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Porcine epidemic diarrhea virus (PEDV) is an economically important pathogen that has
evolved several mechanisms to evade type | IFN responses. Type lll interferon (IFN-L), an
innate cytokine that primarily targets the mucosal epithelia, is critical in fighting mucosal
infection in the host and has been reported to potently inhibit PEDV infection in vitro.
However, how PEDV escapes IFN-\ antiviral response remains unclear. In this study, we
found that PEDV infection induced significant IFN-X expression in type | IFN-defective
Vero EB cells, but virus-induced endogenous IFN-) did not reduce PEDV titers. Moreover,
we demonstrated that PEDV escaped IFN-\ responses by substantially upregulating
the suppressor of cytokine signaling protein 1 (SOCS1) expression, which impaired the
induction of IFN-stimulated genes (ISGs) and dampened the IFN-) antiviral response
and facilitated PEDV replication in Vero E6 cells. We further showed that PEDV infection
increased SOCS1 expression by decreasing host miR-30c¢c-5p expression. MiR-30c¢c-5p
suppressed SOCS1 expression through targeting the 3’ untranslated region (UTR) of
SOCS1. The inhibition of IFN-A elicited ISGs expression by SOCS1 was specifically
rescued by overexpression of miR-30c-5p. Collectively, our findings identify a new
strategy by PEDV to escape IFN-x-mediated antiviral immune responses by engaging
the SOCS1/miR-30c¢ axis, thus improving our understanding of its pathogenesis.

Keywords: coronavirus, PEDV, IFN-1, SOCS1, microRNA, miR-30c-5p

INTRODUCTION

Porcine epidemic diarrhea virus (PEDV), a member of the Alphacoronavirus family, is an
enteropathogenic coronavirus with economic importance (Madson et al., 2014; Wang et al., 2014;
Zhang and Yoo, 2016). PEDV infection in newborn piglets is characterized by vomiting, anorexia,
watery diarrhea, and dehydration (Song and Park, 2012). The virus primarily infects small intestinal
epithelial cells in vivo and causes high morbidity and mortality in piglets (Li et al., 2012). Interferons
(IFNs) are the key components of innate immunity in response to viral infection (Zhang et al.,
2018). Among three types of IFNs (types I, II, and III), type III IFN-lambda (IFN-)\) primarily
acts on mucosal surfaces, including epithelial surfaces of the liver, respiratory, and gastrointestinal
systems, and plays vital roles in controlling viral infection within mucosal surfaces (Mordstein et al.,
2010; Pott et al.,, 2011; Lazear et al., 2015). We and other groups previously demonstrated that
porcine IFN-)displays powerful antiviral activity against PEDV infection in both Vero E6 cells and
porcine intestinal epithelia (Li et al., 2017, 2019). PEDV has evolved multiple strategies to escape
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IEN responses, including the degradation of STAT1 and the
suppression of type I IFN production (Guo et al., 2016). Although
type I and type III IFNs have a large overlap in the spectrum of
induced antiviral ISG responses, recent studies demonstrated that
type IIT IFN is a critical non-redundant antiviral mediator of type
I IFNs in the GI tract and elicits a unique transcriptional profile
that does not completely overlap with that induced by IFN-a
(Wells and Coyne, 2018). It is necessary to clarify how PEDV
evades type III IFN following infection.

Unlike ample studies reporting that PEDV escapes type I ITFNs,
limited studies demonstrate that PEDV escapes IFN-\ response.
PEDV suppresses IRF1-mediated type III IFN responses by
reducing the number of peroxisomes and counteracting type
III IFN response by PEDV nspl5 endoribonuclease (Zhang
et al.,, 2018; Deng et al., 2019). Deng et al. showed that type I
and type III IFNs exhibit different modulation in response to
PEDV infection and that the discrepancy of type I and type
III IFN responses is independent of PEDV endoribonuclease
activity (Deng et al, 2019), suggesting that there are distinct
strategies to modify host type I and type III IFN responses during
PEDV infection. Because cells generally produce both type I and
type III IFNs in response to viral infection, it is challenging
to elucidate how viruses escape IFN-\ response separately to
type I response. In this study, we used Vero cells, a cell line
with a defective function, to produce endogenous type I IFNs.
Vero cells are widely used as an in vitro model to study the
interactions between viruses and hosts including PEDV. We and
others reported that Vero cells respond well to both porcine
type I and type III IFNs (Guo et al, 2016; Shen et al.,, 2016;
Li et al,, 2017). IFN-\ is rapidly produced after infection and
following engagement with its receptor induces IFN-stimulated
gene (ISG) expression to mediate antiviral activity (Kotenko et al.,
2003; Dellgren et al., 2009; Lazear et al., 2015). Binding of IFN-
X to its receptor, which consists of two subunits, IFN-AR1 and
IL-10R2, leads to activation of JAK1 and Tyk2, which mediates
the phosphorylation of STAT1 and STAT2 proteins (Sheppard
et al., 2003; Palma-Ocampo et al,, 2015). The suppressor of
cytokine signaling protein 1 (SOCS1), a negative regulator of
Janus family kinase (JAK) signal transducer, simultaneously
binds the receptors and JAKs and prevents STATs from accessing
the receptor kinase complex (de Weerd and Nguyen, 2012;
Palma-Ocampo et al., 2015). Previous reports demonstrated that
SOCS1 is an inducible negative regulator of IFN-\-induced
gene expression in vivo (Blumer et al., 2017). SOCS1 was also
associated with DENV-2 escape from IFN-\ response during
infection (Palma-Ocampo et al., 2015). However, the role of
SOCS1 during PEDV infection remains unclear.

MicroRNAs (miRNAs), as important post-transcriptional
modulators of gene expression, participate in modulating the
host innate and adaptive immune responses in response to
pathogen invasion (Baltimore et al., 2008; Gottwein and Cullen,
2008; O’Neill et al., 2011). Increasing evidence has shown that
miRNAs of viral and cellular origin can help viruses evade host
immune responses by targeting critical components in the host
immune system (Cullen, 2006; Sullivan et al., 2006; Kincaid
and Sullivan, 2012). For example, miR-30c is a potent negative
regulator of type I IFN signaling by targeting JAK1, resulting

TABLE 1 | Sequences of miRNA mimics, inhibitors, and shRNAs.

Small RNA Sequence(5'-3')
miR-30c-5p UGUAAACAUCCUACACUCUCAGC
miR-30c-5p inhibitor GCUGAGAGUGUAGGAUGUUUACA
shSOCST #1 GTATGACAAGAGCCTCAAG
shSOCS1 #2 GTTCTCCGAACGTGTCACGT
shSOCS1 #3 GCGAGAGCTTCGACTGCCTCT

in the enhancement of PRRSV infection (Zhang et al., 2016).
The miR-30 family is a well-studied host miRNA that plays an
important role in viral infection by modulating IFN signaling
(Zhu et al., 2014; Zhang et al., 2016; Liu et al., 2018; Ma et al.,
2018). Our previous study revealed that TGEV escapes type I IFN
response by engaging the IRE1-miR-30a-5p/SOCS1/3 axis (Ma
et al.,, 2018). The potential role of miRNAs in coronavirus escape
from IFN-X response remains elusive.

In this study, we showed that PEDV escaped IFN-\ responses
by upregulating SOCS1 expression in type I IFN-defective Vero
E6 cells. In addition, we demonstrated that PEDV infection
increased SOCS1 expression by decreasing the expression of host
miR-30c-5p, which modulates SOCS1 expression by specifically
targeting the 3’ UTR of SOCSI. Our findings identify a
new strategy by PEDV to escape IFN-)-mediated host innate
immune defenses.

MATERIALS AND METHODS

Cells and Viruses

African green monkey kidney cells (Vero E6 cells) were stocked
by our laboratory and grown in DMEM (Gibco, Gaithersburg,
MD, USA) supplemented with 10% FBS (Gibco) and antibiotics
(100 U/mL of penicillin and 100 pg/mL of streptomycin) at
37°C in a humidified atmosphere of 5% CO2. PEDV-CV777
(GenBank accession no. KT323979) stocked in our laboratory
was propagated in Vero E6 cells as previously described
(Hofmann and Wyler, 1988; Sun et al., 2015). To evaluate the
anti-PEDV activity of porcine IFN-) (Prosit Sole Biotechnology,
Co., Ltd., Beijing, China), Vero E6 cells were pretreated with
designated concentrations of IFN-\ for 12h and then infected
with PEDV (MOI of 0.1).

Synthetic miRNAs, shRNAs, and

Transfection

All of the miRNA mimics, miRNA inhibitors, and short hairpin
RNAs (shRNAs) were synthesized by Gene Pharma (Shanghai,
China). The miRNAs and shRNAs sequences are listed in
Table 1. Lipofectamine 2000 (Invitrogen, Carlsbad, CA, USA)
or Lipofectamine RNAIMAX (Invitrogen) was used to transfect
cells with plasmid DNA or synthetic oligonucleotides according
to the manufacturer’s instructions. The cells were infected with
PEDV as previously described after transfection for 24h. The
cells were harvested for quantitative real-time PCR (RT-qPCR)
or treated with NP-40 lysis buffer for Western blotting after
infection for 36 h.
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TABLE 2 | Sequences of primers used in the present study.

Primer Sequences(5'-3')

miR-30c-5p-gPCR-F
Uni-miR-gPCR-R

TGTAAACATCCTACACTCTCAGC
GCGAGCACAGAATTAATACGACTCAC

1SG15-gPCR-F ACGCAGACTGTGGCCCACCT

ISG15-gPCR-R CATTTATTTCCAGCCCTTGA

SOCS1-gPCR-F CGCCCTCAGTGTGAAGATGG

SOCS1-gPCR-R GCTCGAAGAGGCAGTCGAAG

GAPDH-qPCR-F ATGGGGAAGGTGAAGGTCGG

GAPDH-qPCR-R TCCTGGAAGATGGTGATGGG

IFN-x-qPCR-F ACCGCAGGAGTTGGCAAG

IFN-x-gPCR-R CCGGGGAAGACAGGAGAG

MxA-qPCR-F CTGCTGCATCCCAACCTCTAT

MxA-qPCR-R GGCGCACCTTCTCCTCGTACT

IFIT1-gPCR-F GGTCTTGGAGGAGATTGA

IFIT1-gPCR-R ATACAGCCAGGCATAGTT

SOCS1-EcoR I-F CGGAATTCATGGTAGCACACAACCAGGTG

SOCS1-Kpn I-R GGGGTACCTCATATCTGGAAGGGGAAGGAG

SOCS1-3 UTR-Nhe CTAGCTAGCATTATTTCCTTGGAACCATGTG

I-F

SOCS1-3' UTR-Xba GCTCTAGACACAGCAGAAAAATAAAGCCAG

I-R

SOCS1-3 UTR-MT-F CTTCATAGGGTCATATACCCAGTATCTTTG
CACAAAC

SOCS1-3 UTR-MT-R TATATGACCCTATGAAGAGGTAGGAGGTAC
TGAGTTC

Total RNA Isolation, Reverse Transcription,

and gPCR

Total cellular RNA was isolated using an RNeasy Mini kit (Qiagen
Sciences, Hilden, Germany) according to the manufacturer’s
instructions. Total RNA was extracted and reverse transcribed
as previously described (Ma et al., 2018). For miRNA reverse
transcription, cDNA was prepared with a miRNA First Strand
c¢DNA Synthesis kit (Sangon Biotech, Shanghai, China). qPCR
was conducted in triplicate with Power SYBR Green PCR Master
Mix reagents (Takara) on a LightCycler480 II system (Thermo
Fisher Scientific, Waltham, MA, USA) as previously described
(Ma et al., 2018). The miRNA expression levels were normalized
to the internal control of U6. The sequences of RT-qPCR primers
for PEDV, IFN-%, SOCS], IFIT1, ISG15, MxA, GAPDH, miR-
30c, and Uni-miR transcription are listed in Table 2. The results
are presented as the means = SEM from three separate trials.

miRNA Target Projections and Plasmid

Construction

TargetScan Release 7.1 (http://www.targetscan.org) was used
to predict the targets of miR-30c-5p. SOCS1 3’ UTRs as a
prospective target was cloned and constructed as previously
described (Ma et al., 2018). To construct the monkey SOCS1
expression vector, the full-length CDS region of monkey SOCS1
was amplified from Vero E6 cellular mRNA PCR and cloned
into pCAGGS-HA vector (Clontech, Mountain View, CA, USA)
using EcoR I and Kpn I restriction sites. The 3'UTR of SOCS1

(GenBank:100307052) was amplified and inserted into the
pmirGLO luciferase reporter vector. The SOCS1 3'UTR mutant
vector was produced by mutating five seed nucleotides using
a site-directed mutagenic kit (Stratagene, La Jolla, CA, USA)
according to the manufacturer’s instructions. The constructed
plasmids were verified by sequencing.

Dual-Luciferase Assays

The luciferase activities were tested using a Dual-Luciferase
Reporter Assay System (Promega, Madison, WI, USA) based on
the manufacturer’s instructions. Wild- or mutant-type SOCS1
3'UTR luciferase reporter vectors were co-transfected with miR-
30c-5p mimics (miR-30c), mimic NC (NC), miR-30c-5p inhibitor
(miR-30c¢-1), or inhibitor NC (NC-i) into Vero E6 cells for 24 h.
Then pRL-TK was co-transfected with either miR-30c, NC, miR-
30c-i, or NC-i for 24 h. The cells were collected and the luciferase
activity was evaluated with a dual-luciferase reporter assay system
(Promega). The pRL-TK vector expressing the Renilla luciferase
gene was used as a normalization control.

Immunofluorescence Assay (IFA)

Vero E6 cells were fixed with 4% paraformaldehyde for 30 min
at 4°C and permeabilized with 0.2% Triton X-100 for 15 min,
then blocked with blocking buffer (PBS with 5% FBS) for 2h
at 37°C. The cells were incubated with an anti-HA monoclonal
antibody (Sigma- Aldrich, Munich, Germany, 1:5000) at 37°C for
2h, followed by labeling with an Alexa Fluor 546 goat anti-mouse
IgG antibody (Thermo Fisher Scientific, 1:500) at 37°C for 1h.
4’ ,6-diamidino-2-phenylindole (DAPI, 1:100) was used to stain
the cellular nuclei. The stained cells were visualized using an
AMG EVOS F1 fluorescence microscope.

Western Blotting

Vero E6 cells were lysed with NP-40 lysis buffer (Beyotime,
China) supplemented with 0.1mM of phenylmethylsulfonyl
fluoride (PMSF) (Roche, Indianapolis, IN, USA). Target proteins
were separated on SDS-PAGE gels then transferred onto
nitrocellulose membranes (GE Healthcare, Chicago, IL, USA).
After blocking with TBS-T containing 5% non-fat milk at
room temperature (RT), the membranes were incubated with
primary antibody at 4°C for 18 h. Antibodies included: B-actin
(Sigma-Aldrich, 1:5000) and SOCS1 (Sigma-Aldrich, 1:500). The
membranes were incubated with secondary antibody goat anti-
mouse-HRP or goat anti-rabbit-HRP, diluted at 1:2000 for 1 h at
room temperature, and visualized using an ECL system (Thermo
Fisher). The results were analyzed using Image] software.

Statistical Analysis

All of the data are described as the means = the standard error of
the mean (SEM). GraphPad Prism (GraphPad Software, Inc.) was
used to analyze the data using Student’s ¢-test. Each experiment
was repeated three times. P-values < 0.05 were considered
significant: *P <0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001,
and NS, not significant.
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(B). The results were represented as Mean + SEM of three independent experiments. *P < 0.05, **P < 0.01, and NS, not significant.

RESULTS

PEDV Replicated Well Despite the
Induction of Endogenous IFN-\ Responses

During Late Infection

Previous research showed that the pretreatment of porcine
IEN-\ inhibits PEDV infection in Vero E6 cells and IPEC-
J2 (Li et al., 2017). It is well-established that PEDV replicates
efficiently in Vero E6 cells. To determine whether PEDV elicits an
endogenous IFN-X response in Vero E6 cells following infection,
we initially infected Vero E6 cells with PEDV at MOI = 0.1
and monitored the IFN-\ expression. Compared with a mock
uninfected control, PEDV did not increase the expression of IFN-
\ transcripts as observed until 12 hpi, and then gradually induced
IEN-\ expression, indicating that PEDV infection elicits type III
IEN expression at the late stage of infection instead of the early
stage of infection in the Vero E6 cells (Figure 1A), which was
consistent with the results in porcine enteroids (Li et al., 2019).
And PEDV propagated efficiently in Vero E6 cells by quantifying
viral genomes and titers (Figures 1B,C). The virus titer increased
up to 10°/0.1 mL at 48 hpi (Figure 1C). Interestingly, despite the
increased expression of endogenous IFN-A at the late stage of
infection, the PEDV virus titer did not decrease. This indicates
that there are mechanisms explored by PEDV to antagonize the
endogenous IFN-\ ISG response at the late-stage infection.

PEDV Infection Increased the Expression

of SOCS1 in Vero E6 Cells

SOCSI, a typical member of the SOCS family of proteins, is a
well-known negative feedback inhibitor of JAK/STAT signaling
pathway induced by cytokines (Ma et al, 2018). To explore
the underlying mechanisms exploited by PEDV to escape IFN-
h-induced antiviral responses, we initially assessed whether
PEDV infection induces SOCS1 expression in Vero E6 cells. The
mRNA levels of SOCSI significantly increased following PEDV
infection and displayed a time-dependent response (Figure 2A).
The induction of SOCS1 by PEDV infection was further verified
by SOCS1 Western blotting (Figure 2B).

SOCS1 Counteracted the Anti-PEDV

Activity of IFN-\

SOCS1 is a potent inhibitor of the type I and type I IFN signaling
pathway (Skjesol et al, 2014). We next investigated whether
SOCS1 suppresses IFN-\-mediated antiviral activity. First, we
silenced endogenous SOCSI expression by specific shRNAs.
SOCS1 shRNAs or a non-targeting shRNA (NC) were transfected
into Vero E6 cells. The efficiency of SOCS1 knockdown was
confirmed by Western blotting (Figure 3A). shSOCS1 #2 and
#3 led to a 55 and 65% decrease in SOCSI expression,
respectively, compared with NC (Figure 3A). Silencing of
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endogenous SOCS1 by shSOCS1 #2 or #3 significantly reduced
PEDV replication in Vero E6 cells without the addition of
exogenous IFN-) (Figure 3B). The decreased levels of PEDV
infection were in line with the knockdown efficiency of SOCS1
shRNAs, indicating the specific effect of SOCS1 shRNAs. As
previously reported, exogenous IFN-\ significantly inhibited
PEDV infection, whereas silencing of endogenous SOCS1 by
shSOCS1 #2 or #3 further enhanced the PEDV inhibition by
IEN-) in Vero E6 cells compared with untreated IFN-A mock
control (Figure 3B). The knockdown of endogenous SOCS1

by shSOCS1 #3 resulted in a more than 3.4-fold decrease in
PEDV titer (Figure 3B) and degraded to 7.2-fold of PEDV titers
with IFN-\ treatment in Vero E6 cells (Figure 3B), indicating
that SOCS1 knockdown increases the antiviral effects of IFN-\.
Inconsistent with the viral results, SOCS1 knockdown increased
the mRNA levels of ISG15, MxA, and IFIT1 (Figure 3C). We
subsequently investigated the role of SOCS1 overexpression on
the anti-PEDV effects of IFN-\. The transient overexpression of
SOCS1 in Vero E6 cells was verified by HA IFA (Figure 3D).
As expected, SOCS1 overexpression substantially elevated PEDV
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0.05, P < 0.01, **P < 0.001, and NS, not significant.

FIGURE 4 | mimics or inhibitor for 24 h, cells were pretreated with IFN-. or DMEM for 12 h and then infected with PEDV (MOI = 0.1) and harvested at 36 hpi for viral
RNA quantification and TCIDsg. (F) The SOCS1 expression levels in Vero E6 cells were measured by RT-gPCR at 36 hpi at different MOls. P values represent the
difference from the mock-infected control for time kinetics, the SOCS1, and miR-30c-5p levels. Error bars, mean 4+ SEM. (n = 3 independent experiments). *P <

infection (Figure 3E) and blunted the expression of ISG15, MxA,
and IFIT1 (Figure 3F). Thus, these data indicate that SOCS1
counteracts the anti-PEDV activity of IFN-\.

PEDV Upregulated SOCS1 Expression by
Modulating miR-30c-5p

The porcine miR-30 family (five members: miR30a-e) has been
demonstrated to modulate host type I IFN response during
virus infection (Zhu et al.,, 2014; Zhang et al.,, 2016; Liu et al,
2018; Ma et al., 2018). The TargetScan (http://www.targetscan.
org) prediction program indicated that SOCS1 was targeted
by miR-30c-5p through a site in the 3'UTR conserved in
the SOCS1 of seven representative mammals (Figure 4A). To
investigate whether miR-30c-5p is involved in modulating IFN-
\ signaling by directly targeting SOCS1 and downregulating
endogenous SOCS1 expression, we conducted a computational
analysis using TargetScan Release 7.1 (http://www.targetscan.
org). The result showed that miR-30c could directly target the site
on the 3'UTRs of SOCS1 (Figure 4A). We cloned the predicted
target sites in porcine SOCS1 3'UTR, and constructed the firefly
luciferase reporter vector of porcine SOCS1 3'UTR (Figure 4A).
Overexpression of miR-30c-5p, the luciferase reporter containing
the SOCS1 wild-type target sequence, decreased to ~65% relative
to NC mimics, whereas the blockage of miR-30c by miR-30c
inhibitor increased SOCS1 3'UTR luciferase activity. However,
the mutation of the SOCS1 target 3'UTR site of miR-30c-5p
disrupted the effects of miR-30c-5p on modifying the luciferase
activity in Vero E6 cells relative to the NCs (Figure 4B). These
results confirmed that miR-30c-5p directly targets the 3’ UTR
of SOCSI1. Consistent with the luciferase results, miR-30c-5p
overexpression reduced SOCS1 expression measured by Western
blotting (Figure 4C). Conversely, blockage of endogenous miR-
30c-5p increased the expression of SOCS1 in Vero E6 cells
compared with the NC inhibitor. To further validate the
modulation of SOCS1 expression by miR-30c-5p during PEDV
infection, we examined the expression of SOCSI1 in PEDV-
infected Vero E6 cells with overexpression or inhibition of miR-
30c-5p, and found that the expression pattern of SOCS1 in PEDV
infected Vero E6 cells was similar to that in PEDV-uninfected E6
cells (Figure 4C). Taken together, these data demonstrated that
miR-30c-5p downregulates the expression of SOCS1 by directly
targeting SOCS1 3'UTR.

To verify whether PEDV escape the IFN-A antiviral
signaling through miR-30c-5p mediated modification of SOCS1
expression, we then explored the effect of miR-30c-5p on
PEDV infection and IFN-\ antiviral signaling. Transient miR-
30c expression reduced PEDV titers and promoted IFN-) anti-
PEDV activity compared with the mock control NCs, whereas
miR-30c-5p inhibitor significantly increased PEDV infection and
undermined the anti-PEDV activity of IFN-\ (Figures 4D,E).
Furthermore, the SOCS1 expression increased starting at 12

hpi and substantially increased at 24 hpi, which was inversely
correlated with the kinetic expression profiles of miR-30c-5p
(Figure 4F). In agreement with the kinetics pattern of miR-30c-
5p and SOCS1 in Vero E6 cells, PEDV infection reduced the
levels of miR-30c-5p and increased SOCS1 expression in IPEC-
J2 starting at 12 h post-infection (data not shown). Collectively,
PEDV infection upregulates SOCS1 expression by modulating
host miR-30c-5p abundance at the late stage of infection.

miR-30c-5p Facilitated PEDV Infection via
Antagonizing IFN-\ Signaling by Targeting
SOCSH1

To further verify whether PEDV escape IFN-\ response through
the miR-30c-5p/SOCs1 axis, we co-transfected miR-30c-5p with
SOCS1 and measured the replication of PEDV with or without
IFN-) treatment. SOCS1 overexpression promoted PEDV
replication with or without IFN-X treatment. MiR-30c-5p largely
abolished the role of SOCS1 in promoting PEDV replication,
and the effect was more pronounced in the presence of IFN-\
stimulation (Figure 5A). Consistent with this, SOCS1 inhibited
IFN downstream ISGs expression such as IFIT1 and ISG15
expression (Figures 5B,C), whereas overexpression of miR-30c-
5p abrogated the ISG inhibition of SOCS1, which was more
pronounced in the presence of IFN-\ priming (Figures 5B,C).
In summary, these data indicate that PEDV escapes the response
of IFN-X through the miR-30a-5p/SOCS] axis.

DISCUSSION

IFN-X is an antiviral innate cytokine induced by virus infection
that plays vital roles in controlling mucosal infection (Blumer
et al,, 2017). We and other groups previously showed that IFN-
) substantially inhibits PEDV (Li et al., 2017; Zhang et al,
2018). However, whether PEDV has evolved a mechanism to
counteract endogenous IFN-X just as PEDV does the type I IFN
response remains unclear. In this study, we found that PEDV
propagated well despite the significant production of endogenous
IFN-X induced at the late stage of infection in Vero E6 cells,
indicating that PEDV escaped the IFN-\ response at the late
stage of infection not through suppressing IFN-\ production.
We further defined the mechanism that PEDV counteracted IFN-
h-elicited antiviral ISG responses by exploiting the miR-30c-
5p/SOCS1 axis.

PEDV has evolved multiple strategies to escape type I
IFN response. Whether PEDV exploits similar mechanisms to
counteract type III IFN remains elusive. One previous study
demonstrated that PEDV escaped type III IFN by suppressing
IRF1-mediated IFN-A production through PEDV viral nspl
protein (Zhang et al, 2018). In that study, PEDV actually
upregulates IFN-)\ expression at 3h post-infection and then
decreased to minimal levels of IFN-) expression until 12 hpi
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(Zhang et al, 2018). In agreement with this, we did not
observe increased IFN-) expression at 12 hpi (Figure 1A).
They did not show the IFN-A expression at the late stage
of PEDV infection. In the current study, we observed that
PEDV elicited substantially increased IFN-\ expression in Vero
E6 cells only after 24 hpi (Figure 1A), which is consistent
with the results observed in porcine enteroids following PEDV
infection (Li et al., 2019), indicating that PEDV has evolved
mechanisms to escape IFN-\ antiviral response instead of
IEN-\ production at the late stage of infection. It is possible
that PEDV exploits varying strategies at different infection
stages. This is also observed in other RNA viruses such as
influenza virus (Chung et al., 2018). To prevent over-activation
of the IFN signaling pathways, the host evolves a few negative
regulators of IFN signaling, and SOCS1 is one of the canonical
inhibitors of IFN signaling (Shao et al., 2013). SOCS1 has been
reported to be exploited by multiple viruses to abrogate IFN
antiviral signaling (Shao et al, 2013; Wei et al, 2014; Ma
et al., 2018). We showed that PEDV significantly induced the
expression of SOCSI at the late stage of infection (Figure 2).
As expected, increased SOCS1 impaired the antiviral ISGs
expression and impaired the anti-PEDV activity of IFN-\
(Figure 3). This is in agreement with the results of TGEV,
another swine alphacoronavirus (Ma et al.,, 2018). Therefore,
unlike previously published studies with the modification of

IFN production mediated by viral proteins such as nspl, our
study found that PEDV largely evades innate immunity of
IFN-} by modulating the antiviral signal of IFN-) rather
than manipulating the production of IFN-\ at the late stage
of infection.

MiRNA plays a vital role in regulating gene expression
through post-transcription modification. Increasing evidence
demonstrates that viruses escape IFN antiviral activity for
optimal infection by modifying the cellular abundance of miRNA
targeting vital components of the IFN response (Zhu et al., 2014;
Zhang et al., 2016; Liu et al., 2018; Ma et al., 2018). JEV infection
downregulates the expression of miRNA miR-432, which directly
targets the suppressor of cytokine signaling protein 5 (SOCS5)
and manipulates the JAK-STAT1 signaling cascade (Sharma
et al., 2016). The miR-30 family has been reported to target
SOCS family members and manipulate the JAK/STAT signaling
pathway (Zou et al., 2017; Ma et al., 2018; Yuan et al,, 2019). In
this study, we showed that PEDV infection suppressed miR-30c-
5p expression, which was conversely related to SOCS1 expression
during PEDV infection (Figure4). Just as other members of
miR-30, miR-30c-5p specifically targeted the 3" UTR of SOCS1
and inhibited SOCS1 expression (Kobayashi et al., 2012; Ma et al.,
2018; Yuan et al., 2019) (Figure 4). However, the mechanism
of PEDV decreasing miR-30a-5p remains unclear and deserves
further study.
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In summary, we determined that PEDV escaped IFN-\
response at the late stage of infection by downregulating
miR-30c-5p, thus increasing SOCS1 expression. Therefore,
unlike previously published studies with defined mechanisms
such as nspl, we demonstrated that PEDV escapes IFN-X
response through another pathway of the miR-30c-
5p/SOCS1 axis. Our results highlight the important role
of miR-30c-5p in the regulation of interferon pathways
during PEDV infection, improve the current knowledge
of PEDV infection, and expand the role of micro-RNA in
viral infection.

DATA AVAILABILITY STATEMENT

The datasets generated for this study are available on request to
the corresponding author.

REFERENCES

Baltimore, D., Boldin, M. P., O’Connell, R. M., Rao, D. S., and Taganov, K. D.
(2008). MicroRNAs: new regulators of immune cell development and function.
Nat. Immunol. 9, 839-845. doi: 10.1038/ni.£.209

Blumer, T., Coto-Llerena, M., Duong, F. H. T., and Heim, M. H. (2017).
SOCS1 is an inducible negative regulator of interferon lambda (IFN-
lambda)-induced gene expression in vivo. J. Biol. Chem. 292, 17928-17938.
doi: 10.1074/jbc.M117.788877

Chung, M., Cho, S. Y., and Lee, Y. S. (2018). Construction of a Transcriptome-
driven network at the early stage of infection with Influenza A HINI
in human lung alveolar epithelial cells. Biomol. Therap. 26, 290-297.
doi: 10.4062/biomolther.2017.240

Cullen, B. R. (2006). Viruses and microRNAs. Nat. Genet. 38 (Suppl):S25-30.
doi: 10.1038/ng1793

de Weerd, N. A, and Nguyen, T. (2012). The interferons and their
receptors—distribution and regulation. Immunol. Cell Biol. 90, 483-491.
doi: 10.1038/icb.2012.9

Dellgren, C., Gad, H. H., Hamming, O. J., Melchjorsen, J., and Hartmann,
R. (2009). Human interferon-lambda3 is a potent member of the type III
interferon family. Genes Immun. 10, 125-131. doi: 10.1038/gene.2008.87

Deng, X., van Geelen, A., Buckley, A. C.,, O’Brien, A, Pillatzki, A., Lager, K.
M, et al. (2019). Coronavirus endoribonuclease activity in porcine epidemic
diarrhea virus suppresses type I and Type III interferon responses. J. Virol.
93:¢02000-18. doi: 10.1128/JV1.02000-18

Gottwein, E., and Cullen, B. R. (2008). Viral and cellular microRNAs as
determinants of viral pathogenesis and immunity. Cell Host Microbe 3,
375-387. doi: 10.1016/j.chom.2008.05.002

Guo, L., Luo, X,, Li, R, Xu, Y., Zhang, J., Ge, J., et al. (2016). Porcine epidemic
diarrhea virus infection inhibits interferon signaling by targeted degradation of
STAT1. J. Virol. 90, 8281-8292. doi: 10.1128/JV1.01091-16

Hofmann, M., and Wyler, R. (1988). Propagation of the virus of porcine
epidemic diarrhea in cell culture. J. Clin. Microbiol. 26, 2235-2239.
doi: 10.1128/JCM.26.11.2235-2239.1988

Kincaid, R. P., and Sullivan, C. S. (2012). Virus-encoded microRNAs:
an overview and a look to the future. PLoS Pathog 8:¢1003018.
doi: 10.1371/journal.ppat.1003018

Kobayashi, N., Uemura, H., Nagahama, K., Okudela, K., Furuya, M., Ino, Y.,
et al. (2012). Identification of miR-30d as a novel prognostic maker of prostate
cancer. Oncotarget 3, 1455-1471. doi: 10.18632/oncotarget.696

Kotenko, S. V., Gallagher, G., Baurin, V. V., Lewis-Antes, A., Shen, M., Shah, N. K.,
et al. (2003). IFN-lambdas mediate antiviral protection through a distinct class
IT cytokine receptor complex. Nat. Immunol. 4, 69-77. doi: 10.1038/ni875

Lazear, H. M., Nice, T. J., and Diamond, M. S. (2015). Interferon-lambda:
immune functions at barrier surfaces and beyond. Immunity 43, 15-28.
doi: 10.1016/j.immuni.2015.07.001

AUTHOR CONTRIBUTIONS

PL, CW, LS, and WX designed the research studies and analyzed
and interpreted the data. CW, LS, SQ, MX, KW, FE LW,
ZW, and LF conducted the experiments and collected the data.
PL, CW, and LS drafted the manuscript. All of the authors
contributed revisions.

FUNDING

This study was supported by the China Postdoctoral Science
Foundation (2018 M641841), the Special Fund for Scientific and
Technological Innovative Talents in Harbin (2017RAXY]J050),
the Heilongjiang Postdoctoral Fund (grant no. LBH-Z18207),
and the Spark Research Fund from the Fourth Affiliated Hospital
of Harbin Medical University (grant no. HYDSYXH201914).

Li, L., Fu, F,, Guo, S., Wang, H., He, X,, Xue, M,, et al. (2019). Porcine intestinal
enteroids: a new model for studying enteric coronavirus porcine epidemic
diarrhea virus infection and the host innate response. J. Virol. 93:e01682-18.
doi: 10.1128/JV1.01682-18s

Li, L., Fu, F.,, Xue, M., Chen, W., Liu, J., Shi, H., et al. (2017). IFN-lambda preferably
inhibits PEDV infection of porcine intestinal epithelial cells compared with
IFN-alpha. Antiviral Res. 140, 76-82. doi: 10.1016/j.antiviral.2017.01.012

Li, W,, Li, H,, Liu, Y., Pan, Y., Deng, F., Song, Y., et al. (2012). New variants of
porcine epidemic diarrhea virus China 2011. Emerg. Infect. Dis. 18, 1350-1353.
doi: 10.3201/eid1803.120002

Liu, F., Wang, H., Du, L., Wei, Z., Zhang, Q., and Feng, W. H. (2018). MicroRNA-
30c targets the interferon-alpha/beta receptor beta chain to promote type
2 PRRSV infection. J. Gen. Virol. 99, 1671-1680. doi: 10.1099/jgv.0.0
01166

Ma, Y., Wang, C,, Xue, M., Fu, F.,, Zhang, X,, Li, L., et al. (2018). The coronavirus
transmissible gastroenteritis virus evades the type i interferon response through
IRElalpha-mediated manipulation of the MicroRNA miR-30a-5p/SOCS1/3
Axis. J. Virol. 92, €00728-18. doi: 10.1128/JV1.00728-18

Madson, D. M., Magstadt, D. R., Arruda, P. H., Hoang, H., Sun, D., Bower,
L. P, et al. (2014). Pathogenesis of porcine epidemic diarrhea virus isolate
(US/Iowa/18984/2013) in 3-week-old weaned pigs. Vet. Microbiol. 174, 60-68.
doi: 10.1016/j.vetmic.2014.09.002

Mordstein, M., Neugebauer, E., Ditt, V., Jessen, B., Rieger, T., Falcone, V.,
et al. (2010). Lambda interferon renders epithelial cells of the respiratory
and gastrointestinal tracts resistant to viral infections. J. Virol. 84, 5670-5677.
doi: 10.1128/JV1.00272-10

O'Neill, L. A., Sheedy, F. J., and McCoy, C. E. (2011). MicroRNAs: the fine-
tuners of Toll-like receptor signalling. Nat. Rev. Immunol. 11, 163-175.
doi: 10.1038/nri2957

Palma-Ocampo, H. K., Flores-Alonso, J. C. Vallejo-Ruiz, V., Reyes-Leyva,
J., Flores-Mendoza, L., Herrera-Camacho, 1., et al. (2015). Interferon
lambda inhibits dengue virus replication in epithelial cells. Virol J. 12:150.
doi: 10.1186/s12985-015-0383-4

Pott, J., Mahlakoiv, T., Mordstein, M., Duerr, C. U., Michiels, T., Stockinger,
S., et al. (2011). IFN-lambda epithelial
antiviral host defense. Proc. Natl. Acad. Sci. 108, 7944-7949.
doi: 10.1073/pnas.1100552108

Shao, R. X,, Zhang, L., Hong, Z., Goto, K., Cheng, D., Chen, W. C,, et al. (2013).
SOCS1 abrogates IFN’s antiviral effect on hepatitis C virus replication. Antiviral
Res. 97, 101-107. doi: 10.1016/j.antiviral.2012.12.001

Sharma, N., Kumawat, K. L., Rastogi, M., Basu, A., and Singh, S. K. (2016).
Japanese encephalitis virus exploits the microRNA-432 to regulate the
expression of Suppressor of Cytokine Signaling (SOCS) 5. Sci. Rep. 6:27685.
doi: 10.1038/srep27685

Shen, H., Zhang, C., Guo, P. Liu, Z, Sun, M., Sun, ], et al. (2016).
Short communication: antiviral activity of porcine IFN-lambda3 against

determines the intestinal
U.S.A.

Frontiers in Microbiology | www.frontiersin.org

May 2020 | Volume 11 | Article 1180


https://doi.org/10.1038/ni.f.209
https://doi.org/10.1074/jbc.M117.788877
https://doi.org/10.4062/biomolther.2017.240
https://doi.org/10.1038/ng1793
https://doi.org/10.1038/icb.2012.9
https://doi.org/10.1038/gene.2008.87
https://doi.org/10.1128/JVI.02000-18
https://doi.org/10.1016/j.chom.2008.05.002
https://doi.org/10.1128/JVI.01091-16
https://doi.org/10.1128/JCM.26.11.2235-2239.1988
https://doi.org/10.1371/journal.ppat.1003018
https://doi.org/10.18632/oncotarget.696
https://doi.org/10.1038/ni875
https://doi.org/10.1016/j.immuni.2015.07.001
https://doi.org/10.1128/JVI.01682-18s
https://doi.org/10.1016/j.antiviral.2017.01.012
https://doi.org/10.3201/eid1803.120002
https://doi.org/10.1099/jgv.0.001166
https://doi.org/10.1128/JVI.00728-18
https://doi.org/10.1016/j.vetmic.2014.09.002
https://doi.org/10.1128/JVI.00272-10
https://doi.org/10.1038/nri2957
https://doi.org/10.1186/s12985-015-0383-4
https://doi.org/10.1073/pnas.1100552108
https://doi.org/10.1016/j.antiviral.2012.12.001
https://doi.org/10.1038/srep27685
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/microbiology#articles

Wang et al.

PEDV Evades IFN-1 Response

porcine epidemic diarrhea virus in vitro. Virus Genes 52, 877-882.
doi: 10.1007/s11262-016-1374-2

Sheppard, P., Kindsvogel, W., Xu, W., Henderson, K., Schlutsmeyer, S., Whitmore,
T.E., etal. (2003). IL-28, IL-29 and their class II cytokine receptor IL-28R. Nat.
Immunol. 4, 63-68. doi: 10.1038/ni873

Skjesol, A., Liebe, T., Iliev, D. B., Thomassen, E. I, Tollersrud, L. G., Sobhkhez,
M, et al. (2014). Functional conservation of suppressors of cytokine signaling
proteins between teleosts and mammals: Atlantic salmon SOCSI binds to
JAK/STAT family members and suppresses type I and II IFN signaling. Dev.
Comp. Immunol. 45, 177-189. doi: 10.1016/j.dci.2014.02.009

Song, D., and Park, B. (2012). Porcine epidemic diarrhoea virus: a comprehensive
review of molecular epidemiology, diagnosis, and vaccines. Virus Genes 44,
167-175. doi: 10.1007/s11262-012-0713-1

Sullivan, C. S., Grundhoff, A, Tevethia, S., Treisman, R., Pipas, ]. M., and Ganem,
D. (2006). Expression and function of microRNAs in viruses great and small.
Cold Spring Harb. Symp. Quant. Biol. 71, 351-356. doi: 10.1101/sqb.2006.71.065

Sun, D., Shi, H., Guo, D., Chen, J., Shi, D., Zhu, Q., et al. (2015). Analysis of
protein expression changes of the Vero E6 cells infected with classic PEDV
strain CV777 by using quantitative proteomic technique. J. Virol. Methods 218,
27-39. doi: 10.1016/j.jviromet.2015.03.002

Wang, L., Byrum, B, and Zhang, Y. (2014). New variant of porcine
epidemic diarrhea virus United States 2014. Emerg. Infect. Dis. 20, 917-919.
doi: 10.3201/eid2005.140195

Wei, H., Wang, S, Chen, Q., Chen, Y., Chi, X,, Zhang, L., et al. (2014).
Suppression of interferon lambda signaling by SOCS-1 results in their excessive
production during influenza virus infection. PLoS Pathog. 10:¢1003845.
doi: 10.1371/journal.ppat.1003845

Wells, A. I, and Coyne, C. B. (2018). Type III interferons in antiviral defenses at
barrier surfaces. Trends Immunol. 39, 848-858. doi: 10.1016/j.it.2018.08.008

Yuan, F. H,, Chen, Y. L., Zhao, Y., Liu, Z. M., Nan, C. C,, Zheng, B. L., et al. (2019).
microRNA-30a inhibits the liver cell proliferation and promotes cell apoptosis

through the JAK/STAT signaling pathway by targeting SOCS-1 in rats with
sepsis. J. Cell. Physiol. 234, 17839-17853. doi: 10.1002/jcp.28410

Zhang, Q., Huang, C., Yang, Q. Gao, L, Liu, H. C, Tang, ], et al
(2016). MicroRNA-30c modulates type I IFN responses to facilitate porcine
reproductive and respiratory syndrome virus infection by targeting JAKI. J.
Immunol. 196, 2272-2282. doi: 10.4049/jimmunol.1502006

Zhang, Q., Ke, H., Blikslager, A., Fujita, T., and Yoo, D. (2018). Type III interferon
restriction by porcine epidemic diarrhea virus and the role of viral protein nsp1
in IRF1 Signaling. J. Virol. 92:e01677-17. doi: 10.1128/JV1.01677-17

Zhang, Q., and Yoo, D. (2016). Immune evasion of porcine enteric coronaviruses
and viral modulation of antiviral innate signaling. Virus Res. 226, 128-141.
doi: 10.1016/j.virusres.2016.05.015

Zhu, X, He, Z., Hu, Y., Wen, W,, Lin, C,, Yu, J., et al. (2014). MicroRNA-30e*
suppresses dengue virus replication by promoting NF-kappaB-dependent IFN
production. PLoS Negl. Trop Dis. 8:¢3088. doi: 10.1371/journal.pntd.0003088

Zou, Y. F, Liao, W. T., Fu, Z. J,, Zhao, Q., Chen, Y. X,, and Zhang,
W. (2017). MicroRNA-30c-5p ameliorates hypoxia-reoxygenation-induced
tubular epithelial cell injury via HIFlalpha stabilization by targeting SOCS3.
Oncotarget 8, 92801-92814. doi: 10.18632/oncotarget.21582

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2020 Wang, Shan, Qu, Xue, Wang, Fu, Wang, Wang, Feng, Xu and Liu.
This is an open-access article distributed under the terms of the Creative Commons
Attribution License (CC BY). The use, distribution or reproduction in other forums
is permitted, provided the original author(s) and the copyright owner(s) are credited
and that the original publication in this journal is cited, in accordance with accepted
academic practice. No use, distribution or reproduction is permitted which does not
comply with these terms.

Frontiers in Microbiology | www.frontiersin.org

10

May 2020 | Volume 11 | Article 1180


https://doi.org/10.1007/s11262-016-1374-2
https://doi.org/10.1038/ni873
https://doi.org/10.1016/j.dci.2014.02.009
https://doi.org/10.1007/s11262-012-0713-1
https://doi.org/10.1101/sqb.2006.71.065
https://doi.org/10.1016/j.jviromet.2015.03.002
https://doi.org/10.3201/eid2005.140195
https://doi.org/10.1371/journal.ppat.1003845
https://doi.org/10.1016/j.it.2018.08.008
https://doi.org/10.1002/jcp.28410
https://doi.org/10.4049/jimmunol.1502006
https://doi.org/10.1128/JVI.01677-17
https://doi.org/10.1016/j.virusres.2016.05.015
https://doi.org/10.1371/journal.pntd.0003088
https://doi.org/10.18632/oncotarget.21582
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/microbiology#articles

	The Coronavirus PEDV Evades Type III Interferon Response Through the miR-30c-5p/SOCS1 Axis
	Introduction
	Materials and Methods
	Cells and Viruses
	Synthetic miRNAs, shRNAs, and Transfection
	Total RNA Isolation, Reverse Transcription, and qPCR
	miRNA Target Projections and Plasmid Construction
	Dual-Luciferase Assays
	Immunofluorescence Assay (IFA)
	Western Blotting
	Statistical Analysis

	Results
	PEDV Replicated Well Despite the Induction of Endogenous IFN-λ Responses During Late Infection
	PEDV Infection Increased the Expression of SOCS1 in Vero E6 Cells
	SOCS1 Counteracted the Anti-PEDV Activity of IFN-λ
	PEDV Upregulated SOCS1 Expression by Modulating miR-30c-5p
	miR-30c-5p Facilitated PEDV Infection via Antagonizing IFN-λ Signaling by Targeting SOCS1

	Discussion
	Data Availability Statement
	Author Contributions
	Funding
	References


