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Far-upstream element-binding protein 2 (FBP2) is an internal ribosomal entry site (IRES) trans-acting factor (ITAF) that nega-
tively regulates enterovirus 71 (EV71) translation. This study shows that EV71 infection cleaved FBP2. Live EV71 and the EV71
replicon (but not UV-inactivated virus particles) induced FBP2 cleavage, suggesting that viral replication results in FBP2 cleav-
age. The results also showed that virus-induced proteasome, autophagy, and caspase activity co-contribute to EV71-induced
FBP2 cleavage. Using FLAG-fused FBP2, we mapped the potential cleavage fragments of FBP2 in infected cells. We also found
that FBP2 altered its function when its carboxyl terminus was cleaved. This study presents a mechanism for virus-induced cellu-
lar events to cleave a negative regulator for viral IRES-driven translation.

Enterovirus 71 (EV71), an RNA virus that belongs to the family
Picornaviridae, has caused several outbreaks worldwide and

often results in severe neurological complications and high mor-
tality in patients (1–10). Picornavirus infection can affect host
mechanisms, such as host cap-dependent translation (11, 12),
transcription (13, 14), and immune responses (15–17). For exam-
ple, viral protease 2Apro can cleave eukaryotic initiation factor 4G
(eIF4G) (18–20), poly(A)-binding protein (PABP) (21, 22), beta
interferon (IFN-�) promoter stimulator-1 (IPS-1) (17), and 62-
kDa nucleoporin (Nup62) (23). Viral protease 3Cpro can cleave
PABP (24), polypyrimidine tract-binding protein (PTB) (25),
cleavage stimulation factor 64 (CstF-64) (26), IPS-1 (17), retinoic
acid-inducible gene I (RIG-I) (16), Toll-interleukin 1 receptor
(TIR) domain-containing adaptor inducing IFN-� (TRIF) (27),
and the 68-kDa Src-associated substrate during mitosis (Sam68)
(28). Racaniello and colleagues have demonstrated that poliovirus
infection-induced cleavage of MDA-5 (melanoma differentia-
tion-associated gene 5) is associated with virus-induced protea-
some and caspase activities (15). This shows that, in addition to
viral proteases, virus infection also cleaves proteins through other
pathways.

The translation of EV71 is driven by the internal ribosomal
entry site (IRES) on the viral genome (20). Proteins that bind to
the IRES and regulate translation by affecting ribosome recruit-
ment or by changing the structure of the IRES are called IRES
trans-acting factors (ITAFs). PTB (29, 30), poly(rC)-binding pro-
tein 1 (PCBP1), PCBP2 (31), autoantigen La (32), upstream N-ras
protein (Unr) (33), far-upstream element (FUSE) binding protein
1 (FBP1) (34), and FBP2 (35) are all ITAFs of picornaviruses (36).

FBP2, also called the KH-type splicing regulatory protein
(KSRP), was first identified as a single-strand DNA-binding pro-
tein (37). FBP2 positively regulates c-myc transcription (37), en-
hances the splicing of the neuron-specific c-src N1 exon (38, 39),
edits apolipoprotein B (apoB) mRNA (40), and is associated with
mRNA decay (41, 42). FBP2 is also a component of the Dicer and
Drosha complexes and regulates let-7 microRNA (miRNA) bio-
genesis (43–45). A previous study has shown that FBP2 binds to
the EV71 5= untranslated region (UTR), which contains an IRES,
and downregulates IRES activity by competing with other, posi-
tive ITAFs, such as PTB (35).

In this study, we show that FBP2, a negative ITAF of EV71, is
cleaved in EV71-infected cells. We also demonstrate that EV71-
induced caspase activity, autophagic activity, and proteasome ac-
tivity are involved in virus-induced cleavage of FBP2. Moreover,
we found a cleavage product, FBP21-503, that loses its carboxyl
terminus and positively regulates the IRES activity of EV71.

MATERIALS AND METHODS
Cell lines and virus infection. Human embryonal rhabdomyosarcoma
(RD) and HeLa cells were maintained in Dulbecco’s modified Eagle me-
dium (DMEM) (GIBCO) containing 10% fetal bovine serum (FBS;
GIBCO) at 37°C. RD cells were grown to 80% to 90% confluence and were
infected with enterovirus 71 strain Tainan/4643/98 at a multiplicity of
infection (MOI) of 40 PFU per cell in serum-free DMEM. Virus was
adsorbed at 37°C for 1 h. After adsorption, the cells were washed with
phosphate-buffered saline (PBS) and were incubated with a medium con-
taining 2% FBS. In several experiments, RD cells were infected with EV71
for 1 h, washed with PBS, and incubated with a medium containing 2%
FBS and various inhibitors. UV-inactivated EV71 was prepared by follow-
ing a method described elsewhere (46). In other experiments, RD cells
were transfected with autophagy protein 5 (ATG5) small interfering RNA
(siRNA) before infection. The sequence of ATG5 siRNA is 5=-AAUUCG
UCCAAACCACACAUCUCG (GeneDireX), and the sequence of nega-
tive-control (NC) siRNA is 5=-UUCUCCGAACGUGUCACGUdTdT.

Reagents. The proteasome inhibitor MG132 and the lysosome inhib-
itor NH4Cl were purchased from Sigma. The general caspase inhibitor
QVD-OPh was purchased from MP Biomedicals. The apoptosis inducer
staurosporine (STS) was purchased from Cell Signaling.

Plasmid construction and expression. The pT7-EV71 5= UTR and
pGL3-EV71 5= UTR-FLuc plasmids were constructed as described previ-
ously (34). The DNA of FBP2 was provided by Douglas L. Black (Univer-
sity of California, Los Angeles). Nucleotides 1 to 890 of FBP2 were opti-
mized using GeneART to decrease GC content and increase protein
expression without changing the amino acids. The cDNA of FBP2 was

Received 28 August 2012 Accepted 14 January 2013

Published ahead of print 23 January 2013

Address correspondence to Shin-Ru Shih, srshih@mail.cgu.edu.tw.

Copyright © 2013, American Society for Microbiology. All Rights Reserved.

doi:10.1128/JVI.02278-12

3828 jvi.asm.org Journal of Virology p. 3828–3838 April 2013 Volume 87 Number 7

http://dx.doi.org/10.1128/JVI.02278-12
http://jvi.asm.org


amplified using primers 5=-ACCGAATTCGCCACCATGAGCGACTAC
AGCAC and 5=-CTCGAGTCATTGAGCCTGCTGCTGTCCCTGCT and
was inserted into the EcoRI and XhoI sites of the pCMV-Tag 2B vector
(N-FLAG-FBP2). The cDNA of FBP2 was also amplified using primers
5=-ACCGAATTCGCCACCATGAGCGACTACAGCAC and 5=-GTACC
GATATCAGTTGAGCCTGCTGCTGTCCCT and was inserted into the
EcoRI and EcoRV sites of the C-terminal pFLAG-CMV-5.1 vector (C-
FLAG-FBP2). The cDNA corresponding to amino acids 1 to 503 of FBP2
was amplified using PCR with primers 5=-ACCGAATTCGCCACCATGA
GCGACTACAGCAC and 5=-CCCCTCGAGTCATCCAACTGGGC
AGAG and was inserted into the EcoRI and XhoI sites of the pCMV-Tag
2B vector (N-FLAG-FBP21-503). The cDNA corresponding to amino acids
190 to 711 of FBP2 was amplified using PCR with primers 5=-CAGGAAT
TCGCCACCATGAGATCCGTGTCTCTGACT and 5=-GTACCGATAT
CAGTTGAGCCTGCTGCTGTCCCT and was inserted into the EcoRI
and EcoRV sites of the C-terminal pFLAG-CMV-5.1 vector (C-FLAG-
FBP2190-711). The cDNAs of viral proteins 2B, 2C, 2BC, 3A, and 3AB were
amplified from a full-length infectious cDNA clone of EV71 by PCR (47).
PCR products were inserted into the p3XFLAG-Myc-CMV vector using
EcoRI and EcoRV. The primers for 2B were 5=-GAATTCAGGCGTGTC
TGATTACATTAA and 5=-GATATCCTACTGCTTCTGAGCCATCG
GTA. The primers for 2C were 5=-GAATTCAAGTGCCTCTTGGTTAA
AGAA and 5=-GATATCCTATTGGAAAAGAGCTTCAATGG. The
primers for 3A were 5=-GAATTCAGGACCCCCTAAATTTAGACC and
5=-GATATCCTATTGAAAACCGGCGAACAACT. The primers for 3AB
were 5=-GAATTCAGGACCCCCTAAATTTAGACC and 5=-ATATCCTA
CTGCACAGTTGCCGTGCGCA. Plasmid N-FLAG-FBP2502-504AAA was
constructed in 2 steps. The cDNA corresponding to amino acids 1 to 504
(residues 502 to 504 were mutated from VGP to AAA) of FBP2 was am-
plified using PCR with primers 5=-ACCGAATTCGCCACCATGAGCGA
CTACAGCAC and 5=-GGGCCTGGGCCACCTGGGCCTGCTGCAGCT
GGGCAGAGAGGACCCTCG, and cDNA corresponding to amino acids
502 to 711 (residues 502 to 504 were mutated from VGP to AAA) of FBP2
was amplified using PCR with primers 5=-CGAGGGTCCTCTCTGCCCA
GCTGCAGCAGGCCCAGGTGGCCCAGGCCC and 5=-CTCGAGTCAT
TGAGCCTGCTGCTGTCCCTGCT. The cDNA of FBP2502-504AAA was
amplified using PCR with primers 5=-ACCGAATTCGCCACCATGAGC
GACTACAGCAC and 5=-CTCGAGTCATTGAGCCTGCTGCTGTCCC
TGCT and with fragments containing amino acids 1 to 504 and 502 to 711
as templates. The cDNA of FBP2502-504AAA was inserted into the EcoRI
and XhoI sites of the pCMV-Tag 2B vector (N-FLAG-FBP2502-504AAA).
The cDNA corresponding to amino acids 1 to 497 of FBP2 was amplified
using PCR with primers 5=-ACCGAATTCGCCACCATGAGCGACTAC
AGCAC and 5=-GGCCAGCAGGGCCTGGGCCACCCTCGATCTTTTC
CTCG, and cDNA corresponding to amino acids 508 to 711 of FBP2 was
amplified using PCR with primers 5=-CGAGGAAAAGATCGAGGGTGG
CCCAGGCCCTGCTGGCC and 5=-CTCGAGTCATTGAGCCTGCTGC
TGTCCCTGCT. The cDNA of FBP2�498-507 was amplified using PCR
with primers 5=-ACCGAATTCGCCACCATGAGCGACTACAGCAC
and 5=-CTCGAGTCATTGAGCCTGCTGCTGTCCCTGCT and with
fragments containing amino acids 1 to 497 and 508 to 711 (which lost
cDNA corresponding to residues 498 to 507) as templates. The cDNA of
FBP2�498-507 was inserted into the EcoRI and XhoI sites of the pCMV-Tag
2B vector (N-FLAG-FBP2�498-507).

Construction and expression of the EV71 replicon. The EV71 repli-
con contained the 5= UTR, luciferase, the P2 and P3 regions, and the 3=
UTR. The EV71 replicon was constructed as follows. The 5= UTR of EV71
and luciferase were amplified using PCR from pRHF-EV71-5= UTR (35)
with primers 5=-TTAAAACAGCCTGTGGGTTGC and 5=-ACGCGTCA
CGGCGATCTTTCC. The PCR product was inserted into the yTA vector
using TA cloning and was named yTA-5= UTR-Luc. The cDNA of the viral
P2 and P3 regions and of the 3= UTR was amplified using PCR from a
full-length infectious cDNA clone of EV71 with primers 5=-CACCACGC
GTCGCACAGCAATCACCACC and 5=-CGAATAGTCGACAGCTCGG
ATCCACAAGTAC. The PCR product was inserted downstream of lucif-

erase into a yTA-5= UTR-Luc plasmid with MluI and SalI sites and was
named the EV71 replicon. The EV71 replicon was linearized by SalI as the
template for in vitro transcription. The EV71 replicon was transcribed to
RNA and was transfected by Lipofectamine 2000 (LF2000) into RD cells.
After 20 h of transfection, the cells were washed with PBS and were lysed
with a CA630 lysis buffer (150 mM NaCl, 1% CA630, 50 mM Tris-base
[pH 8.0]) for 30 min on ice. Cell lysates were collected by centrifugation at
10,000 � g for 10 min at 4°C for further analysis.

Construction and purification of recombinant protein. Plasmids
pET-23-EV71-3C (3C) and pET-23-EV71-m3C-C147S 3C (3CC147S)
were constructed as described previously (26). pET-23-EV71-3C (3C)
and pET-23-EV71-m3C-C147S 3C (3CC147S) were purified using a
method described elsewhere (26). Plasmid pGEX-5X-1-EV71-2A (2A)
was constructed as follows. EV71 2A cDNA was amplified from a full-
length infectious cDNA clone of EV71 by PCR. The PCR product was
inserted into pGEX-5X-1 using EcoRI and XhoI sites. The primers for 2A
were 5=-CCGGAATTCGGGAAATTTGGACAG and 5=-CCGCTCGAGC
TGCTCCATGGCTT. The DNA of pGEX-5X-1-EV71-2A (2A) was used
as the template for the generation of plasmid pGEX-5X-1-EV71-m2A-
C110S (2AC110S). The primers for pGEX-5X-1-EV71-m2A-C110S
(2AC110S) were 5=-GAACCAGGGGATTCCGGTGGCATTCTTAG and
5=-CTAAGAATGCCACCGGAATCCCCTGGTTC. The PCR and plas-
mid construction were conducted using the QuikChange site-directed
mutagenesis kit (Stratagene). pGEX-5X-1-EV71-2A (2A) and pGEX-
5X-1-EV71-m2A-C110S (2AC110S) were purified using a glutathione S-
transferase kit (Pharmacia). pBacPAK8-MTEGFP-His-FBP2 (FBP2),
pBacPAK8-MTEGFP-His-FBP2190-711 (FBP2190-711), and pFastBac-His-
FBP21-503 (FBP21-503) were used to express His-tagged recombinant FBP2
using a baculovirus expression system. The cDNA of full-length FBP2 was
amplified using PCR with primers 5=-CCGCTCGAGGCCACCATGAGC
GACTACAGCACAGGCGGA and 5= (CCGGAATTCTCA ATGATGATG
ATGATGGTGTTGAGCCTGCTGCTGTCC. The cDNA corresponding
to amino acids 190 to 711 of FBP2 was amplified using PCR with primers
5=-CCGCTCGAGGCCACCATGAGATCCGTGTCTCTGACT and 5=-C
CGGAATTCTCAATGATGATGATGATGGTGTTGAGCCTGCTGCTG
TCC. The reverse primers contained 6 His sequences. PCR products were
inserted into the pBacPAK8-MTEGFP vector (Tsu-An Hsu, National
Health Research Institute, MiaoLi, Taiwan) using XhoI and EcoRI sites
(34). The cDNA corresponding to amino acids 1 to 503 of FBP2 was
amplified using PCR with primers 5=-GAATTCGCCACCATGAGCGAC
TACAGCACAGGCGGA and 5=-CCCCTCGAGTCAATGATGATGATG
ATGGTGTCCAACTGGGCAGAG; the reverse primer contained 6 His
sequences. The PCR product was inserted into the EcoRI and XhoI sites of
the pFastBac vector (Invitrogen) (pFastBac-His-FBP21-503). His-tagged
recombinant proteins FBP2, FBP21-503, and FBP2190-711 were produced
using the baculovirus expression system. pBacPAK8-MTEGFP-His-FBP2
or pBacPAK8-MTEGFP-His-FBP2190-711 plasmid DNA was cotransfected
with baculovirus DNA into Sf9 cells using a BaculoGold transfection kit
(BD Biosciences). Transfected Sf9 cells were maintained in Grace’s insect
medium (Caisson) containing 10% FBS. The supernatants were collected
after 4 days of infection. Infected cells were seeded in a 96-well plate in
order to select a single virus clone. The pFastBac-His-FBP21-503 plasmid
DNA was transformed into Escherichia coli DH10Bac cells for recombina-
tion. After 4 days, a single colony containing a recombinant bacmid was
cultured to isolate the recombinant bacmid DNA. The recombinant bac-
mid DNA was transfected into Sf9 cells using the Cellfectin II reagent
(Invitrogen). The baculovirus-containing supernatant was collected for
further infection. Cell extracts were collected and were analyzed by West-
ern blotting to assess the expression of FBP2. For large-scale amplification
of FBP2 recombinant proteins, Sf9 cells (1 � 106/ml) were infected at an
MOI of 1 with recombinant virus in 400 ml of Grace’s insect medium and
were cultured at 27°C for 4 days. The His-tagged FBP2 recombinant pro-
teins were purified using a HiTrap kit (Pharmacia).

Western blotting. Samples were loaded onto sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) gels. After electrophore-
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sis, the proteins in the sample were separated and were transferred to a
polyvinylidene difluoride (PVDF) membrane. The PVDF membrane was
blocked with Tris-buffered saline– 0.1% (vol/vol) Tween 20 containing
5% nonfat dry milk and was probed with the antibodies. The anti-KSRP
monoclonal antibody 5 (Ab5) was raised against the full length of the
KSRP protein (dilution, 1:3,000; Douglas L. Black) (38), and the mono-
clonal antibody against EV71 3Cpro was generated from recombinant full-
length 3Cpro in the laboratory (1:50) (26). Antibodies against CstF-64
(1:200; Clinton C. MacDonald), FLAG (F3156; 1:2,000; Sigma), poly-
(ADP-ribose) polymerase (PARP) (sc7150; 1:2,500; Cell Signaling), actin
(A5316; 1:4,000; Sigma), eIF4G (sc11373; 1:200; Santa Cruz), microtu-
bule-associated protein light chain 3 (LC3) (2775S; 1:500; Cell Signaling),
and ATG5 (GTX62601; 1:5,000; GeneTex) were used. After washing, the
membrane was incubated with a horseradish peroxidase (HRP)-conju-
gated anti-mouse or HRP-conjugated anti-rabbit antibody (1:2,000).
HRP was detected using the Western Lightning chemiluminescence re-
agent (Amersham Pharmacia).

[35S]methionine-cysteine labeling assay. RD cells were infected with
EV71 (MOI, 40) or were treated with cycloheximide (CHX). After 1 h of
adsorption, the cells were washed with PBS and were cultured in DMEM
containing 2% FBS at 37°C. The medium was replaced by methionine-
and cysteine-free DMEM 1 h before labeling with [35S]methionine-cys-
teine. Subsequently, the medium was replaced by a medium containing
[35S]methionine-cysteine (50 �Ci/ml). After 1 h of labeling, the cells were
washed with PBS and were lysed with a CA630 lysis buffer for 30 min over
ice. Cell lysates were collected by centrifugation at 10,000 � g for 10 min
at 4°C. Radiolabeled proteins were analyzed using SDS-PAGE, transferred
to a PVDF membrane, and detected using autoradiography. The same
membrane was used for Western blotting. In numerous experiments, the
RD cells were transfected with FBP2 siRNA or FLAG-FBP2 expression
plasmids, and the transfected RD cells were reseeded in a 12-well plate
after 48 h posttransfection. The cells were subsequently infected with
EV71, after incubation for 24 h. The sequence of FBP2 siRNA is 5=-CAC
AUUCGUAUUCUGAGAUCCGUCC (KHSRP-HSS112554; Invitro-
gen), and the sequence of NC siRNA is 5=-AACUGGGUAAGCGGGCGC
AAAUU.

In vitro protease cleavage assay. The RD cells were washed with PBS
and were collected using a CA630 lysis buffer without protease inhibitors.
Three micrograms of the recombinant viral protease (pET-23-EV71-3C
[3C], pET-23-EV71-m3C-C147S 3C [3CC147S], pGEX-5X-1-EV71-2A
[2A], or pGEX-5X-1-EV71-m2A-C110S [2AC110S]) was incubated with
RD cell lysates containing 40 �g of protein at 37°C for 4 h. The reactions
were analyzed using Western blotting.

In vivo ubiquitination assay. The RD cells were cotransfected with
the pUI-myc-ubiquitin (myc-ub) (supplied by Michael M. C. Lai, Insti-
tute of Molecular Biology, Academia Sinica, Taipei, Taiwan) (48) and
N-FLAG-FBP2 expression plasmids. At 48 h posttransfection, the cells
were either left untreated or treated with the proteasome inhibitor MG132
for 2 h. The cells were lysed in a FLAG-IP-lysis buffer (50 mM Tris HCl
[pH 7.4], 150 mM NaCl, 1 mM EDTA, and 1% Triton X-100) over ice for
30 min. Cell lysates were collected using centrifugation at 10,000 � g for
10 min at 4°C and were incubated with an anti-FLAG M2 affinity gel
(Sigma) at 4°C for 4 h. The anti-FLAG M2 affinity gel was washed 5 times
in a wash buffer (0.5 M Tris HCl [pH 7.4], 1.5 M NaCl). The immuno-
precipitation complex was eluted by competition with a 3� FLAG pep-
tide. Bound proteins were analyzed using SDS-PAGE and Western blot-
ting.

Preparation of cell extracts. The RD cells were transfected with vari-
ous FLAG-tagged FBP2 expression plasmids. At 48 h posttransfection, the
cells were washed using PBS and were lysed with a 3-[(3-cholamidopro-
pyl)-dimethylammonio]-1-propanesulfonate (CHAPS) lysis buffer (10
mM Tris-HCl [pH 7.4], 1 mM MgCl2, 1 mM EGTA, 0.5% CHAPS, 10%
glycerol, 0.1 mM phenylmethylsulfonyl fluoride [PMSF], 5 mM �-mer-
captoethanol) over ice for 30 min. Cell lysates were collected using cen-

trifugation at 10,000 � g for 10 min at 4°C. Cell lysates were stored at
�80°C for further analysis.

In vitro transcription. The EV71 5= UTR fragment was cut from the
pT7-EV71 5= UTR plasmid using EcoRI as the template for transcription.
To generate EV71-IRES-FLuc reporter RNA, the pGL3-EV71-5= UTR-
Fluc plasmid was linearized by XhoI as the template for in vitro transcrip-
tion. To generate Cap-RLuc reporter RNA, the DNA fragment containing
the T7 promoter and the Renilla luciferase coding sequence was amplified
from the pRH plasmid using primers 5=-TAATACGACTCACTATAGGC
TAGCCACCATGACTTCGAAAGTTTATGATC-3= and 5=-TTATTGTT
CATTTTTGAGAACT-3= and was used as the template for in vitro tran-
scription. A cap structure on the 5= end of the Renilla reporter RNA was
added using a vaccinia virus capping system (New England BioLabs). RNA
transcripts were synthesized using the MEGAscript T7 kit (Ambion). The
biotinylated RNA probe was synthesized in a 20-�l MEGAscript transcript
reaction mixture containing 1.25 �l of 20 mM biotinylated UTP and biotin-
16-UTP (Roche). The synthesized RNA products were purified using an
RNeasy Protect minikit (Nobel).

Pulldown assay of streptavidin beads and biotinylated RNA. The
reaction mixtures contained RD cell extracts containing 120 �g protein,
12.5 pmol of the biotinylated EV71 5= UTR, and an RNA mobility buffer
(5 mM HEPES [pH 7.1], 40 mM KCl, 0.1 mM EDTA, 2 mM MgCl2, 2 mM
dithiothreitol [DTT], 1 U RNasin, and 0.25 mg/ml heparin) at a final
volume of 100 �l. The mixture was incubated at 30°C for 15 min. A total
of 400 �l of streptavidin MagneSphere paramagnetic particles (Promega)
was added to the mixture for 10 min at room temperature to pull down
biotinylated RNA and interacting proteins. The protein-RNA complexes
were washed 5 times in an RNA mobility buffer without heparin. After
washing, 30 �l of SDS sample buffer was added to the streptavidin beads at
room temperature for 10 min in order to dissociate the proteins from the
RNA. The SDS sample buffers containing interacting proteins were fur-
ther analyzed using SDS-PAGE and Western blotting.

Preparation of HeLa cell translation extracts. Approximately 4.5 �
105 HeLa cells/ml were maintained in DMEM with 10% FBS at 37°C. Two
liters of HeLa cells was trypsinized after washing with PBS and was cen-
trifuged at 2,800 � g for 10 min at 4°C. The cells were washed 3 times with
cold PBS, and the cell pellets were resuspended in 1.5 volume of hypotonic
lysis buffer {10 mM HEPES-KOH [pH 7.6], 10 mM potassium acetate
[KOAc], 2.5 mM magnesium acetate [Mg(OAc)2], 2 mM DTT} on ice for
10 min. The cells were subsequently homogenized with approximately
100 strokes of a 25-gauge 3/8-in needle. The percentage of cell lysis
(�90%) was verified using trypan blue staining. Cell extracts were centri-
fuged at 10,400 � g for 20 min at 4°C. The supernatant was frozen in liquid
nitrogen and was stored at �80°C for further analysis.

In vitro translation assay. An in vitro translation assay for IRES activ-
ity was carried out by mixing 0.25 �g of EV71 5= UTR-FLuc RNA, various
amounts of recombinant proteins, 80 �g of HeLa cell translation extracts,
and 20% rabbit reticulocyte lysates (RRL) (Promega) in a final volume of
25 �l. An in vitro translation assay for cap-dependent translation was
carried out by mixing 0.25 �g of Cap-RLuc reporter RNA, various
amounts of recombinant proteins, HeLa cell translation extracts contain-
ing 80 �g protein, and 20% RRL in a final volume of 25 �l. The mixtures
were incubated at 30°C for 90 min. Firefly luciferase and Renilla luciferase
activities were measured using the Luciferase Assay System (Promega).

Sucrose gradient fractionation. The RD cells were transfected with
the plasmid DNA of FLAG-FBP2 or FLAG-FBP21–503; 48 h after transfec-
tion, the cells were infected with EV71 at an MOI of 40. At 6 h postinfec-
tion, the cells were incubated with 0.1 mg/ml cycloheximide for 5 min at
37°C; subsequently, they were washed twice with ice-cold PBS containing
0.1 mg/ml cycloheximide. Cells were lysed with a 0.2-ml polysomal ex-
traction buffer (20 mM Tris-HCl [pH 7.5], 5 mM MgCl2, 100 mM KCl,
1% Triton X-100, 0.1 mg/ml cycloheximide) on ice for 30 min. Cell lysates
were collected after centrifugation at 15,000 � g for 10 min. The cell
extracts were layered onto 9.6-ml 7%-to-47% sucrose gradients (com-
posed of 20 mM Tris-HCl [pH 7.], 5 mM MgCl2, and 100 mM KCl) and
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were centrifuged at 35,000 rpm for 150 min in a Beckman SW41-Ti rotor
at 4°C. The gradients were fractionated with the Isco fractionator by
pumping a 60% sucrose solution into the bottom of the tube, and frac-
tions were collected from the top with concomitant measurement of the
optical density at 254 nm (OD254). Ribosome subunits were detected in
each fraction using Western blotting with an antibody against the S6
(2271; dilution, 1:1,000; Cell Signaling) and P0 (NBP1-57528; 1:50;
Novus) ribosomal proteins.

RESULTS
EV71 infection induces FBP2 truncation. Lin et al. showed that
FBP2 is a negative regulator and that levels of viral protein synthe-
sis and IRES activity (but not viral RNA synthesis) increased in
FBP2-knockdown cells (35). A [35S]methionine-cysteine labeling
assay was performed to monitor newly synthesized proteins in
EV71-infected cells with FBP2 depletion. In agreement with pre-
vious results (35), levels of viral protein synthesis in FBP2 siRNA-
transfected cells (Fig. 1A, lanes 4, 6, and 8) were higher than those
in NC siRNA-transfected cells (Fig. 1A, lanes 3, 5, and 7). FBP2
was truncated during EV71 infection (Fig. 1A, bottom). To fur-
ther confirm FBP2 truncation, RD cells were infected with EV71;

the cell lysates were collected at the indicated time points (8 to 9, 9
to 10, and 10 to 11 h) after infection occurred. The level of FBP2 in
infected cells declined with the time of infection (Fig. 1B, lanes 2 to
5). The detection of FBP2 showed truncation products in EV71-
infected cells; one of the dominant truncation products observed
at 10 h postinfection was approximately 60 kDa (Fig. 1B, lane 5).
The detection of viral protein 3C was used as the index of virus
replication. Because the picornavirus infection stops host transla-
tion, the decrease in the level of FBP2 in infected cells may be
caused by protein instability and the lack of newly synthesized
protein. To examine the stability of FBP2, we used CHX to inhibit
cellular protein synthesis and to detect FBP2 levels at various time
points. RD cells were treated with CHX or were infected with
EV71, and the newly synthesized proteins were labeled with
[35S]methionine-cysteine for 1 h at 1 to 2, 5 to 6, and 9 to 10 h
postinfection, as indicated in Fig. 1C. The inhibitory effect of CHX
on new protein synthesis was verified (Fig. 1C, lanes 2, 5, and 8).
Equivalent levels of FBP2 appeared in CHX-treated cells and
mock-treated cells at various intervals (Fig. 1C, lanes 1, 2, 4, 5, 7,
and 8), indicating that FBP2 was stable for as long as 10 h after
CHX treatment. Compared with the levels of FBP2 expression in
CHX-treated cells and EV71-infected cells, FBP2 levels decreased
in cells at 10 h postinfection (Fig. 1C, lane 9); however, FBP2 levels
did not decrease in CHX-treated cells (Fig. 1C, lane 8), indicating
that the FBP2 reduction in EV71-infected cells is not caused by
protein instability.

Truncation of FBP2 is associated with EV71 replication. The
results showed that FBP2 was truncated in EV71-infected cells
(Fig. 1B). Subsequently, we investigated the manner in which a
virus induces FBP2 truncation. To determine whether virus rep-
lication is essential for triggering FBP2 truncation, we used either
EV71 or UV-inactivated EV71 to infect RD cells, and we examined
FBP2 in cell lysates at various time points after infection. The
results show that FBP2 was truncated in EV71-infected cells (Fig.
2A, lanes 2 to 5). In contrast, infection with the replication-in-
competent virus (UV-inactivated EV71) did not induce FBP2
truncation (Fig. 2A, lanes 6 to 9). These results also indicate that
the process of viral replication or the presence of viral nonstruc-
tural proteins, which are produced during viral replication, may
be essential for triggering FBP2 truncation.

Two viral nonstructural proteins (proteases 2A and 3C) cleave
viral polypeptide to become functional viral proteins; they also
cleave numerous cellular proteins. Purified recombinant proteins
(EV71 2A and 3C) were used to determine whether FBP2 trunca-
tion was caused by the catalytic activity of 2A or 3C. RD cell lysates
were incubated with recombinant wild-type 2A or mutant 2A pro-
tease (2AC110S) for 4 h and were analyzed using Western blotting.
The catalytic activity of recombinant 2A was confirmed by detect-
ing a known 2A substrate, eIF4G, and its cleavage product in the
reaction mixture (18–20). 2A cleaved eIF4G, yielding a cleavage
product (Fig. 2B, lane 2). The catalytically defective mutant
2AC110S failed to cleave eIF4G (Fig. 2B, lane 3). The results show
that wild-type 2A did not cleave FBP2 in the cell extract (Fig. 2B,
lane 2). The same experiment was conducted to assay the catalytic
activity of 3C cleaving FBP2. The results show that wild-type 3C
cleaved a known substrate, CstF-64 (26), but did not cleave FBP2
(Fig. 2C, lane 2). This indicates that FBP2 was not a direct sub-
strate of viral proteases 2A and 3C. To determine whether other
EV71 nonstructural proteins contribute to FBP2 truncation, we
analyzed FBP2 in cells overexpressing FLAG-tagged 2B, 2C, 2BC,

FIG 1 Function and truncation of FBP2 in EV71-infected cells. (A) Effect of
FBP2 knockdown on viral translation. Control RNA (NC siRNA)- or FBP2
siRNA-transfected RD cells were mock infected or infected with EV71. Protein
synthesis in these cells was examined at 8 to 9, 9 to 10, and 10 to 11 h postin-
fection by the [35S]methionine-cysteine labeling assay. Viral proteins P1, 3D,
2C, VP1, and 2A are labeled according to protein size. The FBP2 expression
level was detected by Western blotting. The truncated form of FBP2 is indi-
cated by an asterisk. (B) FBP2 truncation in EV71-infected cells. FBP2 in mock
(m)- or EV71-infected cells at 4, 6, 8, and 10 h postinfection was detected by
Western blotting. Viral 3C protein in these infected cells was used as a viral
marker. Truncated forms of FBP2 are indicated by asterisks. (C) FBP2 stability
test. FBP2 in mock-infected, CHX (20 �M)-treated, or EV71-infected cells was
detected by Western blotting. Protein synthesis was detected using the
[35S]methionine-cysteine labeling assay at the intervals indicated. The levels of
FBP2 in these cells were detected by Western blotting.
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3A, 3AB, and 3D. The results show that none of these cells over-
expressing viral proteins induced FBP2 truncation (Fig. 2D).

FBP2 in EV71 replicon-transfected cells was analyzed using
Western blotting to confirm the effect of virus replication on FBP2
truncation. The EV71 replicons induced FBP2 truncation (Fig. 2E,
lane 2). The results show that virus replication is an essential pro-
cess in inducing FBP2 truncation.

Involvement of virus-induced autophagy, lysosomes, and
proteasomes in FBP2 turnover. Because FBP2 truncation in in-
fected cells was associated with viral replication, we determined
whether pathways induced by EV71 were involved in this trunca-
tion. Virus infection triggers pathways that are involved in protein
degradation (15, 17, 49–51). Two major degradation pathways are
involved in cytoplasmic protein degradation: proteasome-depen-
dent and lysosome-dependent pathways (52). To determine
whether proteasomes and lysosomes are involved in FBP2 turn-

over, we examined FBP2 in EV71-infected cells after treatment
with proteasome and lysosome inhibitors. RD cells were infected
with EV71 and were treated with either the proteasome inhibitor
MG132 or the lysosome inhibitor NH4Cl after virus adsorption
(Fig. 3A). The cell lysates were subsequently collected and ana-
lyzed using Western blotting. Truncation of FBP2 was not obvi-
ously detected at 10 h postinfection in MG132- or NH4Cl-treated
cells (Fig. 3A, lanes 13 and 14 versus lane 12). Expression of 3C in
MG132- or NH4Cl-treated cells decreased from that in untreated
cells, which indicated that the inhibitors may also delay viral rep-
lication (Fig. 3A, lanes 10 and 11 versus lane 9; lanes 13 and 14
versus lane 12). To avoid sabotaging viral replication, inhibitors
were added at 6 h postinfection (Fig. 3B). Comparable levels of
viral protein 3C were produced at 8 and 10 h postinfection in
untreated and inhibitor-treated cells (Fig. 3B, lanes 5 and 6 versus
lane 4; lanes 8 and 9 versus lane 7). The levels of FBP2 in infected
cells treated with MG132 or NH4Cl were increased (Fig. 3B, lanes

FIG 2 Truncation of FBP2 was associated with EV71 replication. (A) FBP2 in
RD cells infected with EV71 or a UV-inactivated virus at 4, 6, 8, and 10 hours
postinfection. Truncated FBP2 forms are indicated by asterisks. The levels of
viral 3C protein in these cells were used as viral replication indicators. (B) FBP2
was detected in RD cell extracts incubated with wild-type 2Apro (2A) or mutant
2Apro (2AC110S) for 4 h at 37°C and in mock-infected (m) or EV71-infected
cells. eIF4G and its cleavage product (eIF4G cp) were detected in these lysates
to demonstrate the activity of 2Apro. (C) FBP2 in RD cell extracts incubated
with wild-type 3Cpro (3C) or mutant 3Cpro (3CC147S) were analyzed by West-
ern blotting. Western blotting was used for detection of CstF-64 in these lysates
and in mock-infected (m) or EV71-infected cells in order to demonstrate the
activity of 3Cpro. (D) FBP2 levels in RD cells transfected with FLAG-tagged 2B,
2C, 2BC, 3A, 3AB, and 3D plasmids were analyzed by Western blotting. FBP2
levels in EV71-infected cell lysates were also analyzed (lane 8). Truncated
forms of FBP2 are indicated by asterisks. (E) FBP2 in mock-infected (m), EV71
replicon-transfected (20 h posttransfection), or virus-infected (EV71) RD cells
was detected. The second panel shows the longer-exposure result of Western
blotting. Truncated forms of FBP2 are indicated by asterisks. The viral 3C
protein was detected as an indicator of viral protein expression.

FIG 3 Involvement of the proteasome, the lysosome, and autophagy in FBP2
turnover. (A) FBP2 in mock-infected (m) or EV71-infected RD cells treated
with MG132 (20 �M) or NH4Cl (20 mM) at 0 h postinfection was analyzed.
(B) FBP2 in mock-infected (m) or EV71-infected RD cells treated with MG132
(20 �M) or NH4Cl (20 mM) at 6 h postinfection was also analyzed. Viral 3C
protein in these cells was used as an indicator for viral replication. (C) RD cells
overexpressing FLAG-FBP2 were cotransfected with Myc-ubiquitin. After 48 h
posttransfection, cell lysates were either left untreated or treated with MG132
(20 �M) for 2 h. The FLAG-fused proteins in these lysates were immunopre-
cipitated by an anti-FLAG M2 affinity gel. The ubiquitinated proteins were
detected by the anti-Myc antibody. In total, 2.5% of the lysates was used as the
input control. (D) FBP2 in mock-infected (m) or EV71-infected (v) RD cells
transfected with NC siRNA or ATG5 siRNA at 8 (v 8) and 10 (v 10) h postin-
fection was analyzed. FBP2, LC3-I (precursor) and LC3-II (autophagy activa-
tion marker), ATG5, 3C, and actin were detected by Western blotting. Trun-
cated forms of FBP2 are indicated by asterisks.
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8 and 9) over those in infected cells without treatment (Fig. 3B,
lane 7). Because ubiquitination is required for protein degrada-
tion by proteasomes, we performed an in vivo ubiquitination ex-
periment to further validate the involvement of proteasomes in
FBP2 truncation. RD cells were transfected with the FLAG-FBP2
plasmid or cotransfected with FLAG-FBP2 and pUI-myc-ubiqui-
tin (myc-ub) plasmids. FLAG-FBP2 was immunoprecipitated by
an anti-FLAG antibody, and the ubiquitinated FBP2 was detected
using an anti-Myc antibody. MG132 was used to enrich the ubiq-
uitinated protein in the cells. FBP2 in the cells was ubiquitinated at
a basal level when coexpressed with myc-Ub (Fig. 3C, lane 3), and
the ubiquitinated FBP2 was enriched in cells treated with MG132
(Fig. 3C, lane 4). These results indicate that proteasomes and lyso-
somes participate in EV71-induced FBP2 truncation.

EV71 infection induces autophagy (53). Autophagosomes can
fuse with lysosomes to form autolysosomes, which can degrade
organelles or proteins (54, 55). Here we used an siRNA target for
ATG5 to determine whether autophagy is involved in FBP2 trun-
cation. ATG5 is an essential component in assembling autopha-
gosomes. Therefore, we examined FBP2 truncation in infected
cells after ATG5 siRNA transfection. RD cells were infected with
EV71 after transfection with ATG5 siRNA for 48 h. Cell extracts
were collected at 8 and 10 h postinfection and were analyzed using
Western blotting. The expression level of microtubule-associated
protein light chain 3 II (LC3-II) was used to demonstrate the level
of autophagy in the cells. The result shows that LC3-II (autophagic
activity) was induced in EV71-infected cells (Fig. 3D, lanes 3 and
7). The level of virus-induced LC3-II decreased in ATG5 siRNA-
transfected cells (Fig. 3D, lanes 4 and 8) from that in NC siRNA-
transfected cells (Fig. 3D, lanes 3 and 7). The expression level of
viral protein 3C in ATG5 siRNA-transfected cell extracts was
equivalent to that in NC siRNA-transfected cell extracts, whereas
the intact form of FBP2 was more abundant in ATG5 siRNA-
transfected cells than in NC siRNA-transfected cells (Fig. 3D, lane
4 versus lane 3; lane 8 versus lane 7). These results show that
proteasomal and lysosomal degradation may regulate FBP2 pro-
tein turnover.

Virus-induced caspase activity cleaves FBP2. FBP2 is a sub-
strate of caspase (56). EV71 infection induces caspase activation
(46, 57). A pan-caspase inhibitor, QVD-OPh, was used to deter-
mine whether EV71-induced caspase activity is involved in FBP2
truncation. The results show that PARP, a substrate of caspase 3,
was cleaved in EV71-infected cells (Fig. 4A, lanes 6 and 8) and that
the cleavage of PARP was inhibited by QVD-OPh treatment (Fig.
4A, lanes 7 and 9). Treatment with QVD-OPh increased the intact
form of FBP2 and decreased the cleavage products in infected cells
(Fig. 4A, lane 9 versus lane 8). Viral 3C protein expression was not
affected by QVD-OPh treatment (Fig. 4A, lane 7 versus lanes 6;
lane 9 versus lane 8). Several caspases were activated by EV71-
induced apoptosis (57, 58). To determine whether apoptosis-in-
duced caspase activity is involved in FBP2 cleavage, RD cells were
treated with the apoptosis inducer STS and the pan-caspase inhib-
itor QVD-OPh and were subsequently collected and analyzed us-
ing Western blotting. The cleavage of PARP confirmed STS-in-
duced and EV71-induced caspase activation (Fig. 4B, lanes 2 and
4). The STS-treated cells exhibited FBP2 cleavage (Fig. 4B, lane 2)
and generated cleavage products similar to those in infected cells
(Fig. 4B, lane 4). Treating cells with QVD-OPh completely inhib-
ited STS-induced caspase activation and FBP2 cleavage (Fig. 4A,
lane 3). Cells treated with caspase (Fig. 4A) or proteasome inhib-

itors (Fig. 3B) had more intact FBP2 than untreated cells in EV71
infection. However, both inhibitors only partially restored the in-
tact form of FBP2, indicating the possible presence of multiple
pathways in EV71-induced FBP2 cleavage. Therefore, cells were
treated with QVD-OPh and MG132. The cells treated with both
inhibitors had more intact FBP2 than did cells treated with only
one inhibitor (Fig. 4C, lane 5 versus lanes 3 and 4). These results
showed that multiple factors are involved in EV71-induced FBP2
cleavage, including caspase activation, proteasomes, and au-
tophagy.

FBP2 is cleaved from both the amino (N) and the carboxyl
(C) terminus. To determine the FBP2 cleavage product that is
induced by EV71 infection, plasmids containing N- or C-termi-
nally FLAG tagged FBP2 were transfected into RD cells, and the
cells were then infected with EV71. Cell lysates were analyzed us-
ing Western blotting with an anti-FLAG antibody. Five cleavage
products from N- and C-terminally FLAG tagged FBP2 were gen-
erated in infected cells. The N-terminally FLAG tagged FBP2 in

FIG 4 Involvement of caspase activity in FBP2 cleavage. (A) FBP2 in mock-
infected (m) or EV71-infected RD cells treated with a pan-caspase inhibitor,
QVD-OPh (20 �M), at 4, 6, 8, and 10 h postinfection were analyzed. Trun-
cated forms of FBP2 are indicated by asterisks. Detection of PARP and its
cleavage product (PARP cp) were used to demonstrate virus-induced caspase
activity. (B) FBP2 in RD cells treated with an apoptosis inducer, STS (2 �M), or
treated with STS combined with a pan-caspase inhibitor (STS � QVD-OPh),
was analyzed. Truncated forms of FBP2 are indicated by asterisks. (C) RD cells
were mock infected (m) or infected with EV71. They were treated either with
MG132 alone at 6 h postinfection (T6 added), with QVD-OPh alone at 0 h
postinfection (T0 added), or with combined QVD-OPh and MG132. FBP2,
PARP, PARP cp, and viral 3C in these cells were analyzed by Western blotting.
Truncated forms of FBP2 are indicated by asterisks.
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EV71-infected cells yielded 3 major cleaved products of approxi-
mately 75, 60, and 20 kDa (Fig. 5A, lane 2). However, C-terminally
FLAG tagged FBP2 yielded 2 major cleaved products of approxi-
mately 70 and 60 kDa (Fig. 5A, lane 4). Therefore, the potential
cleavage sites can be predicted based on the sizes of the cleavage
products. This was roughly estimated according to the size of the
truncated proteins: the size of full-length FBP2 was approximately
85 kDa according to our protein marker. Therefore, we estimated
that each kDa of FBP2 contains, on average, approximately 8.4
amino acids. The potential cleavage sites were near the amino acid
positions 120, 170, 190, 503, and 630 in FBP2 (Fig. 5B). Figure 1B
shows that one of the dominant cleavage products was approxi-
mately 60 kDa, a size similar to those of the predicted cleaved
products (residues 190 to 711 of FBP2 [FBP2190-711] and residues
1 to 503 of FBP2 [FBP21-503]) (Fig. 5B). The RD cells transfected

with plasmids containing FLAG-FBP2190-711 and FLAG-FBP21-503

were infected with EV71 at 48 h posttransfection. Cell lysates were
analyzed using Western blotting. The sizes of FBP21-503 and
FBP2190-711 were approximately 60 kDa and were similar to that of
EV71-cleaved FBP2 (Fig. 5C, lane 3 versus lane 2; lane 7 versus
lane 6), indicating that cleaved FBP2 at approximately 60 kDa may
correspond to multiple cospecies. We chose the amino acid posi-
tion 503 for FBP2 to confirm our prediction. Plasmids encoding
N-terminally FLAG fused FBP2 with either a mutation of residues
VGP at positions 502 to 504 to AAA (N-FLAG-FBP2502-504AAA) or
a 10-amino-acid deletion from positions 498 to 507 (N-FLAG-
FBP2�498-507) were generated to confirm the prediction of
the cleavage sites (Fig. 5D). The cells were transfected with plas-
mids containing N-FLAG-FBP2, N-FLAG-FBP2502-504AAA, or
N-FLAG-FBP2�498-507 and were infected with EV71. Cell lysates

FIG 5 FBP2 was cleaved from both the N and the C terminus. (A) Cells were transfected with N-terminally or C-terminally FLAG tagged-FBP2 plasmids.
Following transfection, cells were either mock infected (m) or infected with EV71 (v). FLAG-tagged FBP2 in these cells was detected by Western blotting. The
second panel shows the light-exposure result of Western blotting. Cleavage products containing the FLAG tag are indicated by asterisks. (B) FBP2 contains a
nuclear localization signal (NLS), KH1 to KH4, and a glutamine-rich domain. A schematic diagram of the potential cleavage products of FBP2 (solid lines)
induced by EV71 infection is shown. The predicted cleavage products are from amino acids 1 to 630, 1 to 503, 1 to 170, 120 to 711, and 190 to 711 of FBP2. The
predicted sizes of these products are also indicated. (C) RD cells overexpressing full-length FLAG-tagged FBP2 (N-FLAG-FBP2 and C-FLAG-FBP2) or truncated
FLAG-tagged FBP2 (N-FLAG-FBP21–503 and C-FLAG-FBP2190 –711) were mock infected or infected with EV71. The lysate was analyzed with 12% SDS-PAGE
(top panel) and with 8% SDS-PAGE (second panel). FLAG-FBP2 or cleavage products in these lysates were detected by Western blotting. Detection of 3C was
used to demonstrate viral protein expression. The detection of actin was used as a loading control. (D) Plasmids encoding N-terminally FLAG fused FBP2 with
residues VGP at positions 502 to 504 mutated to AAA (N-FLAG-FBP2502-504AAA) or with a 10-amino-acid deletion from position 498 to 507 (FLAG-
FBP2�498 –507) were constructed. (E) RD cells overexpressing wild-type (N-FLAG-FBP2) and mutant (N-FLAG-FBP2502-504AAA and N-FLAG-FBP2�498 –507)
FBP2 were mock infected or infected with EV71. FLAG-FBP2 or its cleavage products in these lysates were detected by Western blotting. Truncated FLAG-FBP2
was detected and is indicated by an asterisk. The detection of viral protein 3C was used as an indicator for virus infection.
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were analyzed using SDS-PAGE and Western blotting with an
anti-FLAG antibody. The results showed that cells expressing the
N-FLAG-FBP2 plasmid produced a 60-kDa cleavage product after
virus infection (Fig. 5E, lane 2), and cells expressing the N-FLAG-
FBP2502-504AAA plasmid produced a small amount of the 60-kDa
cleavage product (Fig. 5E, lane 4). The 60-kDa cleavage product
was not detected in cells that expressed the N-FLAG-FBP2�498-507

plasmid after virus infection (Fig. 5E, lane 6). These data suggested
that our prediction of the cleavage site on residue 503 of FBP2
correlated with the actual cleavage site.

FBP21–503 positively regulated EV71 IRES activity. The re-
sults show that the N- and C-terminal domains of FBP2 may be
cleaved in EV71-infected cells (Fig. 5). To determine whether
cleavage of the N- or C-terminal domains of FBP2 affected its
functions, we overexpressed plasmids encoding FLAG-tagged-
FBP2, FBP21–503, and FBP2190 –711 in cells and collected the cell
lysates. We chose FBP21–503 and FBP2190 –711 for further study be-
cause the sizes of FBP21–503 and FBP2190 –711 are similar to that of
primary cleaved FBP2 (60 kDa) in virus-infected cells (Fig. 1B,
lane 5). Previous studies have shown that FBP2 binds to the EV71
5= UTR and negatively regulates IRES activity by competing with
other, positive ITAFs, such as PTB (35). We tested the binding
activity of cleaved FBP2 using an RNA-protein pulldown assay.
Biotinylated EV71 5= UTR RNA containing EV71 IRES was incu-
bated with lysates transfected with plasmids containing FLAG-
FBP2, FLAG-FBP21–503, or FLAG-FBP2190 –711. Streptavidin beads
were used to pull down the biotinylated EV71 5= UTR and its
associated proteins. The pulled down FLAG-tagged FBP2 proteins
were detected using Western blotting with anti-FLAG antibodies.
The results showed that FBP2 and the truncated forms FBP21–503

and FBP2190 –711 bound to the EV71 5= UTR (Fig. 6A, lanes 3, 6, 9,
and 12). FBP2 is a negative ITAF that inhibits EV71 IRES activity;
therefore, we further examined the effects of FBP2 or truncated
FBP2 (FBP2190 –711 and FBP21–503) recombinant proteins on IRES
activity using an in vitro translation assay. Like full-length FBP2,
truncated FBP2190 –711 decreased IRES activity in vitro, whereas
FBP21–503 increased EV71 IRES activity (Fig. 6B). We also per-
formed a similar assay on cap-dependent translation. No signifi-
cant effect of full-length or truncated FBP2 on cap-dependent
translation was found in this assay (Fig. 6C). These data indicated
the specificity of FBP2 regulation of IRES activity. To determine
the effect of FBP21–503 on viral translation, we performed a
[35S]methionine-cysteine labeling assay to detected newly synthe-
sized proteins in EV71-infected cells. In the [35S]methionine-cys-
teine labeling assay, viral protein synthesis was lower in cells ex-
pressing FLAG-FBP2 (Fig. 6D, lane 5) than in cells expressing only
a FLAG vector (Fig. 6D, lane 4). Viral protein synthesis was higher
in cells expressing FLAG-FBP21–503 (Fig. 6D, lane 6) than in cells
expressing only the FLAG vector (Fig. 6D, lane 4). In addition, we
used quantification software (Multi Gaugel Fujifilm) to quantify
the ratio of viral protein VP3 to actin. The VP3/actin ratio de-
creased (74%) in cells expressing FLAG-FBP2 relative to that in
cells expressing FLAG (100%), and the VP3/actin ratio increased
(192%) in cells expressing FLAG-FBP21–503 relative to that in cells
expressing FLAG (100%) (Fig. 6D). The contrasting effects of
FBP2 and FBP21–503 were also observed in viral 3C protein levels,
which were detected using a Western blotting assay. Viral protein
3C expression increased in cells expressing FLAG-FBP21–503 (Fig.
6D, lane 6) and decreased in cells expressing FLAG-FBP2 (Fig. 6D,
lane 5) relative to that in cells expressing the FLAG vector (Fig. 6D,

lane 4). The levels of accumulation of 3C are consistent with the
viral protein labeling results, which also verified that FBP21–503

increases IRES-driven translation. The [35S]methionine-cysteine
labeling assay showed equal amounts of cellular protein synthesis
in FLAG-, FLAG-FBP2-, and FLAG-FBP21–503-expressing cells
(Fig. 6D, lanes 1 to 3), a finding consistent with the results shown
in Fig. 6C. To examine the effects of the intact or truncated forms
of FBP2 on ribosome profiling, RD cells were transfected with
plasmids containing FLAG-FBP2 or FLAG-FBP21–503. The cells
were mock infected (Fig. 6E and F) or infected with EV71 (Fig. 6G
and H) at 48 h posttransfection. Ribosome profiles were assayed
by a sucrose gradient using extracts from EV71-infected cells at 6
h postinfection and were analyzed using a Western blotting assay.
Fractions 12 to 18 show polysomes in mock-infected cells (Fig. 6E
and F). After virus infection, the amount of polysomes decreased
(Fig. 6G and H, fractions 12 to 18), which is consistent with certain
published studies (59, 60). The result presents the differing cosedi-
mentation for ribosomal subunit proteins for FBP2 (Fig. 6G) and
FBP21–503 (Fig. 6H) in EV71-infected cells. FBP2 appeared in the
sediments that contained the small ribosomal subunit protein S6
(Fig. 6G, fractions 8 to 14). However, FBP21–503 occurred only in
the parts of sediments that contained S6 (Fig. 6H, fractions 8 to
14). The results suggest that FBP2 and FBP21–503 are associated
with various components in the translation mechanisms, which
may cause various regulatory effects on EV71 IRES activity. Over-
all, these results show that FBP21–503 binds to the EV71 5= UTR
and positively regulates IRES activity and viral protein synthesis.

DISCUSSION

This study shows that EV71 infection induces FBP2 cleavage,
which is associated with caspase, proteasome, and autophagic ac-
tivities. The cleavage of FBP2 reduces the level of a negative regu-
lator of viruses. In addition, this study also demonstrated that a
truncated form of FBP2 without a C-terminal domain changed its
role from that of a negative regulator to that of a positive regulator
(Fig. 6). This datum may help further our understanding of the
molecular functions of FBP2, which is molecularly significant for
translation (35, 61), RNA stability (41, 42), and miRNA biogenesis
(43–45).

The results show that treatment with the protease inhibitor
MG132 and the pan-caspase inhibitor QVD-OPh can decrease
FBP2 cleavage in infected cells (Fig. 3 and 4). These results are
consistent with those of Racaniello and colleagues; that is, the
cleavage of MDA-5 in poliovirus-infected cells is caspase and pro-
teasome dependent (15). The cleavage patterns of FBP2 differ in
MG132- and QVD-OPh-treated cells (Fig. 4C). MG132 treatment
protects certain types of FBP2 from cleavage. However, cells
treated with the caspase inhibitor QVD-OPh have only 2 detect-
able cleaved forms of FBP2 (Fig. 4C, lane 4), fewer than the num-
ber in untreated cells (lane 2) and MG132-treated cells (lane 3),
indicating the role of caspases in virus-induced FBP2 cleavage. In
addition to the proteasomes and caspases involved in FBP2 cleav-
age, we show that the mechanisms of virus-induced autophagy
and lysosomes are also involved in FBP2 cleavage (Fig. 3D). Cleav-
age of FBP2 may be a by-product of all these cellular activities,
which are induced by EV71 infection, and which can then provide
an advantage to viruses.

We tagged FLAG on the N and C termini of FBP2 to examine
the possible cleavage products during EV71 infection based on the
size of the cleavage products (Fig. 5). Detecting cleavage products
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FIG 6 FBP21–503 positively regulated EV71 IRES activity. (A) Binding assay of full-length and truncated FBP2 on EV71 5= UTR RNA. Lysates from RD cells overex-
pressing N-terminally FLAG tagged FBP2 (N-FLAG-FBP2), N-terminally FLAG tagged FBP21–503 (N-FLAG-FBP2 1–503), C-terminally FLAG tagged FBP2 (C-FLAG
FBP2), or C-terminally FLAG tagged FBP2190–711 (C-FLAG FBP2 190–711) were collected and incubated with nonbiotinylated or biotinylated EV71 5= UTR RNA. The
protein-RNA complex was pulled down by streptavidin beads and was analyzed by SDS-PAGE. FLAG-tagged-FBP2 was detected by Western blotting. (B) Effects of FBP2
and the truncated FBP2 proteins on EV71 IRES activity in vitro. The in vitro EV71 IRES activity assay was conducted with 1 or 10 �g of full-length FBP2 or a truncated
FBP2 (FBP21–503 or FBP2190–711) recombinant protein. EV71 IRES-driven luciferase expression (Fluc activity) is represented by bars (*, P � 0.05; **, P � 0.01; analyzed
by the Student t test; n 	 3). (C) The in vitro cap-dependent translation assay was conducted with 1 or 10 �g of full-length FBP2 or with a truncated FBP2 (FBP21–503 or
FBP2190–711) recombinant protein. Cap-dependent Renilla luciferase expression (RLuc activity) is represented by bars. Error bars represent standard deviations (n 	 3).
(D) Effect of full-length or truncated FBP2 (FBP21–503) on viral protein synthesis. RD cells were transfected with plasmids containing FLAG, FLAG-FBP2, and
FLAG-FBP21–503. Following transfection, RD cells were mock infected or infected with EV71. Protein synthesis in these cells was examined using the [35S]methionine-
cysteine labeling assay at 6 to 7 h postinfection (within 1 h). Viral proteins, including P1, 3D, 2C, VP1, and VP3, are indicated according to protein size. The levels of
35S-labeled viral VP3 in the cells of each group were also quantified and normalized by the levels of actin detected by Western blotting (VP3/actin). The normalized VP3
levels are shown in the graph. The levels of viral 3C protein and FBP2 expression level were also detected by Western blotting. (E to H) Extracts were generated from
mock-infected RD cells that overexpressed plasmids containing FLAG-FBP2 (E) or FLAG-FBP21–503 (F). Extracts were generated from EV71-infected RD cells that
overexpressed plasmids containing FLAG-FBP2 (G) or FLAG-FBP21–503 (H). The extracts were sedimented through 7%-to-47% sucrose gradients and were fraction-
ated. The fractions were assayed by Western blotting to detect polysome proteins P0, P6, and FLAG-FBP2. The broken lines indicate the differing cosedimentation with
ribosomal subunit proteins for FBP2 and FBP21–503 in EV71-infected cells.
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by tagging the FLAG peptide on the N or C terminus may cause us
to lose the ability to detect a number of potential candidates,
which lose both the N and C termini. In addition, we used mutant
or deleted FBP2 to further validate the cleavage sites. FBP2�498 –507

did not generate 60-kDa cleavage products after virus infection
(Fig. 5E), indicating that residue 503 is correlated to the actual
cleavage site.

FBP21–503, which loses the C-terminal glutamine-rich domain,
can positively regulate viral translation. FBP2190 –711, another po-
tential cleavage product, remains at the C-terminal domain and,
as an intact form of FBP2, is a negative ITAF. These results indicate
the importance of the C-terminal domain of FBP2 for its negative
regulation activity on EV71 IRES. The C-terminal glutamine-rich
domain of FBP2 contains 4 degenerate copies involved in protein-
protein interaction (62–64). It is crucial to examine the FBP2 in-
teracting proteins through the C-terminal domain in order to fur-
ther understand the manner in which FBP2 negatively regulates
the EV71 IRES.

In conclusion, EV71 infection induces the cleavage of FBP2, a
negative ITAF, through multiple mechanisms, including caspase
activation, proteasome activity, and autophagy. One of the cleav-
age products, FBP21–503, becomes a positive regulator, which may
provide insight into how a cellular protein fine-tunes viral trans-
lation. The information obtained may also help us to further un-
derstand the function of FBP2 and the manner in which FBP2
changes its function when it loses the C-terminal domain.
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