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Enterovirus 71 (EV71) is a positive-stranded RNA virus which is capable of inhibiting innate immunity. Among virus-encoded
proteins, the 3C protein compromises the type I interferon (IFN-I) response mediated by retinoid acid-inducible gene-I (RIG-I)
or Toll-like receptor 3 that activates interferon regulatory 3 (IRF3) and IRF7. In the present study, we report that enterovirus 71
downregulates IRF7 through the 3C protein, which inhibits the function of IRF7. When expressed in mammalian cells, the 3C
protein mediates cleavage of IRF7 rather than that of IRF3. This process is insensitive to inhibitors of caspase, proteasome, lyso-
some, and autophagy. H40D substitution in the 3C active site abolishes its activity, whereas R84Q or V154S substitution in the
RNA binding motif has no effect. Furthermore, 3C-mediated cleavage occurs at the Q189-S190 junction within the constitutive
activation domain of IRF7, resulting in two cleaved IRF7 fragments that are incapable of activating IFN expression. Ectopic ex-
pression of wild-type IRF7 limits EV71 replication. On the other hand, expression of the amino-terminal domain of IRF7 en-
hances EV71 infection, which correlates with its ability to interact with and inhibit IRF3. These results suggest that control of
IRF7 by the 3C protein may represent a viral mechanism to escape cellular responses.

Enterovirus 71 (EV71) is a positive-stranded RNA virus, which
encodes a large polyprotein approximately 2,200 amino acids

(aa). This precursor is processed into structural (VP1, VP2, VP3,
and VP4) and nonstructural proteins (2A, 2B, 2C, 3A, 3B, 3C, and
3D) during virus infection (1). The 3C protein expressed by EV71
is essential for viral replication (2, 3). In addition to its activity in
viral protein processing (4), the 3C protein is linked to a number
of biological processes. It has been reported that EV71 3C acts as
an RNA binding protein that interacts the 5= untranslated region
of viral RNA. However, its impact on EV71 infection is not known
(2). In neuronal cells, the 3C protein appears to trigger apoptosis,
which relies on caspase activation (4). Recent evidence shows that
the 3C protein cleaves cellular CstF-64 protein, which subse-
quently halts host RNA processing and polyadenylation (5). This
is postulated to create an advantage for viral replication. Strik-
ingly, the 3C protein inhibits the expression of type I interferon
(IFN-I) which mediates antiviral, apoptotic, and immunoregula-
tory activities (6, 7).

IFN-I production is activated by pathogen-associated molecu-
lar patterns (PAMPs) through host pattern recognition receptors
(PRRs) (8). In response to viral double-stranded RNA, Toll-like
receptor 3 (TLR3) recruits the adaptor TRIF and TANK binding
kinase 1 (TBK1), which phosphorylates interferon regulatory fac-
tor 3 (IRF3)/IRF7. Alternatively, cytosolic receptors, including
retinoic acid-inducible gene-I (RIG-1) and melanoma differenti-
ation-associated gene (MDA5), recruit the adaptor IPS-1 (also
known as MAVS, VISA, and CARDIF) and TBK1 to activate IRF3
or IRF7. While IRF3 functions primarily in the priming stage of
IFN production, IRF7 has an important role in the amplifying
stage, where it provides a positive feedback to the initial response
(8, 9). Additionally, upon recognition of single-stranded RNA,
TLR7 and TLR8 relay signals to the adaptors MyD88 and TRAF6
(9). As a result, the kinase IRAK1 is activated to phosphorylate the
transcription factor IRF7. Once activated, IRF7 translocates to the
nucleus and induces IFN-I expression. Therefore, IRF7 represents
a converging point of innate immune pathways.

Several studies suggest that MDA-5 and RIG-I play a pivotal
role in sensing picornavirus infection (10–12). Moreover, it has
been reported that TLR3 detects or limits picornavirus infection
(13–15). Therefore, it is not surprising that picornaviruses have
evolved mechanisms to escape antiviral immunity. For example,
several picornaviruses cleave or interact with these pattern recog-
nition receptors (7, 12, 16, 17). Recently, we reported that EV71
inhibits IFN-I responses mediated by RIG-I and TLR3 (6, 7). Al-
though this involves the 3C protein that negatively regulates RIG-I
and TRIF, the precise role of EV71 3C has yet to be defined.

In this study, we report that EV71 reduces the expression of
IRF7 in infected cells. Such effect requires the 3C protein, which
mediates IRF7 cleavage. This is independent of capsase, protea-
some, lysosome, and autophagy. We provide evidence that H40D
substitution in the active site disrupts its activity, whereas R84Q or
V154S substitution in the RNA binding motif has no effect. We
also demonstrate that IRF7 cleavage depends on its amino acid
pair Q189 and S190. Importantly, while wild-type IRF7 limits
EV71 replication, cleaved IRF7 has no activity. Therefore, control
of IRF7 by 3C may represent an EV71 mechanism to overcome
cellular responses.

MATERIALS AND METHODS
Cell lines and viruses. 293T, HeLa, and RD cells were cultured in Dulbec-
co’s modified Eagle’s medium (Invitrogen, Carlsbad, CA), supplemented
with 10% heat-inactivated fetal bovine serum (FBS) (HyClone, Logan,
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UT), and penicillin/streptomycin at 37°C in a 5% CO2 humidified atmo-
sphere. Human monocytic THP1 cells were cultured in RPMI 1640 media
supplemented with 10% FBS. Enterovirus 71 infection was carried out as
described previously (7).

Plasmids. The plasmids pEGFP (where EGFP is enhanced green flu-
orescent protein), pEGFP-3C, pEGFP-3C variants, Flag-TRIF, Myc-
RIG-I, Flag-TBK1, Flag-MDA-5, Flag-IPS-1, and Flag-MyD88 have been
described elsewhere (6, 7). The plasmids expressing IRF7, STING, IRF3,
TRADD, FADD, RIP1, TRAF2, TRAF3, TRAF6, TAK1, and TANK were
purchased from Origene (Rockville, MD). These constructs have the Myc-
Flag tag at the C terminus. The IRF7 variants, including the Q151, Q167,
Q185, Q188, Q189, and Q215 amino-acid-substitution mutants and de-
letion mutants, 189N (1 to 189 aa), and 189C (190 to 503 aa), were con-
structed by site-directed mutagenesis using Pfu DNA polymerase (Strat-
egene, La Jolla, CA). The IRF7 and IRF3 cDNAs also were cloned into the
eukaryotic expression vector pGEX 4T-1. All variants were verified by
nucleotide sequence analysis.

Antibodies and reagents. Antibodies against Flag, Myc, IRF3, GFP,
and �-actin were purchased from Sigma (St. Louis, MO). Anti-IRF7, anti-
TRAF3, and anti-TBK1 antibodies were purchased from Cell Signaling
Technology (Danvers, MA). Mouse monoclonal antibody against GFP
was purchased from Roche (Roche, Indianapolis, IN). Mouse anti-en-
terovirus 71 was purchased from Chemicon (Billerica, MA). Goat anti-
mouse or rabbit secondary antibodies were purchased from LI-COR (LI-
COR Inc., Lincoln, NE). The general caspase inhibitor Z-VAD-FMK and
poly(I·C) were purchased from Sigma (St. Louis, MO). MG132, NH4Cl,
and 3-MA were purchased from Sigma (St. Louis, MO). Rupintrivir was
purchased from Santa Cruz (Santa Cruz, CA).

Reporter assays. Luciferase reporter assays were performed as de-
scribed previously (7). 293T cells were seeded in 24-well plates at a cell
density of 3 � 105 cells per well. At 16 h after plating, cells were transfected
with a control plasmid or plasmid expressing IRF7, IRF7 variants, and 3C
or its variants along with pGL3-IFN-�-luc, ISG56-luc, ISRE-luc, IFN-�4-
luc, and pRL-SV40 using Lipofectamine 2000 (Invitrogen, Carlsbad, CA).
pRL-SV40 plasmid was used as a control for transfection efficiency. The
total amount of DNA was kept constant by adding empty control plasmid.
At 24 h after transfection, cells were harvested and cell lysates were used to
determine luciferase activities using a Dual-Luciferase reporter system
(Promega, Madison, WI) according to the manufacturer’s instructions.

Reverse transcription-PCR (RT-PCR). Cells were mock infected or
infected with EV71 or Sendai virus (SeV) individually as described previ-
ously (6). At different time points after infection, total RNA was extracted
from cells by using TRIzol reagent (Invitrogen, Carlsbad, CA). RNA sam-
ples were treated with DNase I (Pierce, Rockford, IL), and reverse tran-

scription was carried out using the Superscript cDNA synthesis kit (Invit-
rogen) according to the manufacturer’s instructions. cDNA samples were
subjected to PCR amplification and electrophoresis to detect IFN-�,
ISG54, and ISG56 expression. GAPDH (glyceraldehyde-3-phosphate de-
hydrogenase) expression was used as a loading control. Primers used were
as described previously (6).

Immunoprecipitation. At 24 h after transfection, cells were lysed with
a radioimmunoprecipitation assay (RIPA) (25 mM Tris-HCl buffer [pH
7.4] containing 150 mM NaCl, 1% NP-40, 0.25% sodium deoxycholate)
containing a protease inhibitor cocktail (Roche, Indianapolis, IN) as de-
scribed previously (7). Cell lyates were incubated with anti-GFP antibody
(Roche, Indianapolis, IN) or anti-Myc antibody (Sigma, St. Louis, MO) at
4°C overnight on a rotator in the presence of protein A/G agarose beads
(Santa Cruz Biotechnology, Santa Cruz, CA). Immunoprecipitates were
subjected to electrophoresis and Western blot analysis (6, 7).

Western blot analysis. Cells were pelleted by centrifugation and lysed
in buffer containing 150 mM NaCl, 25 mM Tris (pH 7.4), 1% NP-40,
0.25% sodium deoxycholate, and 1 mM EDTA with a protease inhibitor
cocktail (Roche, Indianapolis, IN). Aliquots of cell lysates were electro-
phoresed on 12% SDS-PAGE gels and transferred to a nitrocellulose

FIG 1 The 3C protease of EV71 cleaves IRF7 and TRIF. (A) 293T cells were transfected with plasmids encoding Myc-Flag-IRF3 (lanes 1 and 2) and Myc-Flag-
IRF7 (lanes 3 and 4) or alone with GFP (lanes 1 and 3) or GFP-3C (lanes 2 and 4). At 24 h after transfection, cells were lysed and then cell lysates were analyzed
by Western blotting with antibodies specific for Flag and GFP. �-Actin was used as a protein loading control. (B) 293T cells were transfected with Myc-Flag-IRF7
along with GFP (lanes 1) or increasing amounts of GFP-3C (lanes 2 to 6). The cells were then processed for Western blot analysis as described for panel A. (C)
293T cells were transfected with plasmids encoding Flag-TRIF (lanes 1 and 2) or alone with GFP (lanes 1) or GFP-3C (lanes 2). The cells were processed for
Western blot analysis as described for panel A. Data shown are representative of three separate experiments.

FIG 2 The protease 3C mediates endogenous IRF7 cleavage. 293T (A) and
HeLa (B) cells were transfected with the control GFP or increasing amounts of
GFP-3C. At 24 h after transfection, cell lysates were subjected to Western blot
analysis with antibodies against IRF7, IRF3, TBK1, GFP, and �-actin.

IRF7 Cleavage by the 3C Protease

February 2013 Volume 87 Number 3 jvi.asm.org 1691

http://jvi.asm.org


membrane (Pall, Port Washington, NY). The membranes were blocked
with 5% nonfat dry milk and then proteins on the membrane were incu-
bated with indicated primary antibodies at 4°C overnight. This was fol-
lowed by incubation with corresponding IRD Fluor 800-labeled IgG or
IRD Fluor 680-labeled IgG secondary antibody (LI-COR Inc., Lincoln,
NE) for 1 h at room temperature. After washing, the membranes were
scanned with the Odyssey infrared imaging system (LI-COR, Lincoln,
NE) at a wavelength of 700 to 800 nm and the molecular sizes of the
developed proteins were determined by a comparison with prestained
protein markers (Fermentas, MD).

In vitro cleavage assays. Recombinant EV71 3C protease was pro-
duced by prokaryotic expression as described previously (18). To express
recombinant IRF7 and IRF3, pGEX4T-1 expressing IRF7 or IRF3 was
transformed into competent Escherichia coli BL21(DE3) cells, and protein
expression was induced by treatment with 200 �M IPTG (isopropyl-�-D-
thiogalactopyranoside) at 16°C overnight. Glutathione S-transferase
(GST)-fused IRF7 or IRF3 protein was purified with a glutathione-aga-
rose column. To examine IRF7 cleavage in vitro, aliquots of recombinant
3C and lysates of cells expressing IRF7, GST-IRF7, and GST-IRF3 were
incubated at 37°C in 50 mM Tris-HCl buffer (pH 7.0) containing 200 mM
NaCl. At 12 h after incubation, samples were subjected to Western blot
analysis.

RESULTS
Expression of EV71 3C induces cleavage of IRF7 in mammalian
cells. We previously reported that EV71 3C mediates cleavage of

FIG 3 IRF7 is cleaved in EV71-infected cells. RD (A) and 293T (B) cells were mock infected or infected with EV71 at a multiplicity of infection (MOI) of 2. At
the indicated time points, cell lysates were analyzed by Western blotting with antibodies for IRF7, IRF3, TBK1, EV71, EV71 3C, and �-actin. (C) 293T cells were
mock infected or infected with EV71 (MOI � 2). At different time points after infection, total RNA extracted from cells were subjected to RT-PCR analysis for
IFN-�, ISG54, ISG56, RANTES, and GAPDH mRNA. As a control, Sendai virus was used to infect cells. (D) THP1 cells were mock infected or infected with EV71
at an MOI of 10. At the indicated time points, cell lysates were analyzed by Western blotting with antibodies against IRF7, IRF3, TBK1, EV71, and �-actin. (E)
THP1 cells were treated as described for panel D. Total RNAs extracted from cells were subjected to RT-PCR analysis for IRF7 and GAPDH mRNA.

FIG 4 EV71 3C inhibits promoter activation by IRF7. 293T cells were trans-
fected with IRF7 and GFP-3C along with IFN-�-Luc (A), ISRE-Luc (B),
ISG56-Luc (C), and IFN-�4-Luc (D). A plasmid expressing GFP or pRL-SV40
was used as a control. At 24 h after transfection, cell lysates were assayed for
luciferase activities. Data are representative of three independent experiments
with triplicate samples.
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TRIF, a key adaptor of the TLR3 pathway (6). To explore whether
EV71 3C has an additional target(s), we examined a panel of com-
ponents in the innate immune pathways (data not shown). Cells
were transfected with GFP-3C along with plasmids expressing the
host factors individually. At 24 h after transfection, cell lysates
were processed to assess 3C-mediated cleavage by Western blot-
ting. We found that GFP-3C induced cleavage of IRF7, TRAF3,
and TAK1, in addition to TRIF. As such, the effect on TRAF3 and
TAK1 was modest (data not shown); we therefore focused on
IRF7. Figure 1A illustrates that when coexpressed, GFP-3C did not
affect the expression of IRF3 (lanes 1 and 2). Under this condition,
GFP-3C reduced IRF7 expression compared to the GFP control
(lanes 3 and 4). This paralleled with the appearance of a smaller
protein band (45 kDa) (lane 4). Further analysis showed that
EV71 3C acted in a dose-dependent manner (Fig. 1B). As ex-
pected, GFP-3C induced the cleavage of TRIF and in transfected
cells (Fig. 1C).

Next, we assessed the impact of EV71 3C on endogenous IRF7.
When ectopically expressed in 293T cells (Fig. 2A), GFP-3C re-
duced the level of IRF7 in a dose-dependent fashion (lanes 2 to 4).
Due to a low level of IRF7 expression, the cleaved product was not
detectable. However, ectopic expression of GFP-3C had no effect
on endogenous of IRF3, TBK1, and �-actin. A similar phenotype
was seen in HeLa cells, although the kinetics of IRF7 reduction was
delayed (lanes 2 to 5, Fig. 2B). These experimental results suggest
that IRF7 is a target of EV71 3C in mammalian cells.

The steady-state level of IRF7 is reduced in cells infected with
EV71. Based on the above analysis, we reasoned that EV71 may
reduce IRF7 expression in infected cells. To test this notion, RD
cells were mock infected or infected with EV71. At different time
points postinfection, cells were processed for Western blot analy-
sis. As shown in Fig. 3A, RD cells constitutively expressed IRF7,
IRF3, TBK1, and �-actin (lane 1). EV71 infection had a different
effect on these host proteins (lanes 2 to 5). Notably, the level of

IRF7 was decreased as the virus infection progressed. This was
most evident at 24 h after infection (lane 5). However, the level of
IRF3 and TBK1 was marginally reduced in infected cells. Western
blot analysis verified the expression of 3C, VP0, and VP2 (lanes 3
to 5). We also examined the impact of EV71 3C in 293T cells. As
shown in Fig. 3B, EV71 infection initially stimulated IRF7 expres-
sion, but as the viral infection continued, the level of IRF7 was
similarly decreased (lanes 1 to 5). This was paralleled with 3C
expression. Little change was seen on the expression of IRF3,
TBK1, and �-actin. Consistently, EV71 failed to induce IFN-� and
RANTES mRNA expression in infected cells (Fig. 3C). In THP1
cells, the IRF7 protein also was decreased after EV71 infection
while its mRNA was not (Fig. 3D and E). We conclude that EV71
reduces the expression of IRF7 in infected cells, which coincides
with 3C expression.

The 3C protein inhibits IRF7-mediated promoter activation.
IRF7 serves as a transcription factor to activate IFN-I responses (8,
9). Since EV71 3C induced IRF7 cleavage, we evaluated whether it
affected the activity of IRF7. As such, we carried out luciferase
reporter assays. As shown in Fig. 4A, ectopically expressed IRF7
stimulated IFN-� promoter activation in 293T cells. Coexpression
of GFP-3C inhibited IFN-� promoter activation in a dose-depen-
dent manner. As expected, the control GFP had no effect. Consis-
tently, GFP-3C antagonized ISRE, ISG56, and IFN-�4 promoter
activation by IRF7 (Fig. 4B, C, and D). Taken in combination,
these results suggest that upon expression, the 3C protein of EV71
inhibits IRF7-mediated promoter activation.

The protease activity of 3C is required for cleavage and inhi-
bition of IRF7. To investigate the underlying events of IRF7 cleav-
age, we examined protein degradation pathways using specific in-
hibitors. As illustrated in Fig. 5A, GFP-3C mediated IRF7
cleavage, resulting in a 45-kDa protein band (lanes 2 and 3). This
was blocked in the presence of rupintrivir, which is an inhibitor
EV71 3C protease (lanes 5 and 6). However, the caspase inhibitor

FIG 5 The effect of selected inhibitors on IRF7 cleavage. 293T cells were transfected with Myc-Flag-IRF7 along with GFP or GFP-3C. At 24 h after transfection,
cells were incubated with the protease inhibitor rupintrivir (2 �M) (A) (31), caspase inhibitor Z-VAD (20 �M) (B) (6, 32), lysosome inhibitor NH4Cl (10 mM)
(C) (33), proteasome inhibitor MG132 (0.1 �M) (D) (33), and autophagy inhibitor 3-MA (500 �M) (E) (34) for 24 h. Cell lysates were then processed for
Western blot analysis.
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Z-VAD-FMK (Fig. 5B), the lysosome inhibitor NH4Cl (Fig. 5C),
the proteasome inhibitor MG132 (Fig. 5D), or the autophagy in-
hibitor 3-MA (Fig. 5E) virtually had no effect on 3C-mediated
IRF7 cleavage. These results suggest that the 3C protease activity is
involved in IRF7 cleavage.

To further address this issue, we carried out a mutational anal-
ysis. H40D substitution in the active site of EV71 3C disrupts the
protease activity, whereas R84Q or V154S substitution abolishes
its RNA binding activity (2). Accordingly, we compared 3C vari-
ants in relation to IRF7. As shown in Fig. 6A, when expressed in

FIG 6 (A) The effect of 3C variants on IRF7 cleavage. 293T cells were transfected with Myc-Flag-IRF7 (lanes 1 to 5), GFP, or GFP-3C variants as indicated. Cell
lysates were subjected to Western blot analysis with antibodies as indicated using the LI-COR Odyssey dual-color system (LI-COR, Lincoln, NE). Antibodies
recognizing Myc-Flag-IRF7 (Myc, C-terminal of IRF7, 800 nm, green; IRF7, 1 to 150 amino acids, 700 nm, red) were used. The merged images of the two channels
were shown below (yellow). 3C or its variants were detected by using GFP antibody. �-Actin was included as a loading control. The effect of 3C variants on the
IFN-� (B), ISRE (C), ISG56 (D), and IFN-�4 (E) promoter activation. 293T cells were transfected with plasmids encoding IRF7 and pIFN-�-Luc, pISRE-Luc,
pISG56-Luc, or pIFN-�4-Luc, along with GFP or GFP-3C variants. pRL-SV40 was included as an internal control. At 24 h after transfection, cells were harvested
to determine luciferase activities.

FIG 7 The Q189-S190 pair is the site of IRF7 cleavage. (A) Primary sequences of amino acids 151 to 216 within IRF7. In this region, glutamine was substituted
with alanine. (B) IRF7 variant cleavage with substituting amino acids indicated above the lanes. 293T cells were transfected with wild-type IRF7 or IRF7 mutants
along with GFP (lines 1, 3, 5, 7, 9, 11, and 13) or GFP-3C (lines 2, 4, 6, 8, 10, 12, and 14) as indicated. At 24 h after transfection, cell lysates were subjected to
Western blot analysis with antibodies against Myc, GFP, and �-actin. (C) EV71 3C cleaves wild-type IRF7 but not the Q189A mutant in vitro. 293T cells were
transfected with wild-type IRF7 or Q189A. At 24 h after transfection, cell lysates were incubated with the recombinant 3C protease. Samples were processed for
Western blot analysis with antibodies using the LI-COR Odyssey dual-color system. Two antibodies that recognize Myc-IRF7 (Myc, C-terminal of IRF7, 800 nm,
green; IRF7, 1 to 150 amino acids, 700 nm, red) were used. (D and E) EV71 3C cleaves recombinant IRF7 in vitro. The purified GST-IRF7 or GST-IRF3 was
incubated with the 3C protease. Samples were analyzed by Western blotting using anti-GST antibody.
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293T cells, wild-type 3C induced cleavage of IRF7 compared to the
GFP control (lanes 1 and 2). In stark contrast, H40D failed to
mediate IRF7 cleavage (lane 3). R84Q and V154S behaved like
wild-type 3C (lanes 4 and 5). These variants expressed at compa-
rable levels as measured by Western blotting (lanes 2 to 5, bottom
panel). Thus, the protease activity of EV71 3C seems essential for
IRF7 cleavage.

We next evaluated the effects of 3C variants on IRF7 activity in
luciferase reporter assays. As illustrated in Fig. 6B, wild-type 3C,
R84Q, or V154S inhibited the IFN-� promoter activation medi-
ated by IRF7. However, H40D could not inhibit the IFN-� pro-
moter activation. This paralleled with IRF7 cleavage. Similar phe-
notypes were observed for ISRE, ISG56, or IFN-�4 promoter
activation (Fig. 6C, D, and E). These experimental results suggest
that the protease activity of 3C is necessary to cleave and inhibit
IRF7.

The Q189-S190 pair on IRF7 is necessary for 3C-mediated
cleavage. As IRF7 cleavage produced 45-kDa (C-terminal) and
25-kDa (N-terminal) products, we inferred that a cleavage site(s)
may exist between amino acids 150 and 220 (Fig. 7A). This region
bears several glutamines which resemble a signature Q-G se-
quence of proteolytic sites for enterovirus 3C. To define the puta-
tive cleavage site, we generated a series of IRF7 substitution mu-
tants (Fig. 7B). These IRF7 mutants were expressed along with
GFP or GFP-3C in 293T cells. Cell lysates were subjected to West-
ern blot analysis. As shown in Fig. 7B, wild-type IRF7 was cleaved
when coexpressed with GFP-3C, producing a 45-kDa band
(Fig. 7B, lanes 1 and 2). However, the Q189A mutant is resistant to
the 3C cleavage (Fig. 7B, lanes 11 and 12). In contrast, Q151A (Fig.
7B, lanes 3 and 4), Q167A (Fig. 7B, lanes 5 and 6), Q185A (Fig. 7B,
lanes 7 and 8), Q188A (Fig. 7B, lanes 9 and 10), and Q215A
(Fig. 7B, lanes 13 and 14) were cleaved in the presence of 3C. To
further analyze IRF7 cleavage, we carried out in vitro assays. As
shown in Fig. 7C, the recombinant 3C cleaved wild-type IRF7
supplied in the cell lysates, producing a 25-kDa amino-terminal
fragment and a 45-kDa carboxyl-terminal fragment, respectively.
However, the Q189A substitution in IRF7 abolished this activity.
Furthermore, the 3C protein cleaved purified IRF7 but not IRF3
(Fig. 7D and E). These results indicate that the Q189-S190 pair in
IRF7 is a cleavage site for EV71 3C.

To test the consequence of IRF7 cleavage, we generated two
IRF7 mutants that mimic cleaved products. As illustrated in
Fig. 8A, 189N represents the amino-terminal fragment whereas
189C represents the carboxyl-terminal fragment. In reporter as-
says, wild-type IRF7 activated the IFN-� promoter (Fig. 8B). The
addition of GFP-3C reduced its activity. However, neither 189N
nor 189C was able to activate the IFN-� promoter in the presence
or absence of GFP-3C. A similar phenotype was also observed for
the IFN-�4 promoter activation (Fig. 8C). Western blot analysis
revealed that IRF7 variants were expressed at comparable levels
(Fig. 8D). Importantly, GFP-3C induced cleavage of wild-type
IRF7 but had no effect on 189N or 189C. These results suggest that
EV71 3C mediates IRF7 cleavage at the Q189-S190 site, resulting
in two fragments which are unable to stimulate IFN expression.

As IRF7 acts to stimulate IFN expression by forming a complex
with IRF3 (19), we asked whether cleaved IRF7 fragments nega-
tively regulated IRF3, and we carried out report assays. As illus-
trated in Fig. 9A, when expressed alone in 293T cells, IRF3 or IRF7
stimulated ISRE promoter activation. Coexpression of IRF3 and
IRF7 had a synergistic effect. However, the addition of 189N sup-

pressed IRF3-mediated activation whereas 189C had little effect.
Western blot analysis detected the expression of IRF3, IRF7, 189N,
and 189C (Fig. 9B). Interestingly, both 189N and 189C associated
with IRF3. As shown in Fig. 9C, IRF7, 189N, and 189C coprecipi-
tated with GFP-IRF3. Conversely, IRF3 was also coprecipitated
with IRF7, 189N, and 189C. Apparently, 189N functioned as a
dominant negative inhibitor of IRF3.

IRF7 but not cleaved IRF7 fragments inhibit EV71 replica-
tion. Finally, we assessed whether IRF7 is functionally linked to
EV71 infection. Specifically, RD cells were transfected with wild-
type IRF7, 189N, 189C, or IRF3. At 24 h after infection, cell lysates
were processed for Western blot analysis. As illustrated in
Fig. 10A, in nontransfected cells, EV71 expressed VP1, indicative
of viral infection. Ectopic expression of IRF7 and IRF3 reduced
VP1 production. However, unlike wild-type IRF7, neither 189N
nor 189C reduced the production of VP1. Notably, expression of
189N enhanced the production of VP1. Compared to the IRF7
mutants, wild-type IRF7 and IRF3 reduced VP1 production by
approximately 50% (Fig. 10B), indicating that the overexpression
of IRF7 or IRF3 inhibits replication of EV71. This was reversed by
189N. These phenotypes correlated with levels of VP4 mRNA as

FIG 8 (A) Schematic diagrams of IRF7 deletion mutants. The following dif-
ferent domains are shown: the DNA binding domain (DBD), the constitutive
activation domain (CAD), the virus-activated domain (VAD), the inhibitory
domain (ID). 189N and 189C represent cleaved fragments of IRF7 by 3C. (B)
The effect of 3C on IFN-� promoter activation induced by IRF7 and its mu-
tants. 293T cells were transfected with IRF7, 189N, or 189C and GFP-3C along
with IFN-�-Luc. GFP or pRL-SV40 was used as a control. At 24 h after trans-
fection, cell lysates were assayed for luciferase activities. Data are representative
of three independent experiments with triplicate samples. (C) The effect of 3C
on IFN-�4 promoter activation induced by IRF7 and its mutants. 293T cells
were transfected with IRF7, 189N, or 189C and GFP-3C along with IFN-�4-
Luc. Cell lysates were detected as indicated in panel B. (D) Expression of IRF7
mutants. Cell lysates in panel B were detected by Western blotting with anti-
bodies against Myc, GFP, and �-actin.
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measured by PCR analysis (Fig. 10C). On the other hand, upon
infection with increasing doses of EV71, cleavage of IRF7 was seen
in 293T cells (Fig. 10D).

DISCUSSION

Previous studies revealed that the 3C protein of EV71 suppresses
antiviral immunity (6, 7). In this complex process, EV71 3C pre-
cludes the formation of RIG-I-IPS-1 complexes. Additionally,
EV71 3C mediates proteolytic cleavage of TRIF in the TLR3 path-
way. Although the underlying events are not fully deciphered,
these results partly explain why EV71 infection downregulates
IFN-I responses (6, 7, 20). Relevant to this is the finding that EV71
3C negatively regulates IRF7, a key transcription factor to activate
IFN-I expression. Remarkably, EV71 3C mediates proteolytic
cleavage of IRF7, inactivating IRF7. Given the importance of IRF7
in the immune system, our work suggests that the interplay of
EV71 3C and IRF7 may be critical in EV71 infection or pathogen-
esis.

The 3C protein of EV71 is an essential factor in viral replication
(2, 3). Besides viral protein processing, the 3C protein acts to
inhibit antiviral immunity (6, 7). In this respect, EV71 3C seems
evolved to target IRF7 as well. When expressed, it mediated the
proteolytic cleavage of IRF7. This was resistant to inhibitors of
caspases, proteasomes, endocytosis, and autophagy. On the other
hand, this activity was sensitive to an inhibitor of the 3C protease.
A logical explanation is that EV71 3C functions as a viral protease
of IRF7. Three lines of evidence support this model. First, a pro-
tease dead mutant of 3C was unable to mediate IRF7 cleavage
whereas mutants defective in RNA binding worked normally. This
correlated well with their capacity to modulate IRF7 activity. Sec-
ond, the IRF7 cleavage site resembles a signature sequence of 3C
proteases encoded by picornaviruses. Third, EV71 3C was capable
of cleaving purified GST-IRF7 in vitro.

As a master regulator of IFN-I expression IRF7 normally re-
sides in the cytosol (9). Upon activation, this transcription factor
migrates to the nucleus to upregulate target gene expression. The
fact that EV71 3C suppresses IRF7 activity highlights a biological
link between IRF7 and EV71. Consistent with this idea, EV71 in-
fection reduced IRF7 expression. Conversely, overexpression of
IRF7 decreased EV71 replication. A relevant issue is then how
EV71 3C modulates IRF7. It has been reported that besides its
DNA binding domain, IRF7 possesses constitutive activation, vi-
rus activation, inhibitory, and signal response domains (21). Al-
though the crystal structure of IRF7 is not available, a coordinated
interaction among these domains is believed to regulate IRF7 in
host cells (21). In this context, we noted that 3C-induced IRF7
cleavage occurred within the constitutive activation domain. One
possibility is that such cleavage may uncouple the DNA binding
domain at the amino terminus from the central or carboxyl-ter-
minal region. Alternatively, IRF7 cleavage may simply destroy the
constitutive activation domain, resulting in nonfunctional IRF7.
These models are not necessarily mutually exclusive. Work is in
progress to test these possibilities.

Our results suggest that the Q189-S190 pair within IRF7 rep-
resents a likely EV71 3C cleavage site. When expressed in mam-
malian cells, EV71 3C induced a 45-kDa protein band which rep-
resents the carboxyl terminus of IRF7. Among six potential
cleavage sites in the region spanning amino acids 151 to 216, the
Q189-S190 pair was affected by alanine substitution that blocked
IRF7 cleavage. Previous studies suggest that 3C of picornaviruses
typically cleaves at the Q-G pair (22, 23). Alternative sites, such as
the Q-S pair, exist (22, 23). We observed that mutations in the
additional potential sites, as represented by Q151A, Q167A,
Q185A, Q188A, and Q215A substitutions, produced no visible
effect on IRF7 cleavage. Therefore, IRF7 seems to have a single

FIG 9 (A) The effects of IRF7 variants on the IRF3 activity. 293T cells were transfected with IRF7, 189N, 189C, or GFP-IRF3 along with ISRE-Luc as indicated.
pRL-SV40 was used as a control. At 24 h after transfection, cell lysates were assayed for luciferase activities. Data are a representative of three independent
experiments with triplicate samples. (B) Expression of IRF7 variants and IRF3. Cell lysates in panel A were detected by Western blotting with antibodies against
Myc, GFP, and �-actin. (C) IRF7 variants interact with IRF3. 293T cells were transfected with plasmids encoding GFP-IRF3 (lanes 1, 2, 3, and 4), Myc-Flag-IRF7
(lane 2), Myc-Flag-189N (lane 3), and Myc-Flag-189C (lane 4). At 24 h after transfection, cell lysates were immunoprecipitated with anti-Myc or anti-GFP
antibody. Immunoprecipitates and aliquots of cell lysates were then subjected to Western blot analysis.
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cleavage site. Intriguingly, unlike wild-type IRF7, mutants that
mimic cleaved IRF7 failed to activate the IFN promoter. In addi-
tion, the cleaved IRF7 acted as a dominant inhibitor of IRF3, fa-
cilitating EV71 infection. These results support the notion that
cleavage at the Q189-S190 pair by EV71 3C is an effective way to
interfere with IRF7 and IRF3.

EV71 is a causative agent of hand, foot, and mouth disease and
may cause neurological diseases in young children (1). While the
underlying mechanisms are unclear, immature or impaired im-
munity is believed to contribute to viral pathogenesis (24–27). In
animal models, EV71 stimulates the production of inflammatory
cytokines but not IFN-I (20, 28). Concordant with this, we re-
ported that EV71 inhibits IFN-I induction in infected cells by
disrupting the RIG-I-IPS-1 complex (7). Additionally, EV71 3C
inhibits the TLR3 pathway in infected cells through TRIF cleavage
(6). Interestingly, a recent study shows that EV71 3C mediates
IRF9 cleavage (29). The data present in this study further suggest
that EV71 3C targets IRF7. Considering various functions of these
host components in immunity, we suspect that EV71 3C may act
as a virulence factor in vivo. Nonetheless, it is noteworthy that the
2A protease of EV71 blocks IFN signaling by reducing the level of

interferon receptor I (30). These viral proteins may act coopera-
tively to facilitate viral pathogenesis. Additional work is required
to address this issue.
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