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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 immmunofluorescence 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 (TMUYV) 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 TMUYV 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
etal., 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 ayp3 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, a,f3 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
TMUYV 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 TMUYV 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 pg/ml of penicillin/streptomycin at 37°C in 5% CO;
(Zhao et al., 2015b). TMUYV ]S804 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 10> TCIDsy of TMUV in 5% BSA in PBST
overnight at 4°C and washed three times with PBST bulffer.
Subsequently, the membranes were incubated with monoclonal
antibody against TMUYV 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 TMUYV on a rocker at 4°C
overnight followed by incubation with monoclonal antibody
against TMUYV 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 4x 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 pg/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 TCIDsy TMUYV 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 Cr
method (AACrt) 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 ACt of each sample and reference
sample [AACr = (CTtarget_CTinternal control)Sample'(CTtarget_
CTinternal control)egative  control] were calculated. Three
independent experiments were carried out.

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 TCID5yp 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 DAPIL The cells were then examined by fluorescence
microscope.

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

1 MEFTVVAAAL LLLLGAARAE EDDEKEDVGT VVGIDLGTTY SCVGVFENGR
51 VEIIANDQGN RITPSYVAFT PEGERLIGDA AKNGQLTSNFE NTVFDAKRLI
101 GRTHNDPSVQ QDIKFLPFKYV VEKKTEPYIQ VDIGGGQTET FAPEEISANV

151 LTENEETAEA YLGEKVTHAV VIVPAYFNDA QRIATKDAGT TAGINVERIIT
201 NEPTAAATAY GLDEREGEKN ILVFDLGGGT FDVSLLTIDN GVFEVVATNG
251 DTHLGGEDFD QRVEEHFIKL YEKKTGKDVR KDNRAVQKLR REVEKAKRAL
301 SSQHOARIEI ESFFEGEDFS ETLTRAEFEE LNNDLFRSTH KPVQKVLEDS
351 DLEESDIDET VLWGSTRIP KIQQLVKEFF NGEFPSRGIN PDEAVAYGAA
401 VQAGVLSGDQ DTGDLVLLDV CPLTLGIETV GGVMTKLIFR NTVVPTEESQ
451 TFSTASDNQP TVTIEVYEGE RPLTEDNHLL GTFDLTGIPP APRGVPQIEV
501 TFEIDVNGIL RVTAEDKGTG NENKITITND QNRLTPEEIE RMVNDAEKFA
551 EEDKKLKERI DTRMELESYA YSLENQIGDK EKLGGKLSSE DEKETMEKAVE
601 EKTEWML.ESHQ DADIEDFEAK KKELEEIVQP ITSKLYGSAG PPPTGEEDAS
651 EEDEL

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 10° TCIDso 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 TMUYV entry in shRNA-transfected
cells at 48 h post-transfection, cells were infected with 200
TCIDsg 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 PrimeScript™ 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 TCIDsy TMUYV 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 4x 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 TMUYV, 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 78,444
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 73,684
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 TMUYV 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 TMUYV 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

1.4 -

12

0.8
0.6 -
0.4
0.2

Relative TMUV RNA

anti-GRP78 N-terminal anti-GRP78 C-terminal Rabbit IgG

FIGURE 2 | Anti-GRP78 antibody inhibits TMUV infection in BHK-21 cells.
BHK-21 cells were pre-incubated with 100 pg/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 (o < 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
TMUYV 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 TMUYV 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

A cytosol  membrane

anti-GRPTS |
anti-GAPDH | s

B infected

anti-GRP78

anti-TMUV

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 gRT-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 TMUYV 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 TCIDs5, 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.

A 8 - "
< 7r
g ot
© 5 r
5
2 4
&}
o 3r
2
= 2r
-l
; ]
GRP78 overexpression control
B OVErT  control
expression
anti-GRP7S . w——
anti-Na+/K+ ATPase e
C 25
L 4 L *
E ~
215 b
2
2
L
205
0

GRP78 overexpression control

FIGURE 5 | Effect of over-expression of GRP78 on TMUV entry at 48 h
post-transfection. (A) gRT-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
etal., 2016) and Japanese encephalitis virus (Nain et al., 2017). In
this study, we identified GRP78 as a TMUYV-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
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