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ABSTRACT

Enterovirus 71 (EV71) causes hand, foot, and mouth disease in young children and infants. Severe infection with EV71 can lead
to various neurological complications or fatal diseases. However, the mechanism of EV71 pathogenesis is poorly understood.
Emerging evidence suggests that EV71 modulates type I interferon (IFN) and cytokine responses. Here, we show that EV71 dis-
ables components of the TAB2 complex through the 3C protein. When expressed in mammalian cells, EV71 3C interacts with
TAB2 and TAK1, which inhibits NF-�B activation. Furthermore, 3C mediates cleavage of TAB2 and its partners, which requires
the protease activity. H40D or C147S substitution in the 3C active sites abolishes its activity, whereas R84Q or V154S substitu-
tion in the RNA binding domain has no effect. The 3C protein targets TAB2 at Q113-S114, TAK1 at Q360-S361, TAB1 both at
Q414-G415 and Q451-S452, and TAB3 at Q173-G174 and Q343-G344. Importantly, overexpression of TAB2 inhibits EV71 repli-
cation, whereas addition of cleaved fragments has no effect. Thus, an equilibrium between the TAB2 complex and EV71 3C rep-
resents a control point of viral infection. These results suggest that TAK1/TAB1/TAB2/TAB3 cleavage mediated by EV71 may be
a mechanism to interfere with inflammatory responses.

IMPORTANCE

The TAK1 complex plays a critical role in the activation of NF-�B and cytokine production. However, little is known about its
connection to enterovirus 71 (EV71). We demonstrate that EV71 3C suppresses cytokine expression via cleavage of the TAK1
complex proteins. EV71 3C interacts with TAB2 and TAK1. Furthermore, overexpression of TAB2 inhibits EV71 replication,
whereas addition of cleaved fragment has no effect. These results suggest that the interplay of EV71 and the TAK1 complex influ-
ences the outcome of viral infection.

Enterovirus 71 (EV71) is a causative agent of hand, foot, and
mouth disease (HFMD) in young children and infants. Severe

infection with EV71 can lead to various neurological complica-
tions or even fatal diseases (1). To date, there is no effective treat-
ment for EV71 infection. EV71 is a member of the Picornaviridae
family with a single, positive-stranded RNA genome which en-
codes a single polyprotein precursor. This precursor is proteolyti-
cally cleaved to four structural and seven nonstructural proteins
during virus infection (1). The nonstructural protein 3C is essen-
tial for the precursor cleavage and viral replication (2–4). It also
possesses RNA-binding activity (3). Recent reports show that
EV71 3C inhibits type I interferon (IFN) responses by targeting
innate immune factors, such as RIG-I, TRIF, interferon regulatory
factor 7 (IRF7), and IRF9 (5–8).

Transforming growth factor-�-activated kinase 1 (TAK1) is
a member of the mitogen-activated protein kinase kinase ki-
nase (MAP3K) family, which is activated by various stimuli,
including Toll-like receptor (TLR) ligands, tumor necrosis fac-
tor alpha (TNF-�), and interleukin-1� (IL-1�) (9, 10). In
mammalian cells, TAK1 constitutively binds to the TAK1 bind-
ing protein 1 (TAB1), which is necessary for its activation (11).
In this process, TAB2 and TAB3 bind to TAK1-TAB1, forming
a TAK1/TAB1/TAB2/TAB3 complex which then activates
IKK���, p38, and c-Jun N-terminal kinase (JNK) (12–18).
TAK1, TAB1, TAB2, and TAB3 are all essential for downstream
NF-�B activation. In the TNF-� pathway, TAB2 and TAB3
facilitate recruitment of TAK1 to adaptor proteins, including
TRADD, TRAF2/5, and RIP (19, 20). In the IL-1� pathway,

TAB2 and TAB3 facilitate recruitment of TAK1 to adaptor pro-
teins, including TRAF6 and IRAK4 (21). This leads to the acti-
vation of TAK1 and ultimately the downstream IKK complex
and NF-�B. Although the TAK1 complex activation has been
studied extensively, its connection to EV71 remains elusive.

Here, we report that EV71 inhibits NF-�B activation by target-
ing the TAK1/TAB1/TAB2/TAB3 complex. This involves virally
induced cleavage of components associated with this complex. We
provide evidence that the 3C protease mediates cleavage of the
four proteins of the TAK1/TAB1/TAB2/TAB3 complex, which in-
hibits NF-�B activation. Furthermore, we show that overexpres-
sion of TAB2 inhibits EV71 replication, but the cleaved fragments
are incapable of inhibiting virus replication. These results suggest
that the interaction of EV71 3C and the TAK1 complex may alter
the outcome of EV71 infection.
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MATERIALS AND METHODS
Cell lines and viruses. RD cells, 293T cells, and HeLa cells were cultured
in Dulbecco’s modified Eagle’s medium (DMEM) containing 10% heat-
ed-inactivated fetal bovine serum (FBS) (HyClone, Logan, UT), 100 U/ml
penicillin, and 100 �g/ml streptomycin. All the cells were cultured at 37°C
in a 5% CO2 humidified atmosphere. Enterovirus 71 infection was carried
out as described previously (8).

Plasmids. The plasmids pEGFP (where EGFP is enhanced green flu-
orescent protein), pEGFP-3C, pEGFP-3C variants, and pCDNA3.1-3C
have been described elsewhere (8). The plasmids expressing TAK1, TAB2,
and TAB3 were purchased from Origene (Rockville MD). The TAK1,
TAB1, TAB2, or TAB3 variants were constructed by site-directed mu-
tagenesis using Pfu DNA polymerase (Strategene, La Jolla, CA). These
variants include amino acid substitution mutants Q337, Q356, Q359, and
Q360 of TAK1, Q48, Q83, Q113, and Q116 of TAB2, Q328, Q414, Q437,
Q444, and Q451 of TAB1, and Q116, Q173, Q237, Q246, Q251, Q255,
Q335, and Q343 of TAB3. All variants were verified by nucleotide se-
quence analysis.

Antibodies and reagents. Antibodies against Flag, GFP, and �-actin
were purchased from Sigma (St. Louis, MO). Anti-TAK1, anti-TAB1, and
anti-TAB2 antibodies were purchased from NOVUS (Charles, MO). An-
ti-TAB3 antibody was purchased from Abcam (Cambridge, United King-
dom). Mouse anti-enterovirus 71 was purchased from Chemicon (Bil-
lerica, 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 (carboxybenzyl-Val-Ala-Asp-fluoromethylketone) was pur-
chased from Sigma (St. Louis, MO). Rupintrivir was purchased from Santa
Cruz Biotechnology (Santa Cruz, CA).

Luciferase reporter assays. This assay was performed as described
previously (22). Briefly, 293T cells were seeded on 24-well plates at a cell
density of 3 � 105 cells per well. The following day, cells were transfected
with a control plasmid or plasmid expressing TAK1, TAB1, TAB2, and
TAB3, along with 200 ng of PGL3-NF-�B-Luc (where Luc is luciferase)
and 5 ng of pRL-SV40 (where SV40 is simian virus 40) using Lipo-
fectamine 2000 (Invitrogen), as indicated in the figure legends. The total
amount of DNA was kept constant by adding empty control plasmid. At
24 h after transfection, cells were lysed, and luciferase activities were ana-
lyzed using a Dual-Luciferase Reporter Assay System (Promega, Madison,
WI) according to the manufacturer’s instructions.

Reverse transcription-PCR. Total RNA was extracted from cells by us-
ing TRIzol reagent (Invitrogen, Carlsbad, CA). RNA samples were treated
with DNase I (Pierce, Rockford, IL), and reverse transcription was carried out
using a Superscript cDNA synthesis kit (Invitrogen) according to the manu-
facturer’s instructions. cDNA samples were subjected to real-time PCR by
using SYBR green. The primers used were the following: human IL-6, GCCC
TGAGAAAGGAGACAT and CTGTTCTGGAGGTAC; IL-8, TTTGAAGAG
GGCTGAGAA and TGTTCTGGATATTTCATGG; IL-12, TGCTCCAGAA
GGCCAGAC and TTCATAAATACTACTAAGGCACAGG; IL-1� ACAGA
TGAAGTGCTCCTTCCA and GTCGGAGATTCGTAGCTGGAT; and
glyceraldehyde-3-phosphate dehydrogenase (GAPDH), CGGAGTCAACGG
ATTTGGTCGTA and AGCCTTCTCCATGGTGGTGAAGAC. Levels of
gene mRNAs were normalized to GAPDH mRNA. Results are reported as
fold change using the ��CT (where CT is threshold cycle) method.

Western blot analysis. Cells were washed and lysed in buffer contain-
ing 150 mM NaCl, 25 mM Tris (pH 7.4), 1% NP-40, 0.25% sodium de-
oxycholate, and 1 mM EDTA with protease inhibitor cocktail (Roche,
Indianapolis, IN). The lysates were centrifuged at 16,000 � g for 10 min at
4°C. Aliquots of cell lysates were electrophoresed on 12% SDS-PAGE gels
and were transferred to a nitrocellulose membrane (Pall, Port Washing-
ton, NY). The membranes were blocked with 5% nonfat dry milk, and
then proteins on the membrane were incubated with primary antibodies
at 4°C overnight as indicated in the figure legends. This was followed 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 the membranes were washed, they 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 comparison with prestained protein markers
(Ferments, MD).

Immunoprecipitation. Transfected cells were lysed with radioimmu-
noprecipitation assay (RIPA) buffer (25 mM Tris-HCl buffer [pH 7.4]
containing 150 mM NaCl, 1% NP-40, 0.25% sodium deoxycholate) con-
taining protease inhibitor cocktail (Roche, Indianapolis, IN). Lysates of
cells were incubated with anti-Flag antibody (Sigma, St. Louis, MO) in
500 �l of RIPA buffer at 4°C overnight on a rotator in the presence of
protein A/G-agarose beads (Santa Cruz Biotechnology, Santa Cruz, CA).
Immunocomplexes captured on the protein A/G-agarose were fraction-
ated by 10 to 12% SDS-PAGE and transferred to nitrocellulose mem-
branes for analysis.

Transfection and immunofluorescence. Plasmids expressing TAK1,
TAB1, TAB2, TAB3, and IRF3 were added to 96-well plates. Then these
plasmids were mixed with Lipofectamine 2000. After 30 min, RD cells
were plated in every well. Empty plasmid was used as a control. After 48 h
of transfection, cells were mock infected or infected with EV71 at a mul-
tiplicity of infection (MOI) of 0.2 PFU per cell. After 24 h, the medium was
removed, and the cells were then fixed with 4% formalin. After cells were
washed with phosphate-buffered saline (PBS), they were blocked and
stained with anti-EV71 antibody (MAB979; Millipore), followed by an
Alexa Fluor 488 goat anti-mouse secondary antibody at 1:500. The cells
were imaged on an Operetta instrument (PerkinElmer), and the fluores-
cence intensity or images were analyzed using Harmony software
(PerkinElmer).

Statistics. A Student t test was used for two-group comparisons. P
values of 	0.05, 	0.01, and 	0.001 were considered significant, as indi-
cated in the figure legends.

RESULTS
The expression levels of TAB2, TAK1, TAB1, and TAB3 are re-
duced in EV71-infected cells. The TAK1 complex mediates cyto-
kine expression in response to danger signals. To investigate the
impact of EV71, we analyzed the expression of TAB2, TAK1,
TAB1, and TAB3. RD and HeLa cells were mock infected or in-
fected with EV71. At different time points postinfection, cell ly-
sates were processed for Western blot analysis. As shown in Fig.
1A, TAB2, TAK1, TAB1, and TAB3 were expressed in mock-in-
fected RD cells (lane 1). EV71 infection induced degradation or
cleavage of these proteins with a different kinetics (Fig. 1A, lanes 2
to 5). The cleaved TAK1 fragment appeared as a 35-kDa band in
both EV71-infected RD and HeLa cells (Fig. 1A and B). Western
blot analysis verified the expression of 3C, VP0, and VP2 (lanes 2
to 5). A similar pattern was also observed in HeLa cells (Fig. 1B).
TAK1 complex reduction paralleled late expression of IL-6, IL-8,
IL-12, and IL-1� in EV71-infected cells (Fig. 1C, D, E, and F) as
viral RNA replication progressed (Fig. 1G and H). These results
show that EV71 reduces the expression of TAB2, TAK1, TAB1,
and TAB3 in infected cells, but poly(I·C) has no effects on the
expression of these proteins.

EV71 3C cleaves TAB2, TAK1, TAB1, and TAB3 in mamma-
lian cells and inhibits their function. EV71 3C can affect func-
tions of host factors via proteolytic cleavage (6, 7, 23). To explore
whether EV71 3C targets the TAK1 components, we carried out
cleavage assays. 293T cells were transfected with increasing
amounts of GFP-3C plasmid, along with a plasmid expressing
TAB2, TAK1, TAB1, or TAB3. At 24 h after transfection, cell ly-
sates were processed to assess 3C-mediated cleavage by Western
blotting. As shown in Fig. 2A, GFP-3C reduced TAB2 expression
in a dose-dependent manner compared to the GFP control; this
paralleled the appearance of a smaller protein band (65 kDa) (Fig.
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2A, lanes 3 to 6). Next, we determined the effect of 3C on TAK1,
TAB1, and TAB3. As shown in Fig. 2B, C and D, TAK1, TAB1, and
TAB3 were cleaved by GFP-3C but not GFP. TAK1 cleavage re-
sulted in a smaller band of 30 kDa. TAB1 cleavage led to cleaved
bands of 45 kDa and 50 kDa. Moreover, TAB3 cleavage produced
products of 45 kDa and 60 kDa. However, ectopic expression of
GFP-3C had no effect on TRAF2 or TRAF6 (data not shown).

As the TAK1 complex activates NF-�B, we tested whether 3C-
mediated cleavage has a functional role. As illustrated in reporter

assays, TAB2 alone activated the NF-�B promoter by approxi-
mately 35-fold (Fig. 2E). Addition of EV71 3C reduced the TAB2
activity. Further analysis showed that coexpression of TAK1,
TAB1, TAB2, and TAB3 robustly mediated NF-�B promoter ac-
tivation. However, when ectopically expressed, EV71 3C also sup-
pressed NF-�B activation (Fig. 2F). Similar phenotypes were ob-
served for AP-1 promoter activation (Fig. 2G). Picornavirus 3C is
known to contribute to virally induced host transcription and
translation shutoff by cleavage of host factors including TATA-

FIG 1 EV71 infection induces cleavage of TAB2, TAK1, TAB1, and TAB3. RD (A) or HeLa (B) cells were mock infected or infected with EV71 (MOI of 1 PFU
per cell for RD; MOI of 2 PFU per cell for HeLa). HeLa cells were treated with poly(I·C) for 4 h, which was added to the medium. At 4, 8, 12, and 24 h postinfection,
cell lysates were prepared and analyzed by Western blotting with antibodies for TAB2, TAK1, TAB1, TAB3, TBK1, TRAF2, EV71, EV71-3C, and �-actin. Data are
representative of three independent experiments. (C to F) HeLa cells were mock infected or infected with EV71. At 24 h after infection, total RNA extracted for
cells was analyzed for the expression of IL-6 (C), IL-8 (D), IL-12 (E), and IL-1� (F) by quantitative real-time PCR using SYBR green. (G and H) RD cells or HeLa
cells were infected with EV71. At different time points after infection, total RNA was extracted, and the viral RNA levels of EV71 were evaluated by quantitative
real-time PCR using SYBR green. Data are expressed as fold change of the EV71 RNA level relative to that at the 4-h time point using the ��CT method as
described in Materials and Methods.
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binding protein (TBP), CREB, and poly(A)-binding protein
(PABP) (24–27). To test whether the observed effects were due to
general inhibition of transcription and translation by EV71 3C, we
evaluated IKK�-stimulated NF-�B activation. As shown in Fig.
2H, overexpression of EV71 3C did not inhibit NF-�B activation
where the 3C protein failed to cleave the IKK� (Fig. 2I). Taken in
combination, these results suggest that EV71 3C targets the TAK1
complex and negatively modulates NF-�B activation.

The protease activity of 3C is required for cleavage of the
TAK1 components. To investigate whether the protease activity
of EV71 3C is necessary for the cleavage of TAK1 components, we
evaluated the impact of rupintrivir, which is an inhibitor against
3C protease. As indicated by the results shown in Fig. 3A, GFP-3C
mediated TAB2 cleavage, resulting in a 65-kDa protein band (lane
2). This was blocked by rupintrivir (lane 4). However, the caspase
inhibitor Z-VAD-FMK had no effects (Fig. 3B, lane 4,). Similarly,
rupintrivir blocked GFP-3C-mediated cleavage of TAK1 (Fig.
3C), TAB1, and TAB3 (Fig. 3E and G). In contrast, the caspase
inhibitor Z-VAD-FMK had virtually no effect (Fig. 3D, F, and H).
Neither the lysosome inhibitor NH4Cl nor the proteasome inhib-

itor MG132 blocked the cleavage of TAK1 components by 3C
(data not shown).

To further address this issue, we carried out a mutational anal-
ysis. H40, C147, and E71 are essential components of the catalytic
triad of EV71 3C (28, 29). H40D or C147S substitution in the
active site of EV71 3C disrupts the protease activity. As illustrated
in Fig. 4A, when expressed in 293T cells, wild-type 3C, but not the
GFP control, induced TAB2 cleavage (lanes 1 and 2). In contrast,
H40D or C147S failed to mediate TAB2 cleavage (lanes 3 and 6).
R84Q or V154S, which abolishes the RNA binding activity of 3C,
still induced cleavage of TAB2 (lanes 4 and 5). These mutants were
expressed at comparable levels as measured by Western blotting
(Fig. 4A, middle panel, lanes 2 to 6). Similar results were observed
on cleavage of TAK1, TAB1, or TAB3 (Fig. 4B, C, and D). Thus,
the protease activity of EV71 3C is essential for the TAK1 complex
cleavage.

We next tested the effect of 3C variants on NF-�B activation by
TAB2 or the TAK1 complex in reporter assays. As shown in Fig. 4E
and F, wild-type 3C, R84Q, or V154S inhibited the NF-�B pro-
moter activation mediated by TAB2 alone or TAK1 complex.

FIG 2 The 3C protease of EV71 mediates cleavage of TAK1 complex components. (A to D) 293T cells were transfected with plasmids encoding TAB2 (A), TAK1
(B), TAB1(C), or TAB3 (D), along with GFP (lane 1) or increasing amounts of GFP-3C (lanes 2 to 6). At 24 h after transfection, lysates of cells were analyzed by
Western blotting with antibodies against Flag, GFP, Myc, or �-actin. �-Actin was used as a protein loading control. (E and F) EV71 3C inhibits NF-�B promoter
activation. 293T cells were transfected with TAB2 alone or a mixture of TAK1, TAB1, TAB2, and TAB3, along with NF-�B-Luc and increasing amounts of
GFP-3C. A plasmid expressing GFP or pRL-SV40 was used as a control. At 24 h after transfection, cell lysates were assayed for luciferase activities. (G) EV71 3C
inhibits AP-1 promoter activation. 293T cells were transfected with TAK1, TAB1, TAB2 and TAB3, along with AP-1-Luc and increasing amounts of GFP-3C.
Data are a representative of three independent experiments with triplicate samples. (H) 293T cells were transfected with plasmids encoding IKK�, along with
NF-�B-Luc and increasing amounts of GFP-3C plasmid. At 24 h after transfection, cell lysates were assayed for luciferase activities. (I) Cell lysates from panel H
were analyzed by Western blotting with antibodies against Flag, GFP, or �-actin, respectively. **, P 	 0.01; ***, P 	 0.001; NS, nonsignificant.
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When the TAB2 or TAK1 complex was coexpressed with 3C,
NF-�B activation was decreased. Nevertheless, mutant H40D or
C147S did not inhibit the NF-�B promoter activation induced by
the TAB2 or TAK1 complex. Additionally, none of the 3C variants
inhibited IKK�-induced NF-�B promoter activation (Fig. 4G).
These results suggest that the protease activity of 3C is essential to
inhibit TAK1 complex-induced NF-�B activation.

The 3C protease associates with TAB2 or TAK1. To explore
whether the 3C protease interacts with the TAK1 components, we
performed immunoprecipitation analysis. Specifically, 293T cells
were transiently transfected with GFP-tagged 3C along with Flag-
TAB1, -TAB2, or -TAB3. Cell extracts were immunoprecipitated
with anti-Flag antibody, followed by Western blotting with anti-
GFP antibody. As shown in Fig. 5A, TAB2 associated with GFP-3C
(Fig. 5A, lane 6) but not with GFP (Fig. 5A, lane 5). However,
TAB1 or TAB3 did not interact with GFP-3C (Fig. 5A, lane 4 or
lane 8). Further analysis revealed that TAK1 associated with 3C
(Fig. 5B, lane 2). Importantly, ectopic expression of 3C disrupted
the interaction between TAK1 and TAB1 (Fig. 5C), suggesting that
EV71 3C alters formation of the TAK1 complex. Collectively,
these data indicate that the 3C protein associates with TAB2 and
TAK1.

The cleavage site(s) of 3C is localized in TAB2 and its part-
ners. In order to identify the potential 3C cleavage site(s) within
TAB2 and its partners, we carried out mutational analysis. As
TAB2 cleavage produced 65-kDa protein species, we inferred that
a cleavage site may exist between amino acids 48 and 120 (Fig. 6A).
This region has several glutamines which resemble the Q-G/Q-S
sequence of proteolytic sites for enterovirus 3C. To test this, we
analyzed a series of TAB2 mutants. These mutants were expressed
alone with a control GFP or GFP-3C in 293T cells. Cell lysates
were subjected to Western blot analysis. As shown in Fig. 6B, wild-
type TAB2 was cleaved by GFP-3C, resulting in a 65-kDa band
(lane 2). Similarly, Q48A, Q83A, and Q116A substitution mutants
were cleaved by GFP-3C (lanes 4, 6, and 10). However, Q113A was
resistant to cleavage (lane 8), suggesting that the Q113-G114 pair
is a cleavage site of 3C within TAB2.

To localize the cleavage sites within TAK1, TAB1, and TAB3,
we introduced alanine substitutions. When ectopically expressed,
3C induced cleavage of wild-type TAK1, Q337A, Q356A, and
Q359A (Fig. 6C and D, lanes 1 to 8). This was not detectable in
Q360A (lane 10), suggesting the Q360-S361 pair as a cleavage site.
When coexpressed with TAB1, Q328A, Q437A, and Q444A, 3C
induced full cleavage (Fig. 6E), resulting in two cleavage bands
(lanes 2, 4, 8, and 10). This pattern was not seen in Q414A or
Q451A, where a single cleaved band appeared (lanes 6 and 12).
These data suggest that Q414-G415 and Q451-S452 within TAB1
are cleavage sites for EV71 3C. Further analysis of TAB3 revealed
that 3C induced cleavage of Q116A, Q273A, Q246A, Q251A,
Q255A, and Q335A. However, 3C was unable to mediate Q173A
and Q343A cleavage (Fig. 6F). These results suggest that the Q173-
G174 and Q343-G344 pairs within TAB3 are cleavage sites for
EV71 3C.

Cleavage of TAB2 by EV71 3C reduces its functional activity.
To assess the impact of TAB2 cleavage, we generated two TAB2
mutants that resemble cleaved products. As illustrated in Fig. 7A,
TAB2-N represents the amino-terminal fragment, whereas
TAB2-C represents the carboxyl-terminal fragment. In reporter
assays, wild-type TAB2 activated the NF-�B reporter. However,
neither TAB2-N nor TAB2-C was active (Fig. 7B). Western blot
analysis revealed that TAB2 variants were expressed at comparable
levels (Fig. 7C). Together, these results suggest that EV71 3C me-
diates TAB2 cleavage at the Q113-G114 site, resulting in two frag-
ments which are inactivated.

As TAB2 activates TAK1 by coupling with TRAF6 (18), we
asked whether 3C affected association of TAB2 with TRAF6. As
shown in Fig. 7D, while TAB2 interacted with TRAF6, coexpres-
sion of 3C had no inhibitory effect, as measured by immunopre-
cipitation analysis. To reconcile this phenotype, we also analyzed
the interaction between TRAF6 with 3C-cleaved fragments of
TAB2. As illustrated in Fig. 7E, TAB2-C bound to TRAF6, whereas
TAB2-N was unable to so. Indeed, coexpression of wild-type
TAB2 and TRAF6 activated NF-�B promoter synergistically in
report assays (Fig. 7F). Coexpression of TAB2 mutants with

FIG 3 Effects of selected inhibitors on cleavage of TAB2, TAK1, TAB1, and TAB3. 293T cells were transfected with plasmids encoding TAB2 (A and B), TAK1
(C and D), TAB1 (E and F), and TAB3 (G and H), along with plasmids encoding GFP or GFP-3C. At 4 h after transfection, cells were incubated with the protease
inhibitor rupintrivir (A, C, E, and G) (2 nM) or caspase inhibitor Z-VAD (B, D, F, and H) (20 �M). At 24 h after transfection, cell lysates were then processed for
Western blot analysis with antibodies specific for Flag, GFP, or Myc.
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TRAF6 produced little or only marginal stimulation of NF-�B
activation. Collectively, these results suggest that EV71 3C-medi-
ated TAB2 cleavage compromises its ability to activate NF-�B.

TAB2 but not cleaved TAB2 fragments inhibits EV71 repli-
cation. Finally, we asked whether TAK1 complex is functionally
linked to EV71 infection. RD cells were transfected with a vector,
TAK1, TAB1, TAB2, TAB3, or IRF3. This was followed by EV71
infection for 24 h and processing of lysates for Western blot anal-
ysis. As shown in Fig. 8A, in control cells transfected with a vector,
EV71 expressed VP0 and VP2, indicative of viral infection. As a

positive control, IRF3 reduced viral protein production. Similarly,
TAB2 significantly reduced the expression of VP0 and VP2 (lanes
4 and 6). Nevertheless, TAK1, TAB1, and TAB3 displayed little
effect on viral protein production (lanes 2, 3, and 5). Consistently,
in immunofluorescence analysis, IRF3 and TAB2 inhibited EV71
replication. In contrast, TAK1, TAB1, and TAB3 virtually dis-
played no inhibitory effect (Fig. 8B). As illustrated in Fig. 8C,
TAB2 reduced viral replication by 50%. Consistently, TAB2 inhib-
ited replication of EV71 RNA in real-time qPCR analysis (Fig.
8D). To further examine the effect of TAB2 on EV71 replication,

FIG 4 Mutational effects on EV71 3C activities. 293T cells were transfected with plasmids encoding TAB2(A), TAK1 (B), TAB1 (C), or TAB3 (D), along with
GFP (lane 1) or GFP-3C variants (lanes 2 to 6), as indicated. At 24 h after transfection, cell lysates were analyzed by Western blotting using a Li-Cor Odyssey
Dual-Color System (Li-Cor, Lincoln, NE). (E, F, and G) 293T cells were transfected with the TAB2 (E), TAK1 complex (F), or IKK� (G), along with NF-�B-Luc
and GFP-3C variants. 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. *, P 	 0.05; **, P 	 0.01; NS, nonsignificant.
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we assessed two TAB2 mutants that mimic cleaved products. As
illustrated in Fig. 8E, unlike wild-type TAB2, neither TAB2-N nor
TAB2-C inhibited viral protein production. This correlated well
with the levels of EV71 RNA (Fig. 8F). These data demonstrate
that overexpression of TAB2 inhibits EV71 replication. However,
when it was cleaved by 3C, its inhibitory activity disappeared.

DISCUSSION

Several lines of evidence suggest that the interplay of EV71 and
innate antiviral immunity influences viral infection (30–33). In
infected cells, EV71 inhibits type I IFN responses, which involves
negative modulation of cytokine expression and signaling (8, 23,
34, 35). In this process, protease 2A targets the mitochondrial
antiviral signaling protein (MAVS) and IFN receptor (34, 36). The
2C protein inhibits activation I�B kinase � (35). Moreover, 3C
protease suppresses TLR3, cytosolic RNA receptor, and STAT
pathways (5–8). In the present study, we demonstrate that EV71
3C protease mediates cleavage of TAB2, TAK1, TAB1, and TAB3.
These observations support the notion that EV71 proteins may
work coordinately to neutralize innate antiviral immunity upon
infection.

As a serine/threonine kinase, TAK1 plays a critical role in cel-
lular responses. TAK1 activation requires TAB1, TAB2, and TAB3
(13, 18, 21). While TAB1 acts as an activator, TAB2 and TAB3 link
TAK1 to upstream TRAF6 (18, 21). Once engaged, the TAK1
complex activates p38, c-Jun N-terminal kinase (JNK), and NF-

�B, leading to cytokine production (18, 37). Our work suggests
that EV71 disables components of the TAK1 complex, thereby
reducing cytokine expression. In infected cells, EV71 reduced lev-
els of the TAK1 complex proteins while the levels of TBK1 and
TRAF2 remained virtually unchanged. Reduction of TAK1 and
TAB2 already took place at 8 and 12 h after EV71 infection, but the
cleaved products were only evident at the late stage (24 h). This
might be attributable to a low level of cleaved products early in
virus infection. Nevertheless, while EV71 perturbs the TAK1 com-
plex, alternative mechanisms may operate to modulate cytokine
expression.

It has been reported that EV71 3C functions as an IFN antag-
onist through cleavage of TRIF, IRF7, and IRF9 (5–7). The 3C
proteases of encephalomyocarditis virus (EMCV) and poliovirus
cleave G3BP1, a component of stress granules (SGs), to escape
SG-mediated antiviral responses (38, 39). In this respect, it is no-
table that picornavirus 3C also exerts additional activities. For
example, enterovirus and poliovirus 3Cs induce translation arrest
by cleaving PABP (25, 26). Furthermore, poliovirus 3C inhibits
transcription by cleaving TBP and CREB (24, 27). On the other
hand, host genes can escape poliovirus-induced transcriptional
inhibition (40). In this study, we noted that when ectopically ex-
pressed in mammalian cells, EV71 3C mediated cleavage of TAB2,
TAK1, TAB1, and TAB3, inhibiting NF-�B promoter activation.
Importantly, EV71 3C did not inhibit NF-�B promoter activation

FIG 5 (A) EV71 3C associates with TAB2. 293T cells were transfected with plasmids encoding TAB1 (lanes 3 and 4), TAB2 (lanes 5 and 6), TAB3 (lanes 7 and
8), GFP (lanes 1, 3, 5, and 7), and GFP-3C (lanes 2, 4, 6, and 8). Empty pCMV6 (lanes 1 and 2) vector was used as a control. At 24 h after transfection, cell lysates
were immunoprecipitated with antibody against Flag. Samples were then subjected to Western blot analysis. (B) EV71 3C interacts with TAK1. 293T cells were
transfected with plasmids encoding Myc-TAK1 (lanes 1 and 2) and Flag-3C (lane 2). The total amount of DNA was kept constant using empty pCDNA3.1 (lane
1). At 24 h after transfection, cell lysates were immunoprecipitated with Flag antibody. Immunoprecipitates and cell lysates were then subjected to Western blot
analysis. (C) EV71 3C inhibits the interaction between TAK1 and TAB1. 293T cells were transfected with plasmids encoding Myc-TAK1 (lanes 1 and 2),
hemagglutinin (HA)-TAB1 (lanes 1 and 2), and GFP-3C (lane 2). At 24 h after transfection, cell lysates were immunoprecipitated with HA antibody. Immuno-
precipitates and cell lysates were then subjected to Western blot analysis. IB, immunoblotting; IP, immunoprecipitation; WCL, whole-cell lysate; �, anti.
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induced by IKK�, a downstream target of the TAK1 complex. As
such, we favor the model that EV71 3C acts via cleavage of the
TAK1 complex rather than a general inhibition of transcription or
translation. However, it remains to be established whether EV71
3C modulates cytokine responses through PABP, TBP, CREB, and
G3BP1 in infected cells.

These activities required an active protease, suggesting that 3C
protease is functionally linked to the TAK1 complex. It is note-
worthy that 3C protease interacted with TAK1 and TAB2. How-
ever, no interaction was detectable between 3C protease and TAB1
or TAB3. One possibility is that 3C protease mediates cleavage of
TAB1 or TAB3 via an unknown factor. Alternatively, it may act
through TAK1 or TAB2 in a protein complex. It should be noted
that, without infection data, we cannot exclude the possibility that
the cleavage events of 3C overexpression are not physiologically
relevant although this is less likely.

Mutational analysis reveals that TAB2 cleavage occurs at the
Q113-G114 pair, which results in two cleaved products: the N-ter-
minal fragment with the CUE motif and the C-terminal fragment
with TAK1 and zinc binding motifs. Q113A substitution abol-
ished cleavage, suggesting that it is a likely EV71 3C cleavage site.
Interestingly, unlike wild-type TAB2, mutants that mimic cleaved
TAB2 fragments failed to activate NF-�B-dependent gene expres-
sion. As binding of TAB2/3 to TAK1 is necessary for the activation
of downstream IKK kinases, it is likely that 3C-mediated cleavage
disrupts the integrity of the TAK1 complex. Consistently, we also
identified the cleavage sites within TAK1, TAB1, and TAB3. In
TAK1, there is a single cleavage site whereas in TAB1 or TAB3
there are two cleavage sites. In this respect, it is notable that EV71
3C also cleaves TRIF to inhibit NF-�B-dependent gene expression
(6). The biological basis for this complex layer of 3C activity re-
mains to be established. We speculate that multiple cleavages of

FIG 6 The cleavage sites of 3C in TAK1 complex. (A) Primary sequences of amino acids 48 to 120 within TAB2. In this region, glutamines of 48, 83, 113, and 116
sites were replaced with alanines. (B) The 3C cleavage site in TAB2. 293T cells were transfected with plasmids encoding wild-type TAB2 or TAB2 variants as
indicated along with GFP (lanes 1, 3, 5, 7, and 9) or GFP-3C (lanes 2, 4, 6, 8, and 10). At 24 h after transfection, cell lysates were subjected to Western blot analysis
using antibodies against Flag and GFP. �-Actin was used as a loading control. (C) Primary sequence of amino acids 330 to 366 within TAK1. In this region,
glutamines were replaced with alanines. (D) The 3C cleavage site in TAK1. 293T cells were transfected with wild-type TAK1 or TAK1 mutants as indicated along
with GFP (lanes 1, 3, 5, 7, and 9) or GFP-3C (lanes 2, 4, 6, 8, and 10). At 24 h after transfection, cell lysates were subjected to Western blot analysis with antibodies
using a Li-Cor Odyssey Dual-Color System. Two antibodies that recognize TAK1 (Myc, C terminus of TAK1, 800 nm, green; Flag, N terminus of TAK1, 700 nm,
red) were used. �-Actin was used as a loading control. (E and F) The 3C cleavage sites in TAB1 and TAB3. 293T were transfected with wild-type TAB1 or its
variants (E) or TAB3 or its variants (F) as indicated along with GFP or GFP-3C. Cell lysates were subjected to Western blot analysis.
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components mediated by 3C protease may favor a tight control of
cytokine responses in EV71 infection.

A question arises as to why EV71 negatively modulates the
components of the TAK1 complex. We noted that when TAB2 was
ectopically expressed, it reduced EV71 replication significantly.

This suggests that a dynamic equilibrium between EV71 and
TAB2 controls EV71 infection. Interestingly, TAK1 as well as
TAB1 modestly suppressed EV71 replication. However, TAB3 dis-
played little inhibitory activity. These different phenotypes might
be relevant to the formation of the TAK1 complex where TAB2

FIG 7 (A) Schematic diagrams of TAB2 and deletion mutants. Domain organization is outlined: the binding ubiquitin-conjugating enzyme domain (CUE), the
zinc finger domain (ZNF), and phosphoserine (S372 and S524). TAB2-N and TAB2-C represent cleaved fragments of TAB2 by 3C. (B) The effect of TAB2 and
its deletion mutants on NF-�B promoter activation. 293T cells were transfected with plasmids encoding TAB2, TAB2-N, or TAB2-C, along with NF-�B-Luc.
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. (C) Expression of TAB2 mutants. Cell lysates from panel B were subjected to Western blot analysis with antibodies against
Flag and �-actin. (D) 293T cells were transfected with plasmids encoding TAB2 (lanes 3, 4, 5, and 6), TRAF6 (lanes 5 and 6), GFP (lanes 1, 3, and 5), and GFP-3C
(lanes 2, 4, and 6). At 24 h after transfection, cell lysates were immunoprecipitated with antibody against Flag. Samples were then subjected to Western blot
analysis. (E) 293T cells were transfected with plasmids encoding TRAF6 (lanes 1, 3, 5, and 7), TAB2 (lanes 2 and 3), TAB2-C (lanes 4 and 5), and TAB2-N (lanes
6 and 7). At 24 h after transfection, cell lysates were immunoprecipitated and detected as described in panel D. (F) 293T cells were transfected with plasmids as
indicated, along with NF-�B-Luc. pRL-SV40 was used as a control. At 24 h after transfection, cell lysates were assayed for luciferase activities. *, P 	 0.05; **, P 	
0.01; ***, P 	 0.001; NS, nonsignificant.
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FIG 8 (A) TAB2 inhibits EV71 replication. RD cells were transfected with plasmids encoding Flalg-TAK1, Flag-TAB1, Flag-TAB2, or Flag-TAB3. Myc-IRF3 used
as a control. At 24 h after transfection, cells were treated with EV71 at an MOI of 1 PFU per cell. After 24 h cells were harvested and resolved with 12% SDS-PAGE.
Western blot analysis for EV71, Flag, Myc, or �-actin was conducted. (B) RD cells were transfected with plasmids encoding TAK1, TAB1, TAB2, TAB3, or IRF3.
At 24 h after transfection, cells were treated with EV71. After 24 h, cells were fixed and stained with antibody against EV71. The images were acquired on an
Operetta instrument using a 20� long-working-distance objective. Representative images are shown. (C) The percentage of EV71-infected cells from the
experiment shown in panel B was analyzed using Harmony software. (D) RD cells were transfected with plasmids encoding TAK1, TAB1, TAB2, TAB3, or IRF3.
Empty vector was used as a control. At 24 h after transfection, cells were infected with EV71. After 24 h, total RNA was extracted, and the viral RNA levels of EV71
were evaluated by quantitative real-time PCR using SYBR green. Data are expressed as fold change of the EV71 RNA level relative to the control using the ��CT

method as described in Materials and Methods. (E) RD cells were transfected with TAB2 variants as indicated. IRF3 was used as a control. Cell lysates were
detected as described in panel A. (F) RD cells were transfected as described in panel E. At 24 h after transfection, cells were treated with EV71. After 24 h, EV71
RNA levels were detected and expressed as described in panel D. *, P 	 0.05; **, P 	 0.01; NS, nonsignificant.
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plays a key role. Another explanation is that these components
may have distinct functions against EV71 infection. Further anal-
ysis is needed to elucidate the precise role of this complex in EV71
infection.
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