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Porcine Reproductive and Respiratory
Syndrome Virus Antagonizes JAK/STAT3
Signaling via nsp5, Which Induces STAT3
Degradation
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ABSTRACT Signal transducer and activator of transcription 3 (STAT3) is a pleiotropic
signaling mediator of many cytokines, including interleukin-6 (IL-6) and IL-10. STAT3
is known to play critical roles in cell growth, proliferation, differentiation, immunity
and inflammatory responses. The objective of this study was to determine the effect
of porcine reproductive and respiratory syndrome virus (PRRSV) infection on the
STAT3 signaling since PRRSV induces a weak protective immune response in host
animals. We report here that PRRSV infection of MARC-145 cells and primary porcine
pulmonary alveolar macrophages led to significant reduction of STAT3 protein level.
Several strains of both PRRSV type 1 and type 2 led to a similar reduction of STAT3
protein level but had a minimal effect on its transcripts. The PRRSV-mediated STAT3
reduction was in a dose-dependent manner as the STAT3 level decreased, along
with incremental amounts of PRRSV inocula. Further study showed that nonstruc-
tural protein 5 (nsp5) of PRRSV induced the STAT3 degradation by increasing its
polyubiquitination level and shortening its half-life from 24 h to ~3.5 h. The
C-terminal domain of nsp5 was shown to be required for the STAT3 degradation.
Moreover, the STAT3 signaling in the cells transfected with nsp5 plasmid was signifi-
cantly inhibited. These results indicate that PRRSV antagonizes the STAT3 signaling
by accelerating STAT3 degradation via the ubiquitin-proteasomal pathway. This
study provides insight into the PRRSV interference with the JAK/STAT3 signaling,
leading to perturbation of the host innate and adaptive immune responses.

IMPORTANCE The typical features of immune responses in PRRSV-infected pigs are
delayed onset and low levels of virus neutralizing antibodies, as well as weak cell-
mediated immunity. Lymphocyte development and differentiation rely on cytokines,
many of which signal through the JAK/STAT signaling pathway to exert their biolog-
ical effects. Here, we discovered that PRRSV antagonizes the JAK/STAT3 signaling by
inducing degradation of STAT3, a master transcription activator involved in multiple
cellular processes and the host immune responses. The nsp5 protein of PRRSV is re-
sponsible for the accelerated STAT3 degradation. The PRRSV-mediated antagonizing
STAT3 could lead to suppression of a broad spectrum of cytokines and growth fac-
tors to allow virus replication and spread in host animals. This may be one of the
reasons for the PRRSV interference with the innate immunity and its poor elicitation
of protective immunity. This finding provides insight into PRRSV pathogenesis and
its interference with the host immune responses.
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orcine reproductive and respiratory syndrome (PRRS) has been an economically

important viral disease in the swine industry since it was first reported in 1987,
leading to an estimated annual loss of $664 million in the United States alone (1). The
causative agent of the devastating disease is PRRS virus (PRRSV), a small enveloped RNA
virus belonging to the genus Arterivirus, family Arteriviridae, order Nidovirales (2, 3).
There are two PRRSV species in the newly proposed taxonomy, PRRSV-1 and PRRSV-2,
corresponding to the currently known genotype type 1 (European) and type 2 (North
American) PRRSV, respectively (3). PRRSV virions contain a single-stranded, positive-
sense RNA genome in a size of ~15 kb. The PRRSV genome encodes over 10 open
reading frames (ORFs) (2, 4, 5). PRRSV mainly targets pulmonary alveolar macrophages
(PAMs) and some lineages of monocytes in pigs (6). PRRSV propagation in vitro is
generally conducted on MARC-145 cells, which are derived from epithelial cells of a
monkey kidney (7).

Typical features of the immune response to PRRSV infection in pigs are delayed onset
and low titers of virus-neutralizing antibodies, as well as a weak cell-mediated immune
response (8, 9). PRRSV infection is characterized by prolonged viremia, followed by persis-
tent viral replication in regional lymph nodes for as long as 250 days (10). One of the
possible reasons for the weak protective immune response is that PRRSV interferes with the
innate immunity, such as inhibition of the synthesis and downstream signaling of type |
interferons (IFNs) (11-14). Cytokines, including type I IFNs, that are produced at the site
of infection, stimulate and coordinate the innate and adaptive immune responses
against the invading pathogen (15-17). Many of the cytokines initiate functions by
binding to specific receptors on cells to activate the Janus kinase (JAK) signal trans-
ducers and activators of transcription (STAT) signal pathway (18, 19). STATs are a family
of transcription factors that regulate cell growth, differentiation, proliferation, apopto-
sis, immunity, inflammatory responses, and angiogenesis. There are seven STAT pro-
teins (STAT1, -2, -3, -4, -5A, -5B, and -6) in mammalians. Each STAT member responds
to a defined set of cytokines, although some of the cytokines can induce signaling via
several STAT proteins (19-21). STAT proteins are activated by JAK phosphorylation of
specific tyrosine residues, followed by homodimer or heterodimer formation and
nuclear translocation to activate transcription of a specific set of genes.

Among all the STAT proteins, STAT3 is known as highly pleiotropic in mediating the
expression of a variety of genes in response to both cytokines and growth factors and
thus plays a pivotal role in numerous cellular processes, including cell survival, prolif-
eration, embryogenesis, and the immune response (19, 22, 23). Numerous cytokines,
including interlukin-5 (IL-5), IL-6, IL-9, IL-10, IL-11, IL-12, IL-21, IL-22, IL-27, oncostatin M
(OSM), gamma interferon (IFN-vy), tumor necrosis factor alpha (TNF-«), and leukemia
inhibitory factor (LIF), trigger STAT3 activation (20, 24). The IL-6 family cytokines,
including IL-6, OSM, and LIF, bind to the gp130 receptor and activate STAT3, known as
the gp130/JAK/STAT3 signaling. IL-6, a pleiotropic cytokine, plays important roles in
triggering the acute phase response of the body to injury or inflammation. OSM, a
multifunctional cytokine produced by activated T lymphocytes, monocytes, and den-
dritic cells, enhances the antiviral effects of IFN-a and plays a role in the induction of
the adaptive immune response to pathogens (25, 26). STAT3 is found to be a central
regulator of lymphocyte differentiation and function (27). Mutations in STAT3 cause
autosomal-dominant hyper-IgE syndrome, a rare multisystem primary immunodefi-
ciency characterized by recurrent bacterial infections in skin and lung and with abnor-
mally high levels of IgE (28, 29).

PRRSV blocks the nuclear translocation of STAT1 and STAT2 to inhibit the IFN
signaling pathway via the nonstructural protein 18 (nsp1p) (13, 14). However, PRRSV
effect on the gp130/JAK/STAT3 signaling remains unknown. In the present study, our
objective was to determine the PRRSV effect on STAT3 signaling. We discovered that
PRRSV inhibits the STAT3 signaling via inducing STAT3 degradation via nsp5. Infection
of MARC-145 cells by several PRRSV type 1 and type 2 strains resulted in a reduction of
STAT3 protein without affecting its transcript level. The addition of the proteasome
inhibitor MG132 to the PRRSV-infected cells restored the STAT3 protein levels. Transient
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FIG 1 PRRSV infection reduces STAT3 in MARC-145 and PAM cells. (A) OSM treatment of MARC-145 cells
inhibits PRRSV replication and has a minimal effect on cell viability. The cells were pretreated with OSM for
24 h before inoculation with PRRSV VR-2385 at a multiplicity of infection (MOI) of 1. The cells were
harvested at 24 h postinfection (hpi). The relative percentage of PRRSV RNA levels determined by real-time
PCR are shown. Significant differences from the untreated cells are denoted by asterisks (**) for P < 0.01.
(B) PRRSV reduces STAT3 phosphorylation in MARC-145 cells upon OSM stimulation. The cells were infected
with VR-2385 at an MOI of 1, incubated for 48 h, and treated with OSM for 30 min before harvested for
Western blotting (WB) with antibody against STAT3, phosphorylated STAT3 (pSTAT3), and tubulin. The
relative levels of pSTAT3 and STAT3 are shown below the images after normalization with tubulin in
densitometry analysis. (C) PRRSV reduces the STAT3 protein level in MARC-145 cells but has a minimal effect
on the STAT1 protein. The relative levels of STAT3 are shown below the images after normalization with
GAPDH. (D) PRRSV reduces STAT3 protein level in PAM cells but has a minimal effect on the STAT1 protein.
The cells were infected with VR-2385 at an MOI of 1 and harvested for WB at 16 hpi.

expression of nsp5 led to a reduction of STAT3 protein via degradation through the
ubiquitin-proteasome pathway. The C-terminal portion of nsp5 is responsible for the
induction of STAT3 degradation. In consequence, nsp5 inhibited the OSM-activated
gp130/JAK/STAT3 signaling pathway. This finding provides further insight into PRRSV
pathogenesis and its interference with the host immune response.

RESULTS

OSM inhibits PRRSV replication, and PRRSV infection reduces STAT3 without
affecting its transcript level. OSM, a member of the IL-6 family, was found to

synergistically inhibit the replication of hepatitis C virus in combination with IFN-« (25,
26). We sought to determine whether OSM alone had any antiviral role against PRRSV.
MARC-145 cells were pretreated with OSM for 24 h before inoculation with the PRRSV
strain VR-2385. The real-time PCR result showed that the OSM treatment significantly
reduced PRRSV RNA replication in comparison to mock-treated control, whereas OSM
had a minimal effect on cell viability (Fig. 1A). Based on our early study of the
IFN-activated JAK/STAT signaling (14), we reasoned that PRRSV would antagonize the
OSM-activated gp130/JAK/STAT3 signaling. We first determined the OSM-activated
STAT3 phosphorylation in PRRSV-infected cells. The result showed that the STAT3
phosphorylation level in the PRRSV-infected cells was 15% of the mock-infected cells
after OSM stimulation (Fig. 1B). The STAT3 protein level in the infected cells was
significantly reduced to 0.26- or 0.36-fold in the absence or presence of OSM, respec-
tively, compared to mock-infected cells.

To exclude the possibility that PRRSV reduced STAT3 nonspecifically, we examined
STAT1 protein level. Compared to mock-infected cells, STAT3 level in the infected cells
was reduced to 0.36-fold, whereas the STAT1 level was unchanged (Fig. 1C). Since
MARC-145 cells are monkey derived though they are PRRSV permissible, we wondered
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FIG 2 Infection of MARC-145 cells with PRRSV type 1 and type 2 strains reduces the STAT3 protein level
but has a minimal effect on STAT3 transcripts. (A) Reduction of STAT3 protein level but no effect on
STAT1 protein level in MARC-145 cells infected with PRRSV type 2 strains. The cells were infected with
PRRSV type 2 strains VR-2385 (VR), Ingelvac PRRS MLV, and VR-2332 (VR1). At 48 hpi, the cells were
harvested for WB with antibody against STAT3, STAT1, and tubulin. The relative levels of STAT3 are
shown below the images after normalization with tubulin. (B) Reduction of STAT3 protein level by PRRSV
type 1 strain Lelystad. (C) STAT3 mRNA levels in PRRSV-infected cells. The relative STAT3 mRNA levels are
shown compared to the mock-infected cells. Error bars represent standard errors of the means of three
repeated experiments. LV, Lelystad.

whether PRRSV had the same effect on STAT3 in primary PAM cells, which are main
target cells in pigs during acute PRRSV infection. PAM cells were infected with VR-2385
and harvested 16 hpi for immunoblotting. Similarly, STAT3 level in the PRRSV-infected
PAM cells was reduced to 0.37-fold in comparison to mock-infected control, whereas
STAT1 remained steady (Fig. 1D). The harvesting of infected PAMs was done at 16 hpi
since VR-2385 infection in these cells progresses faster than that in MARC-145 cells.

To exclude the possibility that the STAT3 reduction is the consequence from
infection of PRRSV strain VR-2385 only, we included strains from both PRRSV type 1 and
type 2 in the test. MARC-145 cells were infected with PRRSV type 2 strains VR-2385,
Ingelvac PRRS MLV, and VR-2332 or PRRSV type 1 strain Lelystad. Compared to
mock-infected cells, the STAT3 protein levels in cells infected with VR-2385, MLV,
VR-2332, and Lelystad were reduced 0.37-, 0.33-, 0.24-, and 0.33-fold, respectively,
whereas STAT1 remained steady (Fig. 2A and B). We reasoned that STAT3 reduction
could be due to a decrease in transcription and/or translation or to accelerated protein
degradation. To determine the mRNA level of STAT3 in the cells with PRRSV infection,
we conducted reverse transcription quantitative PCR (RT-gqPCR). The results showed
that there was no significant difference in the mRNA levels of endogenous STAT3
between the PRRSV-infected and mock-infected cells (Fig. 2C). These results indicated
that the PRRSV-induced reduction of STAT3 protein level was not due to perturbation
of its transcripts.

PRRSV reduces STAT3 protein level in a dose- and time-dependent manner. To
further study the PRRSV-mediated reduction of STAT3, we inoculated MARC-145 cells
with a different amount of VR-2385. Along with the incremental amount of VR-2385
inoculation, the STAT3 protein level was reduced in a dose-dependent manner,
whereas the STAT1 level remained relatively stable (Fig. 3A). Densitometry analysis
showed that the STAT3 levels in MARC-145 cells inoculated at multiplicities of infection
(MOls) of 0.01, 0.1, 1, and 10 were reduced 0.43-, 0.38-, 0.27-, and 0.22-fold, respectively,
compared to the mock-infected control. VR-2385 RNA levels in the infected cells
significantly increased, along with the incremental inocula (Fig. 3B), as expected.

To examine the PRRSV effect on the temporal kinetics of STAT3, we infected
MARC-145 cells with VR-2385 and harvested the cells 24, 36, and 48 hpi. Compared to
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FIG 3 PRRSV reduces STAT3 protein level in a dose- and time-dependent manner. (A) Dose-dependent
reduction of STAT3 by PRRSV strain VR-2385. MARC-145 cells were inoculated with incremental MOlIs of
VR-2385 and harvested for WB with antibodies against STAT3, STAT1, and tubulin at 48 hpi. The relative
levels of STAT3 are shown below the images after normalization with tubulin. (B) PRRSV RNA levels in
infected cells. The cells were harvested for RNA isolation and RT-qPCR at 24 hpi. Error bars represent the
standard errors of the results of repeated experiments. Significant differences in RNA level from an MOI
of 0.01 are denoted by asterisks (**, P < 0.01; ***, P < 0.001). (C) Temporal kinetics of STAT3 levels in
PRRSV-infected cells. MARC-145 cells were infected with VR-2385 at an MOI of 1. At the different time
points, the cells were harvested for WB. The relative levels of STAT3 protein are shown below the images
after normalization with tubulin at each time point.

the mock-infected cells at each time point, the STAT3 levels in the virus-infected cells
at 24, 36, and 48 hpi were reduced 0.63-, 0.33-, and 0.24-fold, respectively (Fig. 3C). This
result demonstrated that PRRSV infection reduces STAT3 protein level in a time-
dependent manner.

PRRSV mediates STAT3 reduction via the ubiquitin-proteasomal degradation
pathway. The results presented above showed that PRRSV infection reduced the level
of STAT3 protein but had a minimal effect on its transcript level. We reasoned that the
STAT3 reduction could possibly be due to accelerated degradation by the ubiquitin-
proteasomal pathway. To test this, MG132, a proteasome inhibitor, was added to the
cells at 30 h after VR-2385 infection. The cells were harvested 6 h later for STAT3
examination. The MG132 treatment of the infected cells resulted in the restoration of
STAT3 to a level similar to the mock-infected cells (Fig. 4A). PRRSV RNA levels in the cells
with or without MG132 treatment are similar (Fig. 4B). This result indicates that PRRSV
mediates the STAT3 reduction via ubiquitin-proteasomal degradation pathway.

PRRSV nsp5 reduces STAT3 protein level. Having demonstrated that PRRSV
infection reduces the STAT3 protein level, we wondered which protein of PRRSV was
responsible for the reduction. Hela cells were transfected with plasmids encoding
PRRSV VR-2385 nsp or structural proteins to assess their effects on STAT3 levels.
Western blotting results showed that cells transfected with nsp5 plasmid had a 0.4-fold
STAT3 protein level compared to the cells transfected with green fluorescent protein
(GFP), whereas the cells transfected with the other PRRSV plasmids had no significant
reduction (Fig. 5). nsp2, nsp3, nsp9, and nsp10 are much larger than the other nsp and
were analyzed separately by immunoblotting. The structural proteins had a minimal
effect on STAT3 and were not examined further in this study (data not shown).
Therefore, nsp5 was selected for further analysis.

The nsp5 plasmid was used to transfect HEK293 cells to confirm the effect on STAT3.
Compared to the cells transfected with empty vector, the cells transfected with nsp5
plasmid reduced STAT3 protein level in a dose-dependent manner (Fig. 6A). Densitom-
etry analysis showed that the STAT3 levels in HEK293 cells transfected with 0.25, 0.5, 1.0,
and 2.0 ug of nsp5 plasmid were reduced 0.64-, 0.40-, 0.33-, and 0.05-fold, respectively,
compared to the empty vector control. The nsp5 protein level increased, along with the
incremental amount of the plasmid DNA in the transfection.
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FIG 4 PRRSV mediates STAT3 reduction via the ubiquitin-proteasomal degradation pathway. (A) MG132
treatment restores STAT3 level in PRRSV-infected cells. MARC-145 cells were infected with VR-2385 at an
MOI of 1. At 30 hpi, the cells were treated with MG132 for 6 h and then harvested for Western blotting
with antibodies against STAT3 and GAPDH. Nontreated and mock-infected cells were included as
controls. The relative levels of STAT3 protein are shown as fold values below the images after normal-
ization with GAPDH. (B) PRRSV replication is not affected by the MG132 treatment. The relative PRRSV
RNA levels determined by real-time PCR are shown compared to mock-treated cells.

nsp5 is known to induce autophagy (30, 31). To exclude the possibility that nsp5
reduces STAT3 via autophagy pathway, we treated the cells with autophagy inhib-
itor 3-methyladenine (3-MA) (32). Compared to cells transfected with the empty
vector, the cells with nsp5 had a similar lower STAT3 level in the presence or
absence of 3-MA (Fig. 6B). Like the whole virus infection, nsp5 alone had no effect
on the STAT1 level (Fig. 6C).
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FIG 5 Screening of PRRSV nsp to identify the viral protein that is responsible for reduction of STAT3
protein level. (A) nsp5 reduces STAT3 in Hela cells, whereas other PRRSV nsp have a minimal effect. The
cells were transfected with individual HA-nsp plasmids. A GFP plasmid was included as a control. At 36
h posttransfection (hpt), WB analyses against STAT3, HA, and tubulin were performed to detect the
endogenous STAT3 protein levels in cells with transient expression of the nsp. The relative levels of
STAT3 protein are shown below the images. Molecular mass markers are added on the left of image of
HA blotting. (B) nsp2, nsp9, and nsp10 have a minimal effect on STAT3 level in HeLa cells. The cells were
transfected with FLAG-nsp2, FLAG-nsp9, HA-nsp10, or GFP plasmid. (C) nsp3 has a minimal effect on
STAT3 level in Hela cells. The cells were transfected with HA-nsp3 or GFP plasmid.
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FIG 6 PRRSV nsp5 reduces the STAT3 protein level. (A) nsp5 reduces STAT3 protein level in a dose-
dependent manner. HEK293 cells were transfected with nsp5 plasmid in incremental amounts. WB
analyses with antibodies against STAT3, HA, and tubulin were conducted at 48 hpt. The relative levels of
STAT3 are shown below the images after normalization with tubulin. (B) 3-MA treatment is unable to
rescue STAT3 protein level in HEK293 cells cotransfected with 0.5 ug of HA-nsp5 and 0.5 ug of STAT3
plasmid. Mock-treated cells were included as controls. The cells were treated with 3-MA for 24 h before
being harvested for WB. The relative levels of STAT3 protein are shown below the images. (C) nsp5 has
no effect on STAT1 protein level. HEK293 cells were transfected with 0.5 ug of pCAGEN-HA-nsp5 plasmid
and 0.5 pg of pEGFP-C1-STAT1 plasmid. WB against STAT1 antibody was performed at 36 hpt. The
relative levels of STAT1-GFP are shown below the images.

PRRSV nsp5 leads to an elevation in STAT3 ubiquitination and a shortening of
its half-life. Since MG132 treatment restored STAT3 levels in cells with PRRSV infection,
we reasoned that the STAT3 ubiquitination levels in the cells with nsp5 expression
would increase. HEK293 cells were cotransfected with STAT3 and nsp5 plasmids. The
cells were lysed for immunoprecipitation (IP) with an antibody against STAT3. Western
blotting with ubiquitin antibody showed that ubiquitinated STAT3 in the cells with
nsp5 expression was 12.6-fold greater than that in the cells transfected with the empty
vector (Fig. 7A), which indicates that there was more polyubiquitination of STAT3 in the
cells with nsp5 expression. Blotting with HA antibody failed to determine any nsp5
band in the IP complex lane, which suggests that STAT3 did not interact with nsp5
under our testing conditions. In addition, the input of whole-cell lysate was included in
the blotting and results showed that the total ubiquitination level in the cells with nsp5

A B CHX (EV)
Time(h): 0 5 10 24 28
IP: a-STAT3 _wel
EV Nsps EV Nsp5 Wy . e w— e STAT3
' T e e e=e essp Tubulin
aub a- Ub Relative: 1.0 0.75 0.80 050 0.29
a-STAT3 @ o Slf : "- CHX (nsp5)
a-HA «Tubulin @il Time(h: 0 5 10 24 28
Relative: 1.0 12.6 - ) STAT3

e e euse ws® Tubulin
Relative: 1.0 041 0.15 0.07 0.06

FIG 7 PRRSV nsp5 leads to STAT3 degradation by the ubiquitin-proteasomal pathway. (A) Presence of
nsp5 leads to elevation of STAT3 polyubiquitination level. IP analyses with STAT3 antibody and then WB
with antibodies against ubiquitin (Ub), STAT3, and HA were performed. Samples of whole-cell lysate
(WCL) were included as controls. The relative levels of ubiquitinated STAT3 are shown below the images
after normalization with STAT3 level. (B) nsp5 shortens STAT3 half-life from around 24 to 3.5 h. HEK293
cells were transiently cotransfected with 0.5 g of STAT3 and nsp5 plasmids. The cells were treated with
cycloheximide (CHX) at 100 wg/ml at 24 hpt and harvested at indicated times in hours posttreatment,
followed by WB with antibodies against STAT3 and tubulin. The relative levels of STAT3 are shown below
the images after normalization with tubulin.
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expression was similar to the cells transfected with empty vector (Fig. 7A). These results
demonstrated that nsp5 induced the elevation of STAT3 ubiquitination in the cells.

We next tested whether the half-life of STAT3 would be shortened. HEK293 cells
were cotransfected with STAT3 and nsp5 plasmids and treated with cycloheximide, a
translation inhibitor, followed by harvesting and immunoblotting at different time
points. In the presence of nsp5, the STAT3 level decreased at a higher rate than that in
the cells transfected with the empty vector (Fig. 7B). At 5, 10, 24, and 28 h after the
cycloheximide treatment, the STAT3 levels in the cells with nsp5 expression were
reduced by 59, 85, 93, and 94%, respectively, whereas STAT3 in the cells transfected
with the empty vector were reduced by 25, 20, 50, and 71%, separately (Fig. 7B). The
densitometry analysis was normalized with B-tubulin, which has a long half-life of 50 h
(33). The expression of nsp5 induced a shortening of the STAT3 half-life from 24 h to
approximately 3.5 h. This result is consistent with the elevation of STAT3 polyubiquiti-
nation in the cells with nsp5 expression.

The C-terminal domain of nsp5 appears to be responsible for the induced
degradation of STAT3. To map the domain of nsp5 involved in inducing the degra-
dation of STAT3, deletion constructs of VR-2385 nsp5 were prepared. Based on analysis
of nsp5 polypeptide sequence using Lasergene, four fragments of nsp5 were cloned
into the pCDNA3-VenusC1 vector (Fig. 8A). Overexpression of the nsp5 truncation
constructs in HEK293 cells was confirmed by immunoblotting with GFP antibody
(Fig. 8B).

Immunoblotting results showed that the cells transfected with YFP-nsp5D2 (amino
acids [aa] 59 to 170), YFP-nsp5D3 (aa 1 to 122), and YFP-nsp5D4 (aa 86 to 170) had
considerably lower STAT3 protein levels than the cells transfected with the empty
vector (Fig. 8B). Densitometry analysis showed that the cells with YFP-nsp5D1, YFP-
nsp5D2, YFP-nsp5D3, and YFP-nsp5D4 had STAT3 levels reduced by 8, 76, 58, and 67%,
respectively, compared to the cells transfected with the empty vector. The results
indicate that the nsp5D1 (aa 1 to 85) corresponding to the N-terminal domain has a
minimal effect on the STAT3 level, whereas the C-terminal domain (aa 86 to 170) of
nsp5 is responsible for the induced degradation of STAT3.

Sequence analysis suggests that nsp5 polypeptides are highly hydrophobic and may
be membrane associated. Analysis with TMHMM, a membrane protein topology pre-
diction method (34), showed that nsp5 has five transmembrane domains spanning
residues aa 13 to 35, 45 to 67, 79 to 101, 121 to 143, and 150 to 169 (Fig. 8C). There are
two outside-oriented loops spanning residues aa 36 to 44 and aa 102 to 120 and three
inside-oriented loops spanning residues aa 1 to 12, 68 to 78, and 144 to 149 in nsp5.
The outside-oriented loop spanning aa 102 to 120 is longer than the other loops and
is located in the C-terminal domain.

Sequence alignment of nsp5 showed that VR-2385 nsp5 has 96.5, 85.3, and 69.4%
identical amino acid residues with VR-2332, MN184, and Lelystad, respectively. Among
the 52 aa variations between nsp5 of VR-2385 and Lelystad, 13 aa distribute in the
N-terminal half of nsp5, and the remaining 39 aa are in the C-terminal half. There is a
highly conserved stretch of residues, aa 110 to 118, in the outside-oriented loop
spanning aa 102 to 120 (Fig. 8D). Among the nine residues in aa 110 to 118 of nsp5
from the four PRRSV strains, eight are identical, which needs further study to determine
whether they correlate with the nsp5 induction of STAT3 reduction.

nsp5 inhibits gp130/JAK/STAT3 signaling. As a transcription activator, STAT3
mediates multiple important signaling pathways related to immune responses, cell
growth, and cell survival. Thus, we speculated that nsp5 would inhibit the STAT3
signaling as it reduced STAT3 protein level. First, we tested whether it inhibits the
OSM-mediated STAT3 activation. As expected, the STAT3 phosphorylation in HEK293
cells transfected with nsp5 plasmid was much lower than in cells with empty vector
(Fig. 9A). The relative phosphorylated STAT3 levels in the cells with 0.25 and 1 ug of
nsp5 were reduced by 60 and 74%, respectively, compared to the control cells with
empty vector. The relative STAT3 levels in the cells with 0.25 and 1 ug of nsp5 were
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FIG 8 The C-terminal domain of nsp5 is required for inducing STAT3 degradation. (A) Schematic
illustration of truncation mutants nsp5D1, nsp5D2, nsp5D3, and nsp5D4. The numbers above the lines
indicate amino acid residues of nsp5. (B) nsp5D2, nsp5D3, and nsp5D4 lead to STAT3 degradation,
whereas nsp5D1 has a minimal effect. HEK293 cells were transfected with 0.5 ug of YFP-tagged plasmids
and harvested at 36 hpt forimmunoblotting with antibodies against STAT3, YFP, and tubulin. The relative
levels of STAT3 are shown below the images after normalization with tubulin. Molecular mass markers
are given to the left of the YFP-nsp5 image. EV, empty vector; FL, full length. (C) Predicted membrane
protein topology of nsp5 determined using TMHMM. The numbers on the x axis denote the nsp5
residues. The bars in different colors indicate the topology. Loops inside or outside the membrane are
indicated by different colors. (D) Alignment of nsp5 amino acid sequences for PRRSV VR-2385, VR-2332,
MN184, and Lelystad. The rectangle highlights the highly conserved residues. The numbers below the
consensus sequences and on the left denote the amino acid residue number of nsp5. Residues that are
identical to the consensus at the top are not shown.

reduced by 50 and 72%, respectively, compared to the control cells. The results indicate
that the nsp5 inhibition of STAT3 phosphorylation was due to the reduction of STAT3
protein level.

We next tested whether nsp5 inhibits STAT3 reporter expression. HEK293 cells were
cotransfected with the incremental amount of nsp5 plasmid DNA, along with STAT3
reporter plasmid 4XM67 pTATA TK-Luc and pRL-TK. The cells were then treated with
OSM for 24 h before harvested for luciferase assay. OSM induced obvious transactiva-
tion of 4XM67 pTATA TK-Luc in the cells transfected with the empty vector (Fig. 9B),
whereas the luciferase activities in cells transfected with nsp5 plasmid from 0.125 to 1.0
g were significantly (P < 0.001) lower. This result demonstrated that nsp5 led to the
inhibition of the OSM-mediated gp130/JAK/STAT3 signaling by inducing degradation
of the STAT3 protein.

DISCUSSION

Our results in this study demonstrated that PRRSV inhibits the STAT3 signaling
pathway by inducing the degradation of STAT3. The JAK/STAT pathway is critical in
relaying signals from cytokines and growth factors to regulate gene expression in
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FIG 9 PRRSV nsp5 inhibits STAT3 signaling. (A) HEK293 cells transfected with nsp5 have a much lower
OSM-mediated STAT3 phosphorylation level than that of the control cells with empty vector (EV). The
cells were treated with OSM for 30 min before harvested for WB. The relative levels of phosphorylated
STAT3 (pSTAT3) and total STAT3 are shown below the images. (B) nsp5 inhibits OSM-stimulated STAT3
reporter expression. HEK293 cells were cotransfected with 0.5 pg of nsp5 plasmid, 0.5 pg of STAT3
reporter, and 0.05 ug of Renilla plasmid. At 24 hpt, the cells were treated with OSM and harvested for
luciferase activity assay 24 h later. The relative levels of firefly luciferase activity are shown as fold values
compared to the EV control after normalization with the Renilla activity. A significant difference in firefly
luciferase activity from the EV+OSM control is denoted by asterisks (***, P < 0.001).

biological processes including apoptosis, angiogenesis, differentiation, cell prolifera-
tion, inflammatory response, and immunity (18, 19). In particular, STAT3 is a central
regulator of lymphocyte differentiation and function (27). It can regulate CD4" T cell
differentiation and control Th17 cells differentiation by IL-6 and IL-23. STAT3 deficiency
affects the generation of memory CD8™" T cells (35, 36) and memory B cells (37, 38).
Therefore, STAT3 is indispensable in the host immune system. PRRSV infection induces
a weak cell-mediated immune response, in which PRRSV-specific T cells transiently
appear 2 weeks after infection without a change in frequency of CD4* and CD8* T cells
(9). The STAT3 antagonizing may be one of the reasons for PRRSV interference with the
development of protective immune response.

We discovered that PRRSV inhibits the STAT3 signaling by inducing degradation of
STAT3. The PRRSV-mediated degradation of STAT3 is specific as PRRSV has no effect on
the STAT1 protein level in MARC-145 and PAM cells. The PRRSV-induced reduction of
STAT3 also occurs in primary PAMs, the main target cells in infected pigs. This reduction
appears to be an intrinsic property of PRRSV since several strains from both PRRSV type
1 and type 2, including a vaccine strain, are able to do so in MARC-145 cells. The STAT3
decrease was found due to degradation via the ubiquitin-mediated proteasome path-
way because blocking this degradation pathway with MG132 resulted in the restoration
of STAT3 levels in the cells infected with PRRSV.

Macrophages are important immune effector cells and can respond to endogenous
stimuli generated by injury or infection (39). PRRSV infection of PAMs leads to the
inhibition of IFN induction (11) and the suppression of the JAK/STAT signaling (14),
which may result in the poor generation of stimuli to other cells and consequently an
ineffectual immune response. PRRSV infection in pigs leads to the elevation of IL-10 (40,
41) and induces lung lesions with inflammatory cell infiltration (42). IL-10 signaling via
mediator STAT3 results in the generation of regulatory macrophages, which have an
anti-inflammatory activity to dampen immunopathology. PRRSV antagonizing the
STAT3 signaling could interfere with the IL-10 regulatory function and leads to inflam-
mation.

PRRSV nsp5 was found to be responsible for the STAT3 reduction. nsp5 induces the
elevation of the STAT3 polyubiquitination and shortens its half-life from 24 h to
approximately 3.5 h. Our data suggest that nsp5 enhances STAT3 degradation via the
ubiquitin-proteasomal pathway. There seems no direct interaction between nsp5 and
STAT3 because IP with an antibody against STAT3 did not pull down nsp5. Likewise,
immunofluorescence assay and confocal microscopy did not determine colocalization
of nsp5 and STAT3 in cells cotransfected with both plasmids (data not shown). These
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results suggest that STAT3 and nsp5 either have no direct interaction or, if any, only
transient interaction. We presume that nsp5 activates an ubiquitin E3 ligase of STAT3
and accelerates proteasome degradation of the transcription activator. The E3 ligase for
the STAT3 proteasome degradation remains unknown, although TMF/ARA 160, a
Golgi-resident protein, was found to mediate the degradation of STAT3 (43). However,
nsp5 was found to colocalize with the endoplasmic reticulum, not the Golgi apparatus
(data not shown). nsp5 induces autophagic cell death when it is overexpressed (31).
However, treatment of the cells with 3-MA to block autophagy in this study did not
rescue the STAT3 level, indicating that autophagy was not the reason for the STAT3
reduction.

nsp5 is a hydrophobic transmembrane protein and can form a membranous struc-
ture in the cytoplasm that could be the site for PRRSV replication (5). The C-terminal
domain (aa 86 to 170) of nsp5 might be responsible for the STAT3 degradation since
the deletion constructs nsp5D2, nsp5D3, and nsp5D4 containing the full or partial
C-terminal domain led to the reduction, whereas nsp5D1 (aa 1 to 85) failed to do so.
This C-terminal domain contains a mixture of hydrophobic and hydrophilic residues
with a potential surface location motif, as shown by TMHMM analysis. In the outside-
oriented loop in the C-terminal domain, there is a stretch of residues that are highly
conserved across the two PRRSV species. This suggests that these conserved residues
might play a role in the nsp5-induced STAT3 reduction. Further work is needed to
address the speculation.

The nsp5-mediated degradation of STAT3 led to blocking of the STAT3 signaling. In
the OSM-dependent transactivation of the reporter plasmid of the STAT3 binding
promoter, the presence of nsp5 resulted in a significant reduction of the reporter
expression. This result substantiates that PRRSV nsp5 mediates the inhibition of the
gp130-dependent signaling via its inducing STAT3 degradation.

Due to its importance in the host innate and adaptive immune responses, STAT3 has
been found to be the target of some viral pathogens. Measles virus V protein inhibits
the IL-6-mediated STAT3 signaling (44). The V protein of mumps virus prevents re-
sponses to IL-6 and v-Src by inducing STAT3 ubiquitination and degradation (45). The
rabies virus interferon antagonist P protein inhibits the gp130 receptor signaling by
interacting with activated STAT3 (46). Inhibition of the STAT3 signaling by these viruses
and PRRSV can lead to inhibition of a broad spectrum of cytokines and growth factors
to thwart host antiviral responses and allow virus replication and spread in vivo. PRRSV
was shown to inhibit the IFN-activated JAK/STAT signaling by blocking STAT1 nuclear
translocation (14). The blocking was found to be due to PRRSV nspl1p-mediated
degradation of karyopherin a1 (KPNA1; importin «5) (13). Here, we found that PRRSV
interferes with the gp130/JAK/STAT3 signaling via nsp5. This sheds further light on
PRRSV antagonizing the JAK/STAT signaling, which generates a conducive environment
for virus replication and spread. Our results demonstrate that PRRSV infection induces
STAT3 degradation via the ubiquitin-proteasomal pathway. PRRSV nsp5 was found to
be responsible for the STAT3 reduction and for blocking its signaling. This finding
provides insights for PRRSV pathogenesis and its interference with the host immune
response.

MATERIALS AND METHODS

Cells, viruses, and chemicals. MARC-145 (7), HEK293 (ATCC CRL-1573) and HelLa (ATCC CCL-2) cells
were maintained in Dulbecco modified Eagle medium supplemented with 10% fetal bovine serum.
Primary PAM cells were prepared and cultured in RPMI 1640 medium as previously described (47). The
cryopreserved PAM cells were revived and precultured for 24 h before used for virus inoculation.

PRRSV strains VR-2385 (48), VR-2332 (49), Ingelvac PRRS MLV (50), and Lelystad (4) were used to
inoculate MARC-145 cells at an MOI of 1. The median tissue culture infectious dose of PRRSV was
determined in MARC-145 cells (51).

MG132 (Sigma-Aldrich, St. Louis, MO), a proteasome inhibitor, was used to treat cells at a final
concentration of 10 mM for 6 h prior to harvesting for further analysis. In order to determine the half-life
of STAT3, cycloheximide (Sigma) was added to cultured cells at a final concentration of 100 ug/ml to
block protein translation. OSM (R&D Systems, Inc., Minneapolis, MN) was used to activate the gp130/
JAK/STAT3 signaling pathway at a final concentration of 10 ng/ml. The cells were harvested at the time
points indicated in Results or in the figure legends for Western blotting. The half-life of STAT3 was
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TABLE 1 Primers used in this study

Primer? Sequence (5'-3')® Target gene
32nsp5F1 CGGAATTCGGAGGCCTCTCCACCGTCC nsp5
85nsp5R2 CCGCTCGAGTTACTCGGCAAAGTACCGCAGG nsp5
85nsp5R7 GCTCGAGTTAGCTGAAAAAGGCAAGTGAC nsp5D1
85nsp5F3 GGAATTCCCATGGTCTGCGCAAGTTC nsp5D2
85nsp5R5 GCTCGAGTTACACAACCATCATCCGAGGCAG nsp5D3
85nsp5F6 CGGAATTCAGCCTTGGTGCGGTGACCGG nsp5D4
R-STAT3-F1 GTGATGCTTCCCTGATTGTG STAT3
R-STAT3-R1 GCAAGGAGTGGGTCTCTAGG STAT3

aF, forward primer; R, reverse primer. “32" or “85" before a primer name indicates that the primer is based
on sequences of PRRSV VR-2332 (GenBank accession no. U87392) and VR-2385 (GenBank accession no.
JX044140), respectively. An “R” before a primer name indicates the primer was designed for real-time PCR.
bltalicized letters indicate restriction enzyme cleavage sites for cloning.

determined using nonlinear regression in Prism (GraphPad Software, Inc., La Jolla, CA) in the analysis of
the densitometry data of the immunoblotting results. 3-Methyladenine (3-MA; Thermo Fisher Scientific,
Waltham, MA), an inhibitor of autophagy by blocking autophagosome formation (32), was used at 5 mM
in the treatment of cells for 12 to 24 h.

A cell viability assay was performed with a CellTiter-Glo luminescent cell viability assay according to
the manufacturer’s instructions (Promega, Mandison, WI). The cells to be tested were placed into 96-well
culture plate and treated as described above.

Plasmids. The nsp5 of PRRSV VR-2385 was cloned into a pCAGEN-HA and pCDNA3-VenusC1 vectors
(13) with the primers 32nsp5F1 and 85nsp5R2 (Table 1). The nsp5 deletion mutants were cloned into
PCDNA3-VenusC1 vector using the following primers: 32nsp5F1 and 85nsp5R7 for nsp5D1, 85nsp5F3 and
85nsp5R2 for nsp5D2, 32nsp5F1 and 85nsp1R5 for nsp5D3, and 85nsp5F6 and 85nsp5R2 for nsp5D4
(Table 1). The resulting recombinant plasmids were confirmed by restriction enzyme digestion and DNA
sequencing. The construction of the pCDNA3-Ubiquitin-Myc plasmid and other PRRSV nsp plasmids was
described previously (52, 53).

The pEGFP-C1-STAT1 was a gift from Alan Perantoni (Addgene, plasmid 12301) (54). The pCDNA3-
STAT3 was a gift from Jim Darnell (Addgene, plasmid 8706) (55). The pRc/CMV-FLAG-STAT3 was a gift
from Jim Darnell (Addgene, plasmid 8707) (56). The 4XM67 pTATA TK-Luc was a gift from Jim Darnell
(Addgene, plasmid 8688) (57) and used for the STAT3 reporter assay.

Western blot analysis. Protein samples were separated by SDS-PAGE and analyzed by Western
blotting as described previously (58, 59). The primary antibodies used in this study were against STAT3
(Santa Cruz Biotechnology, Inc., Dallas, TX), phospho-STAT3 (Tyr705, clone EP2147Y; Thermo Fisher
Scientific), ubiquitin (Santa Cruz), hemagglutinin (HA; Thermo Fisher Scientific), FLAG (Sigma), GFP
(Rockland Immunochemicals, Inc., Gilbertsville, PA), glyceraldehyde 3-phosphate dehydrogenase
(GAPDH; Santa Cruz), and B-tubulin (Sigma). The secondary antibodies used in this study were goat
anti-rabbit or goat anti-mouse IgG conjugated with horseradish peroxidase (Rockland Immunochemi-
cals). The chemiluminescence signal acquisition and densitometry analysis were conducted using the
Quantity One program (v4.6) in a Chemi-Doc XRS imaging system (Bio-Rad Laboratories, Hercules, CA).

IP. Immunoprecipitation (IP) was conducted as previously described (13). The clarified cell lysate was
incubated with the STAT3 antibody (Santa Cruz), followed by incubation with protein G-agarose (KPL,
Inc,, Gaithersburg, MD). The IP samples were subjected to Western blotting with antibodies against
ubiquitin, STAT3, and HA. To determine ubiquitinated STAT3, ubiquitin aldehyde (Boston Biochem, Inc.,
Cambridge, MA), a specific inhibitor of ubiquitin C-terminal hydrolases, was included in the lysis buffer
at a final concentration of 2.53 uM.

RNA isolation and real-time PCR. Total RNA was isolated from HEK293 and MARC-145 cells with
TRIzol reagent (Thermo Fisher Scientific) in accordance with the manufacturer’s instructions. RT-qPCR
analyses were conducted as described previously (47, 60). The real-time PCR primers used for STAT3 were
R-STAT3-F1 and R-STAT3-R1 (Table 1). Transcripts of ribosomal protein L32 (RPL32) were also amplified
and used to normalize the total input RNA. The primers used for PRRSV and RPL32 were described
previously (13). The relative transcript levels were shown as fold values compared to the mock-treated
control after RPL32 normalization.

Reporter assay. HEK293 cells were transfected with the STAT3 reporter plasmid 4XM67 pTATA
TK-Luc (57) and nsp5 plasmids. The Renilla luciferase vector pRL-TK (Promega, Madison, WI), which
expresses Renilla luciferase under the control of a constitutively active promoter, was also transfected for
normalization. At 24 h after transfection, OSM was added into the cells at a final concentration of 10
ng/ml. After incubation for another 24 h, the cells were lysed for the luciferase activity assay of firefly and
Renilla luciferases according to the manufacturer’s instructions (Promega). Lysates of the cells without
OSM treatment were included as a control for the assessment of the STAT3 activation level. The relative
firefly luciferase activity is shown after normalization with the Renilla level, as described previously (53).

Statistical analysis. Differences in indicators between the treatment group and control were
assessed by using the Student t test. A two-tailed P value of <0.05 was considered significant.
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