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ABSTRACT Coronavirus infections induce the expression of multiple proinflammatory
cytokines and chemokines. We have previously shown that in cells infected with gam-
macoronavirus infectious bronchitis virus (IBV), interleukin 6 (IL-6), and IL-8 were drasti-
cally upregulated, and the MAP kinase p38 and the integrated stress response pathways
were implicated in this process. In this study, we report that coronavirus infection acti-
vates a negative regulatory loop that restricts the upregulation of a number of proin-
flammatory genes. As revealed by the initial transcriptomic and subsequent validation
analyses, the anti-inflammatory adenine-uridine (AU)-rich element (ARE)-binding protein,
zinc finger protein 36 (ZFP36), and its related family members were upregulated in cells
infected with IBV and three other coronaviruses, alphacoronaviruses porcine epidemic
diarrhea virus (PEDV), human coronavirus 229E (HCoV-229E), and betacoronavirus HCoV-
OC43, respectively. Characterization of the functional roles of ZFP36 during IBV infection
demonstrated that ZFP36 promoted the degradation of transcripts coding for IL-6, IL-8,
dual-specificity phosphatase 1 (DUSP1), prostaglandin-endoperoxide synthase 2 (PTGS2)
and TNF-a-induced protein 3 (TNFAIP3), through binding to AREs in these transcripts.
Consistently, knockdown and inhibition of JNK and p38 kinase activities reduced the
expression of ZFP36, as well as the expression of IL-6 and IL-8. On the contrary, overex-
pression of mitogen-activated protein kinase kinase 3 (MKK3) and MAPKAP kinase-2
(MK2), the upstream and downstream kinases of p38, respectively, increased the expres-
sion of ZFP36 and decreased the expression of IL-8. Taken together, this study reveals
an important regulatory role of the MKK3-p38-MK2-ZFP36 axis in coronavirus infection-
induced proinflammatory response.

IMPORTANCE Excessive and uncontrolled induction and release of proinflammatory
cytokines and chemokines, the so-called cytokine release syndrome (CRS), would
cause life-threatening complications and multiple organ failure in severe coronavirus
infections, including severe acute respiratory syndrome (SARS), Middle East respira-
tory syndrome (MERS) and COVID-19. This study reveals that coronavirus infection
also induces the expression of ZFP36, an anti-inflammatory ARE-binding protein, pro-
moting the degradation of ARE-containing transcripts coding for IL-6 and IL-8 as
well as a number of other proteins related to inflammatory response. Furthermore,
the p38 MAP kinase, its upstream kinase MKK3 and downstream kinase MK2 were
shown to play a regulatory role in upregulation of ZFP36 during coronavirus infec-
tion cycles. This MKK3-p38-MK2-ZFP36 axis would constitute a potential therapeutic
target for severe coronavirus infections.
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Coronaviruses (CoVs) are a group of enveloped viruses with single-stranded, posi-
tive-sense RNA genomes, infecting many animal and human species (1). Severe

acute respiratory syndrome coronavirus (SARS-CoV), Middle East respiratory coronavi-
rus (MERS-CoV), coronavirus disease-19 (COVID-19), and coronavirus (SARS-CoV-2) have
caused epidemics or pandemics in humans (2–4). Some animal coronaviruses, such as
porcine transmissible gastroenteritis virus (TGEV), porcine epidemic diarrhea virus
(PEDV), and avian infectious bronchitis viruses (IBV), are important veterinary patho-
gens (5–7).

In severe cases of SARS, MERS, and COVID-19, the massive and uncontrolled release
of cytokines causes life-threatening complications and multiple organ failure, a phe-
nomenon known as cytokine release syndrome (CRS) (8, 9). Elevated levels of some
proinflammatory cytokines and chemokines, especially interleukin-6 (IL-6) and IL-8
were detected in SARS patients (10), and severe pneumonia associated with increasing
IL-6 and IL-8 plasma levels was reported in COVID-19 patients (11). In PEDV-infected
newborn and suckling piglets, both IL-6 and IL-8 were upregulated and contributed to
an intense inflammatory response (12). IL-6 and IL-8 were also significantly induced in
cells infected with IBV (13). Elucidating the regulatory mechanisms of these cytokines
is, therefore, essential for fully understanding the immunopathogenesis of SARS-CoV-2
and other CoVs.

Cytokines and chemokines are small peptides or glycoproteins, synthesized and
secreted by a variety of cells, primarily immune cells (14). They mediate the interactions
between cells and have a variety of biological functions (14, 15). Among them, IL-8 and
IL-6 are two major mediators of the inflammatory response (16). IL-8 is primarily
secreted by neutrophils and acts as a chemotactic factor to attract neutrophils, baso-
phils, T cells, but not monocytes to the site of infection (17). IL-6 is involved in the coor-
dination of the innate and acquired immune systems. In addition, IL-6 also plays an im-
portant role in metabolic regulation, neurodevelopment, and the occurrence and
maintenance of various cancers (18, 19). The core promoter of IL-6 and IL-8 is regulated
by the binding of key transcription factors, including cyclic AMP response-element
binding protein (CREB), C/EBP homologous protein (CHOP), activating protein-1 (AP-1)
and nuclear factor-kappa B (NF-kB). Expression of IL-6 and IL-8 was also regulated
post-transcriptionally by altering the mRNA stability.

Zinc finger protein 36 (ZFP36, also known as tristetraprolin, or TTP) is an RNA-bind-
ing protein, belonging to the ZFP36 family that also includes two other members,
ZFP36 ring finger protein like 1 (ZFP36L1) and ZFP36 ring finger protein like 2
(ZFP36L2) (20, 21). ZFP36 is a well-characterized cytoplasmic mRNA regulator with two
tandem CCCH zinc finger domains (22). By binding to adenine-uridine (AU) rich ele-
ments (AREs) in the 39-UTR of mRNA, ZFP36 reduces the stability of the target mRNA
(23, 24). The transcripts of numerous genes related to the inflammatory response have
been shown to contain AREs and can be bound by ZFP36. These include IL-6, IL-8, IL-
17A, IL-33, TNF-a (tumor necrosis factor-alpha) (25), CXCL2 (CXC motif chemokine
ligand 2) (26), PTGS2 (prostaglandin-endoperoxide synthase 2) (26), CSF2 (colony-stim-
ulating factor 2) (27), NLRP3 (NOD-, LRR- and pyrin domain-containing 3) (28), PFKFB3
(6-phosphofructose-2-kinase/fructose-2,6-biphosphatase 3) (29), LIF (Leukemia inhibi-
tory factor) (26), VEGF (vascular endothelial growth factor) (30), and so on.

ZFP36 is implicated in the regulation of cytokine and chemokine expression during
infection with various viruses. For example, when ZFP36 was ectopically expressed, the
stability of IL-10 mRNA was significantly reduced in bone-marrow-derived macro-
phages (BMDMs) infected with murine cytomegalovirus (MCMV) (31); and the expres-
sion of ZFP36 was markedly reduced in the lymphocytes of chronic hepatitis B patients,
presumably contributing to the inflammation associated with chronic HBV infection
(32). Additionally, in cells infected with influenza A virus, the secretion of IL-6, TNF-a
and other cytokines were elevated when ZFP36 expression was suppressed (33).
Interestingly, a CCCH zinc-binding motif similar to those in ZFP36 was found in the
M2-1 protein of respiratory syncytial virus (RSV) and was essential for M2-1 to enhance
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readthrough of intergenic junctions during RSV transcription (34). However, little is
known about the induction and the role of ZFP36 and its related proteins in coronavi-
rus replication and pathogenesis.

Our previous studies have shown that IBV infection drastically upregulated the
expression of IL-6 and IL-8 at the mRNA level, and the MAP kinase p38 and the inte-
grated stress response pathways play a regulatory role (13). In this study, we investi-
gate the induction and function of ZFP36 during coronavirus infection. Expression of
ZFP36 family proteins, but not other ARE-binding proteins, was significantly induced in
cells infected with IBV, PEDV and two low-pathogenic human coronaviruses. More
importantly, we found that ZFP36 served a vital role in regulating the mRNA levels of
IL-8 and several other genes related to inflammatory response in IBV-infected cells. The
induction of ZFP36 by IBV infection was shown to be dependent on the activation of
the p38 mitogen activated protein kinase (MAPK) signaling pathway. Taken together,
this study reveals a negative regulatory loop that may limit the excess induction and
expression of genes related to the inflammatory response during coronavirus
infection.

RESULTS
ZFP36 and related ARE-binding proteins are induced by coronavirus infection.

A general mRNA expression profile of host genes differentially regulated by IBV infec-
tion was obtained by transcriptomic analysis (35). As summarized in Table 1, in H1299
cells infected with IBV at MOI;2 or mock-treated for 16 h, the transcription levels of
most ARE-binding proteins were not significantly affected by IBV infection. However,
the mRNA level of ZFP36 was induced by ;23.4-fold in IBV-infected cells compared
with the mock control, whereas mRNA levels of ZFP36L1 and ZFP36L2 were also
induced by ;4.2- and ;2.3-fold, respectively (Table 1).

The temporal mRNA expression profiles of selected ARE-binding proteins were then
analyzed by time course infection experiments in cells infected with gammacoronavi-
rus IBV, alphacoronavirus PEDV and HCoV-229E, and betacoronavirus HCoV-OC43,
respectively. As shown in Fig. 1, the expression of ZFP36 at the mRNA level was
induced by 10–40-folds at late stages of coronavirus infection. The induction of
ZFP36L1 and ZFP36L2 was more recognizable in cells infected with PEDV, compared
with cells infected with other coronaviruses. The mRNA levels of AUF1 (AU-rich binding
factor 1) and BRF1 (TF IIB-related factor 1) were not significantly affected by all corona-
viruses tested. Notably, both IL-6 and IL-8 were drastically induced at the mRNA level
in cells infected with all four coronaviruses (Fig. 1). This and all following experiments
were repeated three times, and the result of one representative experiment is shown.
Taken together, these data suggest that coronavirus infection induced the expression
of ZFP36 and related ARE-binding proteins at late stages of the infection cycle.

TABLE 1 Transcriptomic analysis of ARE-binding proteins in H1299 cells infected with IBV

Mock (FPKM) IBV infection (FPKM)

Fold change FDR1 2 3 1 2 3
AUF1 222.62 234.20 236.57 184.81 180.92 172.45 0.74 , 0.001
BRF1 19.61 18.49 18.64 20.91 21.00 22.42 1.07 0.134
TIA-1 17.37 16.75 16.20 16.41 16.76 18.62 0.72 , 0.001
TIAR 45.69 43.93 40.01 45.30 46.44 48.04 1.06 0.227
ZFP36 24.19 23.81 24.59 551.08 585.54 576.21 23.43 , 0.001
ZFP36L1 86. 64 85.74 88.96 353.09 378.17 373.91 4.18 , 0.001
ZFP36L2 36.03 30.23 33.90 71.86 78.71 75.12 2.27 , 0.001
ELAVL1 80.65 81.22 83.97 64.78 64.37 63.27 0.80 , 0.001
ELAVL2 0.42 0.42 0.42 0.60 0.57 1.12 1.02 0.880

Note: FPKM, fragments per kilobase of transcript per million mapped reads; FDR, false discovery rate; AUF1, AU-rich binding factor 1; BRF1, TF IIB-related factor 1; TIA-1, T-cell
restricted intracellular antigen-1; TIAR, T-cell intracellular antigen 1 related protein; ZFP36, zinc finger protein 36; ZFP36L1, ZFP36 ring finger protein like 1; ZFP36L2, ZFP36
ring finger protein like 2; ELAVL1, embryonic lethal, abnormal vision, Drosophila-like 1; ELAVL2, embryonic lethal, abnormal vision, Drosophila-like 2.
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ZFP36 regulates the expression of IL-6, IL-8, and other genes related to
proinflammatory response during coronavirus infection. ZFP36 is a well-character-
ized ARE-binding protein that regulates the stability of transcripts harboring AREs,
including mRNAs of IL-8, IL-6, dual-specificity phosphatase 1 (DUSP1), prostaglandin-
endoperoxide synthase 2 (PTGS2), and tumor necrosis factor-a-induced protein 3
(TNFAIP3). To test the effect of ZFP36-knockdown on the mRNA levels of these genes,
Vero and H1299 cells were transfected with siRNA duplexes targeting EGFP (negative
control) or siZFP36, before being infected with respective coronaviruses at MOI;2. The
replication of IBV, PEDV, HCoV-229E and HCoV-OC43 was not significantly affected by
the knockdown of ZFP36, as similar levels of IBV titers and gRNA levels of PEDV, HCoV-
229E and HCoV-OC43 were determined in the ZFP36-knockdown cells compared with
the siEGFP control (Fig. 2A and 3A). RT-qPCR analysis revealed that the endogenous
ZFP36 mRNA level was effectively reduced in cells transfected with siZFP36 (Fig. 2A

FIG 1 ZFP36 and related ARE-binding proteins are induced by coronavirus infection. H1299 and Vero cells were infected with IBV,
PEDV, HCoV-OC43, and HCoV-229E at MOI;2 or mock-treated with UV-inactivated viruses. Cells were harvested at the indicated
time points and total RNAs were extracted for RT-qPCR. The levels of IBV, PEDV, HCoV-OC43, and HCoV-229E genomic RNA (CoV
gRNA), and the mRNA levels of ZFP36 family (ZFP36, ZFP36L1, and ZFP36L2), other ARE-binding proteins (AUF1/BRF1), IL-6 and IL-
8 were determined by the DDCt method using the GAPDH mRNA from virus-infected cells harvested at 0 hpi for normalization.
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FIG 2 ZFP36 regulates the expression of IL-6, IL-8 and other genes related to proinflammatory response during IBV infection. A. H1299
and Vero cells were transfected with siEGFP and siZFP36 before being infected with IBV at an MOI of ;2. Cells were harvested at the

(Continued on next page)
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and 3A). Notably, mRNA levels of IL-8, IL-6 and DUSP1 were significantly higher in
ZFP36-knockdown cells infected with IBV, compared with the siEGFP control (Fig. 2A).
Transcription of PTGS2 and TNFAIP3 was also moderately upregulated by the knock-
down of ZFP36 (Fig. 2A). Consistently, upregulation of IL-8, IL-6, DUSP1, PTGS2 and
TNFAIP3 at the mRNA levels was also observed in ZFP36-knockdown cells infected
with PEDV, HCoV-229E and HCoV-OC43, respectively, comparied with the siEGFP con-
trol (Fig. 3A).

To complement the loss-of-function experiment, ZFP36 was cloned to a eukaryotic
expression vector pXJ40 and transiently expressed in H1299 and Vero cells, respec-
tively, before being infected with IBV, PEDV, HCoV-229E and HCoV-OC43, respectively.
Expression of the ectopic ZFP36, but not the endogenous protein, was detected by
Western blotting (Fig. 2B). Overexpression of ZFP36 did not significantly affect IBV,
PEDV, HCoV-229E, and HCoV-OC43 replication, as suggested by the comparable levels
of IBV N protein and supernatant IBV titer as well as the gRNA levels of PEDV, HCoV-
229E, and HCoV-OC43 relative to the vector control (Fig. 2B, 2C, and 3B). Importantly,
overexpression of ZFP36 markedly reduced the mRNA levels of IL-8, DUSP1, PTGS2,
and TNFAIP3 in Vero and H1299 cells infected with IBV or PEDV-infected, and in H1299
cells infected with HCoV-229E or HCoV-OC43 (Fig. 2C and 3B). Taken together, these
results suggest that ZFP36 downregulates the mRNA levels of IL-8 and other genes
related to proinflammatory response, presumably by binding to AREs in the transcripts
to reduce the mRNA stability.

The mRNA stability of ZFP36 target genes in Vero and H1299 cells infected with IBV
was further studied by treatment with actinomycin D or DMSO (negative control). As
shown in Fig. 2D and E, the mRNA level of IL-8 was reduced by 65% after treatment
with actinomycin D within 2 h, while much less reduction was detected in DMSO-
treated cells. In ZFP36-knockdown cells, treatment with actinomycin D showed a
slightly higher level of IL-8 mRNA, while a significantly lower level of IL-8 was detected
in cells overexpressing ZFP36 in the presence of actinomycin D (Fig. 2D and E). Overall,
these results further confirm that ZFP36 affects the mRNA stability of ARE-containing
IL-8 genes during IBV infection.

The RNA-binding activity of ZFP36 is required for its regulatory function in
gene expression. ZFP36 contains two C3H1-type zinc finger RNA-binding domains. To
confirm that the RNA-binding activity is essential for its function during coronavirus
infection, two point mutations, C124R and C147R, were introduced to each of the two
zinc finger domains. Both C124R and C147R have been previously shown to abolish
the ARE-binding activity of ZFP36 (27). Vero or H1299 cells were transfected with the
two mutants, along with the pXJ40 vector and wild type pXJ40-ZFP36. As shown in
Fig. 4A, compared with wild type ZFP36, the protein level of ZFP36-C124R was moder-

FIG 2 Legend (Continued)
indicated time points and lysates were prepared for RNA extraction or by three freeze/thaw cycles. Equal amounts of total RNA were
reverse-transcribed, and the mRNA levels of ZFP36, IL-6, IL-8, DUSP1, PTGS2, and TNFAIP3 were determined by the DDCt method
using the GAPDH mRNA extracted from siEGFP-transfected and mock-infected cells harvested at 16 hpi for normalization. Virus titers
were expressed in units of log TCID50 per ml. Significance levels were presented by the P value (ns, nonsignificant; *, P , 0.05; **, P
, 0.01; ***, P , 0.001). N.D., non-determined. B. H1299 and Vero cells were transfected with pXJ40 and pXJ40-ZFP36 before being
infected with IBV at an MOI of ;2 or mock-infected (M). Cells were harvested at the indicated time points and subjected to Western
blot analysis using the indicated antibodies. Beta-actin was included as the loading control. Sizes of protein ladders in kDa are
indicated on the left. C. Total RNA samples were extracted from cells in (B) and subjected to RT-qPCR. The levels of IL-8, DUSP1,
PTGS2, and TNFAIP3 were determined by the DDCt method using the GAPDH mRNA extracted from pXJ40-transfected and mock-
infected cells at 16 hpi for normalization. Total lysates were prepared from cells harvested in (B) at the indicated time points by
three freeze/thaw cycles. Virus titers were determined and expressed in units of log TCID50 per ml. Significance levels were
presented by the P value (ns, nonsignificant; *, P , 0.05; **, P , 0.01; ***, P , 0.001). N.D., non-determined. D. Vero and H1299 cells
were either untransfected or transfected with siEGFP, siZFP36, pXJ40, or pXJ40-ZFP36, respectively. Cells were then infected with IBV
at an MOI of 2, and treated with actinomycin D (Act D) (10 mM/ml) and DMSO at 16 h postinfection. Total RNA samples were
extracted at the indicated time points and subjected to RT-qPCR analysis. The levels of IBV gRNA and ZFP36 were determined by the
DDCt method using the GAPDH mRNA extracted from pXJ40 or siEGFP-transfected and IBV-infected cells at 0 h before treatment
with actinomycin D for normalization. Significance levels were presented by the P value (ns, nonsignificant; *, P , 0.05; **, P , 0.01;
***, P , 0.001). N.D., non-determined. E. Total RNA samples were extracted from cells in (D) and subjected to RT-qPCR. The levels of
IL-8 were determined by the DDCt method using the GAPDH mRNA extracted from pXJ40 or siEGFP-transfected and IBV-infected
cells at 0 h before treatment with actinomycin D for normalization.

Li et al. Journal of Virology

March 2022 Volume 96 Issue 5 e02086-21 jvi.asm.org 6

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//j

ou
rn

al
s.

as
m

.o
rg

/jo
ur

na
l/j

vi
 o

n 
11

 M
ar

ch
 2

02
2 

by
 1

12
.1

18
.9

6.
25

2.

https://jvi.asm.org


FIG 3 ZFP36 regulates the expression of IL-6, IL-8 and other genes related to proinflammatory response during PEDV, HCoV-229E and
HCoV-OC43 infection. A. H1299 and Vero cells were transfected with siEGFP and siZFP36 before being infected with PEDV, HCoV-229E

(Continued on next page)
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ately reduced in Vero cells, whereas protein levels of both ZFP36-C124R and ZFP36-
C147R were increased in H1299 cells. Overexpression of wild type and mutant ZFP36
did not affect IBV replication, as indicated by the comparable levels of IBV N protein
and supernatant IBV titers (Fig. 4A and B). Notably, compared with the vector control,
the IBV-induced upregulation of IL-8, DUSP1, PTGS2 and TNFAIP3 mRNA was markedly
reduced in cells transfected with wild type ZFP36 but not the two mutants (Fig. 4B).
Taken together, these results suggest that the RNA-binding activity of both zinc fingers
of ZFP36 was required for its regulatory function in the expression of ARE-containing
genes during IBV infection.

Induction of ZFP36, IL-6 and IL-8 by IBV infection was dependent on the activation
of p38 and JNK. In our previous studies, the induction of IL-6 and IL-8 expression in
IBV-infected cells was mediated by the p38 MAPK (36); whereas IBV-induced apoptosis
was differentially regulated by JNK and ERK1/2 (37, 38). To see whether MAPKs are also
implicated in the induction of ZFP36, H1299 cells were transfected with siRNA target-
ing EGFP (negative control), p38, ERK1/2 and JNK, before being infected with IBV. As
shown in Fig. 5A, the protein levels of phosphorylated p38, total p38 and ERK1/2 were
moderately reduced in cells transfected with the respective siRNA. Consistent with our
previous observation, knockdown of p38, ERK1/2 and JNK did not affect IBV replication,
as shown by the similar levels of IBV N protein and supernatant IBV titers compared
with the siEGFP control (Fig. 5A and B). It was noted that induction of ZFP36, IL-6 and
IL-8 mRNA was significantly reduced in p38-knockdown and JNK-knockdown cells, but
was unaffected or slightly increased in ERK1/2-knockdown cells (Fig. 5A and B).

To complement the RNAi experiments, we adopted two commonly used p38 and
JNK inhibitors, SB203580 and SP600125, respectively. H1299 cells or chicken fibroblast
DF1 cells were first inoculated with IBV. At 2 h postinfection, unabsorbed viruses were
removed, and cells were treated with medium containing 3.12 mM or 6.25 mM inhibi-
tors or the same volume of DMSO (solvent control). As shown in Fig. 5C, IBV replication
was marginally reduced in DF1 cells treated with 6.25 mM p38 inhibitor, but not signifi-
cantly affected in other groups. However, ZFP36, IL-6 and IL-8 were significantly
reduced at the mRNA level by the treatment with the p38 inhibitor in a dosage-de-
pendent manner (Fig. 5C). The induction of MK2, a protein substrate of p38 known to
upregulate ZFP36 expression, was also reduced by p38 inhibition. Similarly, the expres-
sion levels of MK2, ZFP36, IL-8, and IL-6 mRNA in IBV-infected cells were all suppressed
by the treatment of the JNK inhibitor (Fig. 5D). Taken together, these results suggest
that among the three MAPKs studied, both p38 and JNK contributed to the induction
of ZFP36, IL-6, and IL-8 during IBV infection, and transcriptional control mechanisms
would play a major regulatory role in these proinflammatory cytokine expression dur-
ing coronavirus infection.

ZFP36 acts as a negative regulator controlling the expression of IL-6, IL-8, and
other genes related to proinflammatory response during coronavirus infection.
The function of ZFP36 in regulating proinflammatory cytokine expression during coro-
navirus infection was further studied in ZFP36-overexpressing H1299 cells infected
with IBV and HCoV-OC43, respectively, and treated with 6.25 mM p38 or JNK inhibitors.
As shown in Fig. 6A, IBV and HCoV-OC43 replication were not affected by ZFP36 over-
expression and p38 inhibitors treating, as similar levels of IBV and HCoV-OC43 gRNA
were determined in the ZFP36-overexpressed cells compared with the vector control;
the mRNA levels of IL-6, IL-8, DUSP1, PTGS2, and TNFAIP3 were significantly reduced in

FIG 3 Legend (Continued)
and HCoV-OC43 at MOI;2. Total RNA samples were extracted at the indicated time points. Equal amounts of total RNA were reverse-
transcribed, and the mRNA levels of gRNA, ZFP36, IL-6, IL-8, DUSP1, PTGS2, and TNFAIP3 were determined by the DDCt method using
the GAPDH mRNA extracted from siEGFP-transfected and mock-infected cells harvested at 36 hpi for normalization. Significance levels
were presented by the P value (ns, nonsignificant; *, P , 0.05; **, P , 0.01; ***, P , 0.001). N.D., non-determined. B. H1299 and Vero
cells were transfected with pXJ40 and pXJ40-ZFP36 before being infected with PEDV, HCoV-229E, and HCoV-OC43 at MOI;2 or mock-
infected (M). Total RNA samples were extracted at the indicated time points. Equal amounts of total RNA were reverse-transcribed, and
the mRNA levels of gRNA, ZFP36, IL-6, IL-8, DUSP1, PTGS2, and TNFAIP3 were determined by the DDCt method using the GAPDH
mRNA extracted from siEGFP-transfected and mock-infected cells harvested at 36 hpi for normalization. Significance levels were
presented by the P value (ns, nonsignificant; *, P , 0.05; **, P , 0.01; ***, P , 0.001). N.D., non-determined.
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the ZFP36-overexpressed cells, compared with the vector control. Similarly, the expres-
sion levels of IL-6, IL-8, DUSP1, PTGS2, and TNFAIP3 mRNA in IBV- or HCoV-OC43-
infected cells were all suppressed by the treatment with the JNK inhibitor (Fig. 6B).
Taken together, these results confirm that ZFP36 negatively regulates the expression

FIG 4 The RNA-binding activity of ZFP36 is required for its regulatory function on gene expression. A. H1299 and Vero
cells were transfected with pXJ40, pXJ40-ZFP36, pXJ40-ZFP36-C124R, and pXJ40-ZFP36-C174R, respectively, before being
infected with IBV at MOI;2 or mock-infected (M). Cells were harvested at the indicated time points and subjected to
Western blot analysis using the indicated antibodies. Beta-actin was included as the loading control. Sizes of protein
ladders in kDa were indicated on the left. B. Total RNA samples were extracted from cells in (A) and subjected to RT-qPCR.
The levels of IL-8, DUSP1, PTGS2, and TNFAIP3 were determined by the DDCt method using the GAPDH mRNA extracted
from pXJ40-transfected and mock-infected cells at 16 hpi for normalization. The lysates were prepared from cells
harvested in (A) at the indicated time points by three freeze/thaw cycles. Virus titers were determined and expressed in
the unit of log TCID50 per ml. Significance levels were presented by the P value (ns, nonsignificant; *, P , 0.05; **, P ,
0.01; ***, P , 0.001). N.D., non-determined.
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FIG 5 Induction of ZFP36 and IL-8 by IBV infection was dependent on the activation of p38 and JNK. A. H1299 cells were transfected with siEGFP, sip38,
siJNK and siERK before being infected with IBV at MOI;2, cells were harvested at the indicated time points and subjected to Western blot analysis using
the indicated antibodies. Beta-actin was included as the loading control. Sizes of protein ladders in kDa were indicated on the left. B. Total RNA samples
were extracted from cells in (A) and subjected to RT-qPCR. The levels of ZFP36, IL-6 and IL-8 were determined by the DDCt method using the GAPDH
mRNA extracted from siEGFP-transfected and mock-infected cells at 16 hpi for normalization. The cells lysates were harvested from cells in (A) at the

(Continued on next page)
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of IL-6, IL-8 and other genes related to proinflammatory response during coronavirus
infection.

MK2 (MAPKAP kinase-2) activates the expression of ZFP36, IL-6, IL-8, and other
genes related to proinflammatory response during IBV infection. We next looked
at the p38 substrate protein MK2 and how it regulates the expression of these inflam-
mation-related genes. Vero and H1299 cells were transfected with siEGFP or siMK2,
before being infected with IBV. As shown in Fig. 7A, the mRNA expression of MK2 was
significantly reduced in cells transfected with siMK2. IBV replication was not affected

FIG 5 Legend (Continued)
indicated time points by three freeze/thaw cycles, and virus titers were determined and expressed in the unit of log TCID50 per ml. Significance levels
were presented by the P value (ns, nonsignificant; *, P , 0.05; **, P , 0.01; ***, P , 0.001). N.D., non-determined. C. H1299 and DF1 cells were infected
with IBV at MOI;2 and treated with indicated concentrations of SB-203580 or the same volume of DMSO at 2 hpi. Total RNAs were extracted and
subjected to RT-qPCR. The levels of MK2, ZFP36, IL-6, IL-8, and IBV genomic RNA were determined by the DDCt method using the GAPDH mRNA extracted
from infected and DMSO-treated cells at 0 hpi for normalization. Significance levels were presented by the P value (ns, nonsignificant; *, P , 0.05; **, P ,
0.01; ***, P , 0.001). N.D., non-determined. D. H1299 and DF1 cells were treated with SP600125 as in (C). Total RNAs were extracted and subjected to RT-
qPCR. The levels of MK2, ZFP36, IL-6, IL-8, and IBV genomic RNA were determined by the DDCt method using the GAPDH mRNA extracted from infected
and DMSO-treated cells at 0 hpi for normalization. Significance levels were presented by the P value (ns, nonsignificant; *, P , 0.05; **, P , 0.01; ***, P ,
0.001). N.D., non-determined.

FIG 6 ZFP36 acts as a negative regulator controlling the expression of IL-6, IL-8 and other genes related to proinflammatory
response during IBV and HCoV-43 infections. A. H1299 cells were transfected with pXJ40 and pXJ40-ZFP36 before being infected
with IBV or HCoV-OC43 at MOI;2 and treated with indicated concentrations of SB-203580 at 2 hpi. Total RNA samples were
extracted from cells at the indicated time points and subjected to RT-qPCR. The levels of IL-6, IL-8, DUSP1, PTGS2, TNFAIP3, and
IBV or HCoV-OC43 gRNA were determined by the DDCt method using the GAPDH mRNA extracted from pXJ40-transfected and
infected as well as p38 inhibitor-treated cells at 8 hpi for normalization. Significance levels were presented by the P value (ns,
nonsignificant; *, P , 0.05; **, P , 0.01; ***, P , 0.001). N.D., non-determined. B. H1299 cells were treated with SP600125 as in
(A). Total RNA samples were extracted from cells at the indicated time points and subjected to RT-qPCR. The levels of IL-6, IL-8,
DUSP1, PTGS2, TNFAIP3, and IBV or HCoV-OC43 genomic RNA were determined by the DDCt method using the GAPDH mRNA
extracted from pXJ40-transfected and infected as well as JNK inhibitor-treated cells at 8 hpi for normalization. Significance levels
were presented by the P value (ns, nonsignificant; *, P , 0.05; **, P , 0.01; ***, P , 0.001). N.D., non-determined.
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FIG 7 MK2 activates the expression of ZFP36, IL-8 and other genes related to proinflammatory response during IBV infection. A.
H1299 and Vero cells were transfected with siEGFP and siMK2 before being infected with IBV at MOI;2. Cells were harvested at the
indicated time points for RNA extraction or by three freeze/thaw cycles. Equal amounts of total RNA were reverse-transcribed, and
the mRNA expression levels of MK2, ZFP36, IL-6, IL-8, DUSP1, PTGS2, and TNFAIP3 were determined by the DDCt method using the
GAPDH mRNA extracted from siEGFP-transfected and mock-infected cells at 16 hpi for normalization. Virus titers were determined
and expressed in the unit of log TCID50 per ml. Significance levels were presented by the P value (ns, nonsignificant; *, P , 0.05; **,
P , 0.01; ***, P , 0.001). N.D., non-determined. B. H1299 and Vero cells were transfected with pXJ40-FLAG and pXJ40-FLAG-MK2
before being infected with IBV at MOI;2 or mock infected (M). Cells were harvested at the indicated time points and subjected to
Western blot analysis using the indicated antibodies. Beta-actin was included as the loading control. Sizes of protein ladders in kDa
were indicated on the left. C. Total RNA samples were extracted from cells in (B) and subjected to RT-qPCR. The levels of ZFP36, IL-
8, DUSP1, PTGS2, and TNFAIP3 were determined by the DDCt method using the GAPDH mRNA extracted from pXJ40-transfected
and mock-infected cells at 16 hpi for normalization. Virus titers were determined from cells lysates harvested in (B) at the indicated
time points by three freeze/thaw cycles and expressed in the unit of log TCID50 per ml. Significance levels were presented by the P
value (ns, nonsignificant; *, P , 0.05; **, P , 0.01; ***, P , 0.001). N.D., non-determined.
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by MK2 knockdown, as indicated by the comparable supernatant IBV titers compared
with the siEGFP control. Importantly, mRNA levels of ZFP36, IL-6, IL-8, DUSP1, PTGS2,
and TNFAIP3 were markedly reduced in the MK2-knockdown Vero cells and moder-
ately reduced in the MK2-knockdown H1299 cells, compared with their respective
siEGFP controls (Fig. 7A).

MK2 was also cloned to the pXJ40-FLAG expression plasmid for gain-of-function
experiments. As shown in Fig. 7B, Vero and H1299 cells were first transfected with
pXJ40-FLAG and pXJ40-FLAG-MK2, respectively, before being infected with IBV.
Overexpression of MK2 did not affect IBV replication, as indicated by the comparable lev-
els of IBV N protein and supernatant IBV titers but resulted in moderate increase in the
IBV-induced mRNA expression of ZFP36, IL-8, DUSP1, PTGS2, and TNFAIP3 in Vero cells,
and a significant increased at the mRNA level of these genes in H1299 cells (Fig. 7B and
C). Taken together, these results suggest that MK2 activates the expression of ZFP36, IL-8
and several other genes related to proinflammatory response during IBV infection.

MKK3 (Mitogen-activated protein kinase kinase 3) activates the expression of
ZFP36, IL-8, and other genes related to proinflammatory response. Finally, we
looked at MKK3, an upstream kinase of p38 MAPK, and how it regulates the expression
of ZFP36 and these inflammation-related genes. MKK3 was cloned into the expression
vector pXJ40 with an N-terminal FLAG tag. In addition, both S218 and T222 phosphoryla-
tion sites were mutated to alanine, generating the inactive mutant MKK3-AA. Mutations
of the same two residues to glutamate were also made to generate the phosphomimetic
constitutively active mutant MKK3-EE. Vero and H1299 cells were transfected with the
vector plasmid, wild type MKK, MKK3-AA and MKK3-EE, respectively, before being
infected with IBV. As shown in Fig. 8A, the ectopic wild type and mutant MKK3 proteins
were expressed at comparable levels. Overexpression of either wild type or the two mu-
tant forms of MKK3 did not affect IBV replication, as indicated by the similar levels of IBV
N protein and supernatant IBV titers (Fig. 8A and B). Compared with the respective vec-
tor controls, the mRNA levels of ZFP36, IL-8, DUSP1, PTGS2 and TNFAIP3 were signifi-
cantly increased in cells transfected with wild type MKK3 or MKK3-EE but were unaf-
fected in cells transfected with MKK3-AA (Fig. 8A and B). Taken together, these results
suggest that MKK3 activates the expression of ZFP36 and other genes during IBV infec-
tion, presumably by activating the p38-MK2 signaling pathway.

DISCUSSION

Severe coronavirus infections are often associated with life-threatening cytokine
release syndromes (2, 4, 6). Extensive research has been focused on the host innate
and adaptive immune systems, but the critical roles of some highly conserved cellular
stress responses have been overlooked. In this study, we characterized the regulatory
functions of the ARE-binding protein ZFP36 in proinflammatory response during coro-
navirus infection. Our results have shown that in coronavirus-infected cells, ZFP36 is
induced by the p38/JNK-MK2 pathway and regulates the mRNA levels of IL-6, IL-8 and
several genes related to the inflammatory response (Fig. 9).

The dysregulated and excessive release of proinflammatory cytokines is one of the
clinical hallmarks underlying the immunopathogenesis of severe and critical COVID-19,
as well as SARS, MERS and other lethal coronavirus diseases (4, 6, 39). Proinflammatory
cytokines, especially IL-6, can activate the acute-phase response in the hepatocytes of
severe COVID-19 patients (40). Lung CT scan of COVID-19 patients revealed multiple
bilateral lobular pneumonia that was associated with initial increased plasma concen-
trations of IL-1b , IL-7, IL-8, and IL-9 (11). In this study, we showed that IL-6 and IL-8
were drastically increased in H1299 cells infected with IBV, HCoV-229E, and HCoV-
OC43, and in Vero cells infected with PEDV and IBV, suggesting that induction of proin-
flammatory cytokines/chemokines is likely a mechanistic generality during coronavirus
infection. However, this induction was limited by the simultaneous induction of ZFP36
in the infected cells.

ZFP36 is an anti-inflammatory ARE-binding protein and a member of the zinc-finger
family that can either stabilize or destabilize mRNA transcripts (20). Rapid induction of
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FIG 8 MKK3 activates the expression of ZFP36, IL-8 and other genes related to proinflammatory. A. H1299 and
Vero cells were transfected with pXJ40-FLAG, pXJ40-FLAG-MKK3, pXJ40-FLAG-MKK3-AA, and pXJ40-FLAG-MKK3-
EE, before being infected with IBV at MOI;2 or mock-infected (M). Cells were harvested at the indicated time
points and subjected to Western blot analysis using the indicated antibodies. Beta-actin was included as the
loading control. Sizes of protein ladders in kDa were indicated on the left. B. Total RNAs were extracted from
cells in (A) and subjected to RT-qPCR. The levels of ZFP36, IL-8, DUSP1, PTGS2, and TNFAIP3 were determined
by the DDCt method using the GAPDH mRNA extracted from pXJ40-FLAG-transfected and mock-infected cells
at 16 hpi for normalization. Virus titers were determined from cell lysates harvested in (A) at the indicated time
points by three freeze/thaw cycles and expressed in the unit of log TCID50 per ml. Significance levels were
presented by the P value (ns, nonsignificant; *, P , 0.05; **, P , 0.01; ***, P , 0.001). N.D., non-determined.
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ZFP36 has been reported in cells infected with several viruses. In porcine kidney PK-15
cells infected with foot-and-mouth disease virus (FMDV), ZFP36 mRNA level increased
by;50-folds within 1 h postinfection (41). Similarly, ZFP36 mRNA was also significantly
induced in caprine endometrial epithelial cells (EECs) infected with peste des petits
ruminant’s virus (PPRV) (42), and in human foreskin fibroblasts (HFFs) and HeLa cells
infected with Herpes Simplex Virus 1 (HSV-1) (43). However, ZFP36 mRNA level was
reduced by 70% in CD81 T lymphocytes from chronic hepatitis B virus (CHB) patients,
while no significant change was detected in the mRNA levels of ZFP36L1 and ZFP36L2
(32). In this study, significant induction of ZFP36 mRNA expression was observed in
H1299 and Vero cells infected with IBV, PEDV, HCoV-229E, and HCoV-OC43, respec-
tively, at late stages of infection. Upregulation of the homologous ZFP36L1 and
ZFP36L2 was also detected in some coronavirus-infected cells, but no significant induc-
tion of other ARE-binding proteins (such as AUF1 and BRF1) was detected. Thus,
among the well characterized ARE-binding proteins, only ZFP36 family proteins are
markedly induced by coronavirus infection.

Previous studies have shown that ZFP36 regulates the mRNA stability of various
cytokines/chemokines (such as TNF-a, IL-6 and IL-8) and other genes related to the
inflammatory response (such as PTGS2 and TNFAIP3) (26, 44, 45). The binding of the
two C3H1-type zinc fingers ZFP36 to the ARE in the 39-UTR of these mRNAs delivers
these transcripts to processing bodies for mRNA degradation (46). In fact, ZFP36-defi-
cient mice developed inflammatory phenotypes that resemble transgenic mice

FIG 9 Diagram illustrating the current working model. The working model showing the induction of
proinflammatory cytokines and chemokines by MKK3-p38-MK2-ZFP36 axis during coronavirus
infection. Pointed and blunt arrows denote activation and suppression, respectively. Dotted lines
denote processes that are not fully characterized.
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overexpressing TNF-a (47). Consistently, we have observed that knockdown of ZFP36
significantly increased the mRNA levels of IL-6, IL-8, DUSP1, PTGS2 and TNFAIP3
induced by IBV infection in H1299 and Vero cells, whereas overexpression of ZFP36
markedly reduced the mRNA levels of these genes. Furthermore, the RNA-binding ac-
tivity of ZFP36 was required for this regulatory function, as mutation of the essential
cysteine residues in the zinc fingers abolished its effect on the above ARE-containing
mRNAs. Some recent studies have shown that the regulation of cytokine transcripts by
ZFP36 also involves microRNA (miRNA) and its processing machinery. For example,
ARE-mediated instability of the TNF-a mRNA is also dependent on miR16 (a human
miRNA containing a UAAAUAUU sequence complementary to ARE) and components
involved in miRNA processing (48). Further experiments are required to explore these
mechanisms in the context of coronavirus infection.

It has been reported that MK2, the prime target of p38, serves as the master regula-
tor of RNA-binding proteins that modulates the transcript stability (49). When MK2 is
phosphorylated and activated by p38, its nuclear localization signal is masked and
MK2 is retained in the cytoplasm (49). Mechanistically, MK2 not only stimulates the
transcription of ZFP36, but also increases its cellular protein abundance by enhancing
its cytoplasmic retention and protecting it from proteasomal degradation (50).
However, it has also been shown that MK2 can directly phosphorylates ZFP36 in acti-
vated macrophages and promote the assembly of ZFP36 with the protein chaperone
14-3-3, thereby excluding ZFP36 from stress granules and inhibiting ZFP36-dependent
degradation of ARE-containing transcripts (51). Phosphorylation of ZFP36 by MK2 also
prevents the recruitment of mRNA deadenylase, but it does not impair the RNA bind-
ing ability of ZFP36 (52). In this study, chemical inhibition and knockdown of p38 and
JNK significantly reduced the mRNA levels of MK2 and ZFP36 in IBV-infected cells,
whereas overexpression of p38 upstream kinase MKK3 or MK2 increased the induction
of ZFP36. These results confirm the essential role of the MKK-p38/JNK-MK2 signaling
axis in activating ZFP36 expression during coronavirus infection. Meanwhile, the induc-
tion of IL-6, IL-8, DUSP1, PTGS2, and TNFAIP3 was highly dependent on MKK-p38/JNK-
MK2 signaling but was also subjected to the negative feedback regulation of ZFP36.

Several viral proteins have been shown to modulate ZFP36 expression or function. For
example, during the lytic reactivation of Kaposi's sarcoma associated herpesvirus (KSHV),
the viral RNA-binding protein ORF57 binds to and stabilizes specific host pre-mRNAs,
including that of ZFP36 (53). In another study, the Tax oncoprotein encoded by delta retro-
viruses was found to colocalize and physically interact with ZFP36, thereby inhibiting
ZFP36-mediated destabilization/degradation of TNF-a (54). Whether coronavirus-encoded
proteins engage in similar interactions with ZFP36 remains an open question.

Our previous studies have shown that DUSP1, induced by p38 in IBV-infected cells,
acts as a negative regulator to dephosphorylate p38, thereby modulating the induc-
tion of IL-6 and IL-8 (13, 55). In terms of TNFAIP3, it is induced in cells infected with
HCoV-229E and suppresses the NF-kB-dependent cytokine production by inhibiting
the activation of IKKb (56). TNFAIP3 was also identified as a signature gene that was
upregulated in various immune cells from severe COVID-19 patients compared to mod-
erate cases or healthy controls (57). PTGS2, also known as COX2, catalyzes the rate-lim-
iting step of prostaglandin production in response to injury and inflammation, thereby
mediating the fever response (58). PTGS2 is upregulated by SARS-CoV-2 in human cells
and in a mouse model (59). Although treatment with PTGS2 inhibitor had no effect on
viral replication, it reduced the production of proinflammatory cytokines and impaired
the humoral immune response by reducing neutralizing antibody titers in a mouse
model (59). Our results suggest that ZFP36 is activated by p38 MAPK and downregu-
lates the mRNA expression levels of DUSP1, TNFAIP3, and PTGS2. Therefore, ZFP36 can
be considered a negative feedback regulator that modulates proinflammatory
response during coronavirus infection.

In conclusion, we have demonstrated the regulatory role of ZFP36 in the proinflam-
matory response in coronavirus-infected cells. By binding to these ARE-containing
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transcripts, ZFP36 modulates the mRNA levels of critical cytokines and other important
genes implicated in the proinflammatory and host innate immune response. It is of
hope that further studies on ZFP36 and other ARE-binding proteins will reveal their
potential as therapeutic targets in severe diseases caused by coronaviruses.

MATERIALS ANDMETHODS
Cell culture and virus. Vero cells were cultured in Dulbecco’s modified Eagle’s medium (DMEM, Life

Technologies, Carlsbad, CA, USA) supplemented with 6% fetal bovine serum (FBS), 100 U/ml penicillin,
and 100 mg/ml streptomycin. H1299 cells were cultured in RPMI 1640 medium (Gibco) supplemented
with 8% fetal bovine serum (FBS) and 1% Penicillin-Streptomycin (Gibco). All cells were grown in a 37°C
incubator supplied with 5% CO2.

The egg-adapted Beaudette strain of IBV (ATCC VR-22) was obtained from the American Type
Culture Collection (ATCC) and adapted to Vero cells as previously described (60, 61). This Vero-adapted
strain was named IBV-p65, and the complete genome sequence was uploaded (accession No.
DQ001339) (62). The HCoV-229E (accession No. KU291448.1) (63) and HCoV-OC43 (accession No.
KU131570.1) (64) were also obtained from ATCC, and the two complete genome sequences were
uploaded. PEDV virulent strain DR13 (PEDV-vDR13) was isolated in Korea in 1999 (accession No.
JQ023162) as previously reported (65).

To prepare the virus stocks, monolayers of Vero cells were infected with IBV-p65 or PEDV-vDR13 and
monolayers of MRC-5 cells were infected with HCoV-229E and HCoV-OC43 at a multiplicity of infection
(MOI) of approximately 0.1 and cultured in plain DMEM at 37°C, until almost the entire monolayers
exhibited cytopathic effects (CPE) in the form of multinucleated syncytia. After three rounds of freeze-
thaw, the cell lysates were clarified by centrifugation at 3000�rpm at 4°C for 10 min, aliquoted in 1.5 ml
screw-cap vials and stored at 280°C.

The titers of the virus stocks were determined by plaque assays and 50% tissue culture infective
dose (TCID50) assay. IBV, PEDV, HCoV-229E, and HCoV-OC43 stocks were used for infection of cells at an
MOI of approximately 2 in all the experiments, whereas the mock control was incubated with same
amounts of uninfected cell lysates.

Transcriptomic analysis. Transcriptomic analysis was carried out by the Biomarker Technologies Co,
LTD, Beijing, China. Briefly, RNA was independently prepared from IBV-infected H1299 cells harvested at
20 h postinfection and sequenced using Illumina HiSeq sequencing technology platform to construct
transcriptome libraries and obtain sequencing data.

Plasmid constructions and transfection. The complementary DNA (cDNA) of human ZFP36
(NM_003407.5) was amplified from total RNA of H1299 cells by reverse transcription-PCR (RT-PCR), using
the forward primers CTATAGGGCGAATTCGGATCCACCATGGATCTGACTGCCATCTAC and reverse primers
AAGATCTGGTACCGAGCTCCTCACTCAGAAACAGAGATGCGATTG. The cDNA of human MKK3 (NM_145109)
was amplified in the same way using the forward primer CGATGATAAGTCCGGATCTGAGTCGCCCGCC
TCGAGCCA and reverse primers AAGATCTGGTACCGAGCTCCTGCAGCTATGAGTCTTCTCCCAGGATCTCC. The
cDNA of human MK2 (NM_032960.4) was also amplified similarly using the forward primer CGATGA
TAAGTCCGGATCCATGCTGTCCAACTCC CAG and the reverse primers AAGATCTGGTACCGAGCTCCTCAGT
GGGCCAG AGCCGCA. The PCR product of ZFP36 was inserted to the vector pXJ40 linearized with BamHI
and pstI by homologous recombination, whereas PCR products of MKK3 and MK2 were inserted to pXJ40-
FLAG linearized with BamHI and PstI by homologous recombination. These constructs were named pXJ40-
ZFP36, pXJ40-FLAG-MKK3 and pXJ40-FLAG-MK2, respectively.

The ZFP36-C124R mutant was generated by site-directed mutagenesis to replace cysteine 124 with
arginine in pXJ40-ZFP36 using the forward primer CAAGAGACAGTTTGCCCATGGCCTGG and reverse
primer TGGGCAAACTGTCTCTTGGCCCCGTAG. The ZFP36-C174R mutant was generated by replacing cys-
teine 174 with arginine in pXJ40-ZFP36 using the forward primer CGGAACTCAGACACAAGTTCTA
CCTCCAGGGC and the reverse primer ACTTGTGTCTGAGTTCCGTCTTGTATTTGGGGT. Both C124R and
C174R have been shown to abolish the binding of ZFP36 to AU-rich elements (66).

The MKK3-AA mutant was generated by replacing serine 218 and threonine 222 with alanine in
pXJ40-FLAG-MKK3 using the forward primer GATGCAGTGGCAAAGGCTATGGATGCCGGCTGC and the
reverse primer ATAGCCTTTGCCACTGCATCCACCAAGTAGCCACTGATGCCAA. The MKK3-EE mutant was
generated by replacing serine 218 and threonine 222 with glutamate in pXJ40-FLAG-MKK3 using the for-
ward primer GAAGTGGCCAAGGAAATGGATGCCGGCTG and reverse primer CATTTCCTTGGCCACTTCGTC
CACCAAGTAGCCAC. The MKK3-AA mutant cannot be phosphorylated by upstream kinases, whereas the
MKK3-EE serve as a phosphomimetic mutant (67).

Plasmids DNA were transfected into H1299 cells using TransIntro EL transfection regent (Transgen
biotech), while transfection of Vero cell was done using Lipofectamine 3000 (Invitrogen) according to
the manufacturer’s instruction. Briefly, cells were seeded on the 12-well plate the day before transfec-
tion. Transfection was performed when cells approached about 60–70% confluence. 2 mg of plasmid
DNA and 4 ml of TransIntro EL/Lipofectamine 3000 was each diluted with 100 ml of Opti-MEM (Gibco)
and incubated for 5 min. The diluted plasmid and transfection regent were mixed by brief vortex and
further incubated for 15 min. Cells were cultured with medium containing 5% FBS and the transfection
mixture was added dropwise to each well. The medium was replaced with normal complete medium af-
ter 6–8 h. At 24h posttransfection, cells were infected with IBV at an MOI of 2 or mock infected. RNA
and/or protein samples were then harvested at the different time points.
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RNA interference. ZFP36 siRNA (1): GGGAUCCGACCCUGAUGAAUA, p38 siRNA (1): GAACU
GCGGUUACUUAAAC, JNK siRNA (1): AAAGAAUGUCCUACCUUCU, ERK1/2 siRNA (1): GACCGGAU
GUUAACCUUUA, MK2 siRNA (1): GGAGAACUCUUUAGCCGAA were purchased from Sangon Biotech.
Transfection of siRNA was performed using TransIntro EL (Transgen biotech) according to the manufac-
turer’s instructions. Briefly, monolayers of the H1299 or Vero cells were seeded on 12 wells plate and cul-
tured to 40–50% confluence. 5 ml siRNA (20 mM) were mixed with 2.5 ml TransIntro EL for each well. At
36–48 h posttransfection, cells were infected with IBV at an MOI of 2 or mock infected. RNA and/or pro-
tein samples were then harvested at the different time points.

Three sets of siRNA duplexes were used in all knockdown experiments, and the representative data
from the siRNA duplex with the best knockdown efficiency are presented.

RNA extraction and RT-qPCR analysis. Total RNA was extracted using the TRIzol reagent
(Invitrogen) according to the manufacturer’s instructions. Briefly, cells were lysed with 1 ml TRIzol per 10
cm2 effective growth area, and the lysates were vigorously mixed with one-fifth volume of chloroform.
The mixture was then centrifuged at 12,000 � g at 4°C for 15 min, and the aqueous phase was mixed
with an equal volume of isopropanol. The RNA was precipitated by centrifugation at 12,000 � g at 4°C
for 15 min, washed twice with 70% ethanol, and dissolved in 30–50 ml RNase-free water.

The total RNA was reverse transcribed using the FastKing gDNA Dispelling RT SuperMix kit (Tiangen)
according to the manufacturer’s instructions. Briefly, 2 mg total RNA was mixed with 4 ml 5� FastKing-RT
SuperMix (containing RT enzyme, RNase inhibitor, random primers, oligo dT primer, dNTP and reaction
buffer) in a 20 ml reaction mixture. Using a thermo cycler, reverse transcription was performed at 42°C
for 15 min and the RT enzyme was then inactivated at 95°C for 3 min. The cDNA was then diluted 20-
fold with RNase-free water for quantitative PCR (qPCR) analysis, using the Talent qPCR PreMix SYBR
green kit (Tiangen) according to the manufacturer’s instructions. Briefly, 8.4 ml diluted cDNA was mixed
with 10 ml 2� qPCR PreMix, 0.4 ml 50� ROX, 0.6 ml 10 mM forward primer, and 0.6 ml 10 mM reverse
primer for a 20 ml reaction mixture. The qPCR analysis was performed using a QuantStudio 3 real-time
PCR system (Applied Biosystems). The standard protocol included enzyme activation at 50°C for 3 min,
initial denaturation at 95°C for 3 min, followed by 40 cycles of denaturing (95°C, 5 sec) and annealing/
extension (60°C, 30 sec) with fluorescent acquisition at the end of each cycle. The results were obtained
in the form of cycle threshold (CT) values. Using the DDCT method, the relative abundance of a transcript
was calculated using GAPDH as an internal control and normalized to the respective reference sample in
each experiment.

The following qPCR primers (forward and reverse) were used: GAPDH, CTGGGCTACACTGAGCACC and
AAGTGGTCGTTGAGGGCAATG; IBVgRNA, GTTCTCGCATAAGGTCGGCTA and GCTCACTAAACACCACCAG
AAC; IBVsgRNA2, GCCTTGCGCTAGATTTTTAACTG and AGTGCACACAAAAGAGTCACTA; PEDV gRNA, CTG
AGCAAATTCGCTGGCG and AACACCCTCAGTACGAGTCC; 229E gRNA, TAGGTTTTGACAAGCCTCAGGAA
AAAGA and ACGAGCAAGACTCTTGGCAG; OC43 gRNA, CTATCTGGGAACAGGACCGC and TTGGGTCCCGAT
CGACAATG; ZFP36, GACTGAGCTATGTCGGACCTT and GAGTTCCGTCTTGTATTTGGGG; ZFP36L1, TCCAGC
ATAGCTTTAGCTTTGC and GGTCATCGGCGCTCAGAATAG; ZFP36L2, GAGAACAAATTCCGGGACCG and GC
GTGGAGTTGATCTGGGAG; AUF1, GCGTGGGTTCTGCTTTATTACC and TTGCTGATATTGTTCCTTCGACA; BRF1,
CTGAGGCTCCTACAGAGGATG and CACACACTTTGACCACACTGA; MK2, CCAGGAGAAATTCGCCCTCAA and
TCGTACACATCCACGATCCGT; TNFAIP3, TCCTCAGGCTTTGTATTTGAGC and TGTGTATCGGTGCATGGTTTTA;
DUSP1, GCCTTGCTTACCTTATGAGGAC and GGGAGAGATGATGCTTCGCC; PTGS2, TAAGTGCGATTGTACC
CGGAC and TTTGTAGCCATAGTCAGCATTGT; ELAV1, TTGGGCGGATCATCAACTCG and TCAAACCGGATAAA
CGCAACC; ELAV2, GTCCAACCACCATAAACAACAAC and GCTCTGCCCTGTTATTTTGTCT; IL-6, GTGCAAATG
AGTACAAAAGTCCTGA and GTTCTGCGCCTGCAGCTTC; IL-8, AAGACGTACTCCAAACCTATCCAC and
TCTGTATTGACGCAGTGTGGTC.

SDS-PAGE and Western blot analysis. To obtain whole-cell lysates for protein analysis, cells were
harvested at the indicated time points using cell scrapers (Corning) and collected by centrifugation at
16,000g for 1 min. The supernatant was discarded, and the cell pellet was lysed in RIPA buffer (10 mM
Tris-HCl pH 8.0, 140 mM NaCl, 0.1% SDS, 1% Triton X-100, 0.1% sodium deoxycholate, 1 mM EDTA, and
0.5 mM EGTA). After clarified by centrifugation, the protein concentration of the cell lysate was deter-
mined. The cell lysate was then mixed with 5� Laemmli sample buffer (0.3125 M Tris-HCl pH 6.8, 10%
SDS, 50% glycerol, 25% b-mercaptoethanol, and 0.025% bromophenol blue) (68). The culture superna-
tant was clarified by brief centrifugation and mixed with 5� Laemmli sample buffer.

Protein samples were boiled at 90°C for 5 min and centrifuged at 16,000g for 5 min. Equal amounts
of protein samples were loaded to each well and separated by sodium dodecyl sulfate-polyacrylamide
gel electrophoresis (SDS-PAGE) using the Bio-Rad Mini-PROTEAN Tetra cell system. The resolved proteins
were then transferred to a 0.2mm nitrocellulose membrane using the Bio-Rad Trans-Blot protein transfer
system. To block off nonspecific binding sites, the membrane was incubated with 5% skim milk in TBST
buffer (20 mM Tris-HCl pH 7.4, 150 mM NaCl, 0.1% Tween 20) at room temperature for 1 h. The mem-
brane was then incubated with 1 mg/ml specific primary antibody dissolved in TBST with 3% BSA (wt/
vol) at 4°C overnight. The membrane was washed three times with TBST and incubated with 1:10000
diluted goat anti-rabbit or goat anti-mouse IgG secondary antibodies (Licor) at room temperature for 2
h. The membrane was washed three times with TBST, and fluorescence imaging was performed using
the Azure c600 Imager according to the manufacturer’s instruction. Densitometric measurement was
performed using the AzureSpot software. All experiments were repeated at least three times with similar
results, and one of the representative results was shown.

Virus titration by tissue culture infective dose 50 method. Supernatant samples were harvested
from IBV-infected cells and clarified by centrifugation at 16,000 � g at 4°C for 5 min. Cell lysates were
prepared by subjecting IBV-infected cells to three freeze-thaw cycles and clarified by centrifugation at
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16,000 � g at 4°C for 5 min. Virus samples were kept at –80°C for less than 2 weeks before the titration
experiment. Virus titer was determined by the TCID50 assay. Briefly, were. Confluent monolayers of Vero
cells seeded on 96-well plates were washed once with plain DMEM, and 100 ml of 10-fold serially diluted
sample was added to each well, with 8 wells used for each dilution. Cells were incubated at 37°C for 3–
5 days and examined with a phase-contrast microscope. Wells were determined as either positive (with
CPE) or negative (without CPE), and TCID50 was calculated using the Reed and Muench method (69).
The virus titer was expressed in the unit of the logarithm of TCID50 per ml. Each sample was titrated in
duplicate or triplicate in each experiment.

Statistical analysis. The two-way ANOVA method was used to analyze the significant difference
between the indicated sample and the respective control sample. Significance levels were presented by
the P value (ns, nonsignificant; *, P, 0.05; **, P, 0.01; ***, P, 0.001).
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