, 1638–1643. doi: 10.1016/S2095-3119(13)
60332-9

Oliphant, T., Nybakken, G. E., Engle, M., Xu, Q., Nelson, C. A., Sukupolvi-
Petty, S., et al. (2006). Antibody recognition and neutralization determinants on
domains I and II of West Nile Virus envelope protein. J. Virol. 80, 12149–12159.
doi: 10.1128/JVI.01732-06

Quinones, Q. J., de Ridder, G. G., and Pizzo, S. V. (2008). GRP78: a chaperone
with diverse roles beyond the endoplasmic reticulum. Histol. Histopathol. 23,
1409–1416. doi: 10.14670/HH-23.1409

Reddy, R. K., Mao, C., Baumeister, P., Austin, R. C., Kaufman, R. J., and Lee,
A. S. (2003). Endoplasmic reticulum chaperone protein GRP78 protects cells
from apoptosis induced by topoisomerase inhibitors: role of ATP binding
site in suppression of caspase-7 activation. J. Biol. Chem. 278, 20915–20924.
doi: 10.1074/jbc.M212328200

Ren, J., Ding, T., Zhang, W., Song, J., and Ma, W. (2007). Does Japanese
encephalitis virus share the same cellular receptor with other mosquito-borne
flaviviruses on the C6/36 mosquito cells? Virol. J. 4:83. doi: 10.1186/1743-42
2X-4-83

Rodenhuis-Zybert, I. A., Wilschut, J., and Smit, J. M. (2010). Dengue virus life cycle:
viral and host factors modulating infectivity. Cell Mol. Life Sci. 67, 2773–2786.
doi: 10.1007/s00018-010-0357-z

Roehrig, J. T. (2003). Antigenic structure of flavivirus proteins. Adv. Virus Res. 59,
141–175. doi: 10.1016/S0065-3527(03)59005-4

Sharma, M., Bhattacharyya, S., Nain, M., Kaur, M., Sood, V., Gupta, V., et al. (2014).
Japanese encephalitis virus replication is negatively regulated by autophagy
and occurs on LC3-I- and EDEM1-containing membranes. Autophagy 10,
1637–1651. doi: 10.4161/auto.29455

Smit, J. M., Moesker, B., Rodenhuis-Zybert, I., and Wilschut, J. (2011). Flavivirus
cell entry, and membrane fusion. Viruses 3, 160–171. doi: 10.3390/v3020160

Tang, Y., Diao, Y., Gao, X., Yu, C., Chen, L., and Zhang, D. (2012). Analysis of
the complete genome of Tembusu virus, a flavivirus isolated from ducks in
China. Transbound. Emerg. Dis. 59, 336–343. doi: 10.1111/j.1865-1682.2011.
01275.x

Tang, Y., Diao, Y., Yu, C., Gao, X., Ju, X., Xue, C., et al. (2013). Characterization
of a Tembusu virus isolated from naturally infected house sparrows (Passer
domesticus) in Northern China. Transbound. Emerg. Dis. 60, 152–158.
doi: 10.1111/j.1865-1682.2012.01328.x

Tassaneetrithep, B., Burgess, T. H., Granelli-Piperno, A., Trumpfheller, C., Finke, J.,
Sun, W., et al. (2003). DC-SIGN (CD209) mediates dengue virus infection of
human dendritic cells. J. Exp. Med. 197, 823–829. doi: 10.1084/jem.20021840

Thepparit, C., and Smith, D. R. (2004). Serotype-specific entry of dengue
virus into liver cells: identification of the 37-kilodalton/67-kilodalton high-
affinity laminin receptor as a dengue virus serotype 1 receptor. J. Virol. 78,
12647–12656. doi: 10.1128/JVI.78.22.12647-12656.2004

Thongtan, T., Wikan, N., Wintachai, P., Rattanarungsan, C., Srisomsap, C.,
Cheepsunthorn, P., et al. (2012). Characterization of putative Japanese
encephalitis virus receptor molecules on microglial cells. J. Med. Virol. 84,
615–623. doi: 10.1002/jmv.23248

Triantafilou, K., Fradelizi, D., Wilson, K., and Triantafilou, M. (2002). GRP78,
a coreceptor for coxsackievirus A9, interacts with major histocompatibility
complex class I molecules which mediate virus internalization. J. Virol. 76,
633–643. doi: 10.1128/JVI.76.2.633-643.2002

Tsai, Y. L., Zhang, Y., Tseng, C. C., Stanciauskas, R., Pinaud, F., and Lee, A. S.
(2015). Characterization and mechanism of stress-induced translocation of 78-
kilodalton glucose-regulated protein (GRP78) to the cell surface. J. Biol. Chem.
290, 8049–8064. doi: 10.1074/jbc.M114.618736

Wang, L., Mei, M., Qin, A., Ye, J., Qian, K., and Shao, H. (2016). Membrane-
associated GRP78 helps subgroup J avian leucosis virus enter cells. Vet. Res.
47:92. doi: 10.1186/s13567-016-0373-6

Wang, Y., Yuan, X., Li, Y., Yu, K., Yang, J., Xu, H., et al. (2011). Rapid detection
of newly isolated Tembusu-related Flavivirus by reverse-transcription loop-
mediated isothermal amplification assay. Virol. J. 8:553. doi: 10.1186/1743-
422X-8-553

Wati, S., Soo, M. L., Zilm, P., Li, P., Paton, A. W., Burrell, C. J., et al. (2009). Dengue
virus infection induces upregulation of GRP78, which acts to chaperone viral
antigen production. J. Virol. 83, 12871–12880. doi: 10.1128/JVI.01419-09

Frontiers in Microbiology | www.frontiersin.org 8 April 2018 | Volume 9 | Article 694

https://doi.org/10.1016/j.meegid.2015.03.004
https://doi.org/10.1128/JVI.05008-11
https://doi.org/10.1016/j.virol.2008.10.025
https://doi.org/10.1016/j.virol.2008.10.025
https://doi.org/10.1089/ARS.2009.2568
https://doi.org/10.1016/S0065-3527(03)59003-0
https://doi.org/10.1016/j.rvsc.2012.11.014
https://doi.org/10.1007/s00705-003-0263-x
https://doi.org/10.1007/s00705-003-0263-x
https://doi.org/10.1128/JVI.00332-07
https://doi.org/10.1128/JVI.00332-07
https://doi.org/10.1128/JCM.00655-12
https://doi.org/10.1016/j.virusres.2016.09.020
https://doi.org/10.1016/j.virusres.2016.09.020
https://doi.org/10.1074/jbc.M504337200
https://doi.org/10.1074/jbc.M504337200
https://doi.org/10.1007/s10254-004-0025-5
https://doi.org/10.1007/s10254-004-0025-5
https://doi.org/10.1128/JVI.00008-08
https://doi.org/10.1074/jbc.M609919200
https://doi.org/10.1002/rmv.1868
https://doi.org/10.1002/rmv.1868
https://doi.org/10.1128/JVI.02274-16
https://doi.org/10.1128/JVI.02274-16
https://doi.org/10.1038/sj.embor.embor866
https://doi.org/10.1038/sj.embor.embor866
https://doi.org/10.1016/S2095-3119(13)60332-9
https://doi.org/10.1016/S2095-3119(13)60332-9
https://doi.org/10.1128/JVI.01732-06
https://doi.org/10.14670/HH-23.1409
https://doi.org/10.1074/jbc.M212328200
https://doi.org/10.1186/1743-422X-4-83
https://doi.org/10.1186/1743-422X-4-83
https://doi.org/10.1007/s00018-010-0357-z
https://doi.org/10.1016/S0065-3527(03)59005-4
https://doi.org/10.4161/auto.29455
https://doi.org/10.3390/v3020160
https://doi.org/10.1111/j.1865-1682.2011.01275.x
https://doi.org/10.1111/j.1865-1682.2011.01275.x
https://doi.org/10.1111/j.1865-1682.2012.01328.x
https://doi.org/10.1084/jem.20021840
https://doi.org/10.1128/JVI.78.22.12647-12656.2004
https://doi.org/10.1002/jmv.23248
https://doi.org/10.1128/JVI.76.2.633-643.2002
https://doi.org/10.1074/jbc.M114.618736
https://doi.org/10.1186/s13567-016-0373-6
https://doi.org/10.1186/1743-422X-8-553
https://doi.org/10.1186/1743-422X-8-553
https://doi.org/10.1128/JVI.01419-09
https://www.frontiersin.org/journals/microbiology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles


fmicb-09-00694 April 10, 2018 Time: 14:22 # 9

Zhao et al. Identification of GRP78 as TMUV Receptor

Wu, Y. P., Chang, C. M., Hung, C. Y., Tsai, M. C., Schuyler, S. C., and Wang,
R. Y. (2011). Japanese encephalitis virus co-opts the ER-stress response protein
GRP78 for viral infectivity. Virol. J. 8, 128. doi: 10.1186/1743-422X-8-128

Zhao, D., Huang, X., Han, K., Liu, Y., Yang, J., Liu, Q., et al. (2015a). Protective
immune response against newly emerging goose Tembusu virus infection
induced by immunization with a recombinant envelope protein. Lett. Appl.
Microbiol. 61, 318–324. doi: 10.1111/lam.12459

Zhao, D., Huang, X., Liu, Y., Han, K., Zhang, J., Yang, J., et al. (2015b). Domain I
and II from newly emerging goose Tembusu virus envelope protein functions
as a dominant-negative inhibitor of virus infectivity. Res. Vet. Sci. 98, 121–126.
doi: 10.1016/j.rvsc.2014.11.003

Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Copyright © 2018 Zhao, Liu, Han, Wang, Yang, Bi, Liu, Liu, Tian and Li. This is an
open-access article distributed under the terms of the Creative Commons Attribution
License (CC BY). The use, distribution or reproduction in other forums is permitted,
provided the original author(s) and the copyright owner are credited and that the
original publication in this journal is cited, in accordance with accepted academic
practice. No use, distribution or reproduction is permitted which does not comply
with these terms.

Frontiers in Microbiology | www.frontiersin.org 9 April 2018 | Volume 9 | Article 694

https://doi.org/10.1186/1743-422X-8-128
https://doi.org/10.1111/lam.12459
https://doi.org/10.1016/j.rvsc.2014.11.003
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/microbiology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles

	Identification of Glucose-Regulated Protein 78 (GRP78) as a Receptor in BHK-21 Cells for Duck Tembusu Virus Infection
	Introduction
	Materials and Methods
	Cells, Viruses, and Antibodies
	Viral Overlay Protein Binding Assay
	Mass Spectroscopy
	Co-immunoprecipitation Assay
	Inhibition of TMUV Infection by GRP78 Antibody
	Western Blot for Surface Expression of GRP78
	Indirect Immunofluorescent Assay
	RNA Interference and TMUV Infection
	Over-Expression of GRP78 and TMUV Infection
	Cell Surface Protein Biotinylation and Purification

	Results
	Identification of GRP78 as TMUV-Binding Membrane Protein
	The Antibody Against GRP78 Competitively Inhibited TMUV Entry
	Expression of GRP78 on the Surface of BHK-21 Cells
	GRP78 and TMUV Colocalized in BHK-21 Cells
	RNA Interference With GRP78 in BHK-21 Cells Inhibited TMUV Infection
	GRP78 Over-Expression in BHK-21 Cells Improved TMUV Infection

	Discussion
	Author Contributions
	Funding
	References


