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Early growth response gene-1 (EGR1) is a multifunctional transcription factor that is
implicated in viral infection. In this study, we observed that foot-and-mouth disease
virus (FMDV) infection significantly triggered EGR1 expression. Overexpression of EGR1
suppressed FMDV replication in porcine cells, and knockdown of EGR1 considerably
promoted FMDV replication. A previously reported FMDV mutant virus (with two amino
acids mutations in SAP domain) that displays a strong type I interferon (IFN) induction
activity was used in this study. We found that SAP mutant FMDV infection induced a
higher expression of EGR1 than wildtype FMDV infection, and also triggered higher IFN-
β and IFN-stimulated genes (ISGs) expression than wildtype FMDV infection. This implied
a link between EGR1 and type I IFN signaling. Further study showed that overexpression
of EGR1 resulted in Sendai virus (SeV)-induced IFN-stimulated response element (ISRE)
and NF-κB promoter activation. In addition, the SeV-induced ISGs expression was
impaired in EGR1 knockdown cells. EGR1 upregulation promoted type I IFN signaling
activation and suppressed FMDV and Seneca Valley virus replication. Suppression of
the transcriptional activity of EGR1 did not affect its antiviral effect against FMDV. This
study reveals a new mechanism evolved by EGR1 to enhance type I IFN signaling and
suppress FMDV replication.

Keywords: foot-and-mouth disease virus, early growth response gene-1, interferon, viral replication, antiviral
response

INTRODUCTION

Foot-and-mouth disease virus (FMDV) is a non-enveloped virus with positive-sense and single-
stranded RNA genome. The viral genome is approximately 8.5 kb nucleotides in length, including
a single large open reading frame that encodes a polyprotein. The polyprotein is subsequently
processed by viral proteases during protein synthesis, generating several intermediates and 12
mature proteins (Sobrino and Domingo, 2001; Grubman and Baxt, 2004). During co-evolution
with the hosts, these viral proteins have acquired many functions to counteract host antiviral
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responses, cause immunosuppression, and promote viral
replication and infection (Mason et al., 2003; Rodriguez Pulido
and Saiz, 2017). Therefore, FMDV causes an acute vesicular
disease of infected animals, which is called foot-and-mouth
disease (FMD). FMD is a highly contagious disease that can
lead to significant economic losses to the local livestock industry
(Rweyemamu et al., 2008a; Paton and Taylor, 2011; Zai-Xin,
2015; Bouguedour and Ripani, 2016). The understanding of
host-FMDV interaction as well as the involved mechanism
contributes to the planning of new strategies for FMD prevention
(Domingo et al., 2005; Rweyemamu et al., 2008b; Rodriguez
Pulido and Saiz, 2017). Accordingly, many researches on host
responses in FMDV-infected cells have to be investigated.

Early growth response gene-1 (EGR1), also designated zif268,
is a host transcriptional regulator that expresses rapidly after
a number of stimuli like oxygen deprivation, growth factors,
cytokines, shear stress and injury (Brand et al., 1992; Khachigian
et al., 1997; Nishi et al., 2002; Jo et al., 2011; Li et al., 2013).
EGR1 is involved in diverse biologic functions and a broad variety
of host signal transduction cascades that mediates cell growth,
survival, differentiation, apoptosis and proliferation (Pagel and
Deindl, 2011; Papanikolaou et al., 2014). Different pathways
have been identified that participate in EGR1 induction and
then regulates several biological behaviors. Such as, the Ras
homologue gene family (Rho) genes are involved in cell cycle
progression, and the Rho/Rho-kinase pathway has been shown
to regulate EGR1 expression (Barrientos et al., 2007; Pagel and
Deindl, 2011). As a zinc-finger DNA-binding protein, EGR1
also regulates expression of diverse gene families by binding to
promoter sequences of target genes (Papanikolaou et al., 2014).
Therefore, EGR1 is involved in activation of signal transduction
of many pathways.

Several studies indicate that EGR1 is linked to viral
infection and immune response. EGR1 modulates pro-apoptotic
pathway and promotes Venezuelan equine encephalitis virus
(VEEV) replication (Baer et al., 2016). Knockdown of EGR1
in Rhabdomyosarcoma cells decreases enterovirus 71 (EV71)
replication (Song et al., 2015). It seems that EGR1 might play
a positive role in these viruses replication. However, EGR1 also
appears critical for the initiation of immune response in B cells
and T cells. EGR1 plays roles in regulation of the expression
of sever cytokines including interleukin-2, CD44, ICAM-1 and
tumor necrosis factor genes (Skerka et al., 1995; McMahon and
Monroe, 1996; Shin et al., 2009; Cubero and Nieto, 2012).

An SAP domain [scaffold-attachment factor (SAF)-A/B,
apoptotic chromatin-condensation inducer in the nucleus
(ACINUS) and PIAS (protein inhibitor of activated signal
transducer and activator of transcription) domain] previously
was identified within the FMDV Lpro by de los Santos et al.
(2009). Mutation of Lpro SAP domain promotes type I IFN
signaling activation and decreases virus growth. In addition,
animals inoculated with the FMDV SAP mutant display strong
neutralizing antibody response and T cell response comparing
with infection with wildtype FMDV (de los Santos et al., 2009;
Diaz-San Segundo et al., 2012). In this study, a robust EGR1
upregulation was observed in both wildtype and SAP mutant
FMDV-infected cells comparing with the mock-infected cells

by viewing the protein abundance of EGR1. Therefore, we
investigated the correlation between FMDV infection and EGR1,
and determined the antiviral role of EGR1 against FMDV. SAP
mutant FMDV infection induced a higher expression of EGR1
than wildtype FMDV infection. SAP mutant FMDV infection
also triggered higher IFN-β and IFN-stimulated genes (ISGs)
expression than wildtype FMDV infection. We also found that
overexpression of EGR1 enhanced Sendai virus (SeV)-induced
interferon (IFN)-stimulated response element (ISRE) activation.
SeV-induced ISGs expression was impaired in EGR1 knockdown
cells, which may serve as a link between upregulation of EGR1
and type I IFN signaling. Further study showed that EGR1
enhanced TBK1 phosphorylation during FMDV infection. It
indicated that EGR1 upregulation promoted type I IFN signaling
activation by enhancing TBK1 phosphorylation and resulted
in decreased FMDV replication. This study reveals a link
between EGR1 and innate immune response during FMDV
infection.

MATERIALS AND METHODS

Cell Lines, Viruses and Reagents
Porcine kidney PK-15 cells, human embryonic kidney 293T
cells (HEK293T) cells described previously (Zhu et al., 2016)
were maintained in Dulbecco’s modified Eagle’s medium
supplemented with 10% heat-inactivated fetal bovine serum,
100 U/ml penicillin, and 100 µg/ml streptomycin sulfate. All the
cells were cultured at 37◦C under 5% CO2. Sendai virus (SeV), a
model RNA virus widely used to activate type I IFN signaling in
cells, was kindly provide by Hongbing Shu’s Laboratory (Wuhan
University, China) (Zhou et al., 2014; Li D. et al., 2016). FMDV
strain O/BY/CHA/2010 (GenBank number: JN998085) described
previously was used for virus infection (Zheng et al., 2012).

Commercial antibodies used in this study include an
anti-EGR1 mouse monoclonal antibody (Abcam, Cambridge,
MA, United States), anti-TBK1 rabbit antibody from Cell
Signaling Technology (CST) Inc. (Beverly, MA, United States),
anti-phospho-TBK1 rabbit antibody (CST), anti-c-Myc
mouse antibody (Santa Cruz Biotechnology, Santa Cruz,
CA, United States) and anti-β-actin mouse antibody (Santa
Cruz Biotechnology). Anti-IFN-β and anti-IFN-α antibodies
(5000 NU/ml, PBL Biomedical Laboratories) and IgG isotype
antibodies were used in the type I IFN-blocking experiments
as previously described (Trottier et al., 2009). Anti-FMDV
VP1 protein polyclonal antibody was previously produced
in our laboratory (Zhu et al., 2016). Transfection reagents
include OPTI-MEM medium and the Lipofectamine 2000 that
were purchased from Invitrogen. Poly (I:C) was purchased
from InvivoGen. IFN-β was purchased from PBL Biomedical
Laboratories.

Plasmids and Transfection
The full-length porcine EGR1 cDNA fragment was cloned into
a pcDNATM3.1/myc-His(-)A vector (Invitrogen) to construct a
Myc-tagged EGR1 eukaryotic expressing plasmid (Myc-EGR1,
including a C-terminal Myc tag). The constructed plasmid was
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analyzed and verified by DNA sequencing. A series of plasmids
expressing HA-tagged type I IFN pathway-related proteins
[including MDA5, RIG-I(CARD), VISA, TBK1, IRF3 and IRF7],
and the IFN-β promoter luciferase reporter plasmids and control
plasmid Renilla luciferase pRL-TK were kindly provided by
Hongbing Shu’s Laboratory (Zhou et al., 2014; Li D. et al.,
2016). The plasmids were transfected into cells using OPTI-
MEM medium and the Lipofectamine 2000 (Invitrogen) reagent
according to the manufacture’s protocol.

Real-Time Quantitative PCR (qPCR)
TRIzol reagent (Invitrogen) was used to extract cellular or
viral RNA following the instruction of the protocol. The first-
strand cDNA was synthesized by reverse transcription reaction
with the extracted RNAs as templates. Reverse transcription
was performed with M-MLV reverse transcriptase (Invitrogen)
and random hexamer primers (TaKaRa) according to the
manufacturer’s recommendations. The quantification of the
cDNA was performed by qPCR. The relative amounts of
the synthesized cDNA was determined as an indicator of
the target transcripts. qPCR was carried out using SYBR
Premix Ex Taq (Takara) on a QuantStudio 5 Real-Time PCR
instrument (Applied Biosystems) according to the manufacturer’s
instructions. The glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) gene was used for normalization in qPCR analysis.
Relative transcript levels were calculated using 2−11CT method
as described previously (Zhu et al., 2016). All the primers used in
this study were listed in Table 1.

Immunoblotting Analysis
For Western blotting, the cells were collected at the indicated time
points and. The lysed cell extracts were resolved by 10% SDS-
PAGE and transferred onto a nitrocellulose membrane (Pall). The
nitrocellulose membrane was then blocked with 10% skim milk
powder in TBST (20 mM Tris, 55 mM NaCl, 0.1% Tween 20)
overnight at 4◦C. The membrane was incubated with primary
and secondary antibodies as described previously (Zhu et al.,
2013). The membrane was washed 3 × 5 min, before being
protein abundance analysis. The antibody–antigen complexes
were visualized using enhanced chemiluminescence detection
reagents (Thermo).

RNA Interference (RNAi)
Small interfering RNA (siRNA) was used to knockdown
EGR1 protein expression. siRNA fragments were chemically
synthesized by genepharma company (China). The sequences
of the siRNAs used in this study include: 5′-CCAUGGA
CAACUACCCUAATT-3′ (EGR siRNA-353), 5′-GCCUAGUGA
GCAUGACCAATT-3′ (EGR siRNA-749), and 5′-GCUGUCA
CCAACUCCUUCATT-3′ (EGR siRNA-1819). A non-targeting
siRNA (NC siRNA) was used as a negative control. siRNA
fragments were transfected into cells using Lipofectamine 2000 as
described previously (Li W. et al., 2016). Forty-eight hours after
siRNA transfection, cells were used for further experiments. To
examine the effect of siRNA on EGR1 expression, EGR1 mRNA
and protein abundance were measured by qPCR and Western
blotting respectively.

TABLE 1 | The primers used in this study.

Gene Primers(5′→3′) Application

Porcine-EGR1 Forward:
TTATCTCGAGATGGCGGCAGCCAA

RT-PCR

Reverse:
GCAAGCTTGCAGATTTCAATTGTCC
TGGGAGA

FMDV Forward:
CACTGGTGACAGGCTAAGG

qPCR

Reverse:
CCCTTCTCAGATTCCGAGT

P/H-GAPDH Forward:
ACATGGCCTCCAAGGAGTAAGA

qPCR

Reverse:
GATCGAGTTGGGGCTGTGACT

P/H-EGR1 Forward:
GACCACCTCACCACCCACAT

qPCR

Reverse:
CCGCAAGTGGATCTTGGTAT

Porcine-IFN-β Forward:
GCTAACAAGTGCATCCTCCAAA

qPCR

Reverse:
AGCACATCATAGCTCATGGAAAGA

Porcine-MX1 Forward:
GAGGTGGACCCCGAAGGA

qPCR

Reverse:
CACCAGATCCGGCTTCGT

Porcine-ISG15 Forward:
GATCGGTGTGCCTGCCTTC

qPCR

Reverse:
CGTTGCTGCGACCCTTGT

Human-IFN-β Forward:
GACATCCCTGAGGAGATTAAG

qPCR

Reverse:
ATGTTCTGGAGCATCTCATAG

Human-ISG15 Forward:
TGGACAAATGCGACGAACC

qPCR

Reverse:
CCCGCTCACTTGCTGCTT

Human-MX1 Forward:
ACCTCGTGTTCCAACTGAAG

qPCR

Reverse:
GTGTGATGAGCTCGCTGGTA

Dual Luciferase Reporter Assays
HEK293T cells seeded on 24-well plates were co-transfected with
100 ng luciferase reporter plasmid with 10 ng internal control
Renilla luciferase reporter plasmid (to normalize for transfection
efficiency) PRL-TK (Promega), together with the indicated
plasmids and/or empty vector controls using Lipofectamine 2000
according to the manufacture’s instruction. To make the cells
receive the same amounts of total plasmids, the empty vector
plasmids were used in all transfection experiments. As for SeV-
mediated type I IFN signaling pathway activation, the cells were
mock-infected or infected with SeV (100HAU/mL) for 16 h; and
the dual luciferase assays were then performed according to the
Promega Dual-Luciferase Reporter Assay System protocol. The
relative luciferase activity was expressed as arbitrary units by
normalizing firefly to Renilla luciferase activity. As for type I
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IFN pathway adaptor molecules-induced IFN-element activation
assay, the HEK293T cells were co-transfected with the reporter
plasmids with the indicated plasmid or vector plasmid for 24 h;
and the luciferase activities were measured.

Statistical Methods
All experiments were performed at least in triplicate. The
measured values are represented as mean ± SD from three
independent experiments. The statistical significance analyses
were performed using the Student’s t-test. Data considered
significant when ∗P < 0.05, and highly significant when
∗∗P < 0.01.

RESULTS

FMDV Infection Upregulates EGR1
Expression
PK-15 cells were infected by equal amounts of wildtype or
SAP mutant FMDV for 12 h as previously described (Zhu
et al., 2015). The expression levels of EGR1 and viral VP1
protein were detected by Western blotting. We observed that
EGR1 protein level is significantly upregulated both in wildtype
and SAP mutant FMDV-infected cells at 12 h postinfection
(hpi) (Figure 1A). Therefore, the correlation between FMDV
infection and EGR1 was further investigated. The dynamics of
EGR1 in FMDV-infected cells were determined. Transcripts of
EGR1 were considerably upregulated after FMDV infection and
reached to the highest level at 8 hpi. No significant changes
were observed in mock-infected cells (Figure 1B). EGR1 protein
expression was also gradually upregulated as the infection
progressed (Figure 1C). This indicates that FMDV infection
triggers upregulation of EGR1. To investigate whether EGR1 is
an IFN inducible gene, HEK293T and PK-15 cells were incubated
with IFN-β to induce the expression of IFN inducible genes. The
expression of two IFN inducible genes ISG15 and ISG54 was
highly induced by incubation of IFN-β. However, the expression
of EGR1 was not changed by treatment of IFN-β (Figure 1D).
This indicated that EGR1 expression was not induced by IFN-
β treatment; however, FMDV infection could induce EGR1
expression.

EGR1 Plays an Anti-viral Role During
FMDV Replication
To investigate the potential role of EGR1 during FMDV infection,
we evaluated the viral replication level in EGR1 overexpressed
cells. PK-15 cells were transfected with different doses of EGR1
expressing plasmids, the cells were incubated with equal amounts
of FMDV (0.5 MOI) at 24 h post-transfection (hpt). The viral
protein and viral RNA expression level was measured at 12 hpi.
Overexpression of EGR1 significantly suppressed both the viral
protein expression and viral RNA replication. The viral titers
in both vector and EGR1 plasmids (2 µg) transfected cells
were measured and compared, which showed that FMDV yields
were also decreased by overexpression of EGR1 (Figure 2A).
To further confirm the antiviral role of EGR1 during FMDV

infection, the siRNAs that target EGR1 were designed and
evaluated. PK-15 cells were transfected with the NC siRNA or
EGR1 siRNA for 48 h, the interference efficacy of the siRNAs was
determined by qPCR analysis. The EGR1 siRNA-1819 showed
the highest efficacy and was used for EGR1 knockdown assay
(Figure 2B). PK-15 cells were transfected with EGR1 siRNA-
1819, the cells were infected with FMDV at 48 hpt and incubated
for another 12 or 16 h. The expression of EGR1 and FMDV
VP1 protein was detected using Western blotting. Knockdown
of EGR1 considerably increased VP1 protein expression during
FMDV infection (Figure 2C). The relative fold-change in
abundance of FMDV VP1 protein in FMDV-infected NC siRNA
or EGR1 siRNA cells was determined by densitometric analysis
and normalized to β-actin, which confirmed that knockdown
of EGR1 enhanced FMDV VP1 protein expression (Figure 2C,
right panel). Viral RNA detection also suggested that knockdown
of EGR1 promoted viral replication (Figure 2D). The viral
titers were subsequently measured at 16 hpi, which showed that
knockdown of EGR1 significantly promoted FMDV propagation
(Figure 2D, right panel). These results suggest the antiviral role
of EGR1 against FMDV.

EGR1 Enhances Type I IFN Signaling
Both wildtype and SAP mutant FMDV infection resulted in
EGR1 upregulation, however, SAP mutant FMDV resulted in
a higher upregulation of EGR1 (Figure 1A). Previous study
indicates SAP mutant FMDV infection induces higher expression
of IFN-β and ISGs than wildtype FMDV infection (de los Santos
et al., 2009). We also investigated the expression state of IFN-β
and ISGs (ISG15 and MX1) in the cells infected by wildtype or
SAP mutant FMDV. At 12 hpi, there was ∼3-fold difference in
IFN-β transcripts for SAP mutant FMDV-infected cells relative to
wildtype FMDV-infected cells (Figure 3A). A similar pattern was
observed for ISG15 and MX1, varying from 2- to 4-fold higher for
SAP mutant FMDV compared to wildtype FMDV (Figure 3A).
These results were similar to the previous results reported by de
los Santos et al. (2009). This showed that both EGR1 expression
and type I IFN signaling were enhanced in SAP mutant FMDV-
infected cells. This implied a link between EGR1 and type I IFN
pathway.

To identify the role of EGR1 on type I IFN signaling, EGR1
is overexpressed in HEK293T cells, and the SeV that is routinely
used to induce type I IFNs in cell culture was used to activate
type I IFN signaling. Overexpression of EGR1 significantly
promoted SeV-induced type I IFN signaling, showing a dose-
dependent manner (Figure 3B). The expression of IFN-β,
ISG15 and MX1 in EGR1 overexpressed cells were subsequently
evaluated. The results showed that overexpression of EGR1
considerably promoted SeV-induced IFN-β, ISG15 and MX1
expression (Figure 3C). The effect of EGR1 on SeV-induced
NF-κB activation was also evaluated by dual luciferase reporter
assay, which also showed that EGR1 positively enhanced NF-
κB-mediated transcriptional activity (Figure 3D). The role of
EGR1 on Poly (I:C)-induced type I IFN signaling was further
evaluated. Overexpression of EGR1 significantly promoted Poly
(I:C)-induced type I IFN signaling (Figure 3E). The expression
of Poly (I:C)-induced ISGs was also measured. The results

Frontiers in Microbiology | www.frontiersin.org 4 September 2018 | Volume 9 | Article 2326

https://www.frontiersin.org/journals/microbiology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles


fmicb-09-02326 September 25, 2018 Time: 19:19 # 5

Zhu et al. EGR1 Suppresses FMDV Replication

FIGURE 1 | State of EGR1 in FMDV-infected cells. (A) PK-15 cells were incubated with equal amounts of SAP mutant FMDV or wildtype FMDV for 12 h, the
abundance of EGR1 and viral VP1 protein was detected. (B) PK-15 cells were infected with wildtype FMDV or mock-infected for 0, 2, 4, 8, 12, or 16 h. The
transcripts of EGR1 and viral RNA were detected by qPCR. (C) PK-15 cells were infected with wildtype FMDV for 0, 2, 4, 8, 12, or 16 h. The expression levels of
EGR1 and VP1 protein were detected by Western blotting. (D) HEK293T or PK-15 cells were mock-treated or incubated with IFN-β at a concentration of 10 ng/ml
for 12 h. The expression levels of ISG15, ISG54 and EGR1 was measured by qPCR.

showed that overexpression of EGR1 considerably promoted Poly
(I:C)-induced ISG15 and ISG54 expression (Figure 3F). SeV-
induced ISGs expression levels in EGR1 knockdown cells were
also analyzed. The siRNA interference efficacy was also verified
in HEK293T cells (Figure 3G). EGR1 was knocked down by
transfection of siRNA, and the cells were infected by SeV at 48
hpt and incubated for 16 h. The expression of IFN-β, ISG15 and
MX1 were measured. The transcript levels of IFN-β, ISG15 and
MX1 remarkably decreased in EGR1 knockdown cells comparing
with that in NC siRNA cell (Figure 3H). These results suggested
a positive regulatory role of EGR1 on type I IFN signaling.

The type I IFN blocking antibody experiments were also
performed. Anti-IFN-β and anti-IFN-α antibodies (5000 NU/ml)
was used to block type I IFN signaling in PK-15 cells, the EGR1-
overexpressed cells were treated with IFN antibodies for 1 h and
then infected with FMDV. The viral yields were measured at

12 hpi. Type I IFN blocking antibodies obviously abrogated the
inhibitory effects of EGR1 on FMDV propagation (Figure 3I).
These results suggested that EGR1 suppressed FMDV replication
by enhancing type I IFN signaling. We also evaluated the antiviral
role of EGR1 against another picornavirus Seneca Valley Virus
(SVV) which showed a close relationship with FMDV, and we
found that upregulation of EGR1 also enhanced ISGs expression
(ISG15 and ISG54) and suppressed SVV replication (Figure 3J).

EGR1 Enhanced the Activation of the
ISRE Luciferase Reporter Stimulated by
TBK1 or Its Upstream Molecules (RIG-I,
MDA5 and VISA)
EGR1 enhanced type I IFN signaling. This raised the possibility
that EGR1 targeted one or several adaptor proteins of the type
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FIGURE 2 | Antiviral effect of EGR1 against FMDV. (A) PK-15 cells were transfected with 0, 0.5, 1, or 2 µg of Myc-EGR1, the empty vector plasmids were used in all
transfection experiments to ensure the cells receive the same amounts of plasmids. The cells were infected with 0.5 MOI of FMDV at 24 hpt and incubated for
another 12 h. The viral protein and RNA were detected. The viral titers in the vector and EGR1 plasmids (2 µg) transfected cells were measured by TCID50 assay.
(B) PK-15 cells were transfected with NC (negative control) or siRNA (EGR1 siRNA-353, EGR1 siRNA-749 or EGR1 siRNA-1819) for 48 h. The EGR1 mRNA levels
were measured by qPCR. (C) Schematic diagram of the strategy in EGR1 knockdown experiment and investigation of the viral replication state in EGR1 knockdown
cells. PK-15 cells were transfected with NC siRNA or EGR1 siRNA-1819 for 48 h. The cells were infected with FMDV for 0, 12, or 16 h. Viral protein abundance was
measured by Western blotting. Relative fold-change in abundance of VP1 protein was determined by densitometric analysis using Quantity One software (Bio- Rad)
and normalized to β-actin. (D) Viral RNA levels in FMDV-infected NC siRNA or EGR1 siRNA-1819 cells at 0, 12, and 16 hpi were measured by qPCR. Viral yields in
FMDV-infected NC siRNA or EGR1 siRNA-1819 cells at 16 hpi were measured by TCID50 assay. ∗P < 0.05 was considered as statistically significant and ∗∗P < 0.01
was considered as highly significant.

I IFN signaling pathway. To screen the potential proteins that
were targeted by EGR1, HEK293T cells were co-transfected with
the Myc-Vector or Myc-tagged EGR1 plasmids and the indicated
plasmids expressing RIG-I, RIG-I(CARD) (the CARD domain of
RIG-I), MDA5(Helicase) (the Helicase domain of MDA5), VISA,
TBK1, IRF3 and IRF7, together with ISRE luciferase reporter
plasmid and the internal control plasmid PRL-TK. Luciferase
activity was measured at 24 h after transfection. Overexpression
of adaptor proteins RIG-I, RIG-I(CARD), MDA5), VISA, TBK1,
IRF3 or IRF7 all activated the ISRE luciferase reporter system,
and overexpression of MDA5(Helicase) did not activate the ISRE
luciferase reporter system (Figure 4). TBK1 or its upstream
proteins (RIG-I, MDA5 and VISA) mediated type I IFN signaling
was significantly enhanced by overexpression of EGR1. However,
overexpression of EGR1 did not promote IRF3 and IRF7
mediated type I IFN signaling (Figure 4). IRF3 and IRF7 are
the downstream proteins of TBK1. Therefore, we speculated
that TBK1 or its upstream molecules (RIG-I, MDA5 and VISA)
were the target/targets of EGR1 to enhance type I IFN signal
transduction.

EGR1 Enhances Type I IFN Signaling
During FMDV Infection
To investigate whether EGR1 interacted with the adaptors of
type I IFN pathway, the coimmunoprecipitation assay was
performed by co-transfection of the Myc-EGR1 plasmids and

the plasmids expressing various HA-tagged adaptors of type
I IFN pathway. The transfectants were immunoprecipitated
with anti-HA antibodies and subjected to Western blotting
analysis. No interaction was observed between EGR1 and
the adaptors (Figure 5A). EGR1 enhanced the activation of
ISRE luciferase reporter stimulated by TBK1 and its upstream
molecules. TBK1 might be a key adaptor to enhance type I
IFN signaling. The influence of EGR1 on TBK1 expression and
TBK1 phosphorylation levels were evaluated in FMDV-infected
cells. PK-15 cells were transfected with 2 µg of Myc-EGR1 or
its empty vector plasmids. The cells were infected with equal
amounts of FMDV at 24 hpt and collected at 0, 6, 12, or 18 hpi.
Overexpression of EGR1 had no influence on TBK1 expression
during FMDV infection. However, it significantly promoted
TBK1 phosphorylation levels after FMDV infection comparing
with that in the empty vector transfected cells (Figure 5B). The
VP1 was used as an indicator of viral replication. Overexpression
of EGR1 also resulted in decreased VP1 abundance (Figure 5B).
This confirmed that upregulation of EGR1 enhanced type I IFN
signaling and suppressed FMDV replication.

EGR1 Inhibits FMDV Replication
Independent of Its Transcriptional
Activity
As a transcription factor, the transcriptional activity is
significantly involved in the regulatory function of EGR1.
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FIGURE 3 | Effect of EGR1 on type I IFN signaling. (A) PK-15 cells were mock-infected or infected with equal amounts of SAP mutant FMDV or wildtype FMDV for
12 h. The transcripts of IFN-β, ISG15 and MX1 were detected by qPCR. (B) HEK293T cells were transfected with vector plasmids or increasing amounts of
Myc-EGR1 plasmids (50, 100, or 200 ng) together with ISRE luciferase reporter plasmid and the internal control plasmid PRL-TK. The transfected cells were infected
with SeV at 24 hpt and incubated for 16 h. Dual luciferase assay was then performed according to the Promega Dual-Luciferase Reporter Assay System protocol.
(C) HEK293T cells were transfected with vector plasmids or Myc-EGR1 plasmids for 24 h. The transfected cells were mock-infected or infected with SeV for 16 h.
The transcripts of IFN-β, ISG15 and MX1 were detected by qPCR. (D) HEK293T cells were transfected with vector or Myc-EGR1 plasmids together with NF-κB
luciferase reporter plasmid and PRL-TK. The transfected cells were infected with SeV, and the luciferase activity was measured by dual luciferase assay.
(E) HEK293T cells were transfected with vector plasmids or Myc-EGR1 plasmids and solvent control or Poly (I:C) together with ISRE luciferase reporter plasmid and
PRL-TK. The luciferase activity was measured by dual luciferase assay. (F) HEK293T cells were co-transfected with vector plasmids or Myc-EGR1 plasmids and
solvent control or Poly (I:C), the expression of ISG15 and ISG54 expression was measured by qPCR. (G) HEK293T cells were transfected with NC or EGR1
siRNA-1819 for 48 h. The EGR1 transcripts were measured by qPCR. (H) HEK293T cells were transfected with NC siRNA or EGR1 siRNA-1819 for 48 h. The cells
were then mock-infected or infected with SeV for 16 h. The transcripts of IFN-β, ISG15 and MX1 were detected by qPCR. (I) PK-15 cells were transfected with equal
amounts of vector or EGR1 expressing plasmids for 24 h, the EGR1-transfected cell were mock-treated or treated with IFN antibodies for 1 h and then infected with
FMDV. The viral yields were measured by TCID50 assay at 12 hpi. (J) PK-15 cells were transfected with vector plasmids or Myc-EGR1 plasmids for 24 h. The
transfected cells were infected with SVV for 12 h. The viral RNA, ISG15 and ISG54 expression levels were detected by qPCR. ∗P < 0.05 was considered as
statistically significant and ∗∗P < 0.01 was considered as highly significant.

To investigate whether the transcriptional activity is related
to the antiviral function of EGR1, ZnEgr1, a previous
reported dominant-negative mutant of EGR1 that lacks a
transcriptional function, was used as an inhibitor of the

transcriptional activity of EGR1 (Levkovitz and Baraban, 2001).
The Myc-tagged ZnEGR1 expressing plasmid was constructed
(Figure 6A). PK-15 cells were transfected with vector, Myc-EGR1
plasmids or cotransfected with Myc-EGR1 and Myc-ZnEGR1
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FIGURE 4 | The target of EGR1 in type I IFN pathway activation. HEK293T cells were co-transfected with Myc-EGR1 or empty vector plasmids and the constructs
expressing RIG-I, RIG-I(CARD), MDA5, VISA, TBK1, IRF3 or IRF7, together with ISRE luciferase reporter plasmid and the internal control plasmid PRL-TK. Dual
luciferase activity was determined at 24 hpt. ∗∗P < 0.01 was considered as highly significant.

FIGURE 5 | EGR1 enhances type I IFN pathway activation during FMDV infection. (A) HEK293T cells were co-transfected with Myc-EGR1 and HA-RIG-I, HA-VISA,
HA-TBK1, HA-IRF3 or HA-IRF7 for 36 h. The transfects were immunoprecipitated with anti-HA antibodies and subjected to Western blotting analysis. Input
represents the whole cell lysates. (B) PK-15 cells were transfected with 2 µg of empty vector or Myc-EGR1 expressing plasmids. The cells were infected with equal
amounts of FMDV at 24 hpt. The infected cells were collected at 0, 6, 12, or 18 hpi and subjected to Western blotting analysis. The expression of Myc-EGR1,
p-TBK1 (phosphorylated TBK1), TBK1, VP1 and β-Actin were detected.
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FIGURE 6 | EGR1 suppresses FMDV replication independent of its transcriptional activity. (A) Schematic diagram of the wildtype EGR1 and ZnEGR1. (B) PK-15
cells were transfected with vector, Myc-EGR1 plasmids or cotransfected with Myc-EGR1 and Myc-ZnEGR1 plasmids and subjected to FMDV infection. The
expression of Myc-EGR1 and Myc-ZnEGR1 was detected by Western blotting. FMDV RNA was detected by qPCR. (C) PK-15 cells were mock-infected or infected
with FMDV for 12 h; the localization of EGR1 was detected by indirect fluorescence assay. ∗P < 0.05 was considered as statistically significant.

plasmids and subjected to FMDV infection. Overexpression
of EGR1 suppressed FMDV replication, and EGR1-mediated
antiviral effect was not blocked by cotransfection with ZnEgr1
(Figure 6B). We further evaluated the localization of EGR1 in
mock- or FMDV-infected cells, and we found FMDV infection
did not change the localization of EGR1 compared with that in
the mock-infected cells (Figure 6C). These data suggest that the
transcriptional activity is not involved in the antiviral function of
EGR1.

DISCUSSION

EGR1, as a multifunctional transcription factor, plays regulatory
roles in a variety of cellular responses. In addition, EGR1 shows
an anti-tumor function. Overexpression of EGR1 decreases
tumorigenesis in nude mice and various of human tumor cell
lines (Huang et al., 1994, 1995). Induction of TGFβ1 and p53
may lead to the tumor suppressor property of EGR1 (Baron et al.,
2006). p53, as a tumor suppressor, has also been implicated in

other functions that play important roles in disease and health
(Fuhrman et al., 2009). p53-dependent antiviral defense has been
widely reported (Takaoka et al., 2003; Shin-Ya et al., 2005; Muñoz-
Fontela et al., 2008). Such as, p53 serves as an antiviral protein
during influenza A virus infection by enhancing host innate
and adaptive immune responses (Muñoz-Fontela et al., 2011).
EGR1 directly induces the transcription of p53 (Liu et al., 2004),
whether EGR1 is also involved in host antiviral responses remains
unknown. In this study, we determined that EGR1 revealed an
antiviral function against FMDV, which indicated that EGR1 is
implicated in host antiviral response.

EGR1 can be upregulated upon viral infection by Epstein-Barr
virus, mouse hepatitis virus (MHV), VEEV, EV71, rabies viruses
and Japanese encephalitis virus infections (Saha and Rangarajan,
2003; Cai et al., 2006; Kim et al., 2013; Song et al., 2015; Baer et al.,
2016). However, EGR1 expression is related to viral pathogenesis
during VEEV, MHV and EV71 replication. All these studies were
performed using mouse or human cells, and most of these viruses
can cause central nervous system (CNS) diseases. In this study
we investigated the function of porcine EGR1 and showed the
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antiviral role of porcine EGR1 against FMDV. FMDV infection
does not cause any CNS disease. Whether the difference of
species or tissue tropism resulted in the different role of EGR1
in different virus infections remain unknown. However, EGR1
has been suggested to participate in IFN-γ-STAT1 pathway in
T cells (Shin et al., 2009). T-bet is a Th1-specific transcription
factor that is directly involved in T cells differentiation (Djuretic
et al., 2007). EGR1 regulates T-bet expression by binding to
the promoter of T-bet and induces T-bet transcription (Shin
et al., 2009). T-bet plays a vital role in innate immunity,
and lacking of T-bet expression increases host susceptibility
to inflammatory disease (Garrett et al., 2007). This implies
a regulatory role of EGR1 in innate immunity. Besides,
overexpression of EGR1 downregulates NFκB inhibitor (Kim
et al., 2013), which also implies a potential role of EGR1 in innate
immunity.

In this study, we determined that EGR1 is implicated in
innate immunity during FMDV infection. A higher EGR1
expression was observed in SAP mutant FMDV-infected cells
comparing with that in the wildtype FMDV-infected cells. It has
been determined that SAP mutant FMDV infection resulted in
stronger type I IFN signaling than wildtype FMDV infection
(de los Santos et al., 2009). We found that SAP mutant FMDV
infection triggered higher expression of IFN-β and ISGs than
wildtype FMDV infection. This result was similar as the result
reported by de los Santos et al. (2009) previously. Whether the
higher expression of EGR1 correlated with the higher expression
of IFN-β and ISGs was therefore investigated. Overexpression
of EGR1 significantly activated type I IFN signaling and IFN-β
and ISGs expression. Knockdown of EGR1 considerably impaired
SeV-induced IFN-β and ISGs expression. Type I IFN blocking
antibodies obviously abrogated the inhibitory effects of EGR1 on
FMDV propagation. This suggested EGR1 is implicated in type
I IFN pathway activation. A link between EGR1 and type I IFN
pathway was reported for the first time.

Further investigation of EGR1-mediated enhancive effect
showed that EGR1 promoted activation of the type I IFN
signaling during FMDV infection. Overexpression of EGR1
upregulated TBK1 phosphorylation during FMDV infection.
TBK1 phosphorylation enhanced type I IFN signaling and
strengthened antiviral activity which subsequently suppressed
FMDV replication. EGR1 is a transcription factor; however,
it does not induce TBK1 expression. The interaction between
EGR1 and various adaptors of type I IFN signaling pathway
was not observed by performing coimmunoprecipitation assay.

The role of the transcriptional activity of EGR1 for its antiviral
function against FMDV was also evaluated. Suppression of
the transcriptional activity of EGR1 did not affect its antiviral
effect. EGR1 might enhance type I IFN signaling independent
of its transcriptional activity. How does EGR1 promote TBK1
phosphorylation is not clear. Several phosphatases have been
identified as regulator of phosphorylation of TBK1 (Gabhann
et al., 2010; Zhao, 2013). The regulation of EGR1 on these
phosphatases should be studied in future, and the detailed
mechanism of EGR1 to promote TBK1 phosphorylation should
be further investigated. In addition, the effect of EGR1 on the
adaption of other upstream molecules of TBK1 should also be
exploited.

CONCLUSION

In summary, we present the first investigation of EGR1 in
regulation of type I IFN signaling during FMDV infection. We
determined that EGR1 showed an antiviral function against
FMDV. EGR1 promoted activation of the type I IFN signaling
during FMDV infection and resulted in the decreased replication
of FMDV. EGR1 suppressed FMDV replication independent of
its transcriptional activity. These findings identify an important
role of EGR1 in enhancement of type I IFN signaling during
FMDV infection. However, the exact mechanism for EGR1 to
promote type I IFN signaling should be investigated in future to
gain deeper understanding of EGR1-mediated functions.
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