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ABSTRACT Coronavirus replication is closely associated with the endoplasmic retic-
ulum (ER), the primary cellular organelle for protein synthesis, folding, and modifica-
tion. ER stress is a common consequence in coronavirus-infected cells. However,
how the virus-induced ER stress influences coronavirus replication and pathogenesis
remains controversial. Here, we demonstrated that infection with the alphacoronavi-
rus transmissible gastroenteritis virus (TGEV) induced ER stress and triggered the un-
folded protein response (UPR) in vitro and in vivo, and ER stress negatively regulated
TGEV replication in vitro. Although TGEV infection activated all three UPR pathways
(activating transcription factor 6 [ATF6], inositol-requiring enzyme 1 [IRE1], and pro-
tein kinase R-like ER kinase [PERK]), the virus-triggered UPR suppressed TGEV replica-
tion in both swine testicular (ST) and IPEC-J2 cells primarily through activation of the
PERK-eukaryotic initiation factor 2� (eIF2�) axis, as shown by functional studies with
overexpression, small interfering RNA (siRNA), or specific chemical inhibitors. More-
over, we demonstrated that PERK-eIF2� axis-mediated inhibition of TGEV replication
occurs through phosphorylated eIF2�-induced overall attenuation of protein transla-
tion. In addition to direct inhibition of viral production, the PERK-eIF2� pathway ac-
tivated NF-�B and then facilitated type I IFN production, resulting in TGEV sup-
pression. Taken together, our results suggest that the TGEV-triggered PERK-eIF2�

pathway negatively regulates TGEV replication and represents a vital aspect of host
innate responses to invading pathogens.

IMPORTANCE The induction of ER stress is a common outcome in cells infected
with coronaviruses. The UPR initiated by ER stress is actively involved in viral replica-
tion and modulates the host innate responses to the invading viruses, but these un-
derlying mechanisms remain incompletely understood. We show here that infection
with the alphacoronavirus TGEV elicited ER stress in vitro and in vivo, and the UPR
PERK-eIF2� branch was predominantly responsible for the suppression of TGEV repli-
cation by ER stress. Furthermore, the PERK-eIF2� axis inhibited TGEV replication
through direct inhibition of viral proteins due to global translation inhibition and
type I IFN induction. These findings highlight a critical role of the UPR PERK-eIF2�

pathway in modulating host innate immunity and coronavirus replication.

KEYWORDS endoplasmic reticulum stress, unfolded protein response, protein kinase
R-like ER kinase, transmissible gastroenteritis virus, translation attenuation, interferon

The endoplasmic reticulum (ER) is the major cellular organelle for protein synthesis,
folding, modification, and trafficking (1–3). When proteins entering the ER over-

whelm its folding capacity, misfolded/unfolded proteins accumulate in the ER and
cause ER stress. To restore ER homeostasis, the three primary ER stress sensors (protein

Received 14 March 2018 Accepted 30 April
2018

Accepted manuscript posted online 16 May
2018

Citation Xue M, Fu F, Ma Y, Zhang X, Li L, Feng
L, Liu P. 2018. The PERK arm of the unfolded
protein response negatively regulates
transmissible gastroenteritis virus replication
by suppressing protein translation and
promoting type I interferon production. J Virol
92:e00431-18. https://doi.org/10.1128/JVI
.00431-18.

Editor Tom Gallagher, Loyola University
Medical Center

Copyright © 2018 American Society for
Microbiology. All Rights Reserved.

Address correspondence to Li Feng,
fengli_h@163.com, or Pinghuang Liu,
liupinghuang@caas.cn.

CELLULAR RESPONSE TO INFECTION

crossm

August 2018 Volume 92 Issue 15 e00431-18 jvi.asm.org 1Journal of Virology

https://doi.org/10.1128/JVI.00431-18
https://doi.org/10.1128/JVI.00431-18
https://doi.org/10.1128/ASMCopyrightv2
mailto:fengli_h@163.com
mailto:liupinghuang@caas.cn
https://crossmark.crossref.org/dialog/?doi=10.1128/JVI.00431-18&domain=pdf&date_stamp=2018-5-16
http://jvi.asm.org


kinase R-like ER kinase [PERK], activating transcription factor 6 [ATF6], and inositol-
requiring enzyme 1 [IRE1]) are activated by accumulated misfolded/unfolded proteins
in the ER and initiate the unfolded protein response (UPR) (1, 3–6). The activated PERK
phosphorylates eukaryotic initiation factor 2� (eIF2�), attenuating global translation
and selectively enhancing translation of activating transcription factor 4 (ATF4) (7, 8).
Phosphorylation of eIF2� decreases translation of most mRNAs by impeding the
recycling of eIF2� to its active GTP-bound form and inhibiting the delivery of the
initiator Met-tRNAi to the initiation complex, allowing cells to conserve resources and
to effectively restore homeostasis in the ER (9). The replication of coronaviruses, a family
of important animal and human pathogens, is structurally and functionally associated
with the ER (2, 10, 11). During coronavirus infection, several viral proteins are synthe-
sized in the ER (12, 13). Moreover, double-membrane vesicles, the site of coronavirus
RNA synthesis, and viral envelopes are derived from the ER membrane (14, 15). Upon
completion of the replication and assembly cycle, virions bud from the ER-Golgi
intermediate compartment (15, 16). Coronaviruses, such as severe acute respiratory
syndrome coronavirus (SARS-CoV), mouse hepatitis virus (MHV), and infectious bron-
chitis virus (IBV), can all induce significant ER stress following infection (17–20). Several
lines of evidence have indicated a link between viral replication and the PERK pathway
(8, 21, 22). IBV infection suppresses phosphorylation of eIF2� by upregulating GADD34,
a component of the PP1 complex responsible for eIF2� dephosphorylation, to enhance
viral replication (22). Viral replication is dependent on the host cell protein-synthetic
machinery for producing viral proteins and viral particles. The UPR PERK axis is involved
in modulating cellular protein translation under ER stress. However, how the PERK
signaling cascades specifically manipulate coronavirus replication is still unclear.

Transmissible gastroenteritis virus (TGEV), a member of the alphacoronavirus family
(16), is the cause of an economically important swine disease. TGEV infects and destroys
villous epithelial cells of the jejunum and ileum, which results in lethal watery diarrhea
and dehydration in piglets (23, 24). A greater understanding of its pathogenesis is
critical for the development of a new strategy to treat TGEV infection. In contrast to
most CoVs, such as SARS-CoV, which inhibit type I interferon (IFN-I) production, TGEV
infection activates nuclear factor-kappa B (NF-�B) and induces significant IFN-I produc-
tion both in vivo and in vitro (25–28). IFN-Is are well-known innate cytokines that play
a major role in host defenses against viral infection. NF-�B is a master regulator of the
proinflammatory response and is a key transcription factor for the regulation of IFN-I
production (29). However, the underlying mechanism(s) exploited by TGEV to activate
NF-�B and induce IFN-I remain unclear. Several recent studies have demonstrated the
critical roles of UPR in modulating the innate immune responses (9, 30). In an inert
cellular state, NF-�B is sequestered in the cytoplasm by inhibitors of NF-�B (I�Bs), the
most prominent and well-studied being I�B� (29). The basal level of I�B� is maintained
by constitutive synthesis and degradation of the protein. Under ER stress induced by
amino acid starvation or UV irradiation, reduced general protein synthesis by phos-
phorylation of eIF2� results in a net decrease of the inhibitory protein I�B�, thereby
activating NF-�B (30, 31). Nonetheless, the actual contributions of the UPR to NF-�B-
mediated cytokine induction during coronavirus infection remain unclear.

Given the pivotal role of the ER in coronavirus replication, we explored the ability of
TGEV to induce ER stress and investigated how the TGEV-triggered UPR affects viral
replication. We found that TGEV upregulated GRP78 and triggered the UPR in vitro and
in TGEV-infected ileum tissues. ER stress triggered by a chemical inducer or TGEV
infection decreased TGEV replication. Furthermore, we demonstrated that the TGEV-
induced UPR negatively regulated viral replication, primarily by activating the PERK-
eIF2� pathway, although all three UPR pathways are activated by TGEV infection. The
PERK-dependent UPR branch emerges as a cellular antiviral response that antagonizes
TGEV replication by reducing global protein synthesis and inducing IFN-I production.
Our findings highlight the role of the PERK-eIF2� pathway in inhibiting TGEV replication
and suggest a possible therapeutic target for the treatment of TGEV.
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RESULTS
TGEV infection induces ER stress in vitro. To determine whether TGEV infection

induces cellular UPR in vitro, we monitored the expression of the major marker (GRP78)
of the UPR following TGEV infection in swine testicular (ST) cells, and the ER stress
inducer tunicamycin (Tu) was used as a positive control. The growth curve of the virus
showed an initial exponential rise and reached a maximal constant value at 24 to 36 h
postinfection (hpi) (Fig. 1A). The GRP78 mRNA levels were upregulated starting at 6 hpi
and then gradually increased up to 48 hpi (Fig. 1B). The upregulated GRP78 expression
was confirmed by Western blotting of TGEV-infected cells compared with the mock-
infected control cells (Fig. 1C and D). These results clearly demonstrated that TGEV
infection triggered ER stress in ST cells.

TGEV primarily infects and replicates in porcine small intestinal epithelial cells in vivo
(32). To further verify the induction of ER stress by TGEV infection in primary target cells,
we monitored the ER stress in IPEC-J2 cells following TGEV infection. IPEC-J2 is a

FIG 1 TGEV infection induces ER stress in ST and IPEC-J2 cells. ST cells and IPEC-J2 cells were infected with TGEV H87 at an MOI of 1; samples were collected
at 0, 6, 12, 24, 36, and 48 hpi. (A) One-step growth curve of TGEV in ST cells and IPEC-J2 cells. (B) A time-dependent increase of GRP78 expression was revealed
by qPCR in ST cells and IPEC-J2 cells. Total RNA was isolated, and the transcriptional levels of GRP78 were measured by qPCR at different time points (0 to 48 h) after
infection. (C) Elevated protein expression of GRP78 was confirmed by Western blotting in ST cells and IPEC-J2 cells. Tu (2 �g/ml) was used as a positive control
for UPR activation; �-actin was used as a loading control. (D) Relative GRP78 levels. (E) TGEV-induced UPR was dependent on active viral replication. ST cells
were infected with UV-inactivated TGEV or treated with Tu (2 �g/ml). The GRP78 expression in ST cells at different time points was determined by Western
blotting using anti-GRP78 antibody. (F) Relative GRP78 levels. Means and SD of the results from three independent experiments are shown.
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nontransformed cell line originating from jejunum epithelium isolated from a neonatal
unsuckled piglet and is widely used as an in vitro model system for studying porcine
intestinal pathogen-host interactions and porcine-specific pathogenesis (33, 34). The
growth curve of TGEV in IPEC-J2 cells was similar to that in ST cells (Fig. 1A). Upregu-
lation of GRP78 expression was determined by monitoring transcripts (Fig. 1B) and by
blotting GRP78 protein in TGEV-infected IPEC-J2 cells (Fig. 1C and D). In contrast to
actively replicating TGEV, UV-inactivated TGEV did not trigger the upregulation of
GRP78 protein in ST cells, as shown by measurement of GRP78 protein (Fig. 1E and F).
These findings indicated that TGEV-induced ER stress depends on active viral replica-
tion. Together, these data showed that TGEV infection triggers ER stress in both ST and
IPEC-J2 cells.

TGEV infection activates all three UPR pathways in vitro. ER stress potentially
triggers the three UPR signaling pathways (PERK, IRE1, and ATF6). Thus, we initially
analyzed the UPR signaling pathways following TGEV infection. IRE1 activation pro-
motes endoribonuclease activity of IRE1 that selectively cleaves a 26-nucleotide (nt)
segment from XBP1 mRNA and creates the active spliced X-box binding protein 1
(XBP1s) transcription factor, whose target genes enhance the ER protein-folding ca-
pacity. The XBP1 cDNA was amplified by reverse transcriptase (RT)-PCR and digested by
PstI, which has a recognition site located within the 26-nt region of XBP1 cDNA that is
removed by IRE1-mediated splicing, as previously described (35, 36) (Fig. 2A). The
spliced XBP1s form increased after TGEV infection, consistent with a decrease in the
unspliced XBP1 (XBP1u), indicating that IRE1 was activated in the later phase of
infection (Fig. 2A). Consistent with these findings, the XBP1 splicing ratio increased
from approximately 2-fold to 19-fold in TGEV-infected cells (Fig. 2B). The activation of
the IRE1-XBP1 axis by TGEV infection was further confirmed by measuring the tran-
scripts of the XBP1s downstream target ER-localized DnaJ homologue 4 (ERdj4) gene
(37) (Fig. 2B). In response to ER stress, ATF6 translocates from the ER to the Golgi
apparatus, and then, the 90-kDa full-length ATF6 (p90 ATF6) is processed to its active
50-kDa form (38). The results of Western blotting showed that generation of cleaved
ATF6 (50-kDa protein) was gradually increased and peaked at 48 hpi (Fig. 2C). These
results indicated that TGEV infection activates the IRE1 and ATF6 UPR pathways.

Among the three UPR signaling pathways, PERK is a key molecule that alleviates the
accumulation of misfolded proteins in the ER by phosphorylating eIF2�, which atten-
uates mRNA translation under ER stress via inhibition of the recycling of eIF2� to its
active GTP-bound form and blocking the initiation phase of polypeptide chain synthesis
(2). We detected a gradual induction of PERK phosphorylation starting at 6 h following
TGEV infection or in cells treated with Tu compared to mock-infected cells (Fig. 2D). The
induction of phosphorylation and activation of PERK upon TGEV infection correlated
with the eIF2� phosphorylation pattern (Fig. 2D). The profiles of phosphorylated PERK
(p-PERK) and p-eIF2� were similar to the kinetics of the viral nucleocapsid (N) protein
expression (Fig. 2D). As expected, PERK-eIF2� activation following TGEV infection
resulted in elevated mRNA levels of the eIF2� downstream ATF4, CHOP, and GADD34
target genes (Fig. 2E). These results suggest that TGEV infection activates the PERK-
eIF2�-ATF4-CHOP pathway. Collectively, TGEV infection triggers all three UPR signaling
branches, although not simultaneous activation, to variable degrees in vitro.

TGEV infection activates all three UPR pathways in vivo. To explore whether
TGEV infection induces ER stress in vivo, ER stress was monitored in the primary target
of TGEV infection in vivo, ileum tissues from TGEV-infected piglets at 48 hpi. TGEV
infection was confirmed by the measurement of viral loads (Fig. 3A) and immunohis-
tochemistry with a specific monoclonal antibody (MAb) to the TGEV N protein (Fig. 3B).
TGEV infection resulted in a more than 15-fold increase in GRP78 expression in ileum
tissues compared to that of the control (GRP78 mRNA, 1.47 � 0.35 for TGEV infection
versus 0.08 � 0.05 for mock infection; P � 0.0001) (Fig. 3C). The increased GRP78
expression was further verified by Western blotting of GRP78 protein in TGEV-infected
ileum tissues, which showed elevated GRP78 protein levels compared with those of the
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control (Fig. 3D). These results demonstrated that TGEV infection induces cellular ER
stress in vivo.

To further determine if all three UPR branches were activated in vivo as they were
in vitro, we analyzed the UPR signaling pathways in TGEV-infected piglets. The phos-
phorylation of PERK and eIF2� and of cleaved ATF6 (50-kDa protein) all increased in
TGEV-infected ileum tissues compared with control samples (Fig. 3D), indicating the
activation of PERK and ATF6. TGEV-infected ileum tissues exhibited an increased ratio
of XBP1s to the total XBP1 and elevated mRNA levels of ERdj4 compared with those of
the mock control (Fig. 3E), indicating that IRE1 is slightly activated in vivo. Consistent
with these findings, the XBP1 spliced form increased along with a decrease in the
unspliced form in the ileum samples from TGEV-infected piglets (Fig. 3F). Altogether,
these data demonstrated that TGEV infection in vivo activates all three UPR pathways.

ER stress is detrimental to TGEV replication. Growing evidence shows that the
virus-induced UPR modulates viral replication (39–43). To explore the role of ER stress
in TGEV replication, we initially investigated the effects of Tu and thapsigargin (Tg)
treatments on TGEV replication; these two chemical ER stress inducers are widely used
as positive controls for the UPR (44). Addition of the ER stress inducer Tg (1 �M) or Tu

FIG 2 TGEV infection activates all three UPR signaling pathways in vitro. (A) TGEV H87 induces XBP1 mRNA splicing in ST cells. Shown is the
analysis scheme for XBP1 mRNA splicing. The sizes of PCR-amplified fragments from spliced and unspliced XBP1 with or without PstI cleavage
are shown. ST cells were treated with Tu (2 �g/ml) and mock infected or infected with TGEV at an MOI of 1. Cells were harvested at 6, 12, 24,
or 48 hpi for RT-PCR analysis. The PCR product of XBP1 was further digested with PstI. The digested PCR products were separated by 2% agarose
gel electrophoresis and photographed with a gel documentation system (Vilber Lourmat, Marne-la-Vallée, France). (B) XBP1 mRNA splicing and
mRNA expression of the ERdj4 gene. The expression of selected UPR IRE1 downstream genes was quantified by real-time relative qPCR. (C)
Increase in cleaved ATF6 (p50 ATF6) in TGEV-infected ST cells. ST cells were treated with 2 �g/ml Tu for 8 h or infected with TGEV at an MOI of
1 at 6, 12, 24, or 48 hpi before the cell lysates were harvested for immunoblotting with anti-ATF6 (Abcam) and anti-actin antibodies. (D)
Phosphorylation of PERK and eIF2� in TGEV-infected cells. ST cells were infected with H87 at an MOI of 1 and harvested at 0, 6, 12, 24, 36, and
48 hpi. Cell lysates were subjected to Western blot analysis with antibodies against p-PERK, total PERK, p-eIF2�, total eIF2�, and the TGEV-N
protein. �-Actin was used as a loading control. Band intensities for p-PERK and p-eIF2� were normalized to those for total PERK and total eIF2�,
respectively. The fold increases in phosphorylation are indicated below the blots, with the phosphorylation at 0 hpi given a value of 1. (E) PERK
pathway downstream ATF4, CHOP, and GADD34 gene expression. Cells were lysed to extract total RNA, which was used to determine the
expression of ATF4, CHOP, GADD34, and GAPDH genes by qPCR. Means and SD of the results from three independent experiments are shown.
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(2 �g/ml) substantially inhibited TGEV infection in both ST and IPEC-J2 cells (Fig. 4A and
B). TGEV suppression by Tg or Tu was further confirmed by monitoring TGEV N protein
expression (Fig. 4C). The viral suppression by Tg or Tu was not due to cellular
cytotoxicity, as no significant cytotoxicity was observed by measuring cell viability with
a Cell Counting Kit 8 (CCK-8) assay (Beyotime, Hangzhou, China) (Fig. 4F).

To further clarify the role of ER stress in TGEV replication, we pretreated ST cells and
IPEC-J2 cells with the chemical chaperone 4-phenylbutyric acid (4-PBA), which was
reported to alleviate ER stress by inhibiting the phosphorylation of eIF2� (45, 46). The
4-PBA pretreatment decreased eIF2� phosphorylation (64% decrease) in TGEV-infected
cells (Fig. 4E), suggesting that 4-PBA alleviates TGEV-induced ER stress. The 4-PBA
treatment potently enhanced TGEV replication in both cell lines, as shown by TGEV N
protein levels and viral titers, in a dose-dependent manner (Fig. 4D and E). Enhance-

FIG 3 TGEV infection activates all three UPR signaling pathways in vivo. Twelve 2-day-old SPF piglets were orally inoculated with TGEV
strain H87 or with DMEM as uninfected controls. All the piglets were euthanized by the end of the study, which was terminated at
48 hpi. (A) Virus replication in the ileum was tested by qPCR. (B) Representative microphotographs of viral antigen immunochemical
staining in TGEV-noninfected and -infected ileum tissues (magnification, �200). (C) GRP78 expression in ileum tissues was detected
by qPCR. (D) Protein levels of GRP78, ATF6, p-PERK, PERK, p-eIF2�, and eIF2� in ileum samples from TGEV-noninfected and -infected
piglets. (E) XBP1s/XBP1t (XBP1-spliced/XBP1-total) ratio and mRNA expression of the ERdj4 gene in ileum samples. (F) XBP1 mRNA
splicing in ileum samples from TGEV-noninfected and -infected piglets. XBP1s, spliced XBP1; XBP1u, unspliced XBP1. Means and SD
of the results from three independent experiments are shown. *, P � 0.05; ***, P � 0.001.
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ment of TGEV replication by 4-PBA treatment indicated that alleviation of ER stress by
inhibiting eIF2� phosphorylation promotes TGEV propagation. The enhanced TGEV
replication following 4-PBA treatment was not due to an increase in cell numbers
because the 4-PBA concentrations in this study did not alter cell viability, as shown by
CCK-8 assays (Fig. 4F). Collectively, these results demonstrated that the elicited UPR
negatively regulates TGEV replication.

The virus-activated ATF6 and IRE1 pathways do not suppress TGEV replication.
TGEV infection triggered three UPR signaling pathways (PERK, IRE1, and ATF6) (Fig. 2
and 3). We next determined which UPR pathway primarily accounts for the reduction
in TGEV replication. To clarify the role of IRE1 in TGEV infection, we examined TGEV
infection in the presence of IRE1 knockdown or overexpression by using small inter-
fering RNA (siRNA) duplexes that target IRE1 and by transfecting cells with the tandem
construct hemagglutinin (HA)-tagged XBP1s, respectively. The knockdown efficiency of
IRE1 siRNAs was confirmed by IRE1 protein blotting, XBP1 splicing, and ERdj4 induction,
and IRE1-specifc siRNA duplex number 3 exhibited the greatest efficiency (Fig. 5A, B,
and C). IRE1 knockdown decreased TGEV N protein and virus production (Fig. 5A and
D), indicating that the IRE1 branch of the UPR facilitates TGEV replication. These
findings are consistent with the effects of an IRE1-specific inhibitor (4�8C) (47) on viral
replication. The inhibition of IRE1 activity by 4�8C decreased the TGEV titers by up to
4-fold (Fig. 5E, F, and G). To further confirm the role of the IRE1 pathway in TGEV
infection, ST cells were transiently transfected with the HA-XBP1s-expressing plasmid
and the empty vector pCAGGS-HA for 24 h and then infected with TGEV H87 at a
multiplicity of infection (MOI) of 1. TGEV N protein and viral titers increased in a
dose-dependent manner when XBP1s was overexpressed (Fig. 5H and I). These data
demonstrated that the IRE1 signaling pathway promotes TGEV infection instead of
suppressing TGEV replication.

To monitor the effect of the ATF6 pathway on TGEV replication, we performed a
time course knockdown by ATF6-specifc siRNA duplexes. The efficiency of ATF6 knock-

FIG 4 UPR suppresses TGEV replication in both ST and IPEC-J2 cells. ST cells and IPEC-J2 cells were pretreated with Tg (1 �M), Tu (2 �g/ml), 4-PBA, or DMSO
carrier control 2 h before infection and maintained at that concentration after infection. (A, B, and D) TGEV titers on ST cells and IPEC-J2 cells treated with Tg,
Tu, 4-PBA, or control. (C and E) Western blotting was performed to test p-eIF2�, eIF2�, and TGEV N expression. �-Actin was used as a sample loading control.
(F) Cell viability was detected with a CCK-8 assay after treatment with Tg, Tu, and 4-PBA. Means and SD of the results from three independent experiments are
shown. **, P � 0.01; ***, P � 0.001.
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down was confirmed by Western blotting, which showed that the best knockdown
efficiency was observed at 48 h after transfection (Fig. 5J). However, no significant
difference in TGEV replication was observed after ATF6 knockdown by siRNA compared
with that of control siRNA (Fig. 5J and K). Taken together, these results indicate that
activation of the IRE1 and ATF6 branches does not account for the suppression of TGEV
replication by ER stress.

The PERK-eIF2� pathway inhibits TGEV replication. Given that suppressing eIF2�

phosphorylation by 4-PBA treatment enhanced TGEV replication (Fig. 4E), we hypoth-
esized that the PERK-eIF2� pathway of the UPR primarily accounts for the viral
inhibition of the TGEV-induced UPR. To verify the role of the eIF2� kinase PERK in eIF2�

phosphorylation and TGEV replication, we initially disrupted the PERK signaling path-
way with the PERK-specific inhibitor GSK2606414 (PERKi) or by short hairpin RNA
(shRNA) knockdown of PERK. PERK inhibition by PERKi was confirmed by Western
blotting p-PERK and p-eIF2� (Fig. 6A). We found that PERKi treatment substantially
elevated TGEV replication in ST cells (Fig. 6A and B). In addition, the increase in TGEV
replication was correlated with the inhibition efficacy of p-PERK and p-eIF2�; the most
significant upregulation of the TGEV N protein was observed at 1 �M PERKi compared
to 0.5 �M and 10 �M. Transfection of shPERK significantly reduced the expression of
PERK (71.3% decrease for number 1, 89.1% for number 2, and 81.2% for number 3
shRNAs) and p-eIF2� (68.8% decrease for number 1, 87.9% for number 2, and 79.1% for
number 3 shRNAs) at the protein levels compared to those in the cells transfected with

FIG 5 The IRE1 and ATF6 pathways did not suppress TGEV infection. (A, B, C, and D) ST cells were transfected for 24 h with siRNA duplexes that target IRE1
and then challenged with TGEV. (A) At 24 hpi, Western blotting was performed to detect IRE1 and TGEV N. (B and C) XBP1 mRNA splicing and mRNA expression
of the ERdj4 gene in IRE1 knockdown cells were determined. (D) Virus titers. (E, F, and G) ST cells were treated with different concentrations of 4�8c, followed
by infection with TGEV H87. Cells were harvested at 24 hpi and subjected to XBP1 splicing assay and Western blotting using antibodies against TGEV N protein,
and the virus titers were calculated. (H and I) ST cells were transiently transfected with the HA-XBP1s-expressing plasmid and the empty vector pCAGGS-HA
for 24 h and then infected with TGEV H87 at an MOI of 1. At 24 hpi, Western blotting was performed to detect HA and TGEV N, and the virus titers were
calculated. (J and K) ST cells were transfected with siRNA of ATF6 for 24 h, 36 h, and 48 h and then infected with TGEV H87. At 24 hpi, Western blotting was
performed using antibodies against ATF6 and TGEV N protein, and the virus titers were calculated. Means and SD of the results from three independent
experiments are shown. *, P � 0.05; **, P � 0.01; ***, P � 0.001.
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FIG 6 The activated PERK-eIF2� pathway of the UPR inhibits TGEV replication. (A and B) Inhibition of PERK by GSK2606414 promoted TGEV replication in ST
cells as measured by Western blotting using antibodies against the TGEV N protein (A) and viral titers (B). (C) ST cells were transfected with shRNA targeting
PERK or control shRNA for 24 h, and then the cells were challenged with TGEV. At 24 hpi, Western blot analyses for PERK, eIF2�, p-eIF2�, TGEV N, or �-actin
were performed. (D) ST cells were transfected with PERK shRNA number 2 or control shRNA for 24 h and then challenged with TGEV for 6, 12, 24, 36, and 48
h. Viral titers were calculated at different time points. (E and F) ST cells were treated with the indicated concentrations of salubrinal for 24 h and then infected
with TGEV H87 (MOI � 1) in the continued presence of salubrinal. (E) After the virus adsorbed to the cells, medium containing the indicated concentrations
of salubrinal was added. Cell lysates of ST cells were analyzed by Western blotting using antibody against p-eIF2� and the TGEV N protein. (F) The TGEV TCID50

in the supernatants was titrated on ST cells. (G and H) ST cells were transfected with HA-eIF2�wt or HA-eIF2�S51A for 24 h and then infected with TGEV H87.
At 24 hpi, Western blot analysis was performed to detect p-eIF2�, TGEV N, or �-actin, and the viral titers were calculated. (I and J) ST cells were transfected
with siRNA of eIF2� for 24 h and then infected with TGEV H87. After 24 hpi, Western blot analysis was performed to detect eIF2�, TGEV N, or �-actin, and the
viral titers were calculated. Means and SD of the results from three independent experiments are shown. *, P � 0.05; **, P � 0.01; ***, P � 0.001.
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the control shRNA (Fig. 6C). The corresponding reduction of p-eIF2� by PERK knock-
down and PERKi implied that p-eIF2� is primarily mediated through activation of PERK
instead of other eIF2� kinases in TGEV infection. Consistent with these results of PERKi
treatment, PERK knockdown promoted TGEV replication (Fig. 6C). Moreover, we per-
formed a time course experiment to assess the replication of TGEV in PERK knockdown
cells and found that TGEV showed significantly increased titers in PERK knockdown cells
at 12, 24, and 36 hpi (Fig. 6D). These results demonstrated that PERK activation
suppresses TGEV infection.

To further clarify the impact of the PERK pathway on TGEV replication, we quantified
TGEV replication in TGEV-infected ST cells in the presence of different concentrations of
salubrinal (a selective inhibitor of eIF2� dephosphorylation) for 24 h. Salubrinal treat-
ment significantly increased the phosphorylated eIF2� in TGEV-infected cells compared
with dimethyl sulfoxide (DMSO)-treated control cells (Fig. 6E). In contrast to the
inhibition of p-eIF2�, the increase in phosphorylated eIF2� by salubrinal treatment
caused a decrease in TGEV replication ranging from 30- to 551-fold for TGEV in ST cells;
the reduction of TGEV replication displayed a dose-dependent reaction to different
salubrinal concentrations (Fig. 6F). These results further demonstrated that eIF2�

phosphorylation negatively regulates TGEV replication. The decreased replication of
TGEV by salubrinal treatment was not due to cellular cytotoxicity, since we and others
did not observe cytotoxicity at the concentrations used in the study (reference 48 and
data not shown).

To further elucidate the role of eIF2� Ser-51 phosphorylation in the replication of
TGEV, we examined TGEV infection in ST cells following transfection with wild-type
eIF2� (HA-eIF2�wt) or an unphosphorylatable mutant form of eIF2� containing Ala
instead of Ser at residue 51 (HA-eIF2�S51A). While inhibition of TGEV replication
occurred in the eIF2�wt cells, no decrease in TGEV replication was detected in the
eIF2�S51A cells (Fig. 6G and H). Furthermore, we examined the importance of eIF2�

phosphorylation in the inhibition of TGEV replication in response to eIF2� siRNA
knockdown, which decreased eIF2� phosphorylation. In contrast to the overexpression
of eIF2�, eIF2� knockdown by siRNA in ST cells enhanced TGEV replication (Fig. 6I and
J). Thus, these data showed that activation of the PERK-eIF2� pathway substantially
suppresses TGEV replication.

The PERK-eIF2� pathway attenuates global protein synthesis, including viral
proteins. Next, we sought to elucidate how the UPR PERK-eIF2� pathway inhibits TGEV
replication. The activation of PERK-eIF2� potentially causes multiple cellular changes,
including autophagy and reversible stalled protein translation. A previous study dem-
onstrated that autophagy negatively regulates TGEV infection (49). However, we did
not observe rescue of Tg-mediated reduction of TGEV replication after combining the
Tg treatment with the autophagy inhibitor 3-methyladenine (3MA) compared to the Tg
treatment alone (Fig. 7A and B), indicating that autophagy is not involved in PERK-
eIF2�-mediated suppression of TGEV infection. Phosphorylation of eIF2� briefly halts
the initiation of mRNA translation and reduces global protein synthesis (8). As TGEV
infection induced eIF2� phosphorylation, to explore whether p-eIF2�-mediated trans-
lation attenuation accounts for the TGEV suppression by the PERK-eIF2� axis, we
monitored nascent protein synthesis in TGEV-infected ST cells using cotranslational
labeling with O-propargyl-puromycin (OPP) as described previously (50). TGEV infection
significantly reduced OPP labeling from 24 hpi to 48 hpi (40% to 60% reduction) (Fig.
7C). These findings are consistent with the kinetics of TGEV replication and the
expression of TGEV N protein, which peaked at 24 hpi and gradually decreased from
24 hpi to 48 hpi (Fig. 1A and 2D).

To confirm that the decreased mRNA translation following TGEV infection is related
to eIF2� phosphorylation, we used ISRIB, a PERK branch-specific inhibitor, to investigate
the mRNA translation (51). ISRIB was used at 200 nM based on previous publications
(52) and our own pilot studies. Addition of ISRIB rescued the mRNA translation
attenuation of TGEV (Fig. 7D) and significantly increased the expression of the TGEV N
protein and viral titers (Fig. 7E and F). These findings were further confirmed by
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overexpression and knockdown of eIF2�. By using OPP labeling of nascent proteins, we
demonstrated that overexpression of wild-type eIF2� (HA-eIF2�wt) inhibited the syn-
thesis of proteins in transfected cells, while overexpression of the unphosphorylatable
mutant form of eIF2� (HA-eIF2�S51A) showed no difference in nascent protein syn-
thesis (Fig. 7G). In contrast, knockdown of eIF2� rescued nascent protein synthesis (Fig.
7H). These results suggest that the suppression of TGEV replication by the PERK-eIF2�

axis occurs at least partially through eIF2� phosphorylation-mediated overall attenua-
tion of protein translation.

FIG 7 Analysis of mRNA translation by OPP labeling. (A and B) ST cells were pretreated with Tg (1 �M) or a combination with 3MA (5 mM) 2 h before infection
and maintained at that concentration after infection. TGEV titers were calculated (A), and Western blotting was performed to test LC3 and TGEV-N expression,
and �-actin was used as sample loading control (B). (C) TGEV infection decreased global protein synthesis. ST cells were infected with TGEV H87 (MOI � 1) or
mock infected for 6, 12, 24, 36, or 48 h before OPP labeling. The graph shows the fold increase in OPP labeling (means and SD) in ST cells, with values for
mock-infected cells set to 1.0. Statistical comparisons between control and TGEV-infected cells are shown (Student’s t test). Cells treated with Tg (1 �M) were
used as a positive control. (D, E, and F) ST cells were treated or not with 200 nM ISRIB or Tg (1 �M) for 2 h, followed by infection with TGEV H87 for 24 h before
OPP labeling. (D) Graph showing fold increase in OPP labeling, with values for untreated cells set to 1.0. Statistical comparisons between groups are shown
(Student’s t test). (E) Immunoblot analysis of ATF4 and TGEV-N in TGEV-infected ST cells in the presence or absence of 200 nM ISRIB. (F) Virus titers were
measured in ISRIB-treated cells. (G) ST cells were transfected with HA-eIF2�wt or HA-eIF2�S51A and analyzed for ongoing translation. (H) ST cells were
transfected with eIF2� siRNA or control siRNA for 24 h and then infected with TGEV H87. At 24 hpi, global protein synthesis was measured by OPP labeling.
Means and SD of the results from three independent experiments are shown. *, P � 0.05; **, P � 0.01; ***, P � 0.001; ns, not significant.
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PERK phosphorylation of eIF2� suppresses TGEV replication due to IFN-I
induction via NF-�B activation. Given previous studies showing that PERK phosphor-
ylation of eIF2� activates NF-�B in response to noninfectious stress conditions (31) and
that IFN-Is have critical roles in antiviral innate immunity, we explored whether eIF2�

phosphorylation in response to TGEV is linked to induction of IFN-I production and
suppression of viral replication via NF-�B activation. Following transfection with HA-
tagged eIF2� and increased eIF2� phosphorylation, there was a significant increase in
activation of NF-�B, which was determined by immunoblotting using specific antibod-
ies against phospho-p65, with a marked reduction in I�B� levels (Fig. 8A). In compar-
ison, this activation of NF-�B was largely diminished in ST cells following siRNA
knockdown of eIF2� (Fig. 8B). Knockdown of eIF2� by siRNA resulted in increased I�B�

protein levels and decreased NF-�B activation in TGEV-infected cells (Fig. 8B). Consis-
tent with these results, salubrinal enhanced eIF2� phosphorylation in TGEV-infected ST
cells (Fig. 8C), which caused substantial reduction of I�B� levels and enhanced NF-�B
activation (Fig. 8C). In striking contrast to salubrinal, GSK2606414 resulted in increased
I�B� protein levels and decreased NF-�B activation in TGEV-infected cells (Fig. 8D).
These results indicate that phosphorylation of eIF2� by PERK contributes to the
activation of NF-�B in response to TGEV infection.

Previous studies have demonstrated that TGEV infection potently induces IFN-�
(25–27), as well as IFN-�, in IPEC-J2, ST, and PK-15 cells (28, 53–55) and that the NF-�B
signaling pathway has a fundamental role in TGEV-induced IFN-I production in PK-15
cells (28, 56). To investigate the role of activated NF-�B in IFN-I production of ST cells,
we analyzed the protein levels of IFN-�/� after ST cells were pretreated with caffeic acid

FIG 8 Activation of NF-�B by PERK phosphorylation of eIF2� in TGEV-infected ST cells. (A) ST cells were transfected with different concentrations
of HA-eIF2�wt for 24 h and then infected with TGEV H87 (MOI � 1). Cell lysates of ST cells were analyzed by Western blotting using specific
antibodies against p-eIF2�, eIF2�, I�B�, phospho-p65, P65, and �-actin. (B) ST cells were transfected with eIF2� siRNA or control siRNA for 24 h
prior to TGEV infection and harvested at 24 hpi for Western blot analyses with the indicated antibodies. (C) ST cells were treated or not (exposed
to equal amounts of DMSO) with different doses of salubrinal for 24 h and then infected with TGEV H87 (MOI � 1) in the continued presence
of salubrinal. Cell lysates of ST cells were analyzed by Western blotting using specific antibodies against p-eIF2a, I�B�, phospho-p65, P65, and
�-actin. (D) ST cells were treated with DMSO or different concentrations of GSK2606414 for 2 h prior to TGEV infection and harvested at 24 hpi
for Western blot analyses with the indicated antibodies. (E and F) The effect of TGEV-induced IFN-�/� was reduced in a dose-dependent manner
after treatment with the NF-�B inhibitor CAPE. The mRNA and protein levels of IFN-�/� were analyzed after ST cells were pretreated with CAPE.
Means and SD of the results from three independent experiments are shown. *, P � 0.05; **, P � 0.01; ***, P � 0.001.
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phenethyl ester (CAPE), an NF-�B-specific inhibitor. As shown in Fig. 8E and F, the
production of TGEV-induced IFN-�/� was reduced in a dose-dependent manner after
treatment with CAPE, indicating that NF-�B is highly involved in IFN-I production by
TGEV infection in ST cells.

Because PERK phosphorylation of eIF2� is involved in TGEV-induced NF-�B activa-
tion, theoretically, it should have an impact on TGEV-induced IFN-�/� expression. The
expression levels of IFN-�/� in eIF2� overexpression and knockdown cells were ana-
lyzed after TGEV infection. As expected, the enhancement of eIF2� phosphorylation
significantly promoted IFN-�/� expression, while eIF2� knockdown substantially inhib-
ited IFN-�/� expression (Fig. 9A and B). Meanwhile, the enhancement of eIF2� phos-
phorylation by salubrinal significantly promoted IFN-�/� expression, while PERK dis-
ruption by PERKi substantially inhibited IFN-�/� expression compared with that in cells

FIG 9 Phosphorylation of eIF2� in response to TGEV is linked to induction of IFN-I production and suppression of viral replication. (A) The expression levels
of supernatant IFN-�/� in HA-eIF2�wt-transfected ST cells were analyzed by ELISA after TGEV infection. (B) The expression levels of supernatant IFN-�/� in eIF2�
knockdown cells were analyzed by ELISA after TGEV infection. (C) The expression levels of IFN-�/� in salubrinal-treated ST cells were analyzed after TGEV
infection. (D) The expression levels of IFN-�/� in PERK inhibitor-treated ST cells were analyzed after TGEV infection. (E) IFN-� suppressed TGEV replication in
a dose-dependent manner. Viral replication was measured after treatment with porcine IFN-�. The relative quantification of TGEV infection is presented. (F and
G) ST cells were transfected with 2.5 �g/ml HA-eIF2�wt (F) and eIF2� siRNA number 2 or control siRNA (G) for 24 h, stimulated or not with poly(I·C) for 12 h,
and then infected with TGEV H87 (MOI � 1). The virus titers were measured. Means and SD of the results from three independent experiments are shown. *,
P � 0.05; **, P � 0.01; ***, P � 0.001.
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treated with the DMSO control (Fig. 9C and D). These results demonstrate that the UPR
PERK-eIF2� axis has a vital role in IFN-I induction in response to TGEV infection. To
confirm the role of IFN-I in controlling TGEV replication, we measured the viral titers
after treatment with porcine IFN-� and found that IFN-� suppressed TGEV replication
in a dose-dependent manner, as previously reported (57) (Fig. 9E). Poly(I·C), a ligand of
TLR3, is well known to activate NF-�B and induce IFN-I (58). To determine that the
reduction of TGEV replication in these cells is a direct consequence of the increased
NF-�B activation and IFN production, we monitored TGEV replication in ST cells with
eIF2� overexpression or knockdown in the presence or absence of poly(I·C), which
activates NF-�B and induces IFN-I. Consistent with a previous report (53), poly(I·C)
treatment directly inhibited TGEV infection (Fig. 9F) and eIF2� overexpression en-
hanced the poly(I·C)-mediated TGEV inhibition (Fig. 9F), whereas eIF2� silence under-
mined poly(I·C)-mediated TGEV inhibition (Fig. 9G). This further shows that the eIF2�

pathway is involved in NF-�B activation and IFN-I production. Thus, these results
suggest that PERK-eIF2� phosphorylation in response to TGEV infection promotes IFN-I
production and then suppresses viral replication.

DISCUSSION

Coronavirus infection generally induces ER stress and initiates the UPR, which is
actively involved in viral replication and modulates the host innate responses to the
invading viruses. In this study, we found that infection with the alphacoronavirus TGEV
elicited ER stress in vitro and in vivo and that ER stress had a detrimental effect on TGEV
replication. Although TGEV infection triggered all three UPR signaling pathways, the
suppression of TGEV replication by the UPR was largely mediated by activation of the
PERK-eIF2� branch. Moreover, the mechanisms of the PERK-eIF2� axis to curtail TGEV
replication are through eIF2� phosphorylation, which mediates the overall attenuation
of protein translation and IFN-I production (Fig. 10).

ER stress has been observed in cells infected by coronaviruses, such as MHV, IBV,

FIG 10 Model depicting viral suppression by PERK-eIF2� pathway activation during TGEV infection. TGEV
infection induces ER stress by activating all three UPR signaling pathways (ATF6, IRE1, and PERK).
Phosphorylation of eIF2� by PERK activation attenuates global protein synthesis, which decreases the
levels of cytoplasm I�B� and leads to reduced inhibition of I�B� on NF-�B, promoting IFN-�/�
production. The stalled translation and IFN-�/� production negatively regulate TGEV replication. The
arrows indicate activation, and the blunt-ended lines indicate inhibition.
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human coronavirus (HCoV)-OC43, and SARS-CoV (2, 17, 18, 59, 60). Here, TGEV infection
upregulated GRP78 and activated all three UPR pathways following TGEV infection in
vitro and in vivo (Fig. 1 to 3). These findings are consistent with those of a previous
study showing that TGEV induces ER stress, but Cruz et al. did not observe the induction
of the GRP78-PERK UPR instead of the PKR-eIF2� pathway following TGEV infection (24).
The discrepancy in activation of the TGEV-induced UPR pathway might result from the
amino acid sequence variation of the spike proteins of different TGEV strains used. In
our study, TGEV H87 shows enteric tropism instead of the respiratory tropism of the
strain used in the previous study. In addition, TGEV activated the other two UPR
signaling pathways, ATF6 and IRE1. The activation of multiple UPR pathways by a viral
infection has been reported in other coronavirus infections, such as IBV, MHV, HCoV-
OC43, and SARS-CoV (2, 13, 18, 60). Importantly, we also observed significant ER stress
in TGEV-infected ileum tissues, the primary tissue targets in vivo (Fig. 3C to F), indicating
that ER stress is potentially involved in the pathogenesis of TGEV in vivo.

The specific roles of the three UPR branches in viral replication are not the same,
although TGEV infection induced all three UPR signaling branches. The ATF6 pathway
does not modulate TGEV replication, based on the results of siRNA knockdown (Fig. 5J
and K). Blockade of the IRE1 pathway by specific inhibitors or siRNA knockdown
decreased TGEV replication, whereas overexpression of the spliced XBP1s, the major
effector of the IRE1 signaling pathway, enhanced TGEV replication (Fig. 5A to I),
indicating that IRE1 activation facilitates viral replication. The UPR PERK branch is highly
associated with viral replication and pathogenesis (8, 21, 22, 61). Here, we demon-
strated that the TGEV-induced UPR PERK activation primarily accounted for the in-
creased eIF2� phosphorylation and negatively regulated TGEV replication. Induction of
the UPR PERK has also been reported to suppress another alphacoronavirus, porcine
epidemic diarrhea virus (PEDV) (61). This finding is different from the results in IBV,
whose replication is not significantly affected by the suppression of eIF2� dephosphor-
ylation by salubrinal (18, 20). Thus, the UPR PERK pathway during coronavirus infection
exerts different effects on different coronaviruses. While deciphering the roles of the
three UPR pathways in viral replication, one should keep in mind that there is complex
cross-talk among the three UPR pathways, as more than one UPR pathway is commonly
activated in response to stimuli, such as TGEV infection or Tg or Tu treatment, which
induced all three UPR pathways. For TGEV, the inhibitory effect of PERK-eIF2� (more
than 30-fold decrease by eIF2� overexpression in ST cells [Fig. 6H]) overwhelms the
enhancement of IRE1 (only 4-fold increase by XBP1s overexpression) in viral replication.

For alleviation of ER stress, phosphorylation of eIF2� reduces translation of most
mRNAs by inhibiting delivery of the initiator Met-tRNAi to the initiation complex,
allowing cells to conserve resources (9). Consistent with the results of a previous study
(24), TGEV infection triggered phosphorylation of eIF2�, which led to a significant
reduction in global protein synthesis (Fig. 7). Although the accumulation of phosphor-
ylated eIF2� began at 6 hpi, significant global translation inhibition was observed after
24 hpi (Fig. 2D and 7C), suggesting that one or more TGEV gene products act to delay
this inhibitory event. These findings are consistent with the results of a previous study
showing that TGEV protein 7 promotes eIF2� dephosphorylation by physically inter-
acting with protein phosphatase 1 (PP1), the major enzyme responsible for eIF2�

dephosphorylation (24). The later inhibition of protein synthesis coincides with the
decrease in viral replication, indicating that the global translation attenuation does not
discriminate between host and viral mRNAs and is responsible for the eIF2�-mediated
viral suppression. Translational attenuation is also reported in other coronavirus infec-
tions, such as MHV, HCoV-OC43, and SARS-CoV (60, 62, 63). Generally, the global
translation attenuation mediated by eIF2� phosphorylation is detrimental to viral
replication and represents a host defense. This is why many viruses have evolved
different strategies to counteract the negative regulation of eIF2� phosphorylation in
viral replication, such as TGEV protein 7 (24) and vesicular stomatitis virus (VSV) M
protein (64). Reoviruses compartmentalize the viral translational machinery within viral
factories to coerce the host translational machinery into synthesizing viral proteins in
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the face of ongoing global protein synthesis under ER stress (65). Thus, the global
inhibition of translation largely mediated by eIF2� phosphorylation represents a critical
part of the cellular antiviral response that blocks viral protein synthesis, effectively
dampening virus production.

NF-�B, as a master transcription regulator, regulates the genes involved in immune
and inflammatory responses, stress remediation, and cell growth (29). Previous studies
have shown that PERK and eIF2� phosphorylation is required for NF-�B in the response
to diverse noninfectious stress conditions (9, 30). Consistent with these findings,
PERK-eIF2� phosphorylation induced by TGEV infection was shown to actively contrib-
ute to the reduced basal level of I�B� protein in the cytoplasm caused by the global
translation shutdown, which resulted in significant NF-�B activation and then massive
production of IFN-I in vitro (Fig. 8). Thus, we identified another mechanism of corona-
viruses to activate NF-�B via the PERK-eIF2� pathway (Fig. 10). Given the pivotal roles
of NF-�B in the host inflammatory and immune responses, further characterizing the
role of the PERK-eIF2� pathway in NF-�B activation during other viral infections is
worthwhile and necessary.

Our and other in vitro studies have demonstrated that NF-�B activation accounts for
most of the IFN-I production induced by TGEV infection (56). Consistent with previous
studies showing that IFN-I production elicited by TGEV infection is mediated through
multiple mechanisms, including NF-�B and IRF3 (56), blockade of NF-�B by CAPE
significantly inhibited IFN-I but did not completely block IFN-�/� production in ST cells
(Fig. 8), indicating that another existing pathway(s) alternatively activates IFN-I produc-
tion independent of the NF-�B-mediated pathway. Given that IFN-I proteins potently
inhibit the TGEV infection observed in this study (Fig. 9E) and in previously published
studies (57), the PERK-eIF2� pathway may inhibit TGEV replication, at least partially, by
enhancing IFN production, in addition to the direct stalled translation of viral proteins.
More importantly, we observed the significant activation of PERK-eIF2� in TGEV-
infected ileum in vivo, indicating that PERK-eIF2� might actively contribute to virus
resolution in vivo.

Collectively, our data demonstrated that TGEV infection induced ER stress and
activated all three UPR pathways and that the activated PERK pathway negatively
regulated TGEV replication by attenuating protein translation and promoting IFN-I
production (Fig. 10). Moreover, substantial ER stress was induced in the ileal tissues of
TGEV-infected pigs. This work reveals a previously unrecognized mechanism of
coronavirus-activated PERK-eIF2� to suppress viral growth in the host and highlights
the critical role of the virus-induced UPR in viral replication. Further characterization of
the role of the UPR during TGEV infection could provide novel insights into coronavirus
biology and new antiviral drug targets in coronavirus infection.

MATERIALS AND METHODS
Cells and viruses. ST cells were cultured in Dulbecco’s modified Eagle’s medium (DMEM) (Gibco)

supplemented with 10% fetal bovine serum (FBS) (Gibco) and antibiotics (100 �g/ml streptomycin and
100 U/ml penicillin) in a humidified incubator at 37°C and 5% CO2. The porcine small intestinal epithelial
cell line IPEC-J2 was kindly provided by Anthony Blikslager (North Carolina State University, Raleigh, NC)
and was grown in DMEM–nutrient mixture F-12 (Ham) (1:1) (DMEM-F12) (Gibco), supplemented with 5%
FBS, 5 �g/ml insulin-transferring selenium supplements (Gibco), 5 ng/ml epidermal growth factor
(Gibco), and 1% penicillin-streptomycin. TGEV strain H87, derived from the virulent strain H16 (GenBank
accession no. FJ755618), was propagated and titrated in ST cells.

Inactivation of TGEV was performed by subjecting the above-mentioned virus stock to 254-nm
short-wave UV radiation overnight on ice in a 60-mm tissue culture dish. Following exposure, the
samples were harvested and stored at �80°C; 100% inactivation by UV overnight was ascertained by
infection assay in ST cells.

Cloning and construction of plasmids. pHA-eIF2�wt and pHA-XBP1s were generated by PCR
amplification of the corresponding cDNAs from ST cells. Synthesis and amplification of cDNA (total mRNA
from ST cells) was performed using the SuperScript one-step RT-PCR system kit (Invitrogen, Carlsbad, CA)
according to the manufacturer’s instructions. Primers P1 and P2 of porcine eIF2� and XBP1s were each
added at a final concentration of 0.2 �M. The PCR cycling conditions were 94°C for 2 min (to inactivate
the reverse transcriptase), 94°C for 30 s (DNA denaturation), 57°C for 30 s (annealing), and 72°C for 10 min
(extension) for a total of 35 to 40 cycles. The RT-PCR primers eIF2�wt P1 (5=-GGGGTACCATGCCGGGTC
TGAGTTGTAGA-3= [the KpnI cutting site is underlined]) and eIF2�wt P2 (5=-CCGCTCGAGTTAATCTTCAG
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CTTTGGCTTCC-3= [the XhoI cutting site is underlined]) were used to amplify a fragment covering the
coding sequence of porcine eIF2�. The RT-PCR primers XBP1s P1 (5=-GGGGTACCATGGTGGTGGTGGCAG
CTGCGCAGAG-3= [the KpnI cutting site is underlined]) and XBP1s P2 (5=-CCGCTCGAGTCACTTCATTAATG
GCTTCCAGCTTGGC-3= [the XhoI cutting site is underlined]) were used to amplify a fragment covering the
coding sequence of porcine XBP1s. The purity and size of the amplified product were verified by 1.2%
agarose gel electrophoresis. The cloned PCR products were sequenced by Comate Bioscience Co., Ltd.
(Changchun, China), and analyzed with the GenBank database BLAST (www.ncbi.nlm.nih.gov/) program.
Then, the PCR products were inserted into a pCAGGS-HA vector (Clontech) to obtain pHA-eIF2�wt and
pHA-XBP1s using KpnI and XhoI. The recombinant plasmids were confirmed by sequencing. pHA-
eIF2�S51A was generated using PCR-mediated site-directed mutagenesis to introduce the ser51Ala
substitution (primers, 5=-TCTTCTTAGTGAGCTCTCCAGAAGGCGTATCC-3= and 5=-GGATACGCCTTCTGGAGA
GCTCACTAAGAAGA-3=). DNA sequence analysis confirmed the presence of the mutation.

Cell culture, virus infection, and treatments with chemicals. ST cells and IPEC-J2 cells were
infected with TGEV H87 (MOI � 1) or mock infected with phosphate-buffered saline (PBS). After 2 h of
incubation at 37°C, unbound viruses were removed by washing the cells three times with PBS, and the
cells were cultured in DMEM supplemented with 1% DMSO and 0.3% trypsin (0.25%; Gibco) at 37°C for
different times.

Tu, Tg, 4-PBA, salubrinal (an eIF2� dephosphorylation inhibitor), ISRIB (an experimental drug that
reverses the effects of eIF2� phosphorylation), 4�8C (a potent specific inhibitor of IRE1), and poly(I·C)
were purchased from Sigma. GSK2606414 (a selective inhibitor of PERK; Selleckchem) and CAPE (a potent
and specific inhibitor of NF-�B activation; Selleckchem) were dissolved in DMSO. ST cells and IPEC-J2 cells
were pretreated with different concentrations of chemicals or the same volume of DMSO, followed by
inoculation with TGEV H87 (MOI � 1). Poly(I·C) was transfected at a final concentration of 1 �g/ml. After
incubation for 2 h, the supernatant was removed and replaced with cell culture media containing
different doses of the chemicals. Cells were harvested at 24 hpi and then subjected to SDS-PAGE and
Western blotting using antibodies against p-eIF2�, eIF2�, or TGEV N protein. Supernatants were
harvested at 24 hpi for viral titration.

Experimental infection of piglets. Twelve 2-day-old specific pathogen-free (SPF) piglets were
randomly divided into two groups. The SPF piglets in group 1 were orally inoculated with 5 ml of 1 �
105 50% tissue culture infective doses (TCID50) TGEV strain H87. SPF piglets in group 2 were inoculated
with DMEM, serving as uninfected controls. After virus infection, clinical signs were recorded on a daily
basis. All the piglets were euthanized by the end of the study, which was terminated at 48 hpi (Animal
Ethics Committee approval number Heilongjiang-SYXK-2006-032). Small-intestine samples from the
piglets were collected for quantitative PCR (qPCR) and immunohistochemistry staining. The immuno-
histochemistry staining was performed as previously described (66). The slides were visualized by �200
magnification microscope photographs.

SDS-PAGE and Western blot analysis. ST cells were infected with TGEV and harvested at the
indicated time points. An equal number of cells were lysed with the cell lysis buffer (50 mM Tris-HCl, pH
7.4, 150 mM NaCl, 1% Triton X-100, 2 mM EDTA, 0.1% SDS, 5 mM sodium orthovanadate) containing 0.1
mM phenylmethylsulfonyl fluoride (PMSF) protease inhibitor cocktail (Roche Molecular Biochemicals) for
30 min. Equal amounts of total cell lysates were separated by SDS-PAGE. The proteins in the gel were
transferred to polyvinylidene difluoride (PVDF) membranes (Millipore, Billerica, MA, USA), which were
then blocked with 5% nonfat dry milk in TBST (20 mM Tris-HCl, pH 7.4, 150 mM NaCl, 0.1% Tween 20)
at 4°C overnight and incubated for 2 h with different primary antibodies. Antibodies against GRP78
(ab21685), p-PERK (ab192591), p-eIF2� (Ser51) (ab32157), ATF6 (ab122897), ATF4 (ab1371), and �-actin
(ab6276) were purchased from Abcam (Cambridge, MA). Antibodies against total eIF2� (sc-11386) and
total PERK (sc-13073) were from Santa Cruz Biotechnology (Dallas, TX). Antibodies against I�B� (L35A5),
phospho-NF-�B P65 (P-P65) (93H1), and NF-�B P65 (L8F6) were purchased from Cell Signaling Technol-
ogy (Beverly, MA). Monoclonal antibodies against TGEV N protein were prepared and stocked by our
team. After washing three times with TBST, the membrane was incubated with 1:10,000-diluted
IRDye800-conjugated anti-mouse IgG, Alexa Fluor 680 goat anti-rabbit IgG, or Alexa Fluor 680 rabbit
anti-goat IgG (Invitrogen, Carlsbad, CA) in blocking buffer for 1 h at room temperature. The membrane
was scanned in an Odyssey infrared imaging system (Li-Cor Biosciences) after washing with TBST. The
fluorescence intensity of each band was measured using Odyssey 2.1 software (Li-Cor Biosciences).

RNA interference. siRNAs against ATF6, IRE1, and eIF2�; shRNAs against PERK; and control scram-
bled shRNA were purchased from Genepharma (Shanghai, China), and their sequences are listed in Table
1. ST cells were seeded in a 6-well plate and grown to 70 to 80% confluence. siATF6, siIRE1, sieIF2�,
shPERK, and nontarget control shRNA were transfected using Lipofectamine 2000 transfection reagent
(Invitrogen, Carlsbad, CA) according to the manufacturer’s instructions. At 24 h posttransfection, cells
were infected with TGEV and harvested at the indicated time points for protein and virus titration
analyses.

RNA isolation and real-time quantitative RT-PCR. To detect UPR induction, ST cells and IPEC-J2
cells were infected with TGEV H87 at an MOI of 1; the cells were collected at 0, 6, 12, 24, 36, and 48 hpi.
The cellular mRNA was purified according to the manufacturer’s instructions for the RNeasy minikit
(Qiagen Sciences, Hilden, Germany). RNA was reverse transcribed using a PrimeScript II 1st-strand cDNA
synthesis kit (TaKaRa, Dalian, China). qPCR was performed in triplicate using Power SYBR green PCR
master mix (TaKaRa, Dalian, China). The primers were designed using Oligo 6 software and are shown in
Table 2. All the data were acquired with LightCycler 480 real-time PCR machines (Roche) and analyzed
with LightCycler 480 software 1.5 based on the cycle threshold (ΔΔCT) method. GAPDH (glyceraldehyde-
3-phosphate dehydrogenase) served as the internal control.
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To assess TGEV replication, the S gene of TGEV was used as a standard for the TGEV genome. Primers
based on the TGEV S gene were synthesized for quantification of the TGEV genome in real-time
quantitative RT-PCR: forward, 5=-GCTTGATGAATTGAGTGCTGATG-3=, and reverse, 5=-CCTAACCTCGGCTT
GTCTGG-3=. Total viral RNA was isolated as described above, and qPCR was conducted using Power SYBR
green PCR master mix (TaKaRa, Dalian, China) according to the manufacturer’s instructions.

Virus titration. ST cells and IPEC-J2 cells grown in 6-well culture plates (Costar, Cambridge, MA) were
treated with chemicals (4-PBA, Tg, Tu, ISRIB, 4�8C, GSK2606414, salubrinal, or DMSO control) and
infected with TGEV for 24 h or transfected with siATF6, siIRE1, sieIF2�, or shPERK for 24 h and then
infected with TGEV at an MOI of 1. At 24 hpi, the culture supernatants were collected, and the cells were
subjected to three freeze-thaw cycles. The cultures were serially 10-fold diluted from 10�1 to 10�10 and
added to confluent ST cells or IPEC-J2 cells in 96-well plates (Costar, Cambridge, MA). After 72 h of
incubation, the supernatant was removed, the cells were fixed with 4% polyformaldehyde, and viral
antigen was detected using immunofluorescence. Viral titers were calculated using the Reed-Muench
method and expressed as TCID50/0.1 ml.

Protein synthesis assay. Click-iT assays were performed using 1 � 105 cells per assay. A commercial
kit was employed according to the manufacturer’s recommendations (Click-iT Plus OPP Alexa Fluor 647
protein synthesis assay kit; Molecular Probes; no. C10458). Simply, OPP (20 �M; Life Technologies) was
added to the cells and incubated for 30 min. The cells were washed in ice-cold PBS and then fixed with
3.7% formaldehyde and permeabilized using 0.5% Triton X-100 in PBS. Alexa Fluor 647 (Life Technolo-
gies) was conjugated to OPP as described in the manufacturer’s instructions. The plate was analyzed with
the Operetta high-content screening system (PerkinElmer).

Immunohistochemistry. Representative sections of ileum tissues were fixed with 4% paraformal-
dehyde and stored in 70% ethanol at 4°C. Paraffin embedding, sectioning, and hematoxylin-and-eosin
(H&E) staining were performed by the histology service of the Harbin Veterinary Research Institute.
Four-micrometer sections were immunostained for TGEV N protein. Briefly, samples were deparaffined at
60°C and rehydrated by successive incubations in 100% xylol, 100% ethanol, and 96% ethanol. Endog-
enous peroxidase was blocked at 37°C in darkness with 1% H2O2 diluted in methanol. Samples were

TABLE 1 Sequences of sense strands of siRNA used to ablate ATF6, eIF2ɑ, IRE1, and PERK
protein expression in ST cells

Target siRNA sequence Sequence (5=¡3=)
ATF6 1st GGGUUAGAAGCAAGGUUAATT

2nd GGUAUAUUGGAACAGGAUUTT
3rd CCAGAAGUUAUCAAGACUUTT

eIF2ɑ 1st GGAAUACAACAACAUCGAAGG
2nd GCAGAUAUUGAAGTGGCUUGU
3rd GCCCAAAGUGGUUACAGAUAC

IRE1 1st GCACAGACCUGAAGUUCAATT
2nd GGAGGUUAUCGACCUGGUUTT
3rd CCAUCAUCCUGAGCACCUUTT

PERK 1st CGACAACCCGAAUUACAACAA
2nd AGGUCUAGGGAGCGAACCUCC
3rd CUGCAGAUUGUGGAGGCGGUA

Control Nontargeting control UUCUCCGAACGUGUCACGUTT

TABLE 2 Real-time qPCR primers used for UPR detection

Target Orientation Sequence

GRP78 Forward 5=-ATGGCCGTGTGGAGATCATC-3=
Reverse 5=-GAGCTGGTTCTTGGCTGCAT-3=

ATF4 Forward 5=-CCCTTTACGTTCTTGCAAACTC-3=
Reverse 5=-GCTTCCTATCTCCTTCCGAGA-3=

GADD34 Forward 5=-AAGAGCCTGGAGAGAGGAGAG-3=
Reverse 5=-GTCCCCAGGTTTCCAAAAGCA-3=

CHOP Forward 5=-CTCAGGAGGAAGAGGAGGAAG-3=
Reverse 5=-GCTAGCTGTGCCACTTTCCTT-3=

ERdj4 Forward 5=-CAGAGAGATTGCAGAAGCATATGA-3=
Reverse 5=-GCTTCTTGGATCGAGTGTTTTG-3=

XBP1s Forward 5=-GAGTCCGCAGCAGGTG-3=
Reverse 5=-CCGTCAGAATCCATGGGG-3=

XBP1t Forward 5=-TCCGCAGCACTCAGACTACGT-3=
Reverse 5=-ATGCCCAAGAGGATATCAGACTC-3=

GAPDH Forward 5=-CCTTCCGTGTCCCTACTGCCAAC-3=
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incubated with a MAb specific for TGEV N protein (1:50). Bound primary antibodies were detected with
biotinylated antibodies specific for mice, using an ABC peroxidase staining kit and a metal-enhanced DAB
substrate kit (Pierce), following the manufacturer’s recommendations.

ELISA. An IFN-� enzyme-linked immunosorbent assay (ELISA) was performed on supernatants using
a porcine IFN-� ELISA kit obtained from Sigma (RAB1131) according to the instruction manual. IFN-�
sandwich ELISA was performed using an ELISA kit purchased from Sangon Biotech (Shanghai, China)
(D740048). A plate reader was used to measure the optical density at 450 nm (OD450) to calculate IFN-�/�
concentrations.

Cell viability measurement. Cell viability was determined using the CCK-8 assay (Beyotime, Hang-
zhou, China) according to the manufacturer’s instructions.

Statistical analysis. All the results shown in the figures are presented, where appropriate, as means and
standard deviations (SD) from the results of three independent experiments and were analyzed with
GraphPad Prism (GraphPad Software, Inc.). Differences were considered significant if the P value was �0.05.
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