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A B S T R A C T

Classical swine fever is a world organization for animal health listed disease and is caused by classical swine
fever virus (CSFV). CSFV can induced unfolded protein response (UPR) and whether NS5A protein plays a role in
this process remains unknown. Here, we demonstrate that CSFV induced all the three signal pathways ATF6,
IRE1 and PERK of UPR. Furthermore, this phenomenon may be mediated by the NS5A protein since expression
of NS5A alone can achieve the same effect. In the current study, we show that NS5A can interact with GRP78 as
measured by using the CO-IP and GST pulldown assays. This interaction plays a positive role in the promotion of
CSFV replication. Overexpression or knockdown of GRP78 mediated by lentivirus can enhance or decrease viral
replication, respectively. Our findings provide the evidence that CSFV infection can activate the cellular UPRs, in
which NS5A and GRP78 play key roles in the process.

1. Introduction

Classical swine fever (CSF), a World Organization for Animal Health
(OIE)-listed disease, is highly contagious; is characterized by high fever,
multiple hemorrhages, and gastrointestinal symptoms disease in swine;
and is caused by classical swine fever virus (CSFV) (Lohse et al., 2012).
The disease is contagious both in the domestic and overseas pig in-
dustry, and it causes a high economic loss worldwide. CSFV, classified
as a member of the Pestivirus genus within the Flaviviridae family
(Becher et al., 2003; Tautz et al., 2015), possesses a single-stranded,
positive-sense RNA genome consisting of only one open reading frame
the encodes a unique polyprotein, which is processed into 4 structural
proteins (C, Erns, E1 and E2) and 8 nonstructural proteins (Npro, p7,
NS2, NS3, NS4A, NS4B, NS5A and NS5B) after translation(Lamp et al.,
2011).

The nonstructural protein 5A (NS5A) of CSFV consists of 497 amino
acids and is a multifunctional phosphorylated protein that can interact
with many host proteins and participate in the viral replication process
(Sheng et al., 2014). In our previous reports, CSFV NS5A can interact
with 19 host cellular proteins(Zhang et al., 2014a), particularly HSP70
and FKBP8, and both of these interactions can promote viral replication
(Li et al., 2016; Zhang et al., 2015).

Importantly, viruses utilize host cell membranes to construct the

appropriate platform for viral replication. The majority of membrane
used by viruses comes from the endoplasmic reticulum (ER), where
polyproteins are assembled and replicated (Paul and Bartenschlager,
2013, 2015). During the replication process of many viruses, ER
homeostasis can be disrupted and ER stress of the host cell can be in-
duced(Chan, 2014; Jheng et al., 2014). If ER stress is persistent, the
unfolded protein response (UPR) is activated, which is a signal with the
purpose of restoring homeostasis in the ER and promoting cell survival.
However, prolonged or substantial ER stress will activate and initiate
the cellular apoptosis signaling pathway(Kim et al., 2008). The UPR is a
complex signal transduction process that increases protein folding ca-
pacity and decreases unfolded protein load through 3 pathways: acti-
vating transcription factor 6 (ATF6), inositol-requiring endonuclease 1
(IRE1) and PKR-like ER kinase (PERK)(Gardner and Walter, 2011).
Apoptosis will initiate if the UPR does not work successfully in cells.
The best monitor of the UPR signaling pathways is glucose-regulated
protein 78 (GRP78). Upon ER stress, the 3 UPR sensors are activated
and initiate their signaling by dissociating from GRP78. Activated ATF6
migrates to the Golgi membrane where it is sequentially cleaved by site-
1 and site-2 proteases, releasing an active transcription fragment that
translocates into the nucleus and activates the transcription of ER
chaperones such as GRP78, GRP94 and protein-disulfide isomerase
(PDI) to maintain ER homeostasis(Nadanaka et al., 2007). In the
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activated IRE1 pathway, phosphorylated IRE1, which has endonuclease
activity, cleaves the 26 bp nucleotide intron from the mRNA encoding a
transcription factor called X-box-binding protein-1 (XBP1), which cre-
ates a translational frame shift and allows XBP1 to enter the nucleus,
leading to the expression of many genes, including chaperones(Calfon
et al., 2002). Activated PERK phosphorylates eukaryotic translation
initiation factor 2 subunit α (eIF2α), which leads to global attenuation
of translation and, contradictorily, can also activate the expression of
transcription factor 4 (ATF4) and CHOP (Lu et al., 2004).

Although the role of UPR maintenance in ER homeostasis is essen-
tial for cell survival, the effect of UPR activation on viral replication is
more complicated. On the one hand, the UPR-mediated upregulation of
the expression of ER chaperones may benefit viral replication and viral
protein folding; on the other hand, the UPR also downregulates the
transcription of total cellular genes and initiates cellular apoptosis,
which may limit viral replication(Zhang and Wang, 2012). Thus, dif-
ferent viruses may evolve different strategies to utilize the UPR signal
for their own benefit(Ambrose and Mackenzie, 2011; Liu et al., 2017;
Lyoo et al., 2015). It has been reported that hepatitis C virus, varicella-
zoster virus and hepatitis B virus can all establish persistent infections
by utilizing the cellular UPR(Benali-Furet et al., 2005; Carpenter and
Grose, 2014; Lazar et al., 2014). Despite, He et al. has been reported
that CSFV infection up-regulates the unfolded protein response to
promote its replication especially the IRE pathway(He et al., 2017).
Nevertheless, the mechanisms by which protein of CSFV mediated this
process and the other pathway of UPR whether participates are remain
largely unknown.

Here, we report that CSFV can induce all three UPR signaling
pathways, and NS5A may play a vital role in this process. Moreover, we
identified a mechanism by which the key molecule of the UPR, the
GRP78 protein, can promote CSFV replication by interacting with the
NS5A protein. The UPR may play a critical role in both promoting viral
replication and delaying cellular apoptosis.

2. Materials and methods

2.1. Antibodies, chemicals and plasmids

The primary antibodies used in the study were specific for GRP78
(Abcam, ab21685), ATF6 (Santa Cruz Biotechnology, sc-14253), XBP1
(Sigma-Aldrich, SAB2108518), CHOP (Santa Cruz Biotechnology, sc-
575), and GAPDH (Beyotime, AT819). Tunicamycin (Tm), purified
murine IgG1 monoclonal antibody (A2220) used in the anti-Flag M2
affinity gel, and the anti-c-Myc agarose affinity gel antibody produced
in rabbit (A7470) were purchased from Sigma-Aldrich. An anti-GST-Tag
mouse polyclonal antibody, an anti-Flag-Tag mouse monoclonal anti-
body and an anti-c-Myc mouse monoclonal antibody (CWBIO, China)
were used. The secondary antibody was HRP-labeled goat anti-mouse
IgG or goat anti-rabbit IgG (Beyotime, China). Tunicamycin (Sigma-
Aldrich, 654380) was dissolved in dimethyl sulfoxide (DMSO) at the
indicated concentrations. pEGFP-C1, pDsRED-N1, pCDNA3.1(+)
(Clontech) and pGEX-6P-1 were conserved in our laboratory.
Additionally, shRNA vectors targeting the coding sequences of GRP78
and the scrambled shRNA were designed by and purchased from
Cyagen.

2.2. Cells and virus

Swine testicular (ST) cells were cultured in Dulbecco's modified
Eagle's medium (DMEM) supplemented with 10% (v/v) fetal bovine
serum (FBS), penicillin and streptomycin (100 IU/ml and 100 μg/ml,
respectively, Gibco). SUVECs and HEK293T cells were cultured in high-
glucose Dulbecco's modified Eagle's medium (DMEM; Gibco, UK) con-
taining 2 mM L-glutamine, 1.5 g/l sodium bicarbonate, 4.5 g/l glucose,
10 mM HEPES, 1.0 mM sodium pyruvate, 0.1 mM nonessential amino
acids and 10% fetal bovine serum (FBS) (Gibco, UK). The cells were

grown at 37°C in a humidified incubator with 5% CO2. In the experi-
ments, tunicamycin (Tm) used as stimulator of UPR was diluted in di-
methyl sulfoxide (DMSO) and used at a final concentration of 5 μg/ml.
For different experiments regarding CSFV infection, cells were grown to
approximately 70% confluence in cell culture plates and were infected
with CSFV (Shimen) at a multiplicity of infection (MOI) of 1. The viral
titer was determined by a 50% tissue culture infectious dose (TCID50)
as described previously(Lin et al., 2014). The control was administered
the same volume of cell culture solution.

2.3. Vector construction and lentivirus production

In this study, we constructed a series of vectors to satisfy our needs.
The primers and their purposes are listed in Tables 1–3, and all plas-
mids were confirmed by restriction digestion and sequencing. The
NS5A-GFP plasmid encoding the CSFV NS5A protein with a GFP fusion
protein constructed by cloning the NS5A gene into the pEGFP-C1 vector
(Clontech) using the EcoRⅠand BamHⅠrestriction enzymes. The cDNA for
the swine GRP78 protein (GenBank accession no. NC_010443.5) was
cloned into the pDsRED1-N1, pCDNA3.1(+) and lentivector pCDH-
CMV-MCS-EF1-GreenPuro (CD513B-1) (SBI, Mountain View, CA, USA)
vectors to generate the GRP78-RED, GRP78-Myc, and LV-GRP78 plas-
mids, respectively. For the bacterial expression of the glutathione S-
transferase (GST)-tagged GRP78 protein, the GRP78 encoding region
was cloned into the pGEX-6P-1 vector (28-9546-48; GE Healthcare),
using BamHⅠand EcoRⅠto create GST-GRP78. NS5A-Flag obtained by
cloned NS5A gene into the pCDNA3.1(+) vector using BamHⅠand XhoⅠ.
The three pairs of shRNA targeting pig GRP78 and a negative control
shRNA listed in Table 3 were cloned into pCDH-U6-MCS-EF1-Green-
Puro (SBI, Mountain View, CA, USA) to generate the GRP78-sh1,
GRP78-sh2, GRP78-sh3 and GRP78-shN lentivectors, respectively. The
construct plasmids along with three other plasmids (pGag/Pol, pRev,
pVSVG) were transfected in HEK-293T cells by using TurboFect
(Thermo Scientific) according to the manufacturer's protocol. The
knockdown or overexpression experiments were performed as follows.
ST cells (4 × 106 cells/well) were seeded in a 6-well plate. After the
confluence reached 70–80%, half of the medium in each well was re-
moved, and polybrene was added to a final concentration of 8 g/ml.
The shRNA- or GRP78-overexpressing lentiviruses (MOI = 1) were
added to the cells. After an overnight incubation at 37°C, the medium
was replaced with fresh medium and incubated for another 72 h. The
cells were then used to evaluate the expression of GRP78 or in other
experiments.

2.4. Quantitative real-time PCR (q-PCR) assay

To measure the transcriptional expression level of targeted genes,
total RNA was isolated from ST cells with Trizol reagent (Takara, 9108)
and reversed to cDNA using PrimeScriptTM RT Master Mix (Perfect Real
Time, RR036A) following the manufacturer's protocol. q-PCR was

Table 1
Sequence of PCR primers.

Gene name Primer sequence (5′-3′) Note

XBP1-F GAGAACCAGGAGTTAAGAC RT-PCR for detection the spliced
effect of XBP1XBP1-R CAAGAGGATATCAGACTCAG

ATF6-F TTGGATTTGTCTTCTACTT Quantitative real-time PCR for
detection of ATF6 geneATF6-R CAATAATGGGCTTATCTTC

GRP78-F TCTACTCGCATCCCAAAG Quantitative real-time PCR for
detection of GRP78 geneGRP78-R CTCCCACGGTTTCAATAC

CHOP–F TTCCTCTCCGATCTCTTC Quantitative real-time PCR for
detection of CHOP geneCHOP-R GCTCACGTAGCCGTATTC

β actin-F CAAGGACCTCTACGCCAACAC Quantitative real-time PCR for
detection of β actin geneβ actin-R TGGAGGCGCGATGATCTT

CSFV-F GATCCTCATACTGCCCACTTAC Quantitative real-time PCR for
detection of CSFVCSFV-R GTATACCCCTTCACCAGCTTG
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Table 2
Sequence of PCR primers.

Gene name Primer sequence (5′-3′) Note

NS5A-GFP-F CCGAATTCTTCAAGTAATTACATACTAGAGC Amplification of NS5A gene with GFP label
NS5A-GFP-R ACGGATCCCAGTTTCATAGAATACACTTTTGC
GRP78-RED-F CGGAATTCTGATGAAGCTGTCCCTGGTG Amplification of GRP78 gene with RED label
GRP78-RED-R CGGGATCCTCCAACTCATCTTTGTCTGC
GRP78-GST-F

GRP78-GST-R
GRP78-Myc-F

CGGGATCCTGATGAAGCTGTCCCTGGTG
CGGAATTCTCCAACTCATCTTTGTCTGC
ATTGGATCCATGGAGCAGAAACTCATCTCTGAAGAGGATCTGAAGCTGTCCCTGGTG

Amplification of GRP78 gene with GST label
Amplification of GRP78 gene with Myc tag

GRP78-Myc-R ATTGAATTCCTACAACTCATCTTTGTCTGC
NS5A-Flag-F ATTGGATCCATGTCAAGTAATTACATACTAGAGC Amplification of NS5A gene with Flag tag
NS5A-Flag-R ATTCTCGAGTCACTTATCGTCGTCATCCTTGTAATC CAGTTTCATAGAATACAC
pCDH-CMV-GRP78-F

pCDH-CMV-GRP78-R
U6-PCR-F
U6-PCR-R

CGGAATTCATGAAGCTGTCCCTGGTG
CGGGATCCCTACAACTCATCTTTGTCTGC
TTCTTGGGTAGTTTGCAGTT
TTCTTGGGTAGTTTGCAGTT

Amplification of GRP78 inserted in LV-CMV plasmid
Amplification of shRNA inserted in LV-U6 plasmid

Table 3
Short hairpin RNA (shRNA) inserts.

shRNA Interference sequence inserted (Underlined shown as loop ring) (5′to 3′)

pCDH-U6-GRP78-sh1S GATCCGGTGGGCAAACAAAGACATTTCAAGAGAAATGTCTTTGTTTGCCCACCTTTTTG
pCDH-U6-GRP78-sh1A AATTCAAAAAGGTGGGCAAACAAAGACATTTCTCTTGAAATGTCTTTGTTTGCCCACCG
pCDH-U6- GRP78-sh2S GATCCGGTTACTCATGCAGTTGTTACCAAGAGGTAACAACTGCATGAGTAACCTTTTTG
pCDH-U6-GRP78-sh2A AATTCAAAAAGGTTACTCATGCAGTTGTTACCTCTTGGTAACAACTGCATGAGTAACCG
pCDH-U6- GRP78-sh3S GATCCGCCTGACACCTGAAGAAATTGCAAGAGCAATTTCTTCAGGTGTCAGGCTTTTTG
pCDH-U6-GRP78-sh3A AATTCAAAAAGCCTGACACCTGAAGAAATTGTCTTG CAATTTCTTCAGGTGTCAGGC G
pCDH-U6-GRP78-shNS GATCCGCTTAAACGCATAGTAGGACTCAAGAGAGTCCTACTATGCGTTTAAGCTTTTTG
pCDH-U6-GRP78-shNA AATTCAAAAAGCTTAAACGCATAGTAGGACTCTCTTGAGTCCTACTATGCGTTTAAGCG

Fig. 1. CSFV infection induces the ATF6 and IRE1 pathways of the UPR in ST cells. ST cells were infected with CSFV at a MOI of 1, and the samples were collected at
0, 1, 6, 12, 24 and 48 hpi. Tunicamycin (Tm) was used as a stimulator of the UPR response in ST cells treated for 6 h. (A) Intracellular viral RNA levels of CSFV
assayed by q-PCR in ST cells. (B) Intracellular GRP78 expression revealed by q-PCR at different time points (0–48 h) after infection or Tm treatment. (C) Intracellular
ATF6 expression revealed by q-PCR. (D) Intracellular CHOP expression revealed by q-PCR. (E) The spliced effect of the XBP1 assay by RT-PCR. (F) Western blot
analysis of the UPR molecules in cells treated according to the above method. (G) Relative GRP78 protein levels are presented. (H) Relative ATF6 protein levels are
presented. (I) Relative CHOP protein levels are presented. (J) The rate of spliced XBP1 level is presented.
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performed using SYBR Green Premix Ex Taq TM II (TAKARA, RR820A)
on an ABI 7500 real-time PCR detection system. Relative changes in the
mRNA levels of genes were analyzed using the 2−△△CT method and
normalized to the reference gene β actin. The primers used in this study
are displayed in Table 1.

2.5. Analysis of xbp1 mRNA splicing

To analyze the splicing level of XBP1, PCR was performed for 35
cycles (94°C for 30 s, 55°C for 45 s, and 72°C for 60 s [8 min in the final
cycle]) using the primers listed in Table 1 across the splice site that
were capable of amplifying both the unspliced (uXBP1, 474 bp) and
spliced form of XBP1 (sXBP1, 448 bp). The samples were separated on a
3% agarose gel containing ethidium bromide by electrophoresis for

90 min and finally viewed under UV light.

2.6. Western blot analysis

Treated cells were washed three times with ice-cold PBS and then
lysed for 20 min with RIPA lysis buffer containing a proteinase inhibitor
on ice. The cell lysates were centrifuged at 14,000×g for 20 min at 4°C
to obtain the cell lysates, the supernatants were collected, and then the
protein concentrations were quantified by using a BCA protein assay
kit. Denatured protein (30 μg) from each sample were separated on 10
or 12% SDS-PAGE gels and transferred to PVDF membranes (Millipore,
0.45 nm), which were blocked with 5% powdered skim milk in Tris-
buffered saline with 0.1% Tween 20 (TBST) for 2 h and then incubated
with primary antibodies against the targeted proteins overnight at 4°C.

Fig. 2. NS5A protein activates the ATF6 and IRE1 pathways of the UPR in vitro. ST cells were treated with LV CMV, LV NS5A or Tm (2 μg/mL) for 6 h and then
harvested. (A) Intracellular GRP78 expression revealed by q-PCR. (B) Intracellular ATF6 expression revealed by q-PCR. (C) Intracellular CHOP expression revealed by
q-PCR. (D) CSFV NS5A induces XBP1 mRNA splicing by RT-PCR in ST cells. (E) Western blot analysis of GRP78 expression in treated cells. (F) Western blot analysis of
ATF6 expression in treated cells. (G) Western blot analysis of CHOP expression in treated cells. (H) Western blot analysis of spliced XBP1 expression in treated cells.
(I) The rate of spliced XBP1 levels is presented. (J) Relative ATF6 protein levels are presented. (K) Relative CHOP protein levels are presented. (L) Relative GRP78
protein levels are presented.
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After washing with TBST three times, each membrane was further in-
cubated with the appropriate secondary antibody conjugated to
horseradish peroxidase diluted in TBST at 37°C for 1 h at room tem-
perature. After three washes with TBST, target protein bands were
detected and analyzed by an ECL Plus kit (Beyotime, P0018) using a
luminescent image (Tanon 6600).

2.7. Co-immunoprecipitation assays

SUVECs transfected with NS5A-Flag or co-transfected to express
NS5A-Flag and GRP78-Myc for 48 h were harvested in cell lysis buffer
for western blot and IP (Beyotime, China) containing PMSF (Beyotime,
China). The lysate was collected and utilized for coimmunoprecipita-
tion assays using ANTI-FLAG M2 Affinity Gel (SIGMA-ALDRICH®,
A2220) or Anti-c-Myc Agarose Affinity Gel antibody according to the
manufacturer's instructions. Briefly, 50 μl of the resin stored in 50%
glycerol was centrifuged at 8000×g for 30 s and rinsed twice with
500 μl of TBS (50 mM Tris HCl, with 150 mM NaCl, PH 7.4). A 1000 μl
sample of cell lysate was added to the washed resin and the samples

were agitated overnight at 4°C. The resin was washed three times with
500 μl of TBS and the sepharose pellet was resuspended in 2 × SDS
sample buffer. After boiling, the supernatant was subjected to SDS-
PAGE analysis.

2.8. GST-pulldown assays

For GST-pulldown assays, GST or GST-GRP78 protein were gener-
ated by expression in Escherichia coli BL21 (DE3) (Invitrogen, Carlsbad,
CA) using the pGEX6p-1 plasmid. The proteins were bound to glu-
tathione agarose (Thermo Scientific, 21516) according to the manu-
facturer's instruction and the beads were washed four times with 1:1
wash solution (TBS (25 mM Tris-HCl, 0.15 M NaCl, pH 7.2): Pull-Down
Lysis Buffer and incubated for 2 h at 4°C with recombinant Flag-tagged
NS5A harvested from transfected SUVECs cells. The eluted proteins
were detected by SDS-PAGE and immunoblotting.

Fig. 3. CSFV NS5A interacts with GRP78 in SUVECs. (A) Exogenous NS5A-Flag and GRP78-Myc coexpression in SUVECs. Cell lysates from cotransfected GRP78-Myc
and NS5A-Flag cells or cells only transfected GRP78-Myc for 48 h were harvested and then immunoprecipitated with antibodies against Flag followed by Western blot
analysis. (B) Reciprocal co-IP experiments showed that the anti-Myc antibody precipitated NS5A-Flag. (C) GST pulldown assay. Glutathione beads conjugated to GST
or the GST-GRP78 protein fusion protein were incubated with recombinant NS5A-Flag protein. After washing, proteins were eluted from the beads, and SDS-PAGE
was performed. The expression of NS5A was detected by immunoblotting with anti-Flag mAb. GST and GST-GRP78 protein expression was confirmed by im-
munoblotting with rabbit anti-GST pAb.
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Fig. 4. NS5A colocalizes with GRP78 in SUVECs. SUVECs were cotransfected with pEGFP-NS5A and pERED-GRP78, pEGFP-C1 and pERED-N1 as controls and
analyzed by laser confocal microscopy after 48 h. All cells were stained with DAPI. The pERED-GRP78 fusion protein shown is colocalized with pEGFP-NS5A in the
cytoplasm.

Fig. 5. Overexpression of GRP78 promotes CSFV propagation. (A) ST cells treated with PBS, LV CMV and LV GRP78 observed under a fluorescence microscope. (B)
Overexpression of GRP78 mediated by lentivirus showed changes in GRP78 at the protein level. (C) Overexpression of GRP78 mediated by lentivirus showed changes
in GRP78 at the transcript level. (D) The change in the CSFV RNA expression level when overexpression of GRP78 was mediated by lentivirus.
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2.9. Confocal microscopy

SUVECs were cultured for 24 h on glass coverslips in six-well plates
at a density of ~2 × 106 cells/well and transfected with 3 μg of NS5A-
GFP and 3 μg of GRP78-RED or the same amount of empty vector using
TurboFect (Thermo scientific, #R0531) according to the manufacturer's
instructions. After a 48h incubation, the cells were washed with cold
1 × PBS, fixed with 4% paraformaldehyde for 10 min at room tem-
perature, and incubated with DAPI at 37°C for 20 min. Images were
viewed by laser-scanning confocal microscopy (LSM510 META; Zeiss,
Germany).

2.10. Transfection

ST or SUVECs cells grown to 70–80% confluence in 6-well cell
culture plates were transfected with NS5A-Flag, NS5A-GFP, GRP78-
Myc, and GRP78-RED eukaryotic expression plasmids using the lip2000
transfection reagent (Invitrogen). Briefly, 1.5–2 μg of vector and
3.75–5 μl of lipofectamine 2000 were each diluted in 100 μl of Opti-
MEM medium in 1.5 ml Eppendorf tubes and stored at room tempera-
ture for 5 min; then, the two above-mentioned tubes were gently mixed
and further incubated at room temperature for 20 min. The medium
was removed and replaced with 1 ml of Opti-MEM containing the

Fig. 6. CSFV replication is reduced by shRNA-mediated knockdown of GRP78. (A) ST cells treated with LV GRP78 shRNA labeled observed by fluorescence mi-
croscopy. Western blot analysis of cells treated according to the above method. (B) The viability of cells that were treated with LV GRP78 shRNA to knockdown
GRP78 was measured by MTT (2 μg/mL) added to each well and incubated at 37°C for 4 h. Light absorbance was measured at 490 nm in a microplate reader. (C)
Intracellular GRP78 mRNA production assay by q-PCR. (D) Western blot analysis of the expression of GRP78 in cells treated with the abovementioned proteins. (E)
Intracellular of viral RNA levels assay by q-PCR.
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transfection mixture and further cultured at 37°C for 4 h. Next, the
supernatant was replaced with fresh maintenance medium and in-
cubated again for 48 h. The gene expression efficiency of GRP78 was
evaluated by immunoblotting.

2.11. Cell viability assay

Cell viability was determined by the MTT assay. Briefly, treated cells
were seeded in 96-well culture plates and cultured for 24 h at 37°C in a
5% CO2 incubator. After the cells were washed with PBS, 10 μL of MTT
dye was added to each well at a final concentration of 0.5 mg/mL. After
4 h of incubation at 37°C, 100 μL of DMSO was added to dissolve the
formazan crystals. Then, the absorbance was measured by a microtiter
plate reader (SpectraMax 190, Molecular Device, USA) at a wavelength
of 570 nm. The cell viability was calculated by the ratio of the optical
densities in the samples versus those in the control group.

2.12. Statistical analysis

The data in this study are expressed as the mean ± standard de-
viation (SD) and were analyzed by Student's t-test or one-way ANOVA
using GraphPad Prism 5 software. A P-value of less than 0.05 was
considered statistically significant. The relative expression ratios of the
targeted proteins were analyzed by ImageJ software. All experiments
were performed for three independent experiments.

3. Results

3.1. CSFV infection activates the unfolded protein response

To determine the effects of CSFV infection on the cellular UPR
signaling pathway in vitro, ST cells were infected with CSFV at a MOI of
1, and the UPR inducer tunicamycin (Tm), which blocks the formation
of N-glycosidic linkages by inhibiting the first step in glycoprotein
synthesis, was used as the positive control. At the indicated time points,
RNA and protein samples of the cells infected with CSFV were collected.
The results in Fig. 1A show that CSFV grew very well in ST cells as
detected by q-PCR.

The mRNA and protein levels of GRP78, ATF6 and CHOP were
upregulated compared with the mock-infected control cell levels, con-
sistent with CSFV growth rates (Fig. 1B, 1C, 1D, 1F, 1G, 1H and 1I).
Spliced XBP1 was successfully activated by CSFV infection (Fig. 1E–J).
Spliced xbp1 mRNA was also robustly detectable at both 24 and 48 h of
infection. These results clearly demonstrated that CSFV infection trig-
gered all the three signaling pathways of UPR in ST cells.

3.2. CSFV NS5A protein can induce cellular UPR

Because CSFV is known to induce the cellular UPR, we researched
whether the NS5A protein plays a role in this process. In the current
study, we heterogeneously expressed the NS5A protein by lentivirus
transfection in ST cells. Interestingly, the results were similar to those
for CSFV infection, activating all the three pathways of the UPR (Fig. 2).
The expression levels of GRP78, ATF6 and CHOP were significantly
increased compared with the LV CMV group at both the mRNA and
protein levels (Fig. 2A, 2B, 2C, 2E, 2F and 2G). The effect of splicing
xbp1 mRNA appeared in the LV NS5A group measured by RT-PCR assay
(Fig. 2D–H).

3.3. The NS5A protein interacts with GRP78 to improve viral replication

In our previous study, we found that CSFV NS5A can interact with
the cellular protein HSP70(Zhang et al., 2015). GRP78 is a member of
the HSP70 molecular family, which locate in the lumen of the ER, and
binds to newly synthesized proteins translocated into the ER. Therefore,
we very interested in the interaction between NS5A and GRP78.

Coimmunoprecipitation was used to identify this interaction. Lysates
from SUVECs with coexpressed exogenous NS5A-Flag and GRP78-Myc
were immunoprecipitated with anti-flag M2 affinity gel; then, the
complexes were analyzed by Western blot with an anti-Flag or anti-
GRP78 antibody. As shown in Fig. 3A, the GRP78 protein was detected
in the immunoprecipitated complex by Western blot. Next, reciprocal
co-IP experiments also showed that an ant-Myc antibody can precipitate
NS5A-Flag (Fig. 3B).

Furthermore, a GST-pulldown assay was used to determine whether
this interaction occurs in vitro. A recombinant full-length GRP78-GST
fusion protein was expressed in and purified from bacteria, and pNS5A-
Flag was transfected into HEK293T cells. Full-length GRP78-GST was
immobilized on glutathione agarose, and the cell lysate, including
NS5A-Flag, was added to assay binding. As a negative control, a group
of bacteria containing only GST lysate was added. The proteins in the
complexes were analyzed by Western blotting with an anti-GST or anti-
Flag antibody. As shown in Fig. 3C, NS5A-Flag was detected in a
GRP78-GST and NS5A-Flag complex. These experiments indicated the
specificity of the interaction between CSFV NS5A and GRP78 proteins.

3.4. CSFV NS5A colocalizes with GRP78

To further investigate the relationship between NS5A and GRP78, a
colocalization assay was performed on the cellular level by laser-scan-
ning confocal microscopy. When the plasmids of pEGFP-NS5A and
pERED-GRP78 were coexpressed in SUVECs, as shown in Fig. 4, the GFP
or RED proteins were more diffusely distributed in the cytoplasm and
did not have a colocalized effect. In contrast, cotransfection of NS5A-
GFP and GRP78-RED in SUVECs resulted in a punctate distribution in
the cytoplasm, especially GRP78 protein, and they colocalized in the
endoplasmic reticulum. This result, along with the previous coimmu-
noprecipitation assay, suggests an interaction between NS5A and the
GRP78 protein.

3.5. GRP78 plays a critical role in CSFV replication

Our previous studies have shown that the CSFV NS5A protein is
involved in viral replication and that NS5A can interact with GRP78.
Thus, we next asked the question of whether GRP78 participates in the
viral replication process. To verify this query, the lentivirus-mediated
GRP78 overexpression and knockdown cell lines (Figs. 5A–6A, respec-
tively) in the ST cells were used to measure the level of CSFV replica-
tion. When GRP78 was overexpressed (Fig. 5B–C), the levels of CSFV
RNA were significantly increased compared with the levels observed in
control cells (Fig. 5D). Conversely, the knockdown of GRP78 (Fig. 6C
and D) mediated by lentivirus, which has no cytotoxicity in ST cells,
significantly decreased the replication of CSFV (Fig. 6E). These results
indicated that GRP78 plays an important role in the CSFV life cycle.

4. Discussion

The endoplasmic reticulum (ER) is an essential subcellular com-
partment with the main function of synthesizing and folding secretory
proteins. As many studies have reported, this organelle is the site where
many posttranslational modifications that modulate protein function
are added and folded(Ben-Mahmoud et al., 2018; He and Klionsky,
2009; Moon et al., 2018). Stress induced by the accumulation of mis-
folded proteins in the ER is a typical feature of growing cells and has
been verified in many diseases, such as cancer, diabetes, and neuro-
degeneration. Cellular adaptation to ER stress is achieved by the acti-
vation of the UPR, an integrated signal transduction pathway that
transmits information in order to refold misfolded proteins and restore
homeostasis in the ER.

CSFV nonstructural protein 5A has been previously shown to be an
important member of the viral replication complex and to promote viral
replication(Chen et al., 2012; Sheng et al., 2010). NS5A has also been
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verified in our previous studies to mediate cellular function by inter-
acting with host cell proteins(Zhang et al., 2014b, 2015). However,
little is known about the influence of NS5A on the host cell UPR signal
pathway during viral replication. The central purpose of this work was
to evaluate whether CSFV and the NS5A protein activated cellular UPR,
establish which pathway of UPR plays a role in this function and test
the potential role of the NS5A and GRP78 interaction in the process of
viral replication.

In response to ER stress, the cellular UPR signaling pathway is in-
itiated. When activated, ATF6 translocates from the ER to the Golgi and
is processed into an active 50 kDa form that enters the cell nucleus and
increases the expression of many ER chaperone genes(Haze et al.,
1999). The results showed that the generation of ATF6 was gradually
increased by CSFV infection or heterogenous NS5A protein expression
as measured by q-PCR or Western blot, respectively (Fig. 1C, 1F, 1H,
2B, 2F and 2J). The GRP78 protein, as a major ER chaperone, acts as a
key regulator of the ER steady state, facilitates protein folding, and
promotes misfolded proteins to refold or enter proteasomes for de-
gradation. Importantly, GRP78 also plays a role in the replication of
viral genetic material as well as the formation of new viral capsid
complexes(Booth et al., 2016). Our results reveal that ATF6 and GRP78
are upregulated during CSFV infection in ST cells.

Activated IRE1 creates transcriptionally spliced XBP1 (sXBP1) by
selectively cleaving a 26-nucleotide segment from XBP1 mRNA, whose
target genes enhance the ER protein folding capacity. The XBP1 cDNA
was amplified by RT-PCR, which contains the site of the 26-nt region of
XBP1 cDNA that is removed by IRE1-mediated splicing, as previously
described(Calfon et al., 2002; Yu et al., 2006). The level of sXBP1 in-
creased after CSFV infection or NS5A protein expression, consistent
with an increase in the ratio of sXBP1/uXBP1 (Fig. 1F, 1J, 2H and 2I).
The IRE1-XBP1 signaling pathway plays an important role in viral in-
fection. A number of viral infections activate IRE1-XBP1, triggering
many cell responses. IRE1 mediates the selective degradation of a
subset of ER-located mRNAs. However, each virus causes different cell
responses mediated by IRE1-XBP1. JEV induces the activation of the
RIDD cleavage pathway, which is beneficial for viral infectivity
(Bhattacharyya et al., 2014; Jheng et al., 2014). The findings in this
study indicated that CSFV infection induced the IRE1-XBP1 pathway to
relieve cell stress. The expression of NS5A in cells caused a similar ef-
fect, suggesting that NS5A may be responsible for the induction of the
IRE1-XBP1 pathway.

In the PERK pathway of the UPR, CHOP expression induces cellular
apoptosis. However, CSFV infection or NS5A protein did also trigger the
increased expression of CHOP (Fig. 1D, 1F, 1I, 2C, 2G and 2K). Thus,
CSFV or NS5A activate the PERK pathway of the UPR, which may
guarantee persistent CSFV infection. It is clear that PERK pathway ac-
tivation can lead to a specific signal activating the PERK-eIF2α-ATF4-
CHOP axis, which finally induces cell apoptosis. But as we all know,
that cells infected by CSFV or expression of NS5A doesn't induce cell
apoptosis, so it would exist a complicated regulatory mechanism be-
tween CSFV and host cells, which worthy a further study.

These results indicated that CSFV infection activates all the three
pathways of UPR and that NS5A plays a critical role in this process by
interacting with GRP78. Further work will be necessary to evaluate
whether this information will help in the development of specific an-
tivirals or viral counter measures.

Author contributions

Zhang Chengcheng and Zhang Xiaorong conceptualized the ex-
periments; Zhao Fuxi, Guo Mengjiao and Ruan Baoyang performed the
experiments; Wang Xuefeng analysed the results; Zhang Chengcheng
and Wu Yantao wrote the paper. All authors reviewed the manuscript.

Declaration of competing interest

The authors declare that they have no conflict of interest.

Acknowledgments

This work was financially supported by 31902299 from National
Natural Science Foundation of China, BK20180924 from the National
Science Grant of Jiangsu Province, 18KJB230010 from Natural Science
Research Projects in Colleges and Universities of Jiangsu Province,
‘High-end talent support program’ of Yangzhou University and the
Priority Academic Program Development of Jiangsu Higher Education
Institutions (PAPD).

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.virol.2019.12.006.

References

Ambrose, R.L., Mackenzie, J.M., 2011. West Nile virus differentially modulates the un-
folded protein response to facilitate replication and immune evasion. J. Virol. 85,
2723–2732.

Becher, P., Avalos Ramirez, R., Orlich, M., Cedillo Rosales, S., Konig, M., Schweizer, M.,
Stalder, H., Schirrmeier, H., Thiel, H.J., 2003. Genetic and antigenic characterization
of novel pestivirus genotypes: implications for classification. Virology 311, 96–104.

Ben-Mahmoud, A., Ben-Salem, S., Al-Sorkhy, M., John, A., Ali, B.R., Al-Gazali, L., 2018. A
B3GALT6 variant in patient originally described as Al-Gazali syndrome and im-
plicating the endoplasmic reticulum quality control in the mechanism of some
beta3GalT6-pathy mutations. Clin. Genet. 93, 1148–1158.

Benali-Furet, N.L., Chami, M., Houel, L., De Giorgi, F., Vernejoul, F., Lagorce, D., Buscail,
L., Bartenschlager, R., Ichas, F., Rizzuto, R., Paterlini-Brechot, P., 2005. Hepatitis C
virus core triggers apoptosis in liver cells by inducing ER stress and ER calcium de-
pletion. Oncogene 24, 4921–4933.

Bhattacharyya, S., Sen, U., Vrati, S., 2014. Regulated IRE1-dependent decay pathway is
activated during Japanese encephalitis virus-induced unfolded protein response and
benefits viral replication. J. Gen. Virol. 95, 71–79.

Booth, L., Roberts, J.L., Ecroyd, H., Tritsch, S.R., Bavari, S., Reid, S.P., Proniuk, S.,
Zukiwski, A., Jacob, A., Sepulveda, C.S., Giovannoni, F., Garcia, C.C., Damonte, E.,
Gonzalez-Gallego, J., Tunon, M.J., Dent, P., 2016. AR-12 inhibits multiple chaper-
ones concomitant with stimulating autophagosome formation collectively preventing
virus replication. J. Cell. Physiol. 231, 2286–2302.

Calfon, M., Zeng, H., Urano, F., Till, J.H., Hubbard, S.R., Harding, H.P., Clark, S.G., Ron,
D., 2002. IRE1 couples endoplasmic reticulum load to secretory capacity by proces-
sing the XBP-1 mRNA. Nature 415, 92–96.

Carpenter, J.E., Grose, C., 2014. Varicella-zoster virus glycoprotein expression differen-
tially induces the unfolded protein response in infected cells. Front. Microbiol. 5, 322.

Chan, S.W., 2014. The unfolded protein response in virus infections. Front. Microbiol. 5,
518.

Chen, Y., Xiao, J., Xiao, J., Sheng, C., Wang, J., Jia, L., Zhi, Y., Li, G., Chen, J., Xiao, M.,
2012. Classical swine fever virus NS5A regulates viral RNA replication through
binding to NS5B and 3'UTR. Virology 432, 376–388.

Gardner, B.M., Walter, P., 2011. Unfolded proteins are Ire1-activating ligands that di-
rectly induce the unfolded protein response. Science 333, 1891–1894.

Haze, K., Yoshida, H., Yanagi, H., Yura, T., Mori, K., 1999. Mammalian transcription
factor ATF6 is synthesized as a transmembrane protein and activated by proteolysis
in response to endoplasmic reticulum stress. Mol. Biol. Cell 10, 3787–3799.

He, C., Klionsky, D.J., 2009. Regulation mechanisms and signaling pathways of autop-
hagy. Annu. Rev. Genet. 43, 67–93.

He, W., Xu, H., Gou, H., Yuan, J., Liao, J., Chen, Y., Fan, S., Xie, B., Deng, S., Zhang, Y.,
Chen, J., Zhao, M., 2017. CSFV infection up-regulates the unfolded protein response
to promote its replication. Front. Microbiol. 8, 2129.

Jheng, J.R., Ho, J.Y., Horng, J.T., 2014. ER stress, autophagy, and RNA viruses. Front.
Microbiol. 5, 388.

Kim, I., Xu, W., Reed, J.C., 2008. Cell death and endoplasmic reticulum stress: disease
relevance and therapeutic opportunities. Nat. Rev. Drug Discov. 7, 1013–1030.

Lamp, B., Riedel, C., Roman-Sosa, G., Heimann, M., Jacobi, S., Becher, P., Thiel, H.J.,
Rumenapf, T., 2011. Biosynthesis of classical swine fever virus nonstructural pro-
teins. J. Virol. 85, 3607–3620.

Lazar, C., Uta, M., Branza-Nichita, N., 2014. Modulation of the unfolded protein response
by the human hepatitis B virus. Front. Microbiol. 5, 433.

Li, H., Zhang, C., Cui, H., Guo, K., Wang, F., Zhao, T., Liang, W., Lv, Q., Zhang, Y., 2016.
FKBP8 interact with classical swine fever virus NS5A protein and promote virus RNA
replication. Virus Genes 52, 99–106.

Lin, Z., Liang, W., Kang, K., Li, H., Cao, Z., Zhang, Y., 2014. Classical swine fever virus and
p7 protein induce secretion of IL-1beta in macrophages. J. Gen. Virol. 95,
2693–2699.

Liu, Y.P., Rajamanikham, V., Baron, M., Patel, S., Mathur, S.K., Schwantes, E.A., Ober, C.,

Z. Chengcheng, et al. Virology 541 (2020) 75–84

83

https://doi.org/10.1016/j.virol.2019.12.006
https://doi.org/10.1016/j.virol.2019.12.006
http://refhub.elsevier.com/S0042-6822(19)30348-4/sref1
http://refhub.elsevier.com/S0042-6822(19)30348-4/sref1
http://refhub.elsevier.com/S0042-6822(19)30348-4/sref1
http://refhub.elsevier.com/S0042-6822(19)30348-4/sref2
http://refhub.elsevier.com/S0042-6822(19)30348-4/sref2
http://refhub.elsevier.com/S0042-6822(19)30348-4/sref2
http://refhub.elsevier.com/S0042-6822(19)30348-4/sref3
http://refhub.elsevier.com/S0042-6822(19)30348-4/sref3
http://refhub.elsevier.com/S0042-6822(19)30348-4/sref3
http://refhub.elsevier.com/S0042-6822(19)30348-4/sref3
http://refhub.elsevier.com/S0042-6822(19)30348-4/sref4
http://refhub.elsevier.com/S0042-6822(19)30348-4/sref4
http://refhub.elsevier.com/S0042-6822(19)30348-4/sref4
http://refhub.elsevier.com/S0042-6822(19)30348-4/sref4
http://refhub.elsevier.com/S0042-6822(19)30348-4/sref5
http://refhub.elsevier.com/S0042-6822(19)30348-4/sref5
http://refhub.elsevier.com/S0042-6822(19)30348-4/sref5
http://refhub.elsevier.com/S0042-6822(19)30348-4/sref6
http://refhub.elsevier.com/S0042-6822(19)30348-4/sref6
http://refhub.elsevier.com/S0042-6822(19)30348-4/sref6
http://refhub.elsevier.com/S0042-6822(19)30348-4/sref6
http://refhub.elsevier.com/S0042-6822(19)30348-4/sref6
http://refhub.elsevier.com/S0042-6822(19)30348-4/sref7
http://refhub.elsevier.com/S0042-6822(19)30348-4/sref7
http://refhub.elsevier.com/S0042-6822(19)30348-4/sref7
http://refhub.elsevier.com/S0042-6822(19)30348-4/sref8
http://refhub.elsevier.com/S0042-6822(19)30348-4/sref8
http://refhub.elsevier.com/S0042-6822(19)30348-4/sref9
http://refhub.elsevier.com/S0042-6822(19)30348-4/sref9
http://refhub.elsevier.com/S0042-6822(19)30348-4/sref10
http://refhub.elsevier.com/S0042-6822(19)30348-4/sref10
http://refhub.elsevier.com/S0042-6822(19)30348-4/sref10
http://refhub.elsevier.com/S0042-6822(19)30348-4/sref11
http://refhub.elsevier.com/S0042-6822(19)30348-4/sref11
http://refhub.elsevier.com/S0042-6822(19)30348-4/sref12
http://refhub.elsevier.com/S0042-6822(19)30348-4/sref12
http://refhub.elsevier.com/S0042-6822(19)30348-4/sref12
http://refhub.elsevier.com/S0042-6822(19)30348-4/sref13
http://refhub.elsevier.com/S0042-6822(19)30348-4/sref13
http://refhub.elsevier.com/S0042-6822(19)30348-4/sref14
http://refhub.elsevier.com/S0042-6822(19)30348-4/sref14
http://refhub.elsevier.com/S0042-6822(19)30348-4/sref14
http://refhub.elsevier.com/S0042-6822(19)30348-4/sref15
http://refhub.elsevier.com/S0042-6822(19)30348-4/sref15
http://refhub.elsevier.com/S0042-6822(19)30348-4/sref16
http://refhub.elsevier.com/S0042-6822(19)30348-4/sref16
http://refhub.elsevier.com/S0042-6822(19)30348-4/sref17
http://refhub.elsevier.com/S0042-6822(19)30348-4/sref17
http://refhub.elsevier.com/S0042-6822(19)30348-4/sref17
http://refhub.elsevier.com/S0042-6822(19)30348-4/sref18
http://refhub.elsevier.com/S0042-6822(19)30348-4/sref18
http://refhub.elsevier.com/S0042-6822(19)30348-4/sref19
http://refhub.elsevier.com/S0042-6822(19)30348-4/sref19
http://refhub.elsevier.com/S0042-6822(19)30348-4/sref19
http://refhub.elsevier.com/S0042-6822(19)30348-4/sref20
http://refhub.elsevier.com/S0042-6822(19)30348-4/sref20
http://refhub.elsevier.com/S0042-6822(19)30348-4/sref20
http://refhub.elsevier.com/S0042-6822(19)30348-4/sref21


Jackson, D.J., Gern, J.E., Lemanske Jr., R.F., Smith, J.A., 2017. Association of
ORMDL3 with rhinovirus-induced endoplasmic reticulum stress and type I Interferon
responses in human leucocytes. Clin. Exp. Allergy 47, 371–382.

Lohse, L., Nielsen, J., Uttenthal, A., 2012. Early pathogenesis of classical swine fever virus
(CSFV) strains in Danish pigs. Vet. Microbiol. 159, 327–336.

Lu, P.D., Harding, H.P., Ron, D., 2004. Translation reinitiation at alternative open reading
frames regulates gene expression in an integrated stress response. J. Cell Biol. 167,
27–33.

Lyoo, H.R., Park, S.Y., Kim, J.Y., Jeong, Y.S., 2015. Constant up-regulation of BiP/GRP78
expression prevents virus-induced apoptosis in BHK-21 cells with Japanese en-
cephalitis virus persistent infection. Virol. J. 12, 32.

Moon, H.W., Han, H.G., Jeon, Y.J., 2018. Protein quality control in the endoplasmic re-
ticulum and cancer. Int. J. Mol. Sci. 19.

Nadanaka, S., Okada, T., Yoshida, H., Mori, K., 2007. Role of disulfide bridges formed in
the luminal domain of ATF6 in sensing endoplasmic reticulum stress. Mol. Cell. Biol.
27, 1027–1043.

Paul, D., Bartenschlager, R., 2013. Architecture and biogenesis of plus-strand RNA virus
replication factories. World J. Virol. 2, 32–48.

Paul, D., Bartenschlager, R., 2015. Flaviviridae replication organelles: Oh, what a tangled
web we weave. Ann. Rev. Virol. 2, 289–310.

Sheng, C., Kou, S., Jiang, Q., Zhou, C., Xiao, J., Li, J., Chen, B., Zhao, Y., Wang, Y., Xiao,
M., 2014. Characterization of the C-terminal sequence of NS5A necessary for the

assembly and production of classical swine fever virus infectious particles. Res. Vet.
Sci. 97, 449–454.

Sheng, C., Zhu, Z., Yu, J., Wan, L., Wang, Y., Chen, J., Gu, F., Xiao, M., 2010.
Characterization of NS3, NS5A and NS5B of classical swine fever virus through
mutation and complementation analysis. Vet. Microbiol. 140, 72–80.

Tautz, N., Tews, B.A., Meyers, G., 2015. The molecular biology of pestiviruses. Adv. Virus
Res. 93 47-160.

Yu, C.Y., Hsu, Y.W., Liao, C.L., Lin, Y.L., 2006. Flavivirus infection activates the XBP1
pathway of the unfolded protein response to cope with endoplasmic reticulum stress.
J. Virol. 80, 11868–11880.

Zhang, C., He, L., Kang, K., Chen, H., Xu, L., Zhang, Y., 2014a. Screening of cellular
proteins that interact with the classical swine fever virus non-structural protein 5A by
yeast two-hybrid analysis. J. Biosci. 39, 63–74.

Zhang, C., He, L., Kang, K., Chen, H., Xu, L., Zhang, Y., 2014b. Screening of cellular
proteins that interact with the classical swine fever virus non-structural protein 5A by
yeast two-hybrid analysis. J. Biosci. 39, 63–74.

Zhang, C., Kang, K., Ning, P., Peng, Y., Lin, Z., Cui, H., Cao, Z., Wang, J., Zhang, Y., 2015.
Heat shock protein 70 is associated with CSFV NS5A protein and enhances viral RNA
replication. Virology 482, 9–18.

Zhang, L., Wang, A., 2012. Virus-induced ER stress and the unfolded protein response.
Front. Plant Sci. 3, 293.

Z. Chengcheng, et al. Virology 541 (2020) 75–84

84

http://refhub.elsevier.com/S0042-6822(19)30348-4/sref21
http://refhub.elsevier.com/S0042-6822(19)30348-4/sref21
http://refhub.elsevier.com/S0042-6822(19)30348-4/sref21
http://refhub.elsevier.com/S0042-6822(19)30348-4/sref22
http://refhub.elsevier.com/S0042-6822(19)30348-4/sref22
http://refhub.elsevier.com/S0042-6822(19)30348-4/sref23
http://refhub.elsevier.com/S0042-6822(19)30348-4/sref23
http://refhub.elsevier.com/S0042-6822(19)30348-4/sref23
http://refhub.elsevier.com/S0042-6822(19)30348-4/sref24
http://refhub.elsevier.com/S0042-6822(19)30348-4/sref24
http://refhub.elsevier.com/S0042-6822(19)30348-4/sref24
http://refhub.elsevier.com/S0042-6822(19)30348-4/sref25
http://refhub.elsevier.com/S0042-6822(19)30348-4/sref25
http://refhub.elsevier.com/S0042-6822(19)30348-4/sref26
http://refhub.elsevier.com/S0042-6822(19)30348-4/sref26
http://refhub.elsevier.com/S0042-6822(19)30348-4/sref26
http://refhub.elsevier.com/S0042-6822(19)30348-4/sref27
http://refhub.elsevier.com/S0042-6822(19)30348-4/sref27
http://refhub.elsevier.com/S0042-6822(19)30348-4/sref28
http://refhub.elsevier.com/S0042-6822(19)30348-4/sref28
http://refhub.elsevier.com/S0042-6822(19)30348-4/sref29
http://refhub.elsevier.com/S0042-6822(19)30348-4/sref29
http://refhub.elsevier.com/S0042-6822(19)30348-4/sref29
http://refhub.elsevier.com/S0042-6822(19)30348-4/sref29
http://refhub.elsevier.com/S0042-6822(19)30348-4/sref30
http://refhub.elsevier.com/S0042-6822(19)30348-4/sref30
http://refhub.elsevier.com/S0042-6822(19)30348-4/sref30
http://refhub.elsevier.com/S0042-6822(19)30348-4/sref31
http://refhub.elsevier.com/S0042-6822(19)30348-4/sref31
http://refhub.elsevier.com/S0042-6822(19)30348-4/sref32
http://refhub.elsevier.com/S0042-6822(19)30348-4/sref32
http://refhub.elsevier.com/S0042-6822(19)30348-4/sref32
http://refhub.elsevier.com/S0042-6822(19)30348-4/sref33
http://refhub.elsevier.com/S0042-6822(19)30348-4/sref33
http://refhub.elsevier.com/S0042-6822(19)30348-4/sref33
http://refhub.elsevier.com/S0042-6822(19)30348-4/sref34
http://refhub.elsevier.com/S0042-6822(19)30348-4/sref34
http://refhub.elsevier.com/S0042-6822(19)30348-4/sref34
http://refhub.elsevier.com/S0042-6822(19)30348-4/sref35
http://refhub.elsevier.com/S0042-6822(19)30348-4/sref35
http://refhub.elsevier.com/S0042-6822(19)30348-4/sref35
http://refhub.elsevier.com/S0042-6822(19)30348-4/sref36
http://refhub.elsevier.com/S0042-6822(19)30348-4/sref36

	CSFV protein NS5A activates the unfolded protein response to promote viral replication
	Introduction
	Materials and methods
	Antibodies, chemicals and plasmids
	Cells and virus
	Vector construction and lentivirus production
	Quantitative real-time PCR (q-PCR) assay
	Analysis of xbp1 mRNA splicing
	Western blot analysis
	Co-immunoprecipitation assays
	GST-pulldown assays
	Confocal microscopy
	Transfection
	Cell viability assay
	Statistical analysis

	Results
	CSFV infection activates the unfolded protein response
	CSFV NS5A protein can induce cellular UPR
	The NS5A protein interacts with GRP78 to improve viral replication
	CSFV NS5A colocalizes with GRP78
	GRP78 plays a critical role in CSFV replication

	Discussion
	Author contributions
	mk:H1_23
	Acknowledgments
	Supplementary data
	References




