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ABSTRACT Porcine reproductive and respiratory syndrome virus (PRRSV) is an Ar-
terivirus that has caused tremendous economic losses in the global swine industry
since it was discovered in the late 1980s. Inducing host translation shutoff is a strat-
egy used by many viruses to optimize their replication and spread. Here, we demon-
strate that PRRSV infection causes host translation suppression, which is strongly de-
pendent on viral replication. By screening PRRSV-encoded nonstructural proteins
(nsps), we found that nsp2 participates in the induction of host translation shutoff
and that its transmembrane (TM) domain is required for this process. nsp2-induced
translation suppression is independent of protein degradation pathways and the
phosphorylation of eukaryotic initiation factor 2« (elF2«). However, the overexpres-
sion of nsp2 or its TM domain significantly attenuated the mammalian target of
rapamycin (mTOR) signaling pathway, an alternative pathway for modulating host
gene expression. PRRSV infection also attenuated the mTOR signaling pathway, and
PRRSV-induced host translation shutoff could be partly reversed when the attenu-
ated mTOR phosphorylation was reactivated by an activator of the mTOR pathway.
PRRSV infection still negatively regulated the host translation when the effects of
elF2a phosphorylation were completely reversed. Taken together, our results dem-
onstrate that PRRSV infection induces host translation shutoff and that nsp2 is asso-
ciated with this process. Both elF2a phosphorylation and the attenuation of the
mTOR signaling pathway contribute to PRRSV-induced host translation arrest.

IMPORTANCE Viruses are obligate parasites, and the production of progeny viruses
relies strictly on the host translation machinery. Therefore, the efficient modulation
of host mRNA translation benefits viral replication, spread, and evolution. In this
study, we provide evidence that porcine reproductive and respiratory syndrome vi-
rus (PRRSV) infection induces host translation shutoff and that the viral nonstructural
protein nsp2 is associated with this process. Many viruses induce host translation
shutoff by phosphorylating eukaryotic initiation factor 2« (elF2a). However, PRRSV
nsp2 does not induce elF2a phosphorylation but attenuates the mTOR signaling path-
way, another pathway regulating the host cell translational machinery. We also found
that PRRSV-induced host translation shutoff was partly reversed by eliminating the ef-
fects of elF2a phosphorylation or reactivating the mTOR pathway, indicating that PRRSV
infection induces both elF2a phosphorylation-dependent and -independent host transla-
tion shutoff.
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iral infection always increases the expression of the host innate response effector

proteins, which may limit viral replication and spread (1). Many viruses can
interrupt the cellular translation machinery as a common evasion strategy (2). Initiation
is the rate-determining step in translation and is the most frequent target of transla-
tional regulation (3). Global translation arrest is usually achieved by the phosphoryla-
tion of eukaryotic translation initiation factor 2« (elF2«), which prevents the recycling
of the ternary tRNAMet-GTP-elF2 complex (4). Eukaryotic translation initiation factor 4E
(elF4E) also plays a critical role in the cap-dependent initiation of translation (3). It is the
least-abundant translation initiation factor and is thought to be the rate-limiting
protein for translation (5). The activity of elF4E is regulated by the elF4E-binding
proteins (4E-BPs), which release elF4E when it is hyperphosphorylated by mechanistic
target of rapamycin (mTOR) but sequester elF4E when it is hypophosphorylated (6).
Thus, elF4E is partly regulated by its phosphorylation (7). The phosphorylation of elF4E
can be activated by the mitogen-activated protein kinase (MAPK)-interacting kinases
MNK1/2, two factors downstream of the MEK/ERK and p38 MAPK pathways (8).

Porcine reproductive and respiratory syndrome (PRRS) is an economically important
infectious disease typically characterized by severe reproductive failure in sows and
respiratory distress in piglets and growing pigs (9). The causative agent of the disease
has been identified as PRRS virus (PRRSV), an enveloped, single-stranded positive-sense
RNA virus classified in the family Arteriviridae (10). Its approximately 15-kb genome
encodes at least 10 open reading frames (ORFs): ORF1a, ORF1b, ORF2a, ORF2b, ORF3 to
-7, and ORF5a. ORF1a and ORF1b encode two polyproteins, which can be cleaved into
14 mature nonstructural proteins (11, 12). The other ORFs encode eight structural
proteins: glycoprotein 2 (GP2), GP3, GP4, GP5, GP5a, matrix (M) protein, envelope (E)
protein, and nucleocapsid (N) protein (13). PRRS is one of the most economically
significant diseases affecting pig production worldwide and has caused great economic
losses (14). Unfortunately, conventional vaccines and other strategies are insufficient to
sustainably control PRRS (15). A better understanding of the virus-host interactions
during PRRSV infection should facilitate the development of more-effective control
measures.

PRRSV infection modulates normal cellular processes such as autophagy (16, 17),
apoptosis (18, 19), and host innate immune responses (20-22). It is well known that
PRRSV induces the phosphorylation of elF2«a and the appearance of stress granules (23,
24). PRRSV GP4 and GP5 alter the gene expression profiles of stably transfected host cell
lines (25). However, the direct regulation of the translation of the host mRNAs during
PRRSV infection is poorly understood. In this study, we report that PRRSV infection
clearly inhibits host protein synthesis. We found that PRRSV nonstructural protein 2
(nsp2) plays a crucial role in this process. The possible mechanisms were investigated,
and our results suggest that both the attenuation of the mTOR signaling pathway and
the phosphorylation elF2« are involved in PRRSV-induced host translation shutoff.

RESULTS

PRRSV infection induces translation suppression in cells. To test whether PRRSV
infection induces host translation shutoff, we monitored translation using a short pulse
of puromycin (puro), which is incorporated into nascent polypeptides and can be
detected by immunofluorescence with an antibody directed against puromycin (ribo-
puromycylation assay) (26). As shown in Fig. 1A, MARC-145 cells infected with PRRSV
strain WUH3 (type 2 PRRSV) showed strong translational repression, whereas the
uninfected cells showed ongoing translation. To examine the time at which host
translation was shut off after PRRSV infection, cellular polypeptide synthesis was
monitored at different time points after PRRSV infection. As a positive control, cells
were treated with sodium arsenite (Ars), an efficient inducer of elF2« phosphorylation
that inhibits global protein translation (27). Host translation shutoff was evident at
24 h postinfection (hpi) and gradually became more distinct as infection progressed
(Fig. 1B). PRRSV infection also reduced the level of cell translation in a dose-dependent
manner (Fig. 1C). It should be noted that UV-inactivated PRRSV lost the ability to
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FIG 1 PRRSV infection reduces the translation level in cells. (A) MARC-145 cells were infected with PRRSV
strain WUH3 (multiplicity of infection [MOI] = 0.5). At 24 h postinfection (hpi), puromycin (5 ug/ml) was
added to the medium and the cells were incubated at 37°C for 25 min. The cells were washed twice with
PBS and then fixed, permeabilized, and processed for IFA. A PRRSV-specific polyclonal antibody was used
to detect PRRSV infection (green). Levels of cellular translation were measured with an antipuromycin
antibody (red). Nuclei were stained with DAPI (blue). (B, C) MARC-145 cells were infected with PRRSV (MOI =
0.5) for different times (B) or with different doses of PRRSV (C) for 36 h. As a positive control, uninfected cells
were treated with 0.5 mM Ars for 1 h. The cells were lysed and analyzed with Western blotting. Nascent
polypeptides exclusively labeled with puromycin were detected with an antipuromycin monoclonal
antibody. An anti-nsp2 antibody was used to confirm PRRSV replication, and an anti-GAPDH antibody
was used as the protein loading control. (D, E) PAMs were infected with different doses of PRRSV strain
WUH3 (D) or GZ11-G1 (E) for 24 h. Cells were treated, and the levels of cellular translation were detected
by Western blotting as described for panel C. An anti-N antibody was used to confirm the replication of
PRRSV strain GZ11-G1 because the monoclonal antibody against nsp2 of PRRSV strain WUH3 does not
react with PRRSV strain GZ11-G1.

suppress translation (Fig. 1C), indicating that the viral replication process is required for
host translation shutoff.

PRRSV preferentially infects porcine alveolar macrophages (PAMs) in vivo, and the
corresponding results on PAMs are more convincing than those obtained with other
cells. To this end, PAMs were infected with different doses of PRRSV strain WUH3. The
results showed that PRRSV infection reduced the translation level of PAMs in a
dose-dependent manner (Fig. 1D). Based on the genetic and antigenic differences,
PRRSV are divided into two genotypic classes, European type 1 PRRSV and North
American type 2 PRRSV (10). To test whether type 1 PRRSV also inhibits host translation,
PAMs were infected with PRRSV strain GZ11-G1 (28), a type 1 PRRSV. As shown in Fig.
1E, the cellular translation levels obviously decreased in a dose-dependent manner
after infection. Taken together, these results demonstrate that the two types of PRRSV
infection can induce host translation shutoff.

PRRSV nsp2 and nsp5 induce host translation shutoff. Because PRRSV-induced
host translation shutoff is strictly dependent on viral multiplication, we speculated that
viral nonstructural proteins participate in this process. Therefore, we investigated the
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FIG 2 PRRSV nsp2 and nsp5 induce host translation shutoff. (A) HeLa cells grown in 24-well plates were
transfected with plasmid (1 ug) encoding the individual PRRSV proteins or the empty vector (pCAGGS-
Flag). At 30 h posttransfection, puromycin was added to the medium and the cells were incubated at
37°C for 25 min. A mouse monoclonal antibody specific for puromycin was used to detect the nascent
polypeptides with an immunofluorescence assay (red). Expression of PRRSV proteins was confirmed by
immunoblotting with an anti-Flag antibody. (B) HEK293T cells were treated as described for panel A, and
the levels of cellular translation were detected with Western blotting.

effects of the nonstructural proteins on host translation. HelLa cells were transfected
with eukaryotic expression constructs encoding individual PRRSV nonstructural pro-
teins and treated with puromycin. The puromycylated native peptide chains were
detected with an antipuromycin antibody, and an anti-Flag-tag antibody was used to
verify the expression of viral proteins. As shown in Fig. 2A, the ectopic expression of
nsp2 or nsp5 induced a strong reduction of the translation rate, whereas the other
nonstructural proteins had little effect. To confirm these results, HEK293T cells were
transfected with each of these constructs. Western blotting was performed 30 h after
transfection to measure the translation levels with an antibody directed against puro-
mycin. Consistent with the results of the indirect immunofluorescence assay (IFA), nsp2
and nsp5 strongly induced host translation shutoff (Fig. 2B). Because a previous study
demonstrated that PRRSV nsp5 induces autophagic cell death in cultured cells (29), we
selected nsp2 to explore the exact mechanism of host translation shutoff.

The C-terminal TM domain of nsp2 is associated with its ability to block
translation. To identify which domain of nsp2 is related to its suppression of host
translation, three truncation mutants of nsp2 were generated based on its functional
domains: the PL2 (N-terminal papain-like cysteine protease), HV (functionally unspec-
ified middle hypervariable region), and TM (transmembrane) domains (Fig. 3A) (30).
HEK293T cells were transfected with constructs encoding nsp2 or one of its three
truncation mutants. A Western blot assay was performed 30 h after transfection to
determine the translation levels. Cells treated with Ars were used as the positive
control. As shown in Fig. 3B, cells expressing nsp2 or TM showed dramatic translation
suppression, which was consistent with the IFA results in HelLa cells (Fig. 3C). These
results demonstrate that the C-terminal TM domain, rather than the PL2 or HV domain,
of nsp2 is involved in host translation shutoff.

The TM domain contains a predicted transmembrane helix, which may determine
the subcellular localization and function of nsp2. Therefore, we generated a deletion
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FIG 3 The C-terminal TM domain of PRRSV nsp2 blocks translation. (A) Schematic representation of
truncation mutants of PRRSV nsp2 used in this study. PL2, N-terminal papain-like cysteine protease
domain; HV, functionally unspecified middle hypervariable region; TM, transmembrane domain. (B)
HEK293T cells grown in six-well plates were transfected with pCAGGS-HA-nsp2, pCAGGS-HA-PL2,
pCAGGS-HA-HV, or pCAGGS-HA-TM (4 wg). At 30 h posttransfection, puromycin was added to the
medium, and the cells were incubated at 37°C for 25 min. Cells treated with 0.5 mM Ars were used as
a positive control. Mouse monoclonal antibody specific for puromycin was used to detect the nascent
polypeptides with Western blotting. An anti-HA-tag antibody was used to confirm the expression of nsp2
and its mutants. (C) HelLa cells grown in 24-well plates were transfected with plasmid (1 wg) encoding
nsp2, PL2, HV, or TM or the empty vector. At 30 h posttransfection, the cells were treated with puromycin,
fixed, and analyzed with confocal microscopy.

mutant, designated nsp2-Atm, lacking the transmembrane sequence of nsp2 (Fig. 4A).
Previous studies have demonstrated that PRRSV nsp2 interacts with many mitochon-
drial proteins (31-33), and our laboratory has also observed that nsp2 localizes to the
mitochondria (unpublished data), so we tested the exact intracellular localizations of
nsp2 and nsp2-Atm. To this end, Hela cells were transfected with plasmids encoding
nsp2 or nsp2-Atm together with the pDsRed2-Mito plasmid, which expresses the
Mito-DsRed2 fusion protein and targets it to the mitochondria. As shown in Fig. 4B,
most of the cells transfected with nsp2 or the TM mutant showed some degree of
punctate spotting on their mitochondria, similar to those observed in MARC-145 cells
after PRRSV infection. In contrast, nsp2-Atm displayed a more-diffuse pattern of stain-
ing throughout the cells (Fig. 4B). At the same time, nsp2-Atm lost its ability to inhibit
translation, as was demonstrated with the IFA (Fig. 4C) and Western blot analyses (Fig.
4D). We speculated that nsp2 may directly impair the mitochondria, so we measured
the production of reactive oxygen species (ROS) and the generation of ATP in HEK293T
cells transfected with a plasmid expressing nsp2 or its mutants. However, neither ROS
production nor ATP generation was visibly impaired after the ectopic expression of
nsp2 or its mutants (Fig. 4E). These results indicate that PRRSV nsp2 induces host
translation shutoff depending on its membrane localization. Despite its colocalization
with the mitochondria, nsp2 had no effects on the main mitochondrial functions.
nsp2-induced host translation shutoff is not dependent on proteasomal, au-
tophagic, apoptotic, or transcriptional regulation. The ubiquitin-proteasome sys-
tem, the autophagy-lysosome system, and apoptosis are the three major intracellular
protein degradation pathways in eukaryotic cells (34, 35). To test whether these
pathways are associated with nsp2-induced host translation shutoff, the proteasomal
inhibitor MG132, the autophagy inhibitor 3-MA, or the apoptosis inhibitor Z-VAD-FMK
was added to HEK293T cells transfected with the nsp2 or TM expression constructs. The
cellular translation levels did not recover markedly after treatment with any of the three
inhibitors (Fig. 5A). Based on these results, we conclude that neither proteasomes, nor
autophagy, nor apoptosis is involved in the translation suppression induced by nsp2.
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FIG 4 PRRSV nsp2 induces host translation shutoff depending on its membrane location. (A) Schematic
representation of PRRSV nsp2-Atm, which lacks amino acids 851 to 873, a region predicted to be a
transmembrane helix by the TMHMM server v2.0 (http://www.cbs.dtu.dk/services/TMHMMY/). (B) MARC-
145 cells grown in 24-well plates were transfected with 0.5 ug of pDsRed2-Mito and then infected with
PRRSV for 36 h. HeLa cells were cotransfected with 0.5 ug of pDsRed2-Mito and 0.5 pg of pCAGGS-HA-
nsp2, pCAGGS-HA-TM, or pCAGGS-HA-Atm plasmid for 30 h. The cells were fixed and analyzed with
confocal microscopy. (C, D) Hela cells (C) or HEK293T cells (D) were transfected with pCAGGS-HA-nsp2
or pCAGGS-HA-Atm. After treatment with puromycin, the effects of nsp2 and Atm on translation were
measured with an immunofluorescence assay (C) or Western blotting (D). (E) HEK293T cells grown in
24-well plates were transfected with 1 ug of pCAGGS-HA-nsp2, pCAGGS-HA-PL2, pCAGGS-HA-HV,
PCAGGS-HA-TM, or pCAGGS-HA-Atm. At 30 h posttransfection, ROS and ATP levels were measured with
a reactive oxygen species assay kit or ATP assay kit. The results shown are the means = SD from three
independent experiments. ns, not significant.

To investigate whether nsp2 and TM reduce the transcription levels of host cells,
HEK293T cells were cotransfected with plasmids expressing the individual nsp2 mu-
tants and a plasmid expressing enhanced green fluorescent protein (EGFP). As shown
in Fig. 5B, EGFP expression was clearly reduced in the presence of nsp2 or the TM
mutant, whereas the PL2 and HV mutants had no effect on EGFP expression. Total RNA
was isolated from the samples, and the EGFP mRNA was quantified with quantitative
real-time PCR (qPCR) analysis. The results in Fig. 5C show that there were no significant
differences in the EGFP mRNA levels in the cells transfected with nsp2, the truncation
mutants, or the empty vector. Taken together, these data demonstrate that nsp2 and
TM cause host translation shutoff specifically at the level of translation.

PRRSV nsp2 does not induce the phosphorylation of elF2«. The phosphorylation
of elF2« is a key mechanism of translational control (36, 37). This event is vital to the
regulation of global protein levels and is essential for the maintenance of cellular
homeostasis (38). To test whether elF2a plays a part in nsp2-induced translational
arrest, we measured the elF2«a phosphorylation levels in cells overexpressing nsp2 or its
mutants. The results showed that whereas Ars induced the marked upregulation of
elF2a phosphorylation, nsp2 and its truncation mutants did not (Fig. 6A). To confirm
that elF2a phosphorylation is not involved in the nsp2-induced inhibition of translation,
we measured the mRNA levels of ATF4 and GADD34, which are induced in response to
elF2«a phosphorylation (39). As shown in Fig. 6B and C, the expression of ATF4 and
GADD34 mRNAs did not change significantly with time in cells overexpressing nsp2
compared with their expression in mock-transfected cells. These results support the
conclusion that PRRSV nsp2 does not trigger elF2a phosphorylation, suggesting that
there is little connection between elF2a phosphorylation and nsp2-induced translation
arrest.
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FIG 5 PRRSV nsp2 and its TM domain suppress host gene expression specifically at the translation level.
(A) HEK293T cells grown in six-well plates were transfected with 4 ug of pCAGGS-HA-nsp2 or pCAGGS-
HA-TM or empty vector. At 16 h after transfection, the cells were treated with MG-132 (20 uM), 3-MA (5
mM), or Z-VAD-FMK (10 uM) for 14 h. After treatment with puromycin, translation was measured as
described above. (B) HEK293T cells grown in 24-well plates were cotransfected with 0.5 ng of pEGFP-C1
and pCAGGS-HA-nsp2, pCAGGS-HA-PL2, pCAGGS-HA-HV, or pCAGGS-HA-TM. At 30 h posttransfection,
the expression of EGFP was analyzed with an inverted fluorescence microscope. (C) RNA was extracted
from the cells shown in panel B, and real-time PCR was used to measure the content of EGFP mRNA. The
individual transcripts were normalized to the expression level of GAPDH housekeeping gene transcripts.
The results shown are the means = SD from three independent experiments.

PRRSV induces both elF2«a phosphorylation-dependent and -independent host
translation shutoff. Previous studies have indicated that PRRSV increases the phos-
phorylation of elF2« (23, 24). It is well known that the phosphorylation of elF2« causes
translation to stall (40). To evaluate the role of elF2a phosphorylation on PRRSV-
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FIG 6 PRRSV nsp2 has no effect on elF2a phosphorylation. (A) HEK293T cells grown in six-well plates
were transfected with 4 ug of pCAGGS-HA-nsp2, pCAGGS-HA-PL2, pCAGGS-HA-HV, pCAGGS-HA-TM, or
empty vector. At 30 h posttransfection, the cells were harvested and analyzed with Western blotting and
the indicated antibodies. (B, C) HEK293T cells grown in 24-well plates were transfected with the
pCAGGS-HA-nsp2 plasmid (1 ng) or empty vector. At 30 h posttransfection, the total RNA was extracted
from the cells and analyzed for the abundance of endogenous ATF4 (B) and GADD34 mRNAs (C) using
real-time PCR. The results are the means * SD from three independent experiments.
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FIG 7 PRRSV induces both elF2a phosphorylation-dependent and -independent host translation shutoff.
(A) MARC-145 cells grown in six-well plates were treated with 0.5 mM Ars at 37°C for 1 h. The medium
was changed to medium containing different concentrations of ISRIB, and after 25 min, the cells were
treated with puromycin, incubated at 37°C for 25 min, and lysed for Western blotting. (B) MARC-145 cells
grown in six-well plates were infected with PRRSV (MOl = 0.5). At 36 h postinfection, the cells were
treated with 20 uM ISRIB for 25 min and with puromycin for 25 min. Western blotting was performed to
analyze the levels of translation and elF2a phosphorylation.

induced translation suppression, we used the drug ISRIB (an integrated stress response
inhibitor), which can substantially and comprehensively reverse the downstream effects
of elF2a phosphorylation on translation (41). To determine the appropriate concentra-
tion of ISRIB, the levels of cell translation were measured after treatment with Ars and
then with different concentrations of ISRIB. As shown in Fig. 7A, 20 M ISRIB completely
reversed the translation arrest caused by Ars and was used as the action concentration.
This concentration (20 wM) of ISRIB was then used to test whether it reversed PRRSV-
induced host translation shutoff. PRRSV infection reduced cellular translation to quite
a low level, and ISRIB reversed the effect to some extent, but not completely (Fig. 7B).
These data demonstrate that while PRRSV interrupts host cell translation via elF2«
phosphorylation, it also inhibits cellular mRNA translation in an elF2« phosphorylation-
independent manner.

PRRSV infection and nsp2 overexpression both negatively regulate the mTOR
signaling pathway. Eukaryotic mRNAs contain a cap structure at their 5’ ends.
Ongoing cap-dependent translation requires elF4E to bind the caps of the mRNAs (3),
and elF4E activity is regulated by both the mTOR and MAPK signaling pathways
(Fig. 8A). Therefore, we next investigated whether PRRSV nsp2 impairs elF4E phosphor-
ylation or the regulators of elF4E. To this end, HEK293T cells were transfected with an
nsp2-expressing plasmid, and the expression of total elF4E, 4E-BP1, p38 MAPK, ERK, and
the phosphorylation levels of elF4E, p70-S6K (S6K), 4E-BP1, mTOR, p38 MAPK, and ERK
were determined with Western blotting. As a positive control, HEK293T cells were
treated with Torin 1, an mTOR inhibitor that blocks mTOR phosphorylation and thereby
lowers the activation of downstream factors (42). As shown in Fig. 8B, nsp2 significantly
reduced the phosphorylation of mTOR, 4E-BP1, S6K, and elF4E, but not that of ERK or
P38 MAPK. We also tested the effects of TM and the Atm mutant on the mTOR signaling
pathway. The results were consistent with our prediction that TM negatively regulated
the mTOR signaling pathway, whereas Atm had only a limited effect (Fig. 8C). PRRSV
infection also inhibited the cellular mTOR signaling pathway (Fig. 8D). All of these
results demonstrate that PRRSV infection and the ectopic expression of nsp2 or TM
inactivate the mTOR signaling pathway, offering a possible explanation for the block of
translation caused by PRRSV.

Attenuation of the mTOR signaling pathway contributes to PRRSV-induced
host translation shutoff. mTOR is thought to modulate protein synthesis, and mTOR
inhibition causes the almost-complete arrest of protein synthesis (43, 44). To determine
how the attenuation of the mTOR signaling pathway affects translation in PRRSV-
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FIG 8 mTOR signaling pathway is attenuated by PRRSV infection and nsp2 expression. (A) Schematic
representation of the regulation of elF4E activity. (B, C) HEK293T cells grown in six-well plates were
transfected with 4 ug of pCAGGS-HA-nsp2 (B) or pCAGGS-HA-TM or pCAGGS-HA-Atm (C). Cells treated
with Torin 1 (250 nM, 6 h) were used as the positive control. The cells were harvested at 30 h
posttransfection, and the lysates were analyzed with immunoblotting using antibodies specific for the
indicated proteins. (D) MARC-145 cells were infected with PRRSV (MOl = 0.5), harvested at 36 h
postinfection, and analyzed with Western blotting.

infected cells, we used the drug MHY 1485, a powerful activator of the mTOR pathway
(45). As shown in Fig. 9A, 2 uM MHY1485 was sufficient to completely restore the
translation shutoff caused by Torin 1, an inducer of host translation shutoff. The same
concentration of MHY1485 rescued most mTOR phosphorylation and the cellular
translation level in PRRSV-infected cells (Fig. 9B). Based on these observations, we
conclude that PRRSV suppresses host cell translation by inhibiting the mTOR signaling
pathway.

o B
MHY 1485 (uM) PRRSV - + + - -
Oog-wg Torin1 - - -+ +
MHY1485 - - + — 4+
+ +

Torin1 -+ +

Puro

FIG 9 PRRSV-induced host translation shutoff is associated with the attenuation of the mTOR signaling
pathway. (A) MARC-145 cells grown in six-well plates were treated with 250 nM Torin 1 at 37°C for 6 h.
The medium was changed to medium containing different concentrations of MHY1485, and after 1 h, the
cells were treated with puromycin at 37°C for 25 min and lysed for analysis with Western blotting. (B)
MARC-145 cells grown in six-well plates were infected with PRRSV (MOI = 0.5). At 36 h postinfection, the
cells were treated with 2 uM MHY1485 for 1 h and then with puromycin for 25 min. Western blotting was
used to analyze the levels of translation and mTOR phosphorylation.
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DISCUSSION

Cap-dependent viral mRNAs are structurally similar to host mRNAs and usually share
the same translation system mechanisms. However, when some viruses induce host
translational shutoff, they maintain the synthesis of their own gene products. For
example, vesicular stomatitis virus (VSV) inhibits the translation of host mRNAs in
infected cells but allows the translation of its own capped mRNAs (46). The 5" untrans-
lated regions (UTRs) of VSV mRNAs are shorter than those of the host mRNAs and
probably lack secondary structure. This structural characteristic may allow the efficient
translation of VSV mRNAs by the limited elF4F complexes (47). The translation of the
dengue virus (DENV) genome benefits from the optimized use of codons that occur
with low prevalence in the host cells, whereas the translation of the host mRNAs is
strongly reduced (48, 49). The severe acute respiratory syndrome coronavirus (SARS-
CoV) nspl-induced degradation of host mRNAs inhibits host gene expression in
infected cells, but the viral mRNAs appear to be resistant to the cleavage mechanism
(50). These examples demonstrate that during their coevolution with their hosts, viruses
have evolved different strategies to inhibit host translation while protecting their own
protein synthesis.

In this study, we have demonstrated that PRRSV infection induces host translation
shutoff and that nsp2 is involved in this process. The PRRSV genome also has a putative
type | cap structure at its 5’ end, and the translation of viral mRNAs is cap dependent
(51, 52). Although the nsp2 protein band gradually increases in intensity (Fig. 1B), this
may be attributed to its accumulation rather than newly synthesized protein. We
cannot conclude that viral translation is unaffected during host translation shutoff, but
it seems that viral multiplication remains robust in the late stage of PRRSV infection
(53). There are several possible explanations for the exemption of viral translation from
host translation shutoff. First, virus-induced host translation shutoff is thought to inhibit
the host antiviral response (54, 55). Therefore, the interruption of host mRNA translation
is a frequent evasion strategy evolved by viruses to enhance their replication. Second,
the abundance of viral mRNAs increases exponentially during infection and perhaps
competes successfully for the limited translation machinery. This may contribute to the
preferential translation of viral mMRNAs and, at least in part, counterbalance the effects
of global translational suppression on viral proteins. Third, PRRSV imprisons host
cellular mRNAs in the nucleus and blocks their nuclear export, thus hindering their
translation (56, 57). This is a novel mechanism that guarantees the efficient translation
of viral genomic RNAs, with less competition from host mRNAs. It has also been
reported that the modification of adenosine at the N6 position (m°®A) in the 5" UTRs of
mammalian mRNAs stimulates cap-independent translation (58, 59). The transcripts of
HIV-1, influenza A virus, and simian virus 40 contain multiple m®A sites that enhance the
expression of viral mMRNAs and proteins (60). If the 5" UTRs of PRRSV mRNAs undergo
mSA modification in infected cells and these mMRNAs use a cap-independent mechanism
for translation, their translation will not be affected by host translation shutoff.

elF2a is a key factor in the innate immune response to viral infection. Imperceptible
changes in elF2a phosphorylation can dramatically suppress ongoing protein synthesis
(2). However, under some conditions, elF2a phosphorylation has only a limited effect
on the translation level. For example, the phosphorylation of PKR and probably elF2«
are not the primary drivers to block the translation of herpes simplex virus true late
mRNAs in the absence of virion host shutoff (61). DENV also activates the elF2a-
dependent stress response, but it is uncoupled from the host translation repression
induced by DENV infection (48). Consistent with this, our data demonstrate that elF2«
phosphorylation plays only a partial role in PRRSV-induced translation suppression.
These data confirm the complexity of the strategies that PRRSV uses to defend against
the host’s antiviral innate immune response, to guarantee viral multiplication.

elF4E plays a decisive role in the cap-dependent initiation of translation. Its activity
is regulated by the AKT/mTOR, MEK/ERK, and p38 MAPK pathways (3). mTOR phos-
phorylates 4E-BPs and terminates the arrest of elF4E, and then Erk and p38 MAPK
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phosphorylate elF4E by Mnk1 (62). Many viruses reportedly inhibit the phosphorylation
of elF4E. For example, adenovirus infection inhibits the translation of cellular mRNAs
during the late phase of infection, which correlates with the displacement of MNK1
from elF4G by the viral 100K protein and the dephosphorylation of elF4E (63). VSV
infection results in the dephosphorylation of 4E-BP1 and elF4E, which is associated with
the inhibition of host protein synthesis (47). 4E-BP1 is dephosphorylated during en-
cephalomyocarditis virus (EMCV) infection, and this event is almost simultaneous with
the shutoff of protein synthesis caused by EMCV (64). A previous study reported that
the phosphorylation of mTOR, 4E-BP, and S6K is reduced 48 h after PRRSV infection (65).
Consistent with this finding, we have demonstrated that PRRSV infection inhibits the
phosphorylation of elF4E by inactivating the mTOR signaling pathway, and we specu-
late that this contributes to the host translation shutoff caused by PRRSV. The exact
mechanism by which PRRSV inhibits the mTOR pathway must be established in a future
study.

Viral protein expression, followed by the consequent increase in the endoplasmic
reticulum (ER) burden, the formation of double-membrane vesicles, and the loss of ER
lipids, may contribute to ER stress, which inhibits cellular mRNA expression in virus-
infected cells (66). During chronic ER stress, the decline in protein synthesis occurs in
an elF2a phosphorylation-independent manner (67). This process correlates with re-
duced mTOR activity and the phosphorylation of 4E-BP1, which negatively regulate
cap-dependent translation (68). Equine arteritis virus (EAV), an arterivirus similar to
PRRSV, reshapes the ER to accommodate viral RNA synthesis (69). PRRSV infection also
induces ER stress (16, 70), while blocking protein phosphorylation in the mTOR signal-
ing pathway (Fig. 7D). It is possible that during the short-term phase of infection, ER
stress is induced by PRRSV infection, and a certain amount of global translational
suppression occurs as a result of elF2a phosphorylation. With time, chronic ER stress
inactivates the mTOR signaling pathway, which may play a dominant role in translation
arrest. It is noteworthy that EAV nsp2 modifies the host cell membranes during the
formation of the arterivirus replication complex (71). Because the TM domain of PRRSV
nsp2 contains a transmembrane structure, it is possible that PRRSV nsp2 induces ER
stress via its TM domain, thus inactivating the mTOR signaling pathway and host
translation activity. Although attempts were made to construct a recombinant PRRSV
with a deletion of the TM region, no viable virus could be rescued, indicating that the
TM domain is essential for PRRSV replication (72). Therefore, we could not use infectious
clones to evaluate the role of the TM region in host translation shutoff under physio-
logical conditions. In addition, the nsp2-coding region is highly variable in the PRRSV
genome, and the HV domain of nsp2 is the most variable region (73). In this study, we
demonstrated that the TM domain, rather than the HV domain, is the critical domain for
nsp2-mediated host translation shutoff. Relative to the HV domain, the TM domain is
conservative among different PRRSV isolates or lineages. Furthermore, both type 1 and
type 2 PRRSV can induce host translation shutoff, indicating that the variation of nsp2
HV domain does not affect nsp2’s function to induce host translation shutoff.

Viral mRNA translation depends strictly on translation initiation factors, so therapies
targeting these factors should provide effective tools for combating viral infections,
especially when other therapies fail. Silvestrol, a highly efficient, nontoxic, specific
inhibitor of elF4A, is a potent inhibitor of Ebola virus, coronaviruses, and picornaviruses
(74, 75). The drug 4E2RCat reduces human coronavirus 229E replication and reduces
both the intra- and extracellular infectious viral titers by preventing the interaction
between elF4E and elF4G and cap-dependent translation (76). Two specific aptamers
that recognize PABP1 reduce the expression of the viral genome and the production of
infective influenza virus particles (77). At present, vaccination is the principal measure
used to control and treat PRRSV infection. Unfortunately, the current commercially
available vaccines failed to provide the desirable protection against challenge with
heterologous PRRSV strains (78-80). Therefore, alternative measures for the prevention
and control of PRRSV are required. Pharmacological interventions that target the
translation initiation factors and their regulators may be an ideal choice.
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TABLE 1 Sequences of primers used for real-time PCR

Primer sequence (5'-3’)

Gene Forward Reverse

eGFP AAGGGCATCGACTTCAAGGA CTTCTCGTTGGGGTCTTTGC
GAPDH TCATGACCACAGTCCATGCC GGATGACCTTGCCCACAGCC
ATF4 ATGACCGAAATGAGCTTCCTG GCTGGAGAACCCATGAGGT
GADD34 ATGATGGCATGTATGGTGAGC AACCTTGCAGTGTCCTTATCAG

In conclusion, our study provides evidence that PRRSV infection induces host
translation shutoff and that nsp2 is associated with this process. For the two main
pathways to modulate host translation arrest, nsp2 attenuates the mTOR signaling
pathway but does not induce elF2a phosphorylation. In the context of virus infection,
both elF2a phosphorylation and the attenuation of the mTOR signaling pathway
contribute to PRRSV-induced host translation arrest.

MATERIALS AND METHODS

Cells and viruses. MARC-145 cells and HEK293T cells were maintained in Dulbecco’s modified Eagle’s
medium (Invitrogen, Asheville, NC, USA) supplemented with 10% heated-inactivated fetal bovine serum
(FBS), 10 wg/ml streptomycin sulfate, and 100 U/ml penicillin at 37°C in a humidified 5% CO, incubator.
PAMs were cultured in RPMI 1640 (Sigma-Aldrich, St. Louis, MO, USA) supplemented with 10% heated-
inactivated FBS at 37°C in a humidified 5% CO, incubator. PRRSV strain WUH3 (GenBank accession no.
HM853673), a highly pathogenic type 2 PRRSV, was previously isolated from the brains of pigs suffering
from a high fever syndrome in China at the end of 2006 (81). PRRSV strain GZ11-G1, a type 1 PRRSV (28),
was a gift from Hanchun Yang at China Agricultural University.

Antibodies. The monoclonal antibodies against PRRSV nsp2, N, and PRRSV-specific immunoglobulins
(IgGs) were prepared in our laboratory (32). Rabbit monoclonal antibodies directed against elF2q,
P-elF2a, p38 MAPK, P-p38 MAPK, ERK1/2, P-ERK1/2, P-mTOR, P-S6K, 4E-BP1, P-4E-BP1, and P-elF4E were
purchased from Cell Signaling Technology (Beverly, MA, USA). Antibodies directed against TIA1 and elF4E
were purchased from Santa Cruz Biotechnology, Inc. (Santa Cruz, CA, USA). Horseradish peroxidase
(HRP)-conjugated goat anti-rabbit IgG antibody, HRP-conjugated goat anti-mouse IgG antibody, and
monoclonal antibodies directed against Flag, HA, and glyceraldehyde 3-phosphate dehydrogenase
(GAPDH) were purchased from MBL Beijing Biotech (Beijing, China). An antibody directed against
puromycin was purchased from Millipore (Billerica, MA, USA). Fluorescently labeled antimouse and
antirabbit secondary antibodies were purchased from Thermo Fisher Scientific (Waltham, MA, USA).
Rabbit anti-pig IgG/Alexa Fluor 488 antibody was purchased from Bioss (Woburn, MA, USA).

Plasmids. The pCAGGS-MCS vector was modified by inserting the Flag or HA epitope tag at the N
terminus to generate the pCAGGS-Flag or pCAGGS-HA vector, respectively, as previously described (82).
Expression constructs encoding the nonstructural proteins of PRRSV strain WUH3 have been described
previously (83). PRRSV nsp2 and its truncation mutants were inserted into the pCAGGS-HA vector. The
PEGFP-C1 vector, which expresses EGFP, and the pDsRed2-Mito vector, which expresses the Mito-DsRed2
fusion protein, were purchased from Clontech (Mountain View, CA, USA).

Chemicals and reagents. Puromycin, Z-VAD-FMK, and MG132 were from Beyotime Co. (Jiangsu,
China). Torin 1 and ISRIB were purchased from Medchem Express (Monmouth Junction, NJ, USA). Sodium
arsenite (Ars) and 3-methyladenine (3- MA) were from Sigma-Aldrich.

Quantitative real-time PCR. Total cellular RNA was extracted with TRIzol reagent (Invitrogen,
Carlsbad, CA, USA) according to the manufacturer’s instructions, and 1 ug of each sample was subse-
quently reverse transcribed to cDNA with the Transcriptor First Strand ¢cDNA synthesis kit (Roche,
Mannheim, Germany) according to the manufacturer’s instructions. The resulting cDNA was then used as
the template in a SYBR green qPCR assay (Applied Biosystems, Foster City, CA, USA). The abundance of
individual mRNA transcripts in each sample was assayed three times and normalized to that of GAPDH
mRNA (internal control). The specific primer sequences used in this study are listed in Table 1.

Indirect immunofluorescence assay. Cells were seeded on circular glass coverslips in 24-well plates
and grown to 80% to 90% confluence. At the indicated time points after treatment, the cells were
incubated in 4% paraformaldehyde for 15 min and immediately permeabilized with precooled methanol
for 10 min. The cells were blocked with 5% bovine serum albumin (BSA) in phosphate-buffered saline
(PBS) for 45 min and then incubated with the indicated antibodies for 1 h. The cells were treated with
secondary antibodies for 1 h and then with 4’,6-diamidino-2-phenylindole (DAPI; Beyotime, Nantong,
China) in PBS (1/200 dilution) for 15 min. The fluorescent images were acquired with an Olympus FV10
laser scanning confocal microscope (Olympus, Tokyo, Japan).

Western blotting. The total cellular samples were washed twice with ice-cold PBS, lysed in sample
buffer (Beyotime) with 1% phosphatase inhibitor cocktail (Sigma-Aldrich), and then resolved with sodium
dodecyl sulfate-10% polyacrylamide gel electrophoresis (SDS-PAGE) and transferred to polyvinylidene
difluoride membranes (Millipore, Billerica, MA, USA). The membranes were blocked with 5% BSA in
Tris-buffered saline containing Tween 20 and incubated with the primary antibodies.

ROS measurements. The levels of ROS were determined with a ROS detection kit (Beyotime)
according to the manufacturer’s protocol. Briefly, cells grown in 24-well plates were washed twice with
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cold PBS and incubated with 200 ul of 2',7'-dichlorodihydrofluorescein diacetate (DCFH-DA) solution at
room temperature for 30 min in the dark. The fluorescence intensity was recorded at 488 nm with a
microplate reader (BioTek, Winooski, VT, USA). The results given are representative of data from three
independent experiments.

ATP measurement. The amounts of cellular ATP were measured with a firefly luciferase-based ATP
detection kit (Beyotime) according to the manufacturer’s protocol. Briefly, cells grown in 24-well plates
were lysed with 200 ul of lysis buffer and centrifuged at 12,000 X g for 5 min at 4°C. One-half of the
supernatant was mixed with 100 ul of ATP detection working solution. Luminance was assayed in a
luminometer (Promega). Standard curves were generated to calculate the contents of ATP. All the
experiments were performed independently in triplicate. Values reported are the means from three
replicates * standard deviations (SD).
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