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A diversity of strategies is evolved by RNA viruses to manipulate the host translation machinery in order to
create an optimal environment for viral replication and progeny production. One of the common viral targets
is the o subunit of eukaryotic initiation factor 2 (eIF-2a). In this report, we show that phosphorylation of
elF-2a was severely suppressed in human and animal cells infected with the coronavirus infectious bronchitis
virus (IBV). To understand whether this suppression is through inhibition of protein kinase R (PKR), the
double-stranded-RNA-dependent kinase that is one of the main kinases responsible for phosphorylation of
elF-2a, cells infected with IBV were analyzed by Western blotting. The results showed that the level of
phosphorylated PKR was greatly reduced in IBV-infected cells. Overexpression of IBV structural and non-
structural proteins (nsp) demonstrated that nsp2 is a weak PKR antagonist. Furthermore, GADD34, a
component of the protein phosphatase 1 (PP1) complex, which dephosphorylates elF-2a, was significantly
induced in IBV-infected cells. Inhibition of the PP1 activity by okadaic acid and overexpression of GADD34,
elF-2«, and PKR, as well as their mutant constructs in virus-infected cells, showed that these viral regulatory
strategies played a synergistic role in facilitating coronavirus replication. Taken together, these results confirm
that IBV has developed a combination of two mechanisms, i.e., blocking PKR activation and inducing GADD34
expression, to maintain de novo protein synthesis in IBV-infected cells and, meanwhile, to enhance viral

replication.

Translation is a prime step for gene regulation in eukaryotic
cells, especially when cells are stressed by various signals, in-
cluding viral infection. Protein synthesis is globally limited in
virus-infected cells, in many cases, by alteration of the phos-
phorylation status of the « subunit of eukaryotic initiation
factor 2 (elF-2a) at serine 51 (14). Phosphorylated eIF-2a has
a higher affinity for eIF-2B, a guanine nucleotide exchange
factor, than the nonphosphorylated form and binds to it tightly.
Thus, elF-2a is trapped and the formation of the 43S complex
is impaired, resulting in the inhibition of global translation.
Four kinases, namely, the heme-regulated inhibitor (7), the
double-stranded-RNA (dsRNA)-activated protein kinase R
(PKR) (54), the homologue of Saccharomyces cerevisiae pro-
tein kinase GCN2 (19), and the PKR-like endoplasmic reticu-
lum eIF-2a kinase (PERK) (45), are known to phosphorylate
elF-2a under different circumstances (46). These kinases re-
spond to different signals and play distinct roles in cells (9).

Among the kinase family, PKR is unique, as it is activated by
dsRNA, often a by-product during virus replication, especially
in cells infected with many RNA viruses (47). Therefore, PKR
plays a critical defensive role in viral infection (44). PKR is
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expressed at a low level but is markedly induced at the tran-
scriptional level by type I interferon (alpha/beta interferon)
(15, 34). Binding to dsRNA induces autophosphorylation and
dimerization of PKR, leading to the activation of the kinase
(37). Following activation, PKR phosphorylates eIF-2a, result-
ing in the cessation of protein synthesis. Because of the dele-
terious effects of this cellular response on viral replication,
many viruses have evolved mechanisms to countermeasure it
(47). These mechanisms include a range of virus-encoded
RNA-protein molecules directly interacting with PKR to block
its activity (13, 21, 49, 53) and proteins binding to and seques-
tering dsSRNA (16, 17). Some viruses can also inhibit the PKR
activity by activating cellular inhibitors of PKR or cellular
phosphatases (PPs) that dephosphorylate elF-2a (5, 33). In
addition, a recent report showed that translation of the late
mRNA of alphaviruses was resistant to eIF-2a phosphoryla-
tion, as a highly stable RNA hairpin loop could bypass the
requirement for a functional eIF-2a (51).

Dephosphorylation of eIF-2a is mediated by one of the
major cellular protein PPs, PP1 (1, 52). PP1 regulates a num-
ber of cellular functions through interactions of the catalytic
subunit (PP1c) with more than 50 known or putative regulatory
partners (8). Most of these interacting proteins target PP1c to
specific subcellular locations to carry out its enzymatic reac-
tions. One well-established example is GADD34, a homologue
of the mouse protein MyD116. GADD34 physically interacts
with PPlc, leading to enhanced dephosphorylation of eIF-2a
in vitro and in vivo (4, 42, 43). Induction of GADD34 by DNA
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damage signals is well studied. More recently, its role in host-
virus interaction has been emerging. For example, Kazemi et
al. (18) reported that the E6 oncoprotein of papillomavirus
type 18 associates with the GADD34/PP1 complex and medi-
ates translational recovery. Vesicular stomatitis virus infection
could induce GADD34 expression, which in turn suppresses
viral replication in mouse embryo fibroblasts by dephosphory-
lation of TSC2 in the mTOR pathway (36).

Here, we report that infection of human and animal cell
lines with infectious bronchitis virus (IBV), a group 3 corona-
virus, suppresses elF-2a phosphorylation and PKR activation
and induces GADD?34 expression. Inhibition of PP1 activity by
okadaic acid (OA) and manipulation of the expression/activa-
tion of elF-2a, PKR, and GADD?34 in virus-infected cells ei-
ther by knockdown with small interfering RNA or by overex-
pression of wild-type and mutant constructs showed that these
viral regulatory strategies may play a synergistic role in facili-
tating coronavirus replication by maintaining de novo protein
synthesis.

MATERIALS AND METHODS

Cells, viruses, antibodies, and reagents. Vero and HUH?7 cells were main-
tained in Dulbecco’s modified Eagle’s medium supplied with 10% fetal bovine
serum (FBS) and 1% penicillin-streptomycin (Gibco-BRL). H1299 cells and
H1299 cells stably expressing Renilla luciferase (H1299-RL) were maintained in
RPMI medium with 10% FBS and 1% penicillin-streptomycin. All cells were
grown at 37°C and supplied with 5% CO,. The medium for cells was replaced
with FBS-free medium before and during virus infection. The H1299-RL stable
cell line was made by overexpressing the Renilla luciferase gene in the pXJ41neo
vector, and the positive cells were selected by use of G418 (Sigma-Aldrich).

A recombinant virus, IBV-Luc, was constructed by replacing open reading
frame (ORF) 3a-3b with the firefly luciferase gene by using an in vitro ligation
protocol (48). The virus was recovered from Vero cells electroporated with in
vitro transcripts generated from the full-length IBV-Luc cDNA. All virus stocks
were made in Vero cells by three repeated freeze-thaw cycles and kept at —80°C.

UV inactivation of the virus was performed by exposing IBV to shortwave UV
radiation of 120,000 mJ/cm? at 254 nm of wavelength for 1 h within a CL-1000
cross-linker (UVP).

Polyclonal antibody against full-length IBV M and N proteins were raised in
rabbits. Anti-B-tubulin was purchased from Sigma-Aldrich. Anti-eIF-2« and
anti-phospho-eIF-2a (anti-p-eIF-2a; at Ser51) were from Cell Signaling. Anti-
phospho-PKR (anti-p-PKR; at Thr451), anti-PKR, and anti-GADD34 were from
Abcam. Anti-B-actin antibody was from Santa Cruz. Goat anti-rabbit horseradish
peroxidase-linked secondary antibody and goat anti-mouse horseradish peroxi-
dase-linked secondary antibody were from Dako.

OA from Sigma-Aldrich was dissolved in dimethyl sulfoxide (DMSO). For
posttreatment, cells were infected by virus and incubated at 37°C for 1 h before
the addition of OA at the indicated concentrations. Cells were then incubated for
another 16 h before lysis. Lipofectamine 2000 was obtained from Invitrogen Life
Technologies. DharmaFECT 2 was from Dharmacon.

Transient expression of plasmids in mammalian cells and establishment of
the GADD34 knockdown cell line. Cells grown to 80% confluence were trans-
fected with plasmid DNA by using Lipofectamine 2000 (Invitrogen) according to
standard protocols. Cells were either lysed at 18 to 24 h posttransfection for
immunoblotting or infected with virus at a multiplicity of infection (MOI) of 1 for
another 16 to 18 h before lysis.

Vero cells were stably transfected with a GADD34 short hairpin RNA con-
struct in the pSilencer 2.0 U6 vector (Ambion). Selection of positive clones was
done in medium with G418.

Immunoblotting. Cells were washed with phosphate-buffered saline (PBS) and
scraped with a rubber policeman. After centrifugation at 12,000 rpm for 1 min
and removal of the supernatant, pellets were lysed in lysis buffer (50 mM Tris-Cl
[pH 7.4], 150 mM NaCl, 1% SDS, 1% sodium deoxycholate) supplemented with
protease inhibitor (Complete protease inhibitor cocktail from Roche). The sam-
ples were boiled for 5 min prior to sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE). The proteins were electrophoretically transferred
to polyvinylidene difluoride membranes and immunoblotted according to the
standard protocol, with appropriate antibodies at proper dilutions. The signals
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were detected using the ECL Plus chemiluminescence substrate kit (GE Health-
care).

Densitometry. The intensities of the bands were measured by a GS-710 cali-
brated imaging densitometer (Bio-Rad) and analyzed using Molecular Analyst
computer software (Bio-Rad).

358 metabolic labeling. Metabolic labeling was carried out according to meth-
ods described previously (22-27). Vero cells were infected with IBV or mock
infected for different time periods. The medium was replaced with fresh Dul-
becco’s modified Eagle’s medium lacking methionine-cysteine (Gibco), and cells
were incubated at 37°C for 1 h. Cells were then pulse-labeled with 250 wCi/ml
[3*S]Met-Cys labeling mixture (from GE Healthcare) for 2 h and then washed
with PBS and lysed in SDS sample buffer. Protein extracts were subjected to
SDS-PAGE, and radioactive proteins were visualized by autoradiography.

RNA extraction and Northern blotting. Cells were washed with PBS and lysed
in TRIzol (Fisher Scientific), followed by the addition of 0.2 volumes of chloro-
form. After centrifugation at 12,000 rpm at 4°C for 10 min, the RNA fraction was
transferred to a new tube and precipitated by 0.8 volumes of isopropanol. After
centrifugation, RNA pellets were washed with 70% ethanol once and resus-
pended in RNase-free H,O. Northern blotting was carried out according to a
standard protocol (Roche). Briefly, RNA was separated on agarose gel and
transferred to a positively charged nylon membrane. After prehybridization, a
digoxigenin-labeled DNA probe was added after denaturation at 100°C for 5 min
and immediate cooling on ice. The membrane was then probed with anti-digoxi-
genin antibody (Roche), and signals were detected using the CDP-star chemi-
luminescence substrate (Roche).

Luciferase reporter assay. Cells of 60 to 80% confluence grown on a 12-well
plate were transfected with pXJ40F and pXJ40F-GADD?34 plasmid DNAs by
Effectene according to the manufacturer’s instructions (Qiagen). At 12 h post-
transfection, the medium was replaced with serum-free medium. Cells were
infected with IBV-Luc at an MOI of 1 and were harvested for a luciferase
reporter assay at the indicated time points (0 to 16 h) postinfection. The lucif-
erase reporter assay was performed according to manufacturer’s manual (Pro-
mega). Luminescence was measured with a TD-20/20 luminometer (Turner
Designs).

H1299 cells of 90% confluence were transfected with pXJ40F vector pXJ40F-
PKR, pXJ40F-K296P, pXJ40F-eIF2a, pXJ40F-S51D, or pXJ40F-S51A by use of
Lipofectamine 2000 (Invitrogen) according to a standard protocol. Cells were
then infected with IBV-Luc at an MOI of approximately 1 at 18 h posttransfec-
tion. Cells were lysed in 1X passive lysis buffer (PLB; Promega) at 18 h postin-
fection (h p.i.), and the luciferase assay was performed according to the manu-
facturer’s manual (Promega).

H1299-RL cells seeded in a 12-well plate with 90 to 100% confluence were
cotransfected with 0.5 ug reporter construct (pcDNA-FL) and 1 pg pXJ40F-
PKR plus either 2 pg of plasmid encoding individual IBV proteins or 1 pg
pXJ40F-NS1. At 18 h posttransfection, cells were lysed in 1X PLB and
subjected to luciferase assay according to the manufacturer’s protocol (Pro-
mega).

Plasmid construction. Full-length GADD34 was PCR amplified from cellular
c¢DNAs and cloned into vector pXJ40F (with a Flag tag) under the control of a
cytomegalovirus promoter. Similarly, full-length PKR and eIF-2a were PCR
amplified from cellular cDNAs and cloned into pXJ40F, generating pXJ40F-
PKR and pXJ40F-eIF-2q, respectively. PKR K296P and eIF-2a S51A and S51D
mutants were constructed by site-directed mutagenesis (Stratagene). All IBV
ORFs and nonstructural proteins (nsps) were obtained by reverse transcription-
PCR from virus-infected cells by using appropriate primers and subsequently
cloned into the pXJ40F vector.

RESULTS

A relatively steady level of de novo host cell protein synthe-
sis was maintained in Vero cells infected with the coronavirus
IBV. The effect of IBV infection on host cell protein synthesis
was analyzed in two ways. First, Vero cells infected with IBV at
an MOI of approximately 1 were harvested at 0, 8, 16, and 24 h
p.i. Total proteins were separated by SDS-PAGE and visual-
ized by direct staining with Coomassie blue. Similar levels of
cellular protein synthesis were detected in mock- and IBV-
infected Vero cells up to 24 h p.i. (Fig. 1, upper panel). At 16
and 24 h p.i., a protein band with an apparent molecular mass
of approximately 32 kDa was detected in IBV-infected cells
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FIG. 1. Ana1y51s of de novo protein synthesis in IBV-infected cells.
IBV (I)- or mock (M)-infected Vero cell lysates harvested at 0, 8, 16,
and 24 h p.i. were separated on an SDS-10% polyacrylamide gel and
stained with Coomassie blue (upper panel). The lower panel shows
metabolic labeling of IBV-infected cells. Vero cells infected with IBV
at an MOI of approximately 2 were labeled with [**S]Met-Cys for 2 h
before harvest at 0, 8, 16, and 24 h p.i. Cell lysates were separated with
10% SDS-PAGE and subjected to autoradiography. IBV structural
proteins M and N are indicated on the right of the gels. Lane 1
represents the protein ladder.

(Fig. 1, upper panel, lanes 7 and 9). It may represent the IBV
membrane (M) protein. These results suggest that IBV infec-
tion did not significantly affect the steady level of host proteins
up to 24 h p.i.

Metabolic labeling of IBV-infected cells with [*>S]Met-Cys
was then carried out to study the kinetics of de novo protein
synthesis in IBV-infected cells in a time course experiment.
The infected cells were labeled with [**S]Met-Cys at 0, 6, 14,
and 22 h p.i. for 2 h and harvested. Cell lysates were prepared,
and total proteins were separated with SDS-PAGE. The re-
sults showed that de novo host cell protein synthesis was not
significantly affected up to 8 h p.i. (Fig. 1, lower panel). At 16
and 24 h p.i., two major proteins with molecular masses of
approximately 32 and 46 kDa, representing the major IBV
structural proteins M and nucleocapsid (N), respectively, were
detected in IBV-infected cells (Fig. 1, lower panel) but not in
mock-infected cells (Fig. 1, lower panel, lanes 6 and 8). It was
noted that host cell protein translation was slightly reduced in
both mock- and IBV-infected cells at late stages of the time
course. This was probably due to prolonged incubation of cells
in serum-free media. Nevertheless, the overall levels of protein
synthesis in mock- and IBV-infected cells were comparable,
which is consistent with previous studies (23, 24, 31, 38). These
results demonstrate that de novo synthesis of host cell proteins
is maintained in IBV-infected cells even at late stages of the
infection cycle, although de novo synthesis of viral proteins
becomes a more predominant event.

The expression and phosphorylation of eIF-2a. were down-
regulated in IBV-infected Vero, H1299, and HUH?7 cells, and
IBV replication was inhibited by overexpression of the wild
type and a phosphomimetic mutant of elF-2a. It is well known
that phosphorylation of eIF-2a leads to the loss of functional
elF-2a capable of binding to GTP and forming tertiary initia-
tion complex with initiator tRNAM®! resulting in translation
inhibition. To understand the mechanisms that control de novo
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protein synthesis in IBV-infected cells, the expression and
phosphorylation of eIF-2a in IBV-infected Vero cells were
examined in detailed time course experiments. Total cell ly-
sates were resolved with SDS-PAGE and probed with an an-
tibody specific for p-eIF-2a at the serine 51 position and an
anti-eIF-2a antibody. It showed that in IBV-infected Vero
cells, p-eIF-2a was dramatically decreased after 8 h p.i. (Fig.
2a, lanes 4 to 8). The total eIF-2a remained largely stable
during IBV infection in Vero cells, although a gradual de-
crease of the protein in this experiment and repeated experi-
ments was observed after normalization with the tubulin load-
ing control (Fig. 2a). The relative levels of p-eIF-2a and eIF-2a
were determined by measuring the density of each band by
densitometry, and the calculated ratios of p-eIF-2a to total
elF-2a are 0.64, 0.60, 0.04, 0.03, 0.03, 0.02, and 0.01 at 4, 8, 12,
16, 20, 24, and 28 h p.i., respectively. Interestingly, a specific
band migrating slightly more rapidly than the eIF-2a band was
detected from 12 h p.i. onwards (Fig. 2a). The identity of this
band is currently unknown. It may represent a cleaved/de-
graded form of eIF-2a. This observation, combined with the
low level of host proteins labeled at a late stage of virus infec-
tion, suggested that protein degradation might take place at
these time points. For a control for the efficiency of IBV
infection, the same membrane was probed with anti-IBV M
antibodies, indicating a gradual increase in virus infection over
time (Fig. 2a).

A similar analysis was conducted with IBV-infected HUH7
and H1299 cells, revealing a similar profile of eIF-2a expres-
sion and phosphorylation. Levels of p-eIF-2a dropped signif-
icantly from 8 h p.i. onwards (Fig. 2a, lanes 3 to 8). Subse-
quently, it became barely detectable, especially at 24 and 28 h
p.i. (Fig. 2a, lanes 7 and 8). The ratios of p-eIF-2a to total
elF-2a in HUHT7 cells are 0.28, 0.40, 0.11, 0.04, 0.03, 0.03, 0.02,
and 0.003 at 0, 4, 8, 12, 16, 20, 24, and 28 h p.i., respectively.
The ratios for H1299 cells are 0.10, 0.14, 0.15, 0.08, 0.008,
0.007, 0.005, and 0.002 at 0, 4, 8, 12, 16, 20, 24, and 28 h p.i.,
respectively. Once again, detection of the IBV M protein was
carried out for an indication of IBV infection in the two cell
types, showing gradually increased viral infection over time
(Fig. 2a). Due to the loading of a large amount of samples for
protein analysis in this experiment and prolonged exposure
time, a relatively high level of p-eIF-2a was detected in both
cell lines at 0 h p.i. In fact, a high basal level of p-eIF-2a was
also detected in other studies (12, 41).

To further verify the results, a parallel experiment was con-
ducted with H1299 cells incubated with UV-inactivated IBV.
As shown in Fig. 2a, the basal phosphorylation levels of eIF-2a
in cells infected with live IBV and UV-inactivated IBV (UV-
IBV) at 0 h were similar. In contrast to that in IBV-infected
cells, the p-eIF-2a level in cells incubated with UV-IBV was
slightly elevated and then maintained at a stable level (Fig. 2a).
This slightly increased detection of p-eIF-2a may be due to
serum starvation. The absence of M protein expression in cells
incubated with UV-IBV confirmed total inactivation of the
virus (Fig. 2a).

To investigate the role of eIF-2a phosphorylation on IBV
infection, three constructs, encoding the wild type, a nonphos-
phorylatable mutant (S51A), and a mutant phosphomimetic
elF-2a (S51D), were transiently expressed in H1299 cells. Cells
were then infected with IBV-Luc, a recombinant IBV express-
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FIG. 2. Analysis of elF-2a phosphorylation and its effect on IBV replication in IBV-infected Vero, H1299, and HUH7 cells. (a) Vero, H1299,
and HUH?7 cells infected with IBV at an MOI of approximately 2 were harvested and lysed at 0, 4, 8, 12, 16, 20, 24, and 28 h p.i. Lysates were
separated on an SDS-12% polyacrylamide gel and examined by Western blotting using antibodies against p-eIF-2q, total elF-2a, IBV M protein,
and B-tubulin. H1299 cells were also infected with an equal amount of UV-IBV. Protein samples were separated on an SDS-12% polyacrylamide
gel and probed with antibodies against p-eIF-2a (S51), total eIF-2a, IBV M protein, and B-tubulin. (b) H1299 cells were transfected with wild-type
(wt) elF-2a and its two mutants (S51A and S51D) for 16 h before infection with the recombinant IBV-Luc virus at an MOI of approximately 1.
Cells were lysed in 1X PLB at 18 h p.i. and subjected to a firefly luciferase assay. The relative luciferase activity in cells expressing the SS1A mutant
was considered as 100%. Error bars indicate the SDs of the means from triplicate experiments. The asterisk indicates a P value corresponding to
the difference between readings of wt elF-2a and the S51D mutant (0.0459). (c) The same cell lysates were resolved on an SDS-12%
polyacrylamide gel and examined by Western blotting using antibodies against total eIF-2« (top panel), Flag tag (F-eIF2a; middle panel), and

B-tubulin (bottom panel).

ing the firefly luciferase. The relative luciferase activity repre-
sents viral subgenomic RNA synthesis and protein translation
(48). The phosphorylation site is abolished in the S51A mutant
and is expected to facilitate translation. The S51D mutant is a
phosphomimetic mutant with a high affinity to eIF-2B, render-
ing translational inhibition. As shown in Fig. 2b, expression of
the S51D mutant resulted in translation inhibition and sup-
pression of viral infection. On the contrary, overexpression of
the S51A mutant promoted translation and viral infection. As
shown in Fig. 2b, the luciferase activity in cells expressing the
S51A mutant was higher than that in cells transfected with
wild-type elF-2a. Overexpression of the wild type and the
S51D mutant led to approximately 10 and 20% reductions in
the luciferase activity, respectively (Fig. 2b). Comparable ex-
pression levels of the wild-type and mutant elF-2a proteins
were detected (Fig. 2c¢). Taken together, these data suggest
that eIF-2a phosphorylation has an inhibitory effect on IBV
infection and that eIF-2« is a target of IBV.

PKR phosphorylation was inhibited in IBV-infected Vero
and H1299 cells, and IBV replication was regulated by over-
expression of wild-type and mutant PKR. As PKR is one of the
main kinases that phosphorylates eIF-2a and is a major target
of many viruses to counteract host cell defense mechanisms,
the expression and autophosphorylation status of PKR in IBV-

infected H1299 cells were then investigated. The virus-infected
cells were harvested at 0, 4, 8, 12, 16, and 20 h p.i., and total
proteins were separated with SDS-PAGE. Western blotting
analysis with anti-PKR antibodies showed that in IBV-infected
H1299 cells, a relatively steady level of PKR was observed (Fig.
3a). When probing with anti-p-PKR antibody, p-PKR was de-
tected as a doublet, with high basal levels at 0 and 4 h p.i. (Fig.
3a), due to the loading of large amounts of samples and pro-
longed exposure of the gel. There was a great reduction in the
bands detected at later time points (Fig. 3a), suggesting that
PKR phosphorylation was suppressed in IBV-infected cells.
This observation was further supported by incubation of H1299
cells with UV-IBV. As shown in Fig. 3a, the p-PKR level
remained constant. It was noted that a slightly increased level
of IBV M protein was detected at some time points after
prolonged exposure of the gel (Fig. 3a), probably due to in-
complete inactivation of the virus in this experiment.

To further confirm the observation, both H1299 and Vero
cells were infected with IBV and harvested at 0, 8, 16, 24, 36,
and 48 h p.i. Western blotting analysis with anti-p-PKR anti-
body showed a gradual reduction of the species to an unde-
tectable level over time in both Vero and H1299 cells, although
a steady level of total PKR was detected over the time course
experiments (Fig. 3b).
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FIG. 3. Analysis of PKR phosphorylation and its effect on IBV replication in IBV-infected Vero and H1299 cells. (a) H1299 cells were infected
with either IBV at an MOI of 1 or an equal amount of UV-inactivated virus and harvested at 0, 4, 8, 12, 16, and 20 h p.i. Protein samples were
separated on an SDS-10% polyacrylamide gel and probed with antibodies against p-PKR (Thr451), total PKR, and B-tubulin. (b) Vero and H1299
cells were infected with IBV at an MOI of approximately 2 for 0, 8, 16, 24, 36, and 48 h before lysis. Cell lysates were separated on an SDS-12%
polyacrylamide gel and examined by Western blotting with antibodies against p-PKR (Thr451), total PKR, and B-tubulin. (c) H1299 cells were
transfected with wild-type PKR and the K296P mutant for 16 h before being infected with the recombinant IBV-Luc at an MOI of approximately
1. Cells were lysed in 1X PLB at 18 h p.i. and subject to a firefly luciferase assay. The relative luciferase activity in cells expressing empty vector
was considered as 100%. Error bars indicate SDs of the means from triplicate experiments. (d) The same cell lysates from panel ¢ were resolved
on an SDS-10% polyacrylamide gel and examined by Western blotting with antibodies against Flag (top panel), total PKR (second panel), p-PKR
(third panel), p-eIF-2a (fourth panel), total eIF-2a (fifth panel), and B-actin (bottom panel).

In order to study the effect of phosphorylation status of PKR
on IBV infection, we made and expressed Flag-tagged wild
type and a nonphosphorylatable mutant PKR (K296P). Over-
expression of wild-type PKR in H1299 cells resulted in a 40%
reduction in IBV infection, as indicated by the firefly luciferase
activity (Fig. 3c). The inactive PKR K296P mutant was shown
to enhance IBV infection (Fig. 3c). Western blotting analysis
confirmed the overexpression of proteins by using an anti-Flag
antibody (Fig. 3d, top panel). The PKR and p-PKR antibodies
detected both endogenous and Flag-tagged PKRs (Fig. 3d,
second and third panels from the top). As expected, more
p-PKR was detected in cells overexpressing wild-type PKR
(Fig. 3d, third panel) than in those expressing the K296P mu-
tant. Furthermore, overexpression of PKR slightly induced
elF-2a phosphorylation, while less p-eIF-2a was detected in
cells expressing the K296P mutant (Fig. 3d, fourth and fifth
panels, lanes 2 and 3). These data further support the concept
that eIF-2a phosphorylation and PKR activation regulate IBV
replication.

nsp2 of IBV is a weak PKR antagonist. To further study the
mechanism exploited by IBV to inhibit PKR activation, we

examined the inhibitory effects of individual IBV proteins.
H1299-RL cells were cotransfected with PKR, individual IBV
proteins (28-30, 37-39), and a firefly luciferase reporter plas-
mid. We tested all IBV nsps and structural proteins except
nsp3, nsp4, and nsp6, as no expression of these proteins was
achieved in the overexpression system used. Figure 4a shows
representative data from repeated experiments. Translation
efficiency was normalized to Renilla luciferase readings. Over-
expression of PKR resulted in a significant reduction of the
translation efficiency (approximately 38%) compared to that of
the vector control (Fig. 4a). Among all IBV proteins examined,
only nsp2 showed restoration of the translation efficiency, to
approximately 53% (P = 0.0128) (Fig. 4a).

To confirm the effect of nsp2 on PKR-induced translation
inhibition, a dose-dependent expression experiment was per-
formed. The influenza A virus NS1 protein, known as a PKR
antagonist, was used as a control. As shown in Fig. 4b, expres-
sion of nsp2 was able to restore translation in a dose-depen-
dent manner. When a high concentration (4 ng) of nsp2 plas-
mid was transfected, the translation efficiency was restored to
nearly 100%, relative to that of the vector control (Fig. 4b).
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FIG. 4. Restoration of PKR-mediated translation inhibition by IBV nsp2 protein. (a) H1299-RL cells were cotransfected with 0.5 pg firefly
luciferase reporter plasmid, 1 wg PKR, and 2 pg of individual IBV proteins except nsp3, nsp4, and nsp6. All constructs except the reporter plasmid
carried a Flag tag. An empty vector was used as a negative control to make the total DNA amounts equal for each transfection reaction (3.5 pg).
At 18 h posttransfection, cells were lysed in 200 wl 1X PLB and subjected to a dual-luciferase assay. The dual-luciferase assay was carried out using
a dual-luciferase assay kit (Promega). The firefly luciferase readings were normalized against Renilla luciferase readings, and the translation
efficiency of reporter plasmid was considered as 100% in samples expressing the firefly luciferase only (vector). Error bars indicate SDs of the
means from triplicate readings. S, spike protein; E, envelope protein. (b) IBV nsp2 and influenza A virus NS1 restored translation in a
dose-dependent manner. H1299-RL cells were transfected with 0.5 pg pcDNA-FL, 1 pg PKR, and different amounts of NS1 or nsp2 plasmids
(listed in micrograms) by use of Lipofectamine 2000 for 18 h before lysis in 1X PLB. The total amount of DNA in each transfection was kept
constant by adding different amounts of the empty vector. The dual-luciferase assay was carried out using a dual-luciferase assay kit (Promega).
The firefly luciferase readings were normalized against Renilla luciferase readings and the translation efficiency of reporter plasmid was considered
as 100% in samples expressing the firefly luciferase only (vector). Values represent means * SDs from triplicate experiments. (c) Cell lysates were

separated on a SDS-10% polyacrylamide gel and detected by Western blotting with antibodies against Flag and B-actin.

Transfection of a low concentration of the NS1 plasmid (0.5
ug) was able to restore translation to over 150% (Fig. 4b),
suggesting that IBV nsp2 protein may be a weak PKR antag-
onist. Western blotting confirmed the expression levels of
PKR, NS1, and nsp2 (Fig. 4c).

GADD34 at both mRNA and protein levels was upregulated
in IBV-infected Vero, H1299, and HUH?7 cells. The observation
of rapid dephosphorylation of elF-2a in IBV-infected cells
prompted us to examine the expression of GADD34. Vero,
H1299, and HUH?7 cells were infected with either live IBV or
UV-IBV in time course experiments, and Northern blotting
analysis was carried out. The expression of GADD34 at the
mRNA level was induced at 12 h p.i. in all three cell lines and
peaked at 20 h p.i. in Vero cells and 16 h p.i. in H1299 cells and
HUHY cells (Fig. 5a, lanes 1 to 7). At 28 h p.i., both GADD34
mRNA and the 28S rRNA were found to be degraded (Fig. 5a,
lane 8). However, GADD34 at the mRNA level remained

unchanged in cells infected with UV-IBV throughout the time
course experiments (Fig. 5a, lanes 9 to 16). Quantification of
the expression of GADD34 at the mRNA level by an Af-
fymetrix array and real-time reverse transcription-PCR in in-
dependent experiments showed 12- to 14-fold induction of the
GADD34 gene in IBV-infected Vero cells at 24 h p.i. Western
blotting analysis of Vero cells infected with IBV was then
carried out to check the induction of GADD34 at the protein
level, showing induction of GADD34 from 12 h p.i. onwards
(Fig. 5b, lanes 4 and 5). At 16 h p.i., a roughly fourfold induc-
tion of the protein was observed (Fig. 5b, lane 5).

IBV replication was regulated by manipulation of GADD34
expression in virus-infected cells. To further study the func-
tional role of GADD34 induction in IBV infection, GADD34
was transiently overexpressed in H1299 and HUHT7 cells, re-
spectively, followed by infection with the recombinant IBV-
Luc virus at an MOI of approximately 1 at 12 h posttransfec-
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FIG. 5. Induction of GADD34 expression at mRNA and protein
levels in IBV-infected Vero, H1299, and HUH7 cells. (a) Vero, H1299,
and HUH?7 cells were infected with live IBV at an MOI of approxi-
mately 2 or UV-IBV for 0, 4, 8, 12, 16, 20, 24, and 28 h. Total RNA was
extracted and separated on an 0.9% agarose gel and examined by
Northern blotting using probes for GADD34. 28S rRNA was used as
a loading control. (b) H1299 cells infected with IBV at an MOI of
approximately 2 for 0, 4, 8, 12, and 16 h were lysed, and total proteins
were separated on an SDS-8% polyacrylamide gel. Western blotting
was carried out with antibodies against GADD34 and B-tubulin.
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tion. The effect of GADD34 overexpression on IBV replication
was monitored by measuring the firefly luciferase activity. In
both H1299 and HUHT7 cells, the luciferase activity was en-
hanced by two- to threefold with GADD34 overexpression at
14 h p.i. (Fig. 6a, upper panel). At 16 h p.i., the luciferase
activity was greatly reduced in H1299 cells, due to the death of
some IBV-infected H1299 cells at this time point. Overexpres-
sion of GADD34 was confirmed by Western blotting analysis
(Fig. 6a, lower panel). No GADD34 expression was detected in
samples transfected with empty vector and mock infected (Fig.
6a, lower panel, lane 1) as well as in samples harvested at 0 h
p.i. (Fig. 6a, lower panel, lane 2). This is probably due to a low
level of endogenous GADD34 expression and inadequate plas-
mid expression at 12 h posttransfection. Overexpression of
GADD34 resulted in dephosphorylation of eIF-2a in both cell
lines (Fig. 6a, lower panels). With the increased level of
GADD?34, phosphorylation of eIF-2a was decreased, while the
total eIF-2a remained constant (Fig. 6a, lower panels).

The effect of GADD34 knockdown on the replication of
IBV was subsequently analyzed in stable cell clones expressing
hairpin RNA targeting the GADD34 mRNA. Two individual
G418-resistant clones with efficient GADD34 knockdown were
selected and confirmed by Western blotting analysis. As shown
in Fig. 6b (upper panels), significant reduction of GADD34
expression at the protein level was observed in clone 2. Com-
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FIG. 6. Regulation of IBV replication by manipulation of GADD34 expression. (a) Facilitation of IBV replication by overexpression of
GADD34 in HUH7 and H1299. (Upper panel) H1299 and HUH7 cells were transfected with pXJ40F-GADD34 (F-GADD?34) or the empty
vector for 12 h before infection with the recombinant IBV-Luc virus at an MOI of approximately 1 for 0, 8, 10, 12, 14, and 16 h before lysis
in 1X PLB. Luciferase assay was carried out using a luciferase assay kit from Promega. Error bars indicate means = SDs from triplicate
experiments. (Lower panel) Proteins from the same lysates were resolved with 10% SDS-PAGE and examined by Western blotting with
antibodies against GADD34, p-eIF-2«, total eIF-2«, and B-tubulin. M, cells transfected with empty vector and mock infected for 16 h before
lysis. (b) GADD34 knockdown facilitated virus infection. Vero cells were stably transfected with short hairpin RNA of GADD34, and two
knockdown clones were selected and examined by Western blotting (upper panel). Vero GADD34 knockdown cells (clone 2) and wild-type
(wt) cells were infected with IBV for 0, 4, 8, 12, 16, 20, 24, and 28 h before RNA extraction. Equal amounts of total RNAs were separated
on a 0.9% agarose gel and examined by Northern blotting using probes for IBV, GADD34, and GAPDH. The six RNA species of IBV are

indicated on the right of the gels.
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FIG. 7. Reduction of IBV replication by inhibition of the PP1 activity with OA in IBV-infected Vero cells. (a) Light microscopy images of
IBV-infected Vero cells either untreated or treated with different concentrations of OA. Vero cells were treated with DMSO or OA 1 h after
infection with IBV-Luc. Images were taken at 18 h p.i. M, mock infection; I, IBV infection. (b) Cells from the experiment described above were
harvested at 18 h p.i. Total proteins were resolved on an SDS-12% polyacrylamide gel and examined by Western blotting with antibodies against
p-elF-2a, total eIF-2a, IBV N, and B-tubulin. (c) Cell lysates were subjected to a luciferase activity assay. IBV infection in cells treated with DMSO
was considered as 100%. Error bars indicate SDs of the means of triplicate experiments.

pared to the case for wild-type IBV-infected cells, a reduced
and delayed induction of GADD34 in knockdown cells in-
fected with IBV was observed, as shown in Northern blotting
analysis (Fig. 6b, lower panels, lanes 1 to 6). Quantitative data
showed that the level of GADD34 at 0 h p.i. in knockdown
cells was 30% of that in wild-type Vero cells. In wild-type Vero
cells, GADD?34 expression increased by 3.8-fold at 12 h p.i. In
contrast, GADD34 expression in knockdown cells increased by
0.63-fold at the same time point, and a 3-fold induction was
achieved only at 20 h p.i. At 28 h p.i, a high level of GADD34
induction remained detectable in IBV-infected GADD34
knockdown cells, but much less GADD34 was detected in
IBV-infected wild-type cells (Fig. 6b, lower panels, lane 8). As
only a trace amount of GAPDH (glyceraldehyde-3-phosphate
dehydrogenase) was detected in IBV-infected wild-type cells at
this time point, the reduction of detected GADD34 is probably
due to cell death and RNA degradation as described previ-
ously. Densitometry data showed that GADD34 expression
was induced 13-fold in wild-type cells, but only 6.3-fold induc-
tion was observed in knockdown cells. Northern blotting anal-
ysis of IBV RNA showed significantly reduced replication of
viral RNA from 8 to 20 h p.i. in GADD34 knockdown cells
infected with IBV, compared to IBV-infected wild-type cells
(Fig. 6b, lower panels, lanes 1 to 6). Efficient replication of
viral RNA was observed in both types of cells at 24 h p.i. (Fig.
6b, lower panels, lane 7). Interestingly, the level of viral RNA

replication that remained detectable at 28 h p.i. in IBV-in-
fected GADD34 knockdown cells was much higher than that in
wild-type cells (Fig. 6b, lower panels, lane 8), suggesting that
knockdown of GADD34 delayed the replication of IBV.

IBV replication was inhibited by PP1 inhibitor OA. We next
investigated the effect of PP1 activity on the replication of IBV
by using OA, a potent inhibitor of PP1 and PP2A. OA selec-
tively inhibits PP2A activity at low concentrations (50% inhib-
itory concentration, ~0.1 nM) and both PP1 and PP2A activ-
ities at high concentrations (50% inhibitory concentration for
PP1, ~20 nM) (11, 35). Vero cells were incubated in the
presence of OA or DMSO at 1 h p.i. and harvested at 18 h p.i,,
and cell lysates were analyzed by Western blotting. When
treated with DMSO alone, the infected cells showed a massive
formation of syncytia, a typical cytopathic effect of IBV infec-
tion (Fig. 7a, panel I+DMSO). In IBV-infected cells treated
with 1 nM OA, the degree of syncytium formation was com-
parable to that in DMSO-treated cells (Fig. 7a, I+OA 1 nM).
In contrast, viral infection was restricted to certain areas in
cells treated with 20 nM and 100 nM OA (Fig. 7a, panels
I+0A 20 nM and I+0OA 100 nM, respectively), suggesting that
IBV infection was inhibited by OA at these concentrations.
Consistently, the detected level of N protein in cells treated
with 1 nM OA was comparable to that in DMSO-treated cells
(Fig. 7b, lanes 1 and 2). Synthesis of the N protein was mod-
erately inhibited in cells treated with 20 nM (Fig. 7b, lane 3)
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FIG. 8. Working model. A low level of de novo host cell global
translation was maintained in IBV-infected cells by reducing the
elF-2a phosphorylation via a combination of two mechanisms, i.e.,
inhibition of PKR activation and induction of GADD34. The light
arrow indicates that the reaction is less active in cells under normal
circumstances.

but severely inhibited in cells treated with 100 nM OA (Fig. 7b,
lane 4). As expected, the phosphorylation level of elF-2a in
cells treated with 1 nM OA was similar to that in DMSO-
treated cells (Fig. 7b, lanes 1 and 2) but significantly increased
in cells treated with 20 nM and 100 nM OA (Fig. 7b, lanes 3
and 4, respectively).

The effect of inhibition of the PP1 activity by OA on IBV
replication was more accurately quantified by infection of Vero
cells with the recombinant IBV-Luc virus. Compared to cells
treated with DMSO only (considered as 100% infection), IBV
infection was reduced to approximately 92, 55, and 10% in cells
treated with 1, 20, and 100 nM of OA, respectively (Fig. 7c).
Taken together, these results demonstrated that suppression of
the PP1 activity, but not the PP2A activity, rendered an inhib-
itory effect on IBV replication, indicating that OA may inhibit
IBV infection via inhibition of the host translation machinery,
specifically, by elevating the eIF-2a phosphorylation level.

DISCUSSION

As obligatory intracellular parasites, RNA viruses rely solely
on host cell translation machinery for synthesis of their struc-
tural and functional components. Many viruses have therefore
evolved a diversity of regulatory mechanisms to modulate host
protein synthesis in order to maximize the production of prog-
eny viruses (44). One of the most extensively studied pathways
that modulates viral and host cell protein synthesis in many
viral systems is the phosphorylation/dephosphorylation of
elF-2a (50). Modulation of this pathway usually results in
preferential expression of viral gene products (10). In this
study, we show that the basal level of phosphorylated elF-2a
was rapidly reduced, via induction of GADD34 expression and
inhibition of PKR autophosphorylation, in cells infected with
the coronavirus IBV at early stages of the infection cycle (Fig.
8). Meanwhile, IBV infection led to a slight reduction of the
total elF-2a, possibly through an unidentified virus-mediated
cleavage/degradation mechanism. Consequently, de novo syn-
thesis of host proteins remains functionally active, although at
a relatively low level.

A minimal to moderate reduction of de novo synthesis of
host proteins was detected in IBV-infected cells at late stages
of the infection cycle even when p-elF-2a was dramatically
reduced. Several possibilities were considered. First, the ob-
served slightly lower level of global translation at late stages of
virus infection is possibly due to the relatively poor labeling of
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host proteins at 16 and 24 h p.i. At these stages, a certain
proportion of the infected cells is dead and starts to detach
from the culture dishes, making it difficult to metabolically
label these dead/dying cells. It would be reasonable to specu-
late that more active de novo synthesis of host proteins than
that reflected by the metabolic labeling might be actually tak-
ing place. Nevertheless, the steady level of total host proteins
was minimally affected in the infected cells compared to the
controls at each time points. Second, the overall level of total
elF-2a was appreciably reduced in IBV-infected cells at late
stages of the infection cycle. As viral mRNAs accumulate to a
high level in the infected cells at these time points, the reduc-
tion of total eIF-2a would render a preferential inhibitory
effect on the overall synthesis of host proteins. Third, addi-
tional virus-induced mechanisms may preferentially inhibit
host cell gene expression. For example, degradation of the host
RNAs, including mRNA and rRNA, is observed in IBV-in-
fected cells at these stages of the infection cycle. This would
result in the reduction of host protein synthesis. The abundant
28S rRNA and mRNA for the housekeeping GAPDH gene
were found to be reduced to undetectable levels in IBV-in-
fected Vero cells at 28 h p.. In IBV-infected H1299 and
HUHY cells, degradation of these RNA species was observed
as early as 24 h p.i., reflecting the fact that IBV has more rapid
replication and shorter infection cycles in these two cell lines.
Finally, virus may encode an element(s) that interferes with
other translation factors. A good example is that protein trans-
lation was inhibited in cells expressing IBV spike protein, via
the interaction with eIF3f (55).

In cells infected with IBV, six mRNA species, including the
27.6-kb genome-length mRNA1 and five subgenome-length
mRNAs, mRNA2 to mRNAG6, are produced (26). It is gener-
ally believed that these mRNA species are capped at the 5’ end
and polyadenylated at the 3’ end. Translation of them would
thus follow the canonical rules governing translation of cellular
mRNAs, although alternative mechanisms may also be used by
some of these mRNA species (28, 29, 32, 40, 56). Therefore, it
is not surprising that phosphorylation of eIF-2a may have an
adverse effect on IBV infection. This was supported by the data
that indicated that overexpression of a nonphosphorylated-
elF-2a mutant favored IBV infection. However, the observa-
tions that IBV infection in cell culture led to the inhibition of
elF-2a phosphorylation and PKR activation are contradictory
to a recent study with severe acute respiratory syndrome
(SARS) coronavirus, showing that SARS coronavirus infection
enhances the phosphorylation of eIF-2a and PKR (20). Incon-
sistent data were also reported for murine hepatitis virus
(MHV) strain A59. In cells infected with MHV A59, PKR and
elF-2a were shown not to be phosphorylated, and little reduc-
tion of overall protein translation was observed (57). In a more
recent study, however, elF-2a phosphorylation was shown to
be reduced within 6 h p.i. but induced at 8 h p.i. in cells
infected with MHV AS59 (3). Furthermore, the expression of
GADD34 was not affected, resulting in a sustained suppression
of host protein translation (3). It was also suggested that sup-
pression of global translation in MHV-infected cells may result
from 28S rRNA cleavage (2), which was not observed in IBV-
infected cells. The reasons for these controversial observations
are not fully understood. One possibility is the lack of nspl
protein in IBV, as nspl may be involved in regulation of host
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cell translation by either modulation of the phosphorylation of
elF-2a or stress granule formation (3). These differences, on
the other hand, reflect the complexity of virus-host interactions
even among members of the same viral family.

PKR is normally present in cells in a latent state. Upon
activation by dsRNA, PKR is autophosphorylated and forms a
dimer. The activated PKR phosphorylates eIF-2a at the Ser51
residue and results in shutdown of protein translation (15). In
cells infected with other coronaviruses, additional elF-2a ki-
nases were reported to be activated. For example, PERK was
shown to be activated in cells infected with SARS coronavirus
(20), leading to eIF-2a phosphorylation. In cells infected with
IBV, detection of PERK activation was not successful (data
not shown). Viruses have evolved multiple mechanisms to
block the PKR response in various steps of the pathway (10).
For example, many viruses encode dsRNA-binding proteins,
such as the vaccinia virus E3L protein, resulting in the inhibi-
tion of PKR activation (6). Coronaviruses code for a number of
dsRNA-binding proteins, including several nsps derived from
the replicase genes (58). In this study, efforts were made to
identify the viral components involved in inactivation of PKR.
Among all the proteins tested, only nsp2 showed its ability in
restoring translation efficiency. Graham et al. (12) showed that
MHY and SARS coronavirus mutants with a deletion of nsp2
affected RNA synthesis, but nsp2 was not required for viral
replication. The role of nsp2 during viral infection remains to
be elucidated.

Based on the observations that IBV-induced GADD34 ex-
pression corresponds to the phosphorylation status of elF-2a
and overexpression of GADD34 facilitates IBV infection,
probably via promotion of protein translation, it is concluded
that GADD34 may play a key role in regulation of eIF-2a
phosphorylation in IBV-infected cells. To our knowledge,
there was no report so far that infection of cells with other
coronaviruses led to upregulation of GADD34. It appears that
this regulation mechanism is a unique feature in IBV infection.
Attempts to identify individual IBV proteins responsible for
this upregulation were made but were unsuccessful. When
individual IBV proteins were overexpressed in cells, no induc-
tion of GADD34 was detected (unpublished observations). As
MHYV infection does not induce GADD34 expression (3), in-
duction of an unfolded protein response in virus-infected cells
is unlikely the sole mechanism underlying IBV-induced
GADD34 expression. It appears that multiple cellular path-
ways and viral components may be involved. This would be an
interesting topic for further studies.
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