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Upregulation of CHOP/GADD153 during Coronavirus Infectious
Bronchitis Virus Infection Modulates Apoptosis by Restricting
Activation of the Extracellular Signal-Regulated Kinase Pathway

Ying Liao, To Sing Fung, Mei Huang, Shou Guo Fang, Yanxin Zhong, Ding Xiang Liu

School of Biological Sciences, Nanyang Technological University, Singapore, Singapore

Induction of the unfolded protein response (UPR) is an adaptive cellular response to endoplasmic reticulum (ER) stress that al-
lows a cell to reestablish ER homeostasis. However, under severe and persistent ER stress, prolonged UPR may activate unique
pathways that lead to cell death. In this study, we investigated the activation of the protein kinase R-like ER kinase (PERK) path-
way of UPR in cells infected with the coronavirus infectious bronchitis virus (IBV) and its relationship with IBV-induced apop-
tosis. The results showed moderate induction of PERK phosphorylation in IBV-infected cells. Meanwhile, activating transcrip-
tion factor 4 (ATF4) was upregulated at the protein level in the infected cells, resulting in the induction in trans of the
transcription factor ATF3 and the proapoptotic growth arrest and DNA damage-inducible protein GADD153. Knockdown of
PERK by small interfering RNA (siRNA) suppressed the activation of GADD153 and the IBV-induced apoptosis. Interestingly,
knockdown of protein kinase R (PKR) by siRNA and inhibition of the PKR kinase activity by 2-aminopurine (2-AP) also reduced
the IBV-induced upregulation of GADD153 and apoptosis induction. In GADD153-knockdown cells, IBV-induced apoptosis
was suppressed and virus replication inhibited, revealing a key role of GADD153 in IBV-induced cell death and virus replication.
Analysis of the pathways downstream of GADD153 revealed much more activation of the extracellular signal-related kinase
(ERK) pathway in GADD153-knockdown cells during IBV infection, indicating that GADD153 may modulate apoptosis through
suppression of the pathway. This study provides solid evidence that induction of GADD153 by PERK and PKR plays an impor-
tant regulatory role in the apoptotic process triggered by IBV infection.

he endoplasmic reticulum (ER) is the central site of cellular

metabolism and protein synthesis, folding, modification, and
trafficking. When excessive ER client proteins are loaded, mis-
folded proteins accumulate in the ER and cause ER stress. For
survival, the cell will activate several signaling pathways known as
the unfolded protein response (UPR) (1, 2). To date, three key
sensors of UPR, the protein kinase R-like ER kinase (PERK), ac-
tivating transcription factor 6 (ATF6), and inositol-requiring en-
zyme 1 (IRE1), have been identified (2-5). Activation of the ER
stress sensors occurs sequentially, with PERK being the first, rap-
idly followed by ATF6, and IRE1 is activated last. Collectively,
UPR attenuates the synthesis of nascent proteins, induces degra-
dation of misfolded proteins, and enhances the ER folding capac-
ity, thus overcoming ER stress and restoring ER homeostasis.
Therefore, short-term induction of UPR helps the cell to adapt to
stressful conditions and maintain viability. However, if ER stress is
persistent and the damage to the ER is too great to overcome, a
prolonged UPR may trigger proapoptotic pathways and lead to
cell death.

During the early stages of ER stress, PERK is released from
GRP78 and activated by self-phosphorylation. The activated
PERK phosphorylates elF2a at serine 51 and in trans stabilizes the
elF2-GDP-elF2B complex, inhibits the pentameric guanine ex-
change factor eIF2B from recycling eIF2 to its active, GTP-bound
form, and impairs formation of the 43S initiation complex. Pro-
tein kinase R (PKR), which is activated by double-stranded RNA
(dsRNA) during virus replication, can also phosphorylate elF2a.
The phosphorylation of eIF2a results in the shutdown of global
cellular protein synthesis and a reduction of the protein load in the
ER (1, 6) but enhances the translation of the activating transcrip-
tion factor ATF4, which in turn activates genes involved in metab-
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olism, oxidative stress, and apoptosis (6, 7). ATF4 promotes apop-
tosis by stimulating the expression of the activating transcription
factor ATF3 and GADDI153 (also known as CHOP or C/EBP-
homologous protein), which is a death-related transcription fac-
tor contributing to the transcription of genes important for cellu-
lar remediation and apoptosis (8, 9). The identified GADD153
target genes include the genes for GADD34, ER oxidoreductin 1
(ERO1la), Bcl2, tribbles-related protein 3 (TRIB3), and death re-
ceptor 5, all of which are involved in apoptosis (9-13). Apoptosis
leads to the rapid disassembly of cellular structures and organelles.
This process is important in eliminating cells whose survival
might be harmful to the organism as a whole, thereby providing a
form of defense against viral infection. Apoptosis is also consid-
ered to be responsible for the pathologies associated with virus
infection (14).

Coronaviruses are enveloped viruses with structural proteins,
i.e., the spike protein (S), membrane protein (M), and small en-
velope protein (E), embedded in the viral envelope. The envelope
wraps the nucleocapsid, which consists of a single-stranded, pos-
itive-sense RNA genome of 27,000 to 32,000 nucleotides and the
nucleocapsid (N) protein. Coronavirus infection of cells imposes
a profound impact on the ER by loading tremendous amounts of
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viral glycoproteins on the ER and modifying the ER membranes,
leading to perturbation of the ER homeostasis. Furthermore, dou-
ble-membrane vesicles (DMVs), the coronavirus RNA synthesis
site, and virus envelopes are derived from the ER membrane (15,
16). Upon completion of the replication and assembly cycle, viri-
ons bud from the ER-Golgi intermediate compartment (17, 18).
The extensive use of the ER membrane usually overloads the ER
and triggers UPR, which may be deleterious to the progress of
virus infection.

Infectious bronchitis virus (IBV), a chicken coronavirus,
causes respiratory disease in birds. Several reports have shown that
IBV infection induces caspase-dependent apoptosis at late stages
of infection in cultured cells (19-21). However, signals that initi-
ate the apoptotic program have yet to be identified. In this study,
we show that activation of the elF2a-ATF4-GADD153 pathway
by IBV infection modulates stress-induced apoptosis. Both PERK
and PKR were found to be involved in induction of the elF2a-
ATF4-GADDI153 pathway. In IBV-infected cells, the increased
phosphorylation of PERK and elF2a at early infection stages was
clearly detected, and several genes downstream of phosphorylated
elF2q, including those for ATF4, ATF3, and GADD153, were con-
siderably induced. Knockdown of PERK and PKR by use of small
interfering RNA (siRNA) reduced the expression of GADD153
and apoptosis. Knockdown of GADD153 promoted the phos-
phorylation of extracellular signal-regulated kinase 1/2 (ERK1/2)
and reduced apoptosis. Taken together, the data in this study
demonstrate that the elF2a-ATF4-GADDI153 pathway is acti-
vated by IBV infection and that upregulation of the proapoptotic
protein GADD153 plays a critical role in IBV-induced apoptosis.

MATERIALS AND METHODS

Virus propagation and cell culture. The egg-adapted Beaudette strain of
IBV (ATCC VR-22) adapted to Vero cells was used in this study (22).
Virus stocks were prepared by infection of Vero cells with 0.1 PFU of virus
per cell and incubation at 37°C for 24 h. After three rounds of freeze-
thawing, cell lysates were spun down at 3,000 rpm. Aliquots of the super-
natants were stored at —80°C as the virus stock. Virus titers were deter-
mined by a plaque assay with Vero cells plated in monolayers as previously
described.

Inactivation of IBV was performed by subjecting the above-men-
tioned virus stock to 120,000 mJ/cm? of 254-nm short-wave UV radiation
for 10 min within a CL-1000 cross-linker (UVP) (23). The inactivated
virus particles retained fusion activity but had lost the replication ability.
To demonstrate that IBV had been inactivated, Western blotting was used
to determine the presence or absence of viral proteins in cells infected with
the UV-inactivated virus.

Vero cells were maintained in Dulbecco modified Eagle medium
(DMEM) supplemented with 10% fetal bovine serum and grown at 37°C
in 5% CO,. H1299 cells were maintained in RPMI 1640 with 10% fetal
bovine serum.

RNA isolation and Northern blot analysis. Cells were seeded in 100-
mm-diameter dishes and infected with either 2 PFU of live IBV per cell or
the same amount of UV-inactivated IBV (UV-IBV). Cells were harvested
at the indicated time points (0 to 28 h postinfection [hpi]). Total RNA was
isolated from the cells by use of TRIzol reagent (Invitrogen) as recom-
mended by the manufacturer. Briefly, cells were lysed in TRIzol before a
one-fifth volume of chloroform was added. The mixture was then incu-
bated for 3 min at room temperature and centrifuged at 12,000 rpm for 15
min at 4°C. The aqueous phase was then mixed with a 1:1 volume of
isopropanol and incubated for 10 min at room temperature. RNA was
precipitated by centrifugation at 12,000 rpm for 10 min at 4°C. The RNA
pellet was washed with 70% RNase-free ethanol and dissolved in RNase-
free H,O.
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Northern blot probes were obtained by reverse transcription-PCT
(RT-PCR) and labeled with digoxigenin (DIG) by using a DIG labeling kit
(Roche). Briefly, 2 g of total RNA was used to perform reverse transcrip-
tion using Expand reverse transcriptase (Roche). cDNAs were then sub-
jected to PCR using appropriate primers. Primers used for human ATF4
were 5'-CCGTCCCAAACCTTACGATC-3' (forward) and 5'-ACTATCC
TCAACTAGGGGAC-3' (reverse). Primers used for human ATF3 were
5'-GGTTAGGACTCTCCACTCAA-3' (forward) and 5'-AGACAGTAG
CCAGCGTCCTT-3' (reverse). Primers used for human GADD153 were
5'-GATTCCAGTCAGAGCTCCCT-3' (forward) and 5'-GTAGTGTGG
CCCAAGTGGGG-3' (reverse). Primers used for human GADD34 were
5'-CCTGAGACTCCCCTAAAGGC-3' (forward) and 5'-GGGGGCTAA
AGGTGGGTTCC-3’ (reverse).

To analyze RNA expression by Northern blotting, 30 g of RNA from
each sample preparation was separated by electrophoresis on a 1.3% aga-
rose formaldehyde gel and visualized by using ethidium bromide staining
and UV light. RNA was transferred onto a Hybond-N* membrane (Am-
ersham Biosciences) and hybridized with DIG-labeled DNA probes over-
night at 50°C. After hybridization and stringent washes, the membrane
was rinsed briefly (5 min) in washing buffer and blocked in blocking
buffer for 30 min, after which the membrane was incubated with DIG
antibody (Roche) solution for 30 min, washed twice for 15 min each in
washing buffer, and equilibrated for 3 min in detection buffer. The signal
was detected with CDP-Star (Roche) according to the manufacturer’s
instructions.

SDS-PAGE and Western blot analysis. Cells were infected with IBV
and harvested at the indicated times points. An equal number of cells was
lysed with 2X SDS loading buffer in the presence of 100 mM dithiothreitol
and denatured at 100°C for 5 min. Equal amounts of total cell lysates were
separated by SDS-10% PAGE and transferred onto a polyvinylidene di-
fluoride (PVDF) membrane (Stratagene). The nonspecific antibody bind-
ing sites were blocked with blocking buffer (5% fat-free milk powder in
TBST buffer [20 mM Tris-HCI, pH 7.4, 150 mM NaCl, 0.1% Tween 20])
at room temperature. The membrane was then incubated with 1 pg/ml
primary antibodies in blocking buffer for 1 h. Antibodies against p-PERK,
total PERK, PKR, p-elF2a (Ser51), GADD153, EROla, poly(ADP-ri-
bose) polymerase (PARP), Bcl2, p-ERK1/2, ERK1/2, 3-actin, and -tu-
bulin were purchased from Cell Signaling Technology. Antibodies against
total eIF2a, ATF3, ATF4, and TRIB3 were purchased from Abcam. IBV M
protein, N protein, and S protein antibodies were raised in rabbits by use
of bacterial fusion proteins (24). After washing three times with TBST, the
membrane was incubated with 1:2,000-diluted anti-mouse or anti-rabbit
IgG antibodies conjugated with horseradish peroxidase (Dako) in block-
ing buffer for 1 h at room temperature. After washing three times with
TBST, the polypeptides were detected with a chemiluminescence detec-
tion kit (ECL; Amersham Biosciences) according to the manufacturer’s
instructions.

Treatment of IBV-infected cells with 2-AP and salubrinal. The PKR
inhibitor 2-aminopurine (2-AP) was purchased from Sigma and dissolved
in phosphate-buffered saline (PBS)—glacial acetic acid (200:1) with heat-
ing at 65°C for 15 min. H1299 cells were infected with IBV and treated
with 10 mM 2-AP after removal of the virus at 1 hpi. The same volume of
PBS-glacial acetic acid (200:1) was added to another group of IBV-in-
fected cells as a control. Cells were harvested at 0, 2, 4, 12, and 20 hpi and
then subjected to SDS-PAGE and Western blotting using p-eIF2a, eIF2a,
ATF4, GADDI53, and IBV M protein antibodies.

The elF2« inhibitor salubrinal was purchased from Calbiochem and
dissolved in dimethyl sulfoxide (DMSO). H1299 cells were infected with
IBV and treated with 20 pM salubrinal. The same volume of DMSO was
added to another group of IBV-infected cells as a negative control. Cells
were harvested at 0, 12, and 20 hpi and then subjected to SDS-PAGE and
Western blotting using GADD153 antibody or IBV N protein antibody.

RNA interference. H1299 cells was seeded in a 6-well plate and grown
to 50 to 60% confluence. siPERK, siPKR, siGADD153, and nontarget
control siRNA were purchased from Ambion. Transfection of siRNA
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FIG 1 Phosphorylation of PERK and elF2« in IBV-infected cells. (a) Phosphorylation of PERK and elF2« in IBV-infected H1299 cells. H1299 cells were infected
with IBV at a multiplicity of infection (MOI) of ~1 and harvested at 0, 2, 4, 8, 12, 16, and 20 hpi. Cell lysates were subjected to Western blot analysis with
antibodies against phosphorylated PERK (p-PERK), total PERK, p-elF2a, total elF2q, and the IBV S protein. Tubulin was used as a loading control. Band
intensities for p-PERK and p-eIF2a were normalized to those for total PERK and total eIF2a, respectively. The fold increases in phosphorylation are indicated
below the blots, with the phosphorylation at 0 hpi given a value of 1. (b) Phosphorylation of PERK and elF2a in IBV-infected Vero cells. Vero cells were infected
as described for panel a. Western blotting and data analysis were performed as described above.

was performed using DharmaFECT 2 transfection reagent (Dharmacon,
Thermo Fisher Scientific Inc.) according to the manufacturer’s instruc-
tions. At 36 h posttransfection, cells were infected with IBV and harvested
at the indicated time points for protein and RNA analyses.

Virus titration. Culture supernatants of infected cells were harvested
and clarified by centrifugation at 13,000 rpm for 10 min at 4°C. The
clarified supernatants were 10-fold serial diluted and applied to monolay-
ers of Vero cells in 6-well plates. The plates were incubated at 37°C for 2 h,
with gentle agitation every 15 min. Finally, the viruses were removed and
the Vero cells were washed twice with PBS and overlaid with 0.4% agarose
in DMEM. The plates were incubated at 37°C for another 2 days before
being fixed with 3.7% formaldehyde in PBS. The monolayers were then
stained with 0.2% crystal violet solution, and the numbers of plaques were
counted. The infectious virus in each sample was titrated in triplicate, and
average titers were expressed as log PFU per ml.

Densitometry. The intensities of corresponding bands were quanti-
fied using the Image] program (National Institutes of Health) according
to the developer’s instructions.

RESULTS

Upregulation of elF2a phosphorylation by IBV infection at
early stages of the infection cycle. In our previous study, phos-
phorylation of e[F2a was shown to be severely inhibited in IBV-
infected cells at late stages of the infection cycle (25). Careful ex-
amination of both published and other unpublished data,
however, showed a minimal to moderate increase of elF2a phos-
phorylation at early stages of IBV infection (25). The phosphory-
lation status of eIF2a in IBV-infected Vero and H1299 cells was
reexamined in more-detailed time course experiments, which
showed a moderate increase of p-elF2a at early time points (Fig.
laand b). By comparing the band intensities of p-elF2« and total
elF2a, the level of p-elF2a was shown to increase 4.6-fold at 8 hpi
and to decrease thereafter in IBV-infected H1299 cells (Fig. 1a). A
significant increase of p-elF2a was also observed in IBV-infected
Vero cells (Fig. 1b). The activation of the e[F2a kinase PERK was
also examined in IBV-infected Vero and H1299 cells. As shown in
Fig. 1a and b, p-PERK was moderately increased at early time
points in both cell lines, while total PERK was kept at a relatively
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steady level during the time course. These results suggest that IBV
infection may activate PERK, resulting in eIF2a phosphorylation
at early stages of the infection cycle.

Activation of the PERK-eIF2a-ATF4 pathway by IBV infec-
tion. Because phosphorylation of elF2a may inhibit general pro-
tein translation but selectively promote translation of ATF4
mRNA during ER stress (7), we next asked whether the amount of
phosphorylation of eIF2« observed was sufficient to induce trans-
lation of ATF4. Cell lysates prepared from IBV-infected Vero and
H1299 cells were harvested at 0, 2, 4, 8, 12, 16, and 20 hpi and then
subjected to Western blot analysis. Cells infected with UV-IBV
were included as a control. As shown in Fig. 2a, the ATF4 protein
was not detected during the early stages of infection but increased
dramatically in late stages of infection, from 12 to 20 hpi in IBV-
infected Vero cells and from 8 to 20 hpi in H1299 cells. ATF4
expression was not detected in cells treated with UV-IBV (Fig. 2a),
indicating that ATF4 induction is due to active virus replication.
The earlier detection of ATF4 in IBV-infected H1299 cells than in
IBV-infected Vero cells might have been due to more active virus
replication in H1299 cells. The lag between the detection of ATF4
protein expression and elF2a phosphorylation may reflect the
time required for accumulation of the ATF4 protein from a very
low level to a detectable level. Northern blot analysis using an
ATF4 probe showed that ATF4 induction was low to moderate at
the mRNA level (Fig. 2b), confirming that the upregulation of
ATF4 was due mainly to the translational enhancement.

Induction of the ATF3 gene, an ATF4 target gene (8), was ex-
amined by Northern blotting. The level of ATF3 mRNA gradually
increased from 12 hpi and peaked at 28 hpi in IBV-infected Vero
cells (Fig. 2¢). Quantitative determination of the corresponding
RNA bands showed a 33-fold induction of ATF3 in Vero cells at 28
hpi. In IBV-infected H1299 cells, ATF3 was initially decreased, at
4 and 8 hpi, but was greatly induced afterwards (Fig. 2c). At 24 and
28 hpi, less ATF3 mRNA was detected, due to massive cell death
and RNA degradation (Fig. 2c). Interestingly, there were two RNA
bands detected with H1299 cells, which may represent alternative
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FIG 2 Induction of the PERK-elF2a-ATF4 pathway by IBV infection. (a) ATF4 protein increases in IBV-infected cells. Vero and H1299 cells were infected with
IBV (MOI of ~1) or incubated with UV-IBV and harvested at the indicated time points. Cell lysates were subjected to Western blotting using an ATF4 antibody.
Tubulin was used as a loading control. Band intensities for ATF4 were determined by densitometry and normalized to those for tubulin. The tubulin intensity
at 0 hpi was given a value of 1. (b) ATF4 mRNA is not induced upon IBV infection. Vero and H1299 cells were infected with IBV (MOI of ~1) and harvested at
the indicated time points. Total RNA was isolated and subjected to Northern blotting using an ATF4 probe. Ethidium bromide staining of 28S rRNA and 18S
rRNA is shown as a loading control. Band intensities for ATF4 were determined and normalized to those for rRNA. The rRNA intensity at 0 hpi was given a value
of 1. (¢) ATF3 mRNA is induced upon IBV infection. Vero and H1299 cells were infected as described for panel b. RNA extraction and Northern blotting were
performed as described for panel b, using an ATF3 probe. Densitometry and quantification of ATF3 were performed as described for panel b. (d) ATF3 protein
increases in IBV-infected cells. Vero and H1299 cells were infected with IBV (MOI of ~1) or incubated with UV-IBV and harvested at the indicated time points.
Cell lysates were subjected to Western blotting using antibodies against ATF3 and IBV M. Tubulin was included as a loading control. Densitometry and

quantification of ATF3 were performed as described for panel a. V, Vero cells; H, H1299 cells.

splicing forms of the ATF3 mRNA. Because ATF3 induction at the
mRNA level coincided with the induction of ATF4 protein, it can
be inferred that induction of ATF3 may be ATF4 dependent.

Induction of ATF3 at the protein level was then examined by
Western blotting of Vero and H1299 cells infected with live IBV
and UV-IBV. Moderate induction of ATF3 protein was observed
in both Vero and H1299 cells infected with live IBV from 12 to 20
hpi (Fig. 2d). It was noted that there were two protein bands de-
tected by the ATF3 antibody in IBV-infected H1299 cells, which
may represent two different isoforms of ATF3. No induction of
the protein was observed in both cell lines incubated with UV-IBV
(Fig. 2d), suggesting that induction of ATF3 depends on active
IBV replication. Since ATF3 is usually rapidly upregulated under
various stress conditions to promote apoptosis through the regu-
lation of downstream genes, this induction may contribute to
IBV-induced apoptosis.

Induction of GADD153 and regulation of GADD153 target
gene expression in IBV-infected cells. One of the proapoptotic
proteins induced by ATF4 and ATF3 is GADD153, which is usu-
ally induced under prolonged ER stress (6, 9). To examine
whether GADD153 expression is induced by IBV infection, anal-
ysis of GADD153 was performed at both the mRNA and protein
levels. For this purpose, both Vero and H1299 cells were infected
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with IBV or UV-IBV and harvested at 0, 2, 4, 8, 12, 16, and 20 hpi.
Total RNA was prepared and analyzed by Northern blotting. Con-
sistent with our prediction, the transcription of GADD153 mRNA
was increased from 12 to 20 hpi in both IBV-infected Vero and
H1299 cells (Fig. 3a). In cells incubated with UV-IBV, no induc-
tion of GADD153 at the mRNA level was detected (Fig. 3a), con-
firming that the induction of GADD153 was due to active replica-
tion of IBV. At the protein level, GADD153 was barely detectable
at early time points; however, its expression levels were elevated at
12 hpi and peaked at 20 hpi in IBV-infected Vero and H1299 cells
(Fig. 3b), showing expression profiles similar to those for ATF4
and ATF3 induction. Again, no induction of GADD153 protein
was observed in UV-IBV-infected cells (Fig. 3b).

GADD153 promotes cell death by a dual mechanism, i.e.,
through downregulation of antiapoptotic genes and induction of
proapoptotic genes. It was reported that GADD153 suppresses
antiapoptotic Bcl2 expression (11). The protective effect of Bcl2
primarily stabilizes the mitochondrial membrane potential and
also prevents the release of cytochrome ¢ and other apoptosis-
inducing factors from mitochondria to the cytosol (27). It would
be interesting to see if cellular Bcl2 protein expression was mod-
ulated by IBV infection. Western blot analysis of protein lysates
showed a gradual decrease in Bcl2 expression from 12 to 20 hpi in
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FIG 3 Induction of GADD153 and its target genes by IBV infection. (a) Induction of GADD153 at the mRNA level in IBV-infected cells. Vero and H1299 cells
were infected with IBV (MOI of ~1) or incubated with UV-IBV and harvested at the indicated time points. RNA extraction and Northern blotting were
performed as described in the legend to Fig. 2b, using a GADD153 probe. Densitometry and quantification of GADD153 were performed as described in the
legend to Fig. 2b. (b) Induction of GADD153 and its target genes at the protein level in IBV-infected cells. Vero and H1299 cells were infected and harvested as
described for panel a. Cell lysates were subjected to Western blot analysis using antibodies against GADD153, Bcl2, EROla, and TRIB3. Tubulin is shown as a
loading control. The intensities of GADD153, Bcl2, EROla, and TRIB3 were determined by densitometry and normalized to that of tubulin. The tubulin

intensity at 0 hpi was given a value of 1.

IBV-infected H1299 cells (Fig. 3b). However, the protein was rel-
atively stable in IBV-infected Vero cells (Fig. 3b). This discrepancy
suggests that downregulation of Bcl2 during IBV infection may be
cell type specific.

Several proapoptotic proteins, including EROla, TRIB3,
GADD34, and death receptor 5, are induced by GADD153 (9, 10,
12, 13). The expression of EROla, a protein that promotes cell
death by enhancing cellular oxidative stress, was then examined.
No increase of ERO1a expression at the protein level was observed
in both IBV-infected Vero and H1299 cells (Fig. 3b), suggesting
that GADD153 induction may not result in an enhancement of
cellular oxidative stress in IBV-infected cells. TRIB3 is usually in-
duced by GADD153 and could promote cell death (28). As shown
in Fig. 3b, TRIB3 was significantly induced at the protein level in
IBV-infected Vero cells from 12 to 20 hpi. In IBV-infected H1299
cells, the basal level of the TRIB3 protein was quite high (0 hpi),
and only 1.7- to 2-fold TRIB3 induction at the protein level was
observed from 12 to 20 hpi (Fig. 3b). This is consistent with a
38-fold induction of TRIB3 at the mRNA level in IBV-infected
Vero cells but a mere 2-fold induction in IBV-infected H1299 cells
at 16 hpi, as determined by real-time RT-PCR. It was noted that
there were two bands detected by the TRIB3 antibody in the ex-
periment with H1299 cells, which may represent isoform 1A (up-
per band) and isoform 1B (lower band) of TRIB3 (29, 30). TRIB3
is highly expressed in certain carcinomas, including lung, esoph-
ageal, and colonic tumors (31-34); the high basal level of TRIB3 in
H1299 cells in our study further confirmed that the high expres-
sion of TRIB3 may be a common phenomenon in cancer cell lines.
It is currently unknown if p53 is involved in this differential in-
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duction of TRIB3, as H1299 is a p53-null cell line. Nevertheless,
the induction of TRIB3 in IBV-infected cells may help to modu-
late both AKT kinase and ERK activities (28, 35-37), therefore
promoting apoptosis.

Involvement of PERK and PKR in GADD153 upregulation
and IBV-induced apoptosis. To clarify the role of PERK in IBV-
induced GADDI153 upregulation, the siRNA knockdown ap-
proach was adopted. PKR was previously reported to be dephos-
phorylated at late stages in IBV-infected cells (25). However, it
may also contribute to the phosphorylation of elF2« at early in-
fection stages, together with PERK. To test this possibility, knock-
down of PKR was also carried out in H1299 cells. Vero cells were
not chosen for knockdown experiments due to their very low
transfection efficiency (data not shown). Also, Vero cells origi-
nated from African green monkeys, whose genome has not been
sequenced fully. Thus, siRNA duplexes designed according to hu-
man sequences may contain mismatches, resulting in a low
knockdown efficiency of the siRNAs. H1299 cells transfected with
siPERK, siPKR, or a nontarget control siRNA were infected with
IBV at 36 h posttransfection and harvested at 16, 18, and 20 hpi for
Western blot analysis. Cleavage of PARP from the 116-kDa full-
length protein [PARP(FL)] to an 85-kDa inactive polypeptide
[PARP(C)] was used as a major biochemical marker of apoptosis.
As shown in Fig. 4a, transfection of siPERK or siPKR significantly
reduced the expression of the respective gene at the protein level
compared to the level in cells transfected with the control siRNA.
Significant upregulation of GADD153 was observed in IBV-in-
fected cells transfected with the control siRNA, and much lower
levels of GADD153 were observed in IBV-infected cells trans-
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FIG 4 Involvement of PERK and PKR in GADDI153 induction, IBV replication, and IBV-induced apoptosis. (a) Effects of PERK knockdown and PKR
knockdown on GADD153 induction, IBV replication, and IBV-induced apoptosis. H1299 cells were transfected with siPERK, siPKR, or nontarget siRNA and
infected with IBV (MOI of ~2) at 36 h posttransfection. Cells were harvested at the indicated time points and subjected to Western blot analysis with antibodies
against PERK, PKR, IBV N, IBV S, PARP, GADD153, and tubulin. Tubulin was used as a loading control. For PERK, PKR, IBV N, IBV S, and GADD153, band
intensities were determined and normalized to that of tubulin. For PARP(C), band intensities were determined and normalized to that of PARP(FL). The
intensity for cells transfected with nontarget siRNA at each time point was given a value of 1. (b) Effects of PERK knockdown and PKR knockdown on IBV
replication, determined by virus titrations with culture supernatants. H1299 cells were transfected with siRNA and infected as described for panel a. At the
indicated time points, culture supernatants were harvested, clarified by centrifugation, and subjected to plaque assay analysis using confluent monolayers of Vero

cells. Virus titers are expressed as log PFU per ml of supernatant.

fected with either siPERK or siPKR, indicating that both PERK
and PKR are involved in the activation of the elF2a-ATF4-
GADD153 pathway induced by IBV infection (Fig. 4a). Notably,
the level of GADD153 was reduced to a greater extent in PKR-
knockdown cells than in PERK-knockdown cells, suggesting that
PKR might contribute more to the activation of the elF2a-ATF4-
GADD153 pathway. Significant cleavage of PARP was detected at
18 hpi (~19%) and 20 hpi (~30%) in the cells transfected with the
control siRNA. In contrast, in cells transfected with siPERK, no
PARP cleavage was detected at 16 and 18 hpi, and a significantly
lower level of PARP cleavage (~12%) was observed at 20 hpi,
indicating that knockdown of PERK delays and reduces IBV-in-
duced apoptosis. In cells transfected with siPKR, PARP cleavage
was barely detectable even at 20 hpi, suggesting that knockdown of
PKR dramatically reduced IBV-induced apoptosis. It was noted
that the patterns of PARP cleavage in PKR-knockdown cells,
PERK-knockdown cells, and control cells were consistent with the
levels of GADD153 expression. These results demonstrate that
both PERK and PKR are involved in the IBV-induced upregula-
tion of GADD153, which may in turn play a critical role in IBV-
induced apoptosis.

The levels of two IBV structural proteins, N and S, were similar
in cells transfected with siPERK, siPKR, and nontarget siRNA,
indicating that deficiency in either PERK or PKR did not signifi-
cantly affect IBV replication in cells (Fig. 4a). This was further
supported by virus titration by plaque assay, which showed similar
virus titers in the culture supernatants of cells transfected with
siPKR, siPERK, or nontarget control siRNA at 16, 20, and 24 hpi
(Fig. 4b). Interestingly, the virus titers for PKR-knockdown cells
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were lower than those for the negative-control cells at early time
points (8 and 12 hpi). This may indicate that PKR has certain
unidentified functions at the early stage of IBV replication.
Pharmacological intervention to inhibit the PKR-elF2«
pathway modulates IBV-induced GADD153 upregulation. To
further confirm the functions of PERK and PKR in IBV-induced
GADD153 upregulation, we adopted the pharmacological inhib-
itor approach. Unfortunately, no specific inhibitor of PERK was
available at the time of this study. On the other hand, 2-AP is
widely used to specifically inhibit PKR kinase activity both in vivo
and in vitro (8). To investigate the role of PKR in activating the
elF2a-ATF4-GADDI153 pathway, 10 mM 2-AP was added to
H1299 cells at 2 hpi. Cells were harvested at 2, 8, 12, and 16 hpiand
subjected to Western blot analysis. As shown in Fig. 5a, the phos-
phorylation of e[F2a was reduced in 2-AP-treated cells compared
to that in control cells at 8 and 12 hpi, confirming that PKR con-
tributes to the elF2a phosphorylation at early stages in IBV-in-
fected cells. It was noted that e[F2a phosphorylation was not sup-
pressed by 2-AP at 16 hpi, indicating that PKR may not be the
major kinase of eIF2a at this stage, possibly due to the dephos-
phorylation and inactivation of PKR (25). Moreover, the phos-
phorylation of eIF2a was not totally inhibited by 2-AP, suggesting
that other kinases, such as PERK, may also contribute to eIF2a
phosphorylation. Whereas GADD153 was significantly upregu-
lated in cells treated with DMSO at 12 and 16 hpi, the level of
GADD153 was suppressed to a minimal level in 2-AP-treated cells
(Fig. 5a). The levels of IBV N protein were similar in 2-AP-treated
cells and DMSO-treated cells; thus, the difference in GADD153
was not due to inhibition of IBV replication by 2-AP. Taken to-
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FIG 5 Pharmacological intervention to inhibit the PKR-eIF2a pathway modulates IBV-induced GADD153 upregulation. (a) Effects of PKR activity inhibition
on elF2a phosphorylation and GADD153 induction. H1299 cells were infected with IBV (MOI of ~1) and then treated with 10 mM 2-AP or a solvent control
at 2 hpi. Cells were harvested at the indicated time points and subjected to Western blot analysis with p-elF2a, total e[F2c,, GADD153, IBV N protein, and tubulin
antibodies. The intensities of p-elF2a, elF2a, GADD153, IBV N protein, and tubulin were determined by densitometry. The ratios of the corresponding band
intensities in the presence (+) and absence (—) of 2-AP were calculated and normalized (p-elF2a ratios were normalized to the total e[F2a ratio, and GADD153
and IBV N ratios were normalized to the tubulin ratio). (b) Effects of inhibition of GADD34-PP1C activity by salubrinal (SAL) on eIF2a phosphorylation,
IBV-induced GADD153 upregulation, and IBV replication. H1299 cells were infected with IBV (MOI of ~1) and treated with 20 uM SAL or a solvent control
at 2 hpi. Western blotting, densitometry, and quantification were performed as described for panel a. Asterisks indicate significant differences between SAL-

treated (+) and control (—) cells (¥, P < 0.05; **, P < 0.01).

gether, these results confirm the role of PKR in IBV-induced
elF2a phosphorylation and GADD153 upregulation.

As reported in our previous study, IBV infection upregulates
GADD34 at both the mRNA and protein levels (25). The function
of GADD34 in IBV-induced activation of the elF2a-ATF4-
GADD153 pathway was further studied by addition of 20 uM
salubrinal, a specific inhibitor of GADD34-PP1C activity (67), to
IBV-infected H1299 cells. Addition of salubrinal inhibits PP1C
activity and prevents elF2a dephosphorylation, thereby inhibit-
ing global translation and enhancing the expression of ATF4 and
downstream targets such as GADD153. As expected, both the
phosphorylated form of elF2a and GADD153 were significantly
increased in IBV-infected cells treated with salubrinal compared
with DMSO-treated control cells (Fig. 5b). The levels of IBV N
protein were comparable in cells treated with salubrinal and the
control cells, suggesting that, at 20 wM, salubrinal did not sig-
nificantly affect IBV replication. These results provide further
evidence that the activated elF2a-ATF4 pathway regulates
GADD153 expression during IBV infection.

Regulation of apoptosis and IBV replication by knockdown
of GADD153 through restriction of ERK activation. To clarify
the role of GADD153 in IBV-induced apoptosis, knockdown of
GADD153 was carried out in H1299 cells. Cells transfected with
siGADD153 or nontarget control siRNA were infected with IBV at
36 h posttransfection and harvested at 16, 18, and 20 hpi. One
group of cells transfected with siGADD153 or nontarget control
siRNA were mock infected at 36 h posttransfection and harvested
at 20 hpi as a mock infection control. The GADD153 knockdown
efficiency and the effect of GADD153 knockdown on IBV rep-
lication were examined by Western blotting with antibodies
against GADD153, IBV S, IBV N, and tubulin. The expression
of GADD153 was efficiently knocked down (with 98% knock-
down efficiency) in cells transfected with GADD153 siRNA
(Fig. 6a). Both IBV S and N protein expression levels were
reduced 10 to 28% in GADDI153-knockdown cells at 16, 18,
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and 20 hpi compared to those in the control cells (Fig. 6a).
These results demonstrate that virus replication is moderately
suppressed in GADD153-knockdown cells, suggesting that up-
regulation of GADD153 during IBV infection may promote
virus replication, probably through the regulation of apoptosis.

The effect of GADD153 knockdown on PARP cleavage was
then analyzed. A significantamount of the PARP cleavage product
was detected at 18 hpi, and was markedly increased at 20 hpi, in
cells transfected with control siRNA (Fig. 6a). In contrast, much
less PARP cleavage was observed in GADD153-knockdown cells
at 18 and 20 hpi (Fig. 6a). These results substantiate the hypothesis
that inhibition of GADD153 expression reduces IBV-induced
apoptosis and that GADD153 plays a proapoptotic role in IBV-
infected cells. It has previously been shown that GADD153 can
upregulate TRIB3, which in turn inhibits phosphorylation of the
cell survival kinase ERK1/2. The effect of GADD153 knockdown
on ERK phosphorylation was thus studied. A gradual increase in
p-ERK1/2 over time was observed in IBV-infected cells transfected
with either GADD153 siRNA or control siRNA (Fig. 6a). However,
significantly more p-ERK1/2 was detected in GADD153-knockdown
cells than in control cells (Fig. 6a). These results confirmed that reg-
ulation of the ERK1/2 pathway by upregulation of GADD153 may
play a functional role in modulating IBV-induced apoptosis.

To confirm that the increased phosphorylation of ERK1/2 in
GADD153-knockdown cells was mediated by TRIB3, H1299 cells
were transfected with TRIB3 siRNA or nontarget siRNA before
being infected with IBV. As shown in Fig. 6b, the protein levels of
TRIB3 were moderately reduced in cells transfected with siTRIB3
compared with those in the control cells. The level of IBV N pro-
tein was not significantly affected in TRIB3-knockdown cells, in-
dicating that the deficiency of TRIB3 did not affect IBV replication
(Fig. 6b). IBV-induced apoptosis, as determined by the cleavage of
PARP, was significantly reduced in TRIB3-knockdown cells at 18
and 20 hpi compared with the negative control (Fig. 6b). Whereas
the levels of total ERK1/2 remained relatively constant in both
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FIG 6 Effects of GADD153, AKT, and ERK1/2 knockdown on IBV-induced apoptosis, upregulation of GADD153 target genes, and virus replication. (a) Effects
of GADD153 knockdown on IBV replication, apoptosis, and survival kinase phosphorylation. H1299 cells were transfected with siGADD153 (+) or nontarget
siRNA (—) and infected with IBV (MOI of ~2) or mock infected at 36 h posttransfection. Cells were harvested at 16, 18, and 20 hpi. The cell lysates were subjected
to Western blot analysis with GADD153, IBV S and N, PARP, p-ERK1/2, and ERK1/2 antibodies. Tubulin was included as a loading control. Densitometry and
quantification were performed as described in the legend to Fig. 5a. Band intensities of p-AKT and p-ERK1/2 were normalized to those of the corresponding AKT
and ERK1/2 bands, respectively. Asterisks indicate significant differences between siGADD153-treated (+) and control (—) cells (**, P < 0.01). (b) Effects of
TRIB3 knockdown on IBV replication and apoptosis. H1299 cells were transfected with siTRIB3 (+) or nontarget siRNA (—) and infected with IBV (MOI of ~2)
or mock infected at 36 h posttransfection. Cell lysates were harvested and subjected to Western blotting as described for panel a, using IBV Sand N, PARP, TRIB3,
p-ERK1/2, and ERK1/2 antibodies. Tubulin was used as a loading control. Densitometry and quantification were done as described for panel a. (c) Effects of
ERK1/2 knockdown on IBV replication and apoptosis. H1299 cells were transfected with siERK1/2 (+) or nontarget siRNA (—) and infected with IBV (MOI of
~2) or mock infected at 36 h posttransfection. Cell lysates were harvested and subjected to Western blotting as described for panel a, using IBV S and N, PARP,

p-ERK1/2, and ERK1/2 antibodies. Tubulin was used as a loading control. Densitometry and quantification were performed as described for panel a.

TRIB3-knockdown and control cells, higher levels of ERK1/2
phosphorylation were detected in TRIB3-knockdown cells in-
fected with IBV (Fig. 6b). These results indicated that TRIB3, a
known effector of GADD153, negatively modulated the IBV-in-
duced phosphorylation of ERK1/2, which may be related to the
proapoptotic activity of GADD153.

The involvement of the ERK1/2 pathway in IBV-induced
apoptosis was studied further by knockdown of ERK1/2 in H1299
cells by use of ERK1/2 siRNA before IBV infection. As shown in
Fig. 6¢, the total level of ERK1/2 was reduced by 40 to 50% in
siERK1/2-transfected cells compared with the negative-control
cells. Consistently, the level of phosphorylated ERK1/2 was also
reduced significantly in cells transfected with siERK1/2 (Fig. 6¢).
The level of IBV N protein was not significantly affected in ERK1/
2-knockdown cells (Fig. 6¢), indicating that ERK1/2 is not essen-
tial for IBV replication. However, PARP cleavage was found to be
enhanced significantly in IBV-infected ERK1/2-knockdown cells
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at 18 and 20 hpi compared with the negative-control cells (Fig.
6¢). Taken together, these data suggest that ERK1/2 serves anti-
apoptotic roles during IBV infection.

DISCUSSION

Coronavirus replication and maturation are intimately associated
with the host ER membrane (38, 39). It is therefore not surprising
that IBV-infected cells experience ER stress. UPR is initiated to
eliminate misfolded proteins and allow the infected cells to re-
cover by attenuating translation and upregulating the expression
of chaperones, degradation factors, and factors that regulate the
cell’s metabolic and redox environments. Some consequences of
UPR, such as upregulation of chaperone expression and regula-
tion of the metabolism and redox environments, may be beneficial
to viral infection. Others, such as translational attenuation, would
be deleterious. During evolution, the virus may have developed
molecular devices to modulate cellular pathways for optimal in-
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FIG 7 Working model. IBV infection causes ER stress and induces PERK
phosphorylation. Phosphorylation of elF2a by PERK and PKR induces the
expression of ATF4, ATF3, and GADD153. GADD153 exerts its proapoptotic
activities via suppressing Bcl2 and antagonizing the survival kinases (ERKs) by
inducing TRIB3. Pointed arrows indicate activation, and blunt-ended lines
indicate inhibition.

fection. In this study, we show that IBV infection activates the
PERK-elF2a-ATF4 and PKR-elF2a-ATF4 pathways, resulting in
the induction of ER stress-mediated proapoptotic pathways. This
effect is achieved by inducing the proapoptotic transcription fac-
tor GADD153, which controls and suppresses the cellular survival
kinase ERK1/2 (Fig. 7).

Many viruses have evolved strategies to induce ER stress and to
modulate UPR. For example, human cytomegalovirus induces
and modifies the UPR outcome to benefit virus replication (40),
reovirus facilitates its own replication by inducing eIlF2a phos-
phorylation and ATF4 expression (41), and rotavirus infection
induces elF2a phosphorylation but prevents the formation of
stress granules to allow translation of viral mRNAs (42). More
recently, severe acute respiratory syndrome coronavirus (SARS-
CoV) and mouse hepatitis virus (MHV) S proteins were reported
to induce ER stress and to regulate UPR for enhancement of viral
replication (43, 44). MHV was also shown to modify UPR by
impeding the induction of UPR-responsive genes, thereby favor-
ing a sustained shutdown of host cell protein synthesis while en-
hancing translation of viral proteins (45). IBV may induce UPR
through the accumulation of a large amount of viral glycoproteins
in the ER. The modification of ER membrane permeability by the
IBV E protein may possibly trigger ER stress as well (46—49).
Moreover, during virus maturation, viral envelopes derived from
the ER appear to consume the constituents of phospholipids and
sterol of the ER membrane, which may activate UPR. Identifica-
tion of the specific IBV proteins involved in the induction of UPR
would provide insights into the mechanistic details of ER stress-
mediated cell survival and apoptosis in IBV infection. However,
transient expression of individual IBV proteins failed to induce
UPR (data not shown). This is in contrast to data published for
SARS-CoV and MHV (43, 45). Transient expression of the SARS-
CoV S protein transcriptionally activated the ER chaperones
GRP78 and GRP94, through PERK and elF2a phosphorylation,
and transcriptionally induced GADD153, but it had no influence
on ATF4 translation (43). In MHV-infected cells, eIF2a was phos-
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phorylated and ATF4 translation increased and resulted in trans-
lation attenuation, but induction of GADD153 and GADD34 was
not observed (45). It appears that different coronaviruses may
employ markedly different strategies to modulate UPR.

In this study, we showed that PERK is activated by IBV infec-
tion at early infection stages and that elF2a is phosphorylated
along with PERK activation, leading to the upregulation of ATF4,
ATF3, and GADD153. Interestingly, the evidence presented dem-
onstrates that PKR also contributed significantly to the phosphor-
ylation of e[F2a in IBV-infected cells. IBV-induced upregulation
of GADD153 was therefore achieved through activation of both
the PERK-elF2a-ATF4 and PKR-elF2a-ATF4 pathways, which
ultimately resulted in the activation of apoptotic pathways in the
IBV-infected cells. It was unexpected that PKR was also actively
involved in elF2a phosphorylation in IBV-infected cells, as PKR
was found to be dephosphorylated at late infection stages (25).
Two possible scenarios were considered. First, a relatively high
basal level of p-PKR existed in cells before infection and was de-
tected in infected cells from 0 to 16 hpi (25), while PERK was
activated only after IBV infection. The preexisting p-PKR may
have played a synergistic role with IBV-activated p-PERK in the
phosphorylation of elF2a. Alternatively, the high basal level of
p-PKR may have masked the detection of IBV-induced p-PKR, if
a moderate level of activation occurred, in the infected cells at
early infection stages. This effect would be compounded by the
gradual accumulation of a virus-encoded PKR antagonist(s) if the
observed dephosphorylation of PKR in IBV-infected cells at late
stages of infection was mediated by such an antagonist(s) (25).

Both p-PERK and p-PKR were noted to be reduced at late
infection stages. Along with the activation and inactivation of
PERK and PKR, the level of p-eIF2a was increased at early infec-
tion stages and decreased at late infection stages. The dephosphor-
ylation mechanisms of PERK and PKR at late infection stages are
currently unclear but may be due to negative-feedback loops in
the downstream events or to IBV-encoded dsRNA binding pro-
teins.

Phosphorylation of eIF2a by PERK and PKR at early stages of
IBV infection would be sufficient to induce the expression of
ATF4, ATF3, and GADD53. The accumulation of AFT4, ATF3,
and GADD153 in turn induces more target gene expression and
triggers apoptosis. Similar strategies have been exploited by differ-
ent families of viruses to regulate apoptosis during their replica-
tion cycles. For example, hepatitis C virus elicits UPR and triggers
apoptosis through induction of GADD153 and ER calcium deple-
tion (50-53); Tula hantavirus triggers apoptosis through the acti-
vation of caspase 12, phosphorylation of c-Jun N-terminal kinase
(JNK) and c-Jun, and upregulation of GADD153 (54); Japanese
encephalitis virus induces UPR and promotes cell death via acti-
vation of p38 and induction of GADD153 (55); West Nile virus
induces neuronal loss by induction of GADD153 and GADD34
(56); and Borna disease virus induces apoptosis of subsets of neu-
rons through the phosphorylation of elF2a and induction of
GADD153 (26).

The importance of GADD153 in facilitating ER stress-induced
apoptosis is well documented (57), but the underlying mecha-
nisms are not well explored. It is believed that GADD153 may
induce apoptosis by overloading the ER with resurgent protein
synthesis through induction of GADD34 expression, which re-
cruits type 1 protein serine/threonine phosphatase (PP1) and de-
phosphorylates elF2a, thereby relieving the translation repres-
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sion, overloading the ER by recovery of protein synthesis, and
accelerating cell death (58-62). GADDI153 is also involved in
apoptosis through promotion of oxidizing conditions in the ER by
inducing EROle, an ER oxidase (9, 57, 63—65). The contribution
of GADD153 to cell death is also coupled to the suppression of
Bcl2 expression, relocation of Bax to the mitochondria, a deple-
tion of intracellular glutathionine, and an increase in free radicals
(11). TRIB3 is induced by GADD153 and may promote apoptosis
by binding to the prosurvival kinase AKT, thereby preventing its
phosphorylation and reducing its kinase activity (28, 35, 36).
TRIB3 can also bind to mitogen-activated protein kinase kinase
(MAPKK) and modulate MAPKK activity by either a positive-
feed-forward or negative-feedback loop, depending on its concen-
tration in the cells (37).

GADD34 induction in IBV-infected cells has been observed in
a previous study (25). GADD34 plays an important role in IBV
replication by promoting translational recovery. In this study, it
was found that knockdown of GADD153 delayed IBV-induced
apoptosis and slightly reduced IBV replication in H1299 cells,
probably due to the impaired expression of GADD34 and de-
creased protein synthesis in the absence of GADD153. It was also
observed that the antiapoptotic Bcl2 protein was decreased in
IBV-infected H1299 cells, which may have contributed to
GADD153-mediated apoptosis. In this study, TRIB3 was found to
be enhanced in IBV-infected cells. More importantly, the prosur-
vival ERK1/2 pathways were activated in IBV-infected cells, and
this activation was increased in GADD153-knockdown cells, in-
dicating the possibility of GADDI153 promoting apoptosis
through inducing TRIB3 and modulating the ERK pathways. The
antiapoptotic MCL1 protein was reported to be upregulated by
IBV infection, and the expression level of MCL1 was also regulated
by the expression level of GADD153 and activation of the ERK
pathway (66). GADD153 may therefore modulate IBV-induced
apoptosis by inducing the expression of GADD34, thereby recov-
ering protein synthesis, or by inducing the expression of TRIB3,
thereby suppressing the ERK pathway.

In summary, our study provides a fuller picture of the activa-
tion of the elF2a-ATF4-GADD153 pathway and the underlying
mechanisms of GADD153-induced apoptosis during IBV infec-
tion. This work reveals the proapoptotic signaling of UPR in cells
infected with IBV and provides new insights into IBV-induced
apoptosis.
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