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Porcine epidemic diarrhea virus (PEDV) is the cause of an economically important swine disease.

Previous studies suggested that PEDV does not elicit a robust IFN response, but the

mechanism(s) used to evade or block this innate immune response was not known. In this study,

we found that PEDV infection blocked synthetic dsRNA-induced IFN-b production by interfering

with the activation of interferon regulatory factor 3 (IRF3). We identified PEDV replicase encoded

papain-like protease 2 (PLP2) as an IFN antagonist that depends on catalytic activity for its

function. We show that levels of ubiquitinated proteins are reduced during PEDV infection and

that PEDV PLP2 has deubiquitinase (DUB) activity that recognizes and processes both K-48 and

K-63 linked polyubiquitin chains. Furthermore, we found that PEDV PLP2 strongly inhibits RIG-I-

and STING-activated IFN expression and that PEDV PLP2 can be co-immunoprecipitated with

and deubiquitinates RIG-I and STING, the key components of the signalling pathway for IFN

expression. These results show that PEDV infection suppresses production of IFN-b and provides

evidence indicating that the PEDV papain-like protease 2 acts as a viral DUB to interfere with the

RIG-I- and STING-mediated signalling pathway.

INTRODUCTION

Porcine epidemic diarrhea virus (PEDV) is a member of the

genus Alphacoronavirus, family Coronaviridae included in

the order Nidovirales together with the families Arteriviridae

and Roniviridae. Despite the availability of vaccines, the

disease caused by PEDV has broken out frequently in many

swine-raising countries, resulting in considerable economic

loss (Pensaert & de Bouck, 1978). Accumulating evidence

suggests that PEDV encodes a defensive mechanism(s) to

evade the antiviral activities of IFN. PEDV suppresses

production of type I IFN (IFN-a/b) in infected Vero cells

and alveolar macrophages (Charley et al., 2006; Laude et al.,

1993). Furthermore, PEDV diminishes IFN-a/b production

induced by infection with transmissible gastroenteritis

coronavirus (TGEV) or transfection with double-stranded

RNA (dsRNA) (Albina et al., 1998; Miller et al., 2004).

However, the mechanisms used by PEDV to suppress the
production of type I IFN remain unclear.

The innate immune system is the first line of defence that
protects the host against viral infection (O’Neill & Bowie,
2010). Viral infections are sensed by pattern-recognition
receptors (PRRs) of the innate immune system, such as
toll-like receptors, retinoid acid-inducible gene (RIG)-I-
like helicase (RLH) family members RIG-I and melanoma
differentiation associated protein 5 (MDA-5), that recog-
nize pathogen-associated molecular patterns (PAMPs) and
then trigger an antiviral response (Wilkins & Gale, 2010).
Upon engagement with viral nucleic acids, these PRRs
transduce signals to the downstream kinase with the help
of different adaptor proteins (MAVS/IPS-1/VISA/Cardif
for RIG-I, TRIF for TLR3 and MyD88 for TLR7/8/9).
Transcription factors IFN regulatory factor-3 (IRF3),
nuclear factor kB (NF-kB) and ATF-2/c-jun are co-
ordinately activated, stimulating the expression of type I
interferons (IFN-a/b). Type I IFNs induce the activation of
STAT transcription factors that induce the expression of
hundreds of IFN-stimulated genes (ISGs) which establish
an antiviral state in surrounding cells, thereby limiting viral
replication and spread (Schindler et al., 2007).*These authors contributed equally to this work.

Journal of General Virology (2013), 94, 1554–1567 DOI 10.1099/vir.0.051169-0

1554 051169 G 2013 SGM Printed in Great Britain



Coronaviruses (CoV), including PEDV, are positive strand
RNA viruses that replicate in the cytoplasm of infected cells
and produce a nested set of double-stranded RNA
intermediates during viral RNA synthesis (Sawicki et al.,
2007). Despite the generation of dsRNA intermediates, it has
been reported that CoV infection generally does not induce
high levels of IFN production (Clementz et al., 2010; Devaraj
et al., 2007). In order to combat the antiviral effects of IFN-a/
b, many viruses, such as coronavirus, have evolved distinct
strategies to inhibit IFN signalling pathways for their survival
(Haller & Weber, 2007). Human coronavirus, severe acute
respiratory syndrome coronavirus (SARS-CoV), encodes at
least six innate immune antagonists, including non-struc-
tural protein 1 (nsp1) (Narayanan et al., 2008), the papain-
like protease domain in nsp3 (Devaraj et al., 2007),
nucleocapsid protein (Kopecky-Bromberg et al., 2007; Lu
et al., 2011), membrane protein (Siu et al., 2009) and the
products of ORF6 and ORF3b (Kopecky-Bromberg et al.,
2007). Our previous work found that human NL63 CoV
(HCoV-NL63) (van der Hoek et al., 2005) also encodes a
papain-like protease, termed PLP2, which has deubiquitinase
(DUB) activity and antagonizes IFN induction (Chen et al.,
2007; Clementz et al., 2010). Our recent studies indicated
that NL63 and SARS-CoV papain-like proteases (PLPs)
antagonize STING- (also known as MITA/ERIS/MYPS)
mediated antiviral innate immune signalling through
disruption of STING dimer and deubiquitination of RIG-I
and STING regulators of the IFN expression pathway (Sun
et al., 2012). A recent study also showed that DUB activity is
conserved in all members of the arterivirus family and that
both arteri- and nairovirus DUBs inhibit RIG-I mediated
innate immune signalling (van Kasteren et al., 2012).

In the present study, we investigated the mechanisms used
by PEDV to interact with the host antiviral innate immune
response. Our results show that PEDV infection prevents
IFN-b expression in Vero cells and blocks ubiquitination of
cellular proteins. We demonstrated that the core domain of
PEDV PLP2 acts as an IFN antagonist and is a coronaviral
DUB. This study represents a first step in elucidating the
role of papain-like protease in PEDV pathogenesis and
provides new insights for the development of novel
vaccines to control PEDV outbreaks.

RESULTS

PEDV infection fails to activate IFN-b and
interrupts poly(I : C)-mediated IFN-b induction

To investigate the activation of IFN-b in PEDV-infected
cells, Vero E6 cells were co-transfected with IFN-b-Luc and
pRL-TK reporter plasmids and then infected with PEDV.
After 12 h of infection, cell lysates were prepared and
IFN-b promoter-driven luciferase activity was assessed.
Transfection with poly(I : C) was used as positive control to
test whether Vero E6 cells can recognize dsRNA to activate
IFN-b promoter activity. As shown in Fig. 1(a), IFN-b
promoter-driven luciferase activity was barely detectable in

PEDV-infected cells in comparison to a strong reporter
signal in cells transfected with poly(I : C), indicating that
PEDV infection failed to activate IFN-b promoter activity.
In order to examine whether PEDV inhibits dsRNA-
induced IFN-b promoter activity, mock- and PEDV-
infected Vero E6 cells were cotransfected with poly(I : C)
and IFN-b-Luc, and IFN-b promoter activity was analysed.
As shown in Fig. 1(b), the IFN-b promoter was activated
10-fold when mock-infected cells were transfected with
poly(I : C), whereas the activation of IFN-b promoter
induced by poly(I : C) transfection was significantly
inhibited in PEDV infected cells. The results indicated
that PEDV infection interrupts dsRNA-mediated IFN-b

induction.

IFN-b transcription requires the activation of transcription
factors NF-kB, IRF3 and AP-1 and their subsequent
binding to the IFN-b promoter (Bovolenta et al., 1995;
Thanos & Maniatis, 1995). To investigate the mechanisms
used by PEDV to inhibit host antiviral IFN-b expression,
the transcriptional activity of NF-kB, IRF3 and AP-1 was
analysed using the luciferase assay for identifying the exact
transcription factor involved in the inhibition by PEDV on
the IFN-b promoter. We found that IRF3-dependent IFN-
b activation was significantly inhibited by PEDV infection,
and PEDV infection inhibits poly(I : C) activated IRF3-
dependent IFN-b activation (Fig. 1c). In contrast, NF-kB
and AP-dependent IFN-b expression were normally
activated by PEDV infection (Fig. 1d, e). IRF3, a
cytoplasmic protein, migrates to the nucleus and binds to
the PRDIII and PRDI sites of IFN-b promoter to initiate
IFN-b transcription upon viral infection (Fitzgerald et al.,
2003). To determine whether PEDV prevents IRF3
migration from the cytoplasm to the nucleus, Vero E6
cells were transiently transfected with IRF3 expression
construct and the subcellular localization of the protein
was analysed using confocal microscopy. As shown in Fig.
1(f), IRF3 was located exclusively in the cytoplasm in
mock-infected Vero E6 cells, but it rapidly translocated
to the nucleus when those cells were transfected with
poly(I : C). In contrast, nuclear IRF3 translocation did not
occur in PEDV-infected cells. Moreover, PEDV prevented
the nuclear translocation of IRF3 induced by poly(I : C)
(Fig. 1f). Taken together, PEDV infection inhibits the
activation of IRF3, but not NF-kB and AP-1. These
observations collectively suggest that PEDV suppresses
IFN-b transcription by interfering with the IRF3-mediated
IFN expression signalling pathway.

PEDV PLP2 is an IFN antagonist

Our previous work demonstrated that the papain-like
proteases of human coronaviruses, SARS-CoV and NL63-
CoV, act as IFN antagonists (Clementz et al., 2010; Devaraj
et al., 2007; Sun et al., 2012). To determine if the PLP of
PEDV is an IFN antagonist that may contribute to
inhibition of type I IFN expression during PEDV infection,
the PLP1 and PLP2 core domains were constructed and

PEDV PLP2 DUB is an IFN antagonist
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the catalytic mutants (C1729A, H1888A, D1901A) were
generated as indicated in Fig. 2(a). HEK293T cells were
transfected with the plasmids encoding PEDV PLP1, PLP2
or its corresponding catalytic mutants separately together
with IFN-b luciferase and Renilla luciferase reporters for
24 h. The cells were then infected with Sendai virus to
activate the RIG-I-dependent IFN-b expression pathway.
We observed that the IFN-b promoter activated by Sendai
virus was inhibited in the presence of PEDV PLP2, which
was similar to the previously reported IFN antagonist of
NL63 PLP2 (Clementz et al., 2010; Sun et al., 2012). In
contrast, the core domain of PEDV PLP1 showed negligible
inhibition activity of the IFN-b promoter (Fig. 2b). These
results suggest that PEDV PLP2, but not PLP1, is an
interferon antagonist.

To determine if catalytic activity is essential for PEDV
PLP2-mediated inhibition of IFN expression, we per-
formed a sequence alignment with other coronavirus PLP
domains and identified the conserved catalytic triad of
PLP2, and catalytic mutants (C1729A, H1888A, D1901A)
were generated. PEDV PLP2 or catalytic mutants of PLP2
(C1729A, H1888A, D1901A) were transfected with the
IFN-b Luc and pRL-TK plasmids into HEK293T cells,
which were then infected with Sendai virus to activate IFN-
b promoter activity. We observed that the PLP2 mutants
with mutation at the catalytic sites of H1888 and D1901
almost completely lost IFN antagonistic activity compared
to that of wt PLP2, despite the PLP2 mutant with C1729A
showing reduced inhibition of IFN-b promoter activity
(Fig. 2c). Furthermore, PLP2 exhibits a clear dose-
dependent inhibition of IFN promoter activity (Fig. 3a),
whereas the PLP2 mutants (C1729A, H1888A, D1901A)
completely lost IFN antagonistic activity at the concentra-
tions tested (Fig. 3b–d). Taken together, these results
demonstrated that PEDV PLP2 is an IFN antagonist which
is dependent on an intact catalytic triad.

PEDV PLP2 has DUB activity

Our previous work demonstrated that the papain-like
proteases of human coronaviruses, SARS-CoV and NL63-
CoV, are coronaviral DUBs (Barretto et al., 2005; Clementz

et al., 2010; Devaraj et al., 2007; Sun et al., 2012). Here, we
asked if PEDV infection exhibits any DUB activity against
host cellular proteins. First, Vero E6 cells were transfected
with pcDNA HA-Ub, the cells were infected or mock-
infected with PEDV at an m.o.i. of 5 for another 24 h. Cell
lysates were then prepared and the extent of ubiquitinated
proteins was assessed via Western blotting assay with anti-
HA antibodies. We found that the level of ubiquitin (Ub)-
conjugated proteins was reduced dramatically in the cells
infected with PEDV (Fig. 4a, lanes 3 and 4), indicating that
PEDV encodes some proteins which have deubiquitinating
activity, or PEDV infection disrupts the ubiquitination
machinery in host cells to block the DUB activity.

To investigate if PEDV papain-like protease core domains,
PLP1 and PLP2, have DUB activity, PEDV PLP1 and PLP2
were separately transfected into HEK293T cells, together
with pcDNA HA-Ub. We found that expression of PLP2
resulted in a dramatic reduction in the level of Ub-
conjugated proteins (Fig. 4b, lane 4), which was similar to
NL63-CoV PLP2 as reported previously (Clementz et al.,
2010). In contrast, PLP1 did not show any significant
reduction of HA-Ub conjugates (Fig. 4b, lane 3).

The two most common types of ubiquitinated protein are
linked through ubiquitin lysine 48 (K48) and lysine 63
(K63) (Pickart & Fushman, 2004). To investigate whether
PEDV PLP2 has selectivity for ubiquitinated substrates
with K48 or K63 linkages, HEK293T cells were transfected
with PLP2 or the corresponding catalytic mutants
(C1729A, H1888A and D1901A) together with pcDNA-
HA-Ub (Fig. 4c), pcDNA-HA-Ub K48 (Fig. 4d) or
pcDNA-HA-Ub K63 (Fig. 4e) and the extent of ubquitin-
ated products was assessed by Western blotting. We found
that PEDV PLP2 exhibits strong global DUB activity with
significant reduction in the level of Ub-, K48- and K63-
conjugated proteins (Fig. 4c–e, lane 3). However, the
catalytic mutants (C1729A, H1888A and D1901A) of PLP2
completely lost DUB activity against all types of ubiqui-
tinated proteins (Fig. 4c–e, lanes 4–6). These results
demonstrate that PEDV PLP2 has potent DUB activity
which is dependent on its catalytic activity. Furthermore,
PEDV PLP2 DUB exhibits hydrolytic activity toward

Fig. 1. PEDV does not induce IFN-b production and blocks dsRNA-induced IFN-b promoter activation. (a) PEDV does not
induce IFN-b production. Vero E6 cells were cotransfected with IFN-b-Luc and an internal control plasmid pRL-TK, followed by
PEDV infection at an m.o.i. of 0.1 or 1. Poly(I : C) was used as a positive control. Cells were harvested and subjected to a Dual-
luciferase assay after PEDV infection or poly(I : C) transfection. The results were expressed as mean relative luciferase (firefly
luciferase activity divided by Renilla luciferase activity) with standard deviation from repeated experiments carried out in
triplicate. (b) PEDV blocks dsRNA-induced IFN-b promoter activation. Vero E6 cells were infected with PEDV at an m.o.i. of 0.1.
Cells were then cotransfected with IFN-b-Luc and pRL-TK. Twenty-four hours later, cells were transfected with or without
poly(I : C). Cells were subjected to Dual-luciferase assay as described in (a). (c–e) PEDV inhibits dsRNA-induced activation of
IRF3 but not of NF-kB and AP-1. Vero E6 cells were infected or mock-infected with PEDV at an m.o.i. of 0.1, and then
cotransfected with pRL-TK and PRD(III-I)4-Luc (c), pNF-kB-Luc (d), or pAP-1-Luc (e), respectively. Twenty-four hours later,
cells were transfected with or without poly(I : C). Luciferase activities were measured as described in (a). Asterisks indicate
statistical significance (P,0.05). (f) PEDV inhibits dsRNA-induced IRF3 nuclear translocation. Vero E6 cells were transfected
with IRF3 expression construct. After 12 h, cells were infected or mock-infected with PEDV at an m.o.i. of 0.1. Another 12 h
later, cells were transfected or mock-transfected with poly(I : C). Fluorescence was examined by using a confocal microscope.

PEDV PLP2 DUB is an IFN antagonist
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ubiquitinated branched proteins, for both K48 and K63
linkages.

PEDV PLP2 negatively regulates RIG-I and STING-
mediated IFN-b expression

We previously discovered that human coronavirus (NL63
and SARS) PLPs negatively regulate innate antiviral
immune response by disrupting STING-mediated IFN
induction (Sun et al., 2012). Based on these findings, we
hypothesized that PEDV PLP2 inhibits the IFN expression
pathway through a similar mechanism. To test this
hypothesis HEK293T cells were transfected with PEDV
PLP2 or the corresponding catalytic mutants (C1729A,
H1888A, D1901A) together with Flag-RIG-IN, the N-
terminal helicase domain of RIG-I as its constitutively
active mutant, or Flag-STING, and IFN-b-Luc or PRD(III-
I)4-luc reporters; NL63 PLP2 was used as a positive control
for IFN antagonist (Charley et al., 2006; Zeng et al., 2010).
IFN-b and IRF3 promoter-driven luciferase activity was
detected 24 h later. As expected, RIG-IN activated IFN-b

and IRF3 promoter activity were inhibited significantly by
PEDV PLP2, and this inhibitory activity of PEDV PLP2
seemed to be catalytic-dependent (Fig. 5a, b). In addition,
PEDV PLP2 possessed dose-dependent inhibitory function
on STING activated IFN-b promoter (Fig. 5c). In addition,
STING activated IFN-b and IRF3 expression were also
inhibited significantly by PEDV PLP2 in a catalytic-
dependent manner (Fig. 5d, e). Overall, these data indicate
that PEDV PLP2 strongly inhibits RIG-I and STING-
activated IFN-b expression.

PEDV PLP2 negatively regulates IFN-b expression
by removing ubiquitinated conjugates from RIG-I
and STING

Modification of signalling molecules, such as RIG-I and
STING, by ubiquitination plays a critical role in activation
of the IFN response (Bhoj & Chen, 2009; Bibeau-Poirier &
Servant, 2008; Isaacson & Ploegh, 2009). Here, we asked
if PEDV PLP2 can recognize and deubiquitinate key
regulators of RIG-I and STING in the IFN signalling
pathway. HEK293T cells were transfected with PEDV PLP2
together with Flag-RIG-I or Flag-STING for 24 h, and the
interaction of PLP2 and RIG-I or STING was assessed via

co-immunoprecipitation and Western blotting assay. The
results show that PEDV PLP2 is detected in association
with RIG-I, as well as STING (Fig. 6a, b, lane 3). Next, we
wanted to determine if PEDV PLP2 can recognize and
deubiquitinate RIG-I and STING, since our previous
report demonstrated that NL63 PLP2 blocks ubiquitination
of several signalling molecules in the IFN expression
pathway, such as RIG-I, STING and TBK1 (Sun et al.,
2012). HEK293T cells were transfected with PEDV PLP2 or
the corresponding catalytic mutants, together with HA-
Ub-K63 and Flag-tagged versions of either RIG-I or
STING; cell lysates were subjected to immunoprecipitation
and immunoblotting to determine the ubiquitination
status of the immunoprecipitated proteins (Fig. 6c, d).
We found that there was a dramatic reduction in the
amount of ubiquitinated RIG-I (Fig. 6c, lane 4) and STING
(Fig. 6d, lane 4) in cells expressing PEDV PLP2. We also
investigated the role of PEDV PLP2 catalytic activity in
mediating deubiquitination of RIG-I and STING. Cells
were transfected with HA-Ub-K63 and either wt or
catalytic mutants of PEDV PLP2; as expected, we did not
detect any reduction in the level of ubiquitinated RIG-I
and STING in the presence of the C1729A, H1888A and
D1901A mutants of PLP2 (Fig. 6c, d, lanes 5–7). These
results suggest that PEDV PLP2 DUB activity contributes
to deubiquitination of RIG-I and STING. One another
possibility is that PEDV PLP2 interacts with RIG-I and
STING, which blocks access of RIG-I and STING to the
host ubiquitination machinery.

DISCUSSION

In this study, we investigated the mechanism of IFN
antagonism imposed by the PLPs of PEDV. We show that
PEDV infection does not stimulate the production of IFN-
b in Vero E6 cells. Moreover, dsRNA-induced IFN-b
expression is inhibited by PEDV infection, indicating that
PEDV encodes an interferon antagonist. Importantly, we
provide evidence that PEDV PLP2 can act as an IFN
antagonist, which may contribute to the inhibitory effect of
PEDV on the IFN-b pathway in cells. In addition, we
provide data showing that, like human SARS-CoV PLpro
and NL63-CoV PLP2, PEDV PLP2 is a viral DUB enzyme
which acts on both K48- and K63-linked Ub chains.
Overall, our results are consistent with the idea that

Fig. 4. PEDV PLP2 has DUB activity that is dependent on its catalytic activity. (a) PEDV has deubiquitinating activity. Vero E6
cells were transfected with HA-tagged ubiquitin and then mock infected or infected with PEDV at an m.o.i. of 5 or 10. The HA-
tagged Ub-conjugated proteins were assayed with anti-HA antibody by Western blotting (top panel). b-Actin was detected
from whole-cell lysates (WCL) as a loading control. (b) PEDV PLP2, but not PLP1, has DUB enzyme activity. HEK293T cells
were transfected with HA-tagged Ub and either PEDV PLP1 or PLP2. HCoV NL63 PLP2 was used as a positive control of
coronaviral DUB activity. Proteins were extracted and analysed by Western blotting with an anti-HA antibody to visualize HA-
tagged Ub-conjugated proteins (top panel) and anti-V5 antibody (middle panels) to visualize PLP construct expression. b-Actin
was detected by Western blotting as protein loading control (bottom panel). (c–e) PLP2 removes both K48- and K63-linked
polyubiquitin chains. HEK293T cells were transfected with HA-tagged Ub (c), HA-Ub-K48 (d) or HA-Ub-K63 (e) with PEDV
PLP2 and the catalytic mutants C1729A, H1888A and D1901A. HCoV NL63 PLP2 was used as a positive control for DUB
activity. HA-tagged Ub-conjugated proteins were assayed as described above.
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Fig. 5. PEDV PLP2 inhibits RIG-I and STING-activated IFN-b expression. (a, b) PEDV PLP2 inhibits RIG-I-activated IFN
expression. HEK293T cells were cotransfected with IFN-b-Luc (a) or PRD(III-I)4-Luc (b) together with PEDV PLP2 and the
catalytic mutants C1729A, H1888A and D1901A, with RIG-IN to activate the IFN expression pathway, followed by the assay
which was performed similarly to that in Fig. 2(b, c). (c) PEDV PLP2 inhibits STING-activated IFN expression. HEK293T cells
were cotransfected with increasing amounts of PEDV PLP2 along with reporters of IFN-b-Luc and STING for activation of IFN-b
expression, followed by treatments that were performed similarly to those in Fig. 2(b, c). (d, e) PEDV PLP2 inhibits STING-
activated IFN expression which is dependent on its protease activity. HEK293T cells were cotransfected with STING and either
PLP2 or catalytic mutants (C1678A, H1836A and D1849A), and IFN-b-Luc (d) or PRD(III-I)-Luc (e), followed by the assay
which was performed similarly to that in Fig. 2(b, c). Asterisks indicate statistical significance (P,0.05).
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Fig. 6. PEDV PLP2 interacts with and deubiquitinates RIG-I and STING. (a, b) PEDV PLP2 interacts with RIG-I and STING.
HEK293T cells were transfected with Flag-tagged RIG-I (a) or STING (b) with V5-tagged PLP2, and co-immunoprecipitation
experiments were performed with the indicated antibodies. The co-immunprecipitates were blotted with anti-V5 (top panel) and
reprobed with anti-Flag (second panel) for RIG-I or STING detection. The input lysates were blotted with anti-V5 to detect
PLP2 (third panel) and anti-Flag to detect RIG-I or STING (bottom panel). (c, d) PEDV PLP2 deubiquitinates RIG-I and STING
in a catalytic-dependent manner. HEK293T cells were co-transfected with Flag-tagged RIG-I (c) or STING (d) together with
HA-tagged Ub-K63, V5-tagged PLP2 or the catalytic mutants of C1729A, H1888A and D1901A. The lysates were
immunoprecipitated with anti-Flag antibody and the immunoprecipitates were blotted with anti-HA to detect Ub-K63-
conjugated RIG-I (c) or STING (d) (top panel) and reprobed with anti-Flag for RIG-I or STING detection (second panel). The
input lysates were blotted with anti-V5 to detect PLP2 and the catalytic mutants (third panel) and anti-Flag to detect RIG-I and
STING (bottom panel).
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negative regulation of host antiviral innate immunity by
PLP/DUB enzyme is a general characteristic of many
human and animal coronaviruses.

One of the most intriguing results from this study is the
finding that both the IFN antagonist and DUB activity of
PEDV PLP2 are dependent on its protease activity, since
mutation of the catalytic sites of PLP2 resulted in the loss
of IFN antagonist and DUB activity, suggesting a DUB/
protease-dependent mechanism for type I IFN antagonism.
PEDV PLP2 has an IFN antagonism profile that is
remarkably different from that of NL63-CoV PLP2, as we
previously found that HCoV-NL63 PLP2 can antagonize
type I IFN induction which is independent of catalytic
activity (Clementz et al., 2010). The underlying mechan-
ism(s) that lead to the difference of IFN antagonism profile
of PLP2 from different CoVs was not completely clear. One
possibility is that the transmembrane (TM) domain
downstream of CoV PLP2 has an essential effect on PLP2
DUB and IFN antagonistic activity. In fact, our previous
studies showed that HCoV-NL63 PLP2 has DUB activity
(Clementz et al., 2010) and IFN antagonistic activity (Sun
et al., 2010a) which are dependent on the protease activity.
In contrast, both the wt and the catalytic mutants of TM-
containing PLP2 (PLP2-TM) have DUB activity and IFN
antagonistic activity, although the DUB and IFN antagon-
ism of PLP2-TM catalytic mutants are less than that of wt
PLP-TM (Sun et al., 2012). While many reports have
demonstrated that cellular and viral DUBs play important
roles in negative regulation of host innate immunity, as
discussed as below, future work will be needed to
determine the exact functions of PLP2 protease/DUB
activity in coronavirus interaction with host innate
immune response.

Ubiquitination and deubiquitination are critically involved
in regulation of virus-induced type I IFN signalling
pathways (Bhoj & Chen, 2009; Bibeau-Poirier & Servant,
2008; Isaacson & Ploegh, 2009; Zhong et al., 2010). The
activation of related receptors (such as RIG-I) and the
transduction of the cell signal pathway in the innate
immune response require ubiquitination (Zeng et al.,
2010). Many cellular DUBs were identified as negative
regulators of innate immunity. For example, a central
gatekeeper in inflammation and immunity, A20, has DUB
activity and removes K-63 linked polyubiquitin lines from
RIP1, TRAF6, RIP2 and NEMO, which results in negative
regulation of the innate immune response (Coornaert et al.,
2008). Cellular proteins DUBA and CYLD also negatively
regulate the innate immune response (Kayagaki et al., 2007;
Sun, 2008; Yoshida et al., 2005). We have reported that
human CoV NL63 and SARS PLpro reduce the ubiquitin-
ated forms of STING, RIG-I, TBK1 and IRF3 in cells (Sun
et al., 2012). It is interesting that coronaviruses, including
human CoV NL63, SARS-CoV, transmissible gastro-
enteritis virus, murine hepatitis virus and PEDV reported
here, have evolved to encode DUBs (Barretto et al., 2005;
Clementz et al., 2010; Lindner et al., 2005; Wang et al.,
2011b; Wojdyla et al., 2010; Zheng et al., 2008), likely to

modulate the innate immune response. Indeed, DUBs have
now been reported in a variety of viruses such as foot-and-
mouth disease virus Lpro (Wang et al., 2011a), human
cytomegalovirus UL48 (Kim et al., 2009), herpes simplex
virus type 1 UL36 (Kattenhorn et al., 2005), porcine
reproductive and respiratory syndrome virus nsp2 (Chen
et al., 2010b; Sun et al., 2010b).

In recent years, many important regulators in the IFN
pathway have been discovered and studied intensively, such
as STING, MAVS, ZAPS and TRAF (Belgnaoui et al., 2011;
Hayakawa et al., 2011; Ishikawa & Barber, 2008; Oganesyan
et al., 2006). In our recent study, human CoV NL63 and
SARS PLPs were found to be co-immunoprecipitated with
STING, block STING dimer formation and negatively
regulate assembly of STING-MAVS-TBK1/IKKe complexes,
and remove polyubiquitin chains from STING, RIG-I, TBK1
and IRF3 (Sun et al., 2012). We report here that PEDV PLP2
interferes with and significantly inhibits ubiquitination of
RIG-I and STING, which are essential regulators for
activation of type I IFN signaling. Three catalytically inactive
mutants of PEDV PLP2 (C1729A, H1888A and D1901A),
which are defective for DUB activity and the capability of
reducing ubiquitinated RIG-I and STING, failed to inhibit
virus-induced IFN-b activation, indicating that the DUB
activity of PEDV PLP2 is directly involved in the inhibition
of type I IFN induction.

Taken together, our research suggests that PEDV PLP2 is
not only a classical papain-like protease encoded by a CoV
genome, but also a multifunctional protein which plays
important roles in regulation of the interactions of PEDV–
host antiviral innate immune response: (i) PEDV PLP2 is
an IFN antagonist and its IFN antagonistic activity depends
on the intact catalytic sites of C1729, H1888 and D1901;
(ii) PEDV PLP2 is a viral DUB that cleaves ubiquitin chains
from RIG-I and STING, thereby inhibiting the activation of
type I IFN signaling. These characteristics of PEDV PLP2 as
a viral IFN antagonist and DUB reveal the multilayered
counteracting of host defence by PEDV and suggest the
possibility of developing effective new strategies that target
PLP for control of PEDV infections.

METHODS

Cells and virus. Vero E6 and HEK293T cells were cultured using

Dulbecco’s modified Eagle’s medium (Invitrogen) containing 10 %

(v/v) FCS, supplemented with penicillin (100 U ml21) and strep-

tomycin (100 mg ml21). PEDV strain CV777 was propagated in Vero

cells kept in the Harbin Veterinary Research Institute, Harbin, China,

and as previously described (Chen et al., 2008, 2010a). Sendai virus

was kindly provided by Dr Shaobo Xiao (Huazhong Agricultural

University, China).

Plasmid DNAs. The plasmids of IFN-b-Luc, PRD(III-I)4-Luc and

HA-tagged Ub were previously described (Clementz et al., 2010;

Devaraj et al., 2007). pNF-kB-Luc and pAP-1-Luc were kindly

donated by Dr Shaobo Xiao (Huazhong Agricultural University,

China). Flag-hRIG-I, Flag-RIG-IN, the N-terminal helicase domain of

RIG-I as its constitutively active mutant, and pCMV14-Flag-ERIS

Y. Xing and others
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were previously described (Sun et al., 2012). HCoV NL63 PLP2, a
positive inhibitor of IFN-b expression, was described previously
(Clementz et al., 2010; Sun et al., 2012). DNA constructs containing
wt and catalytic mutants of PEDV PLP1 and PLP2 were generated as
described previously (Chen et al., 2007). The details of the optimized
DNA sequences of PEDV PLP1 and PLP2 and the specific primers
used in mutagenesis steps are available from the authors on request.
All constructs were confirmed by DNA sequencing.

Luciferase activity assay. HEK293T cells were transfected with the
reporter plasmid DNA (pRL-TK, IFN-b-Luc, PRD(III-I)4-Luc, pNF-
kB-Luc or pAP-1-Luc) and PEDV PLP1 or PLP2 using Lipofectamine
2000 (Invitrogen) according to the manufacturer’s protocol.
Luciferase activity was assayed as previously described (Clementz
et al., 2010; Sun et al., 2012). Data were shown as mean relative
luciferase (firefly luciferase activity divided by Renilla luciferase
activity) with standard deviation from repeated experiments that were
carried out in triplicate. For statistical analysis, the data between
Vector and PLPs were subjected to unpaired, two-tailed Student’s t-
test using Microsoft SPSS 12.0 software, and P-values of ,0.05 were
considered to indicate statistical significance (Vaux et al., 2012).

Assay of deubiquitinase activity in cultured cells. HEK293T cells
were co-transfected with pcDNA3.1-HA-Ub or pcDNA3.1-HA-Ub
K48, pcDNA3.1-HA-Ub K63 plus indicated amounts of constructs
containing PEDV PLP contructs or the corresponding catalytic
mutants. The effect of PLP1 and PLP2 of PEDV on ubiquitinated
proteins in cultured cells was then assessed as described previously
(Clementz et al., 2010; Evans et al., 2004).

Western blotting assay. HEK293T cells were transfected with
PEDV PLP1, PEDV PLP2 and specific mutations in the PLP2 catalytic
residues (C1729, H1888 and D1901), and were lysed in buffer
containing 0.5 % Triton X-100, 150 mM NaCl, 12.5 mM b-glycer-
olphosphate, 1.5 mM MgCl2, 2 mM EGTA, 10 mM NaF, 1 mM
Na3VO4, 2 mM DTT plus protease inhibitor cocktail (Sigma).
Western blotting assay was performed as previously described
(Clementz et al., 2010; Sun et al., 2012).

Co-immunoprecipitation analysis. HEK293T cells were transfected
with the indicated expression plasmids and then co-immunoprecipi-
tation analysis was performed as previously described (Clementz et al.,
2010; Sun et al., 2012).

Assessing ubiquitination of RIG-I and STING in cultured cells.
Flag-tagged RIG-I and STING were co-transfected into HEK293T
cells together with pcDNA3.1-HA-Ub-K63, plus wt or catalytic
mutant PEDV PLP2 DNA. Then the effect of PEDV PLP2 on
ubiquitinated proteins in cultured cells was assessed as described
previously (Friedman et al., 2008; Kayagaki et al., 2007; Sun et al.,
2012).

IRF3 nuclear translocation assay. Vero E6 cells were transfeced
with 2.0 mg IRF3 expression construct, and then were mock-infected
or infected with PEDV at an m.o.i. of 0.1. Twelve hours post-
infection, cells were transfected with 2.0 mg of poly(I : C) or left
untransfected. IRF3 nuclear translocation assay was performed as
described previously (Fitzgerald et al., 2003).
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