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ABSTRACT

Because the pathogenesis of enterovirus 71 (EV71) remains mostly ambiguous, identifying the factors that mediate viral binding
and entry to host cells is indispensable to ultimately uncover the mechanisms that underlie virus infection and pathogenesis.
Despite the identification of several receptors/attachment molecules for EV71, the binding, entry, and infection mechanisms of
EV71 remain unclear. Herein, we employed glycoproteomic approaches to identify human nucleolin as a novel binding receptor
for EV71. Glycoproteins purified by lectin chromatography from the membrane extraction of human cells were treated with
sialidase, followed by immunoprecipitation with EV71 particles. Among the 16 proteins identified by tandem mass spectrometry
analysis, cell surface nucleolin attracted our attention. We found that EV71 interacted directly with nucleolin via the VP1 capsid
protein and that an antinucleolin antibody reduced the binding of EV71 to human cells. In addition, the knockdown of cell sur-
face nucleolin decreased EV71 binding, infection, and production in human cells. Furthermore, the expression of human nucleo-
lin on the cell surface of a mouse cell line increased EV71 binding and conferred EV71 infection and production in the cells.
These results strongly indicate that human nucleolin can mediate EV71 binding to and infection of cells. Our findings also dem-
onstrate that the use of glycoproteomic approaches is a reliable methodology to discover novel receptors for pathogens.

IMPORTANCE

Outbreaks of EV71 have been reported in Asia-Pacific countries and have caused thousands of deaths in young children during
the last 2 decades. The discovery of new EV71-interacting molecules to understand the infection mechanism has become an
emergent issue. Hence, this study uses glycoproteomic approaches to comprehensively investigate the EV71-interacting glyco-
proteins. Several EV71-interacting glycoproteins are identified, and the role of cell surface nucleolin in mediating the attachment
and entry of EV71 is characterized and validated. Our findings not only indicate a novel target for uncovering the EV71 infection
mechanism and anti-EV71 drug discovery but also provide a new strategy for virus receptor identification.

Enterovirus 71 (EV71), a member of the enterovirus A species of
the Picornaviridae family, is known to cause hand-foot-and-

mouth disease (1). Severe EV71 infections in children result in
several neurological complications, such as encephalitis, aseptic
meningitis, pulmonary edema, and acute flaccid paralysis (2). The
infection of EV71 is initiated in the intestine and then spreads to
the central nervous system, which results in a high mortality rate
in infected children (3). Because virus receptors determine the
host range, tissue tropism, and pathogenesis (4–6), the identifica-
tion of factors that mediate the recognition and/or entry of EV71
to host cells is essential to decipher infection mechanisms. Several
receptors or attachment molecules for EV71 have been identified,
including scavenger receptor B2 (SCARB2), P-selectin glycopro-
tein ligand-1 (PSGL-1), sialylated glycoprotein, dendritic cell-spe-
cific ICAM 3-grabbing nonintegrin, annexin II, vimentin, and
polysaccharide (heparin sulfate) (7–13). EV71 strains can be di-
vided into different subgenotypes based on sequence homology
(14). Human SCARB2 (hSCARB2) mediates the entry of EV71
strains or genotypes tested (15). SCARB2 not only facilitates the
infection of EV71 but is also involved in virus internalization and
the viral RNA uncoating of EV71 (16). Unlike SCARB2, PSGL-1
mediates the infection of some, but not all, EV71 strains or geno-
types (7, 17). In addition, PSGL-1 participates in EV71 virus bind-
ing but not virus entry and viral RNA release (16). Although EV71

uses multiple receptors (18), none of the antireceptor or antiat-
tachment molecule antibodies can completely abolish the infec-
tion of host cells by EV71 (7–12, 18). Undiscovered receptors or
cofactors that are involved in the binding and infection of EV71
urgently need to be identified.

Glycoproteomics coupled with mass spectrometric analyses
have been used to identify the functions of glycoproteins, such as
tumor markers (19–26). Although cell surface glycoproteins are
known to participate in the recognition, binding, and infection of
pathogens (27), this advanced methodology has never been ap-
plied to the discovery of virus receptors prior to this study.

We previously demonstrated that a cell surface monosaccha-
ride, sialic acid, can mediate EV71 binding and infection (9).
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Blocking EV71-sialic acid interactions reduces EV71 binding and
subsequent viral replication. In addition, EV71 can interact with
sialylated, desialylated, or deglycosylated SCARB2 (9, 15). These
findings suggest that sialylation may be a common modification
for EV71 receptors, and the removal of sialic acids does not affect
the binding of EV71 to receptors. In the present study, targeted
glycoproteomic approaches were applied to further investigate the
undiscovered binding receptors from sialylated membrane pro-
teins. Sialylated glycoproteins were purified from the cell mem-
brane extract by lectin chromatography and treated with sialidase,
followed by pulldown with EV71 particles. Sixteen proteins were
identified by mass spectrometry, and nucleolin (NCL), a multi-
functional binding protein (28–30), attracted our attention. The
interaction between NCL with EV71 and the roles of NCL in the
binding and infection of EV71 to cells were then carefully evalu-
ated and characterized.

MATERIALS AND METHODS
Cells and viruses. The RD (rhabdomyosarcoma) and NIH 3T3 cell lines
were maintained at 37°C in medium according to the instructions of the
American Type Culture Collection. The EV71 strains, including the clin-
ical isolates 89-N0363 (subgenogroup B4), 87-N6356 (subgenogroup
C2), 94-N2873 (subgenogroup C4), and 97-M448 (subgenogroup B5)
and a mouse-adapted strain (MP4), were propagated and titrated in RD
cells (31).

Plaque assay and CCID50. For plaque assays, RD cells were seeded in
plates overnight, infected with virus for 1 h (h), incubated in medium with
1% methylcellulose at 35°C for 72 h, and stained with crystal violet. The
50% cell culture infective doses (CCID50) were determined as previously
described (31). Briefly, RD cells in suspension were infected with virus,
seeded in 96-well plates, and then incubated at 35°C for 1 week to observe
the cytopathic effect (CPE). The CCID50 was calculated following the
method of Reed and Muench (32).

Isolation and identification of EV71-interacting glycoproteins. RD
cells were harvested and homogenized, and the membrane proteins were
obtained as previously described (9). Cells were harvested and homoge-
nized in ice-cold homogenization buffer (20 mM Tris-HCl, pH 7.5, 2.0
mM EDTA, 1.0 mM dithiothreitol [DTT], and protein inhibitor cocktail)
using a sonicator (Chrom Tech), and the cell lysate was centrifuged at
90 � g for 10 min to remove the cell debris. The supernatants were col-
lected and subjected to ultracentrifugation at 25,000 � g (4°C) for 20 min.
The membrane protein pellets were washed with homogenization buffer
(containing 1% NP-40) three times and resuspended in homogenization
buffer. The washed membrane proteins were subjected to a lectin affinity
chromatography column packaged with Maackia amurensis agglutinin
(MAA) and Sambucus nigra agglutinin (SNA) lectin agarose beads (EY
Laboratories) to bind the �2-3 and �2-6 sialic acid lectins, respectively.
The sialylated glycoproteins were eluted with ethylenediamine, and all of
the fractions were collected and subjected to an immunoprecipitation
assay. The purified sialylated glycoproteins were incubated with sialidase
at 4°C for 16 h, followed by mixing with EV71 particles, anti-EV71 anti-
body, and protein G-agarose beads and incubation at 4°C overnight. The
EV71-interacting proteins were centrifuged, washed with buffer, eluted
with glycine-HCl, neutralized with NaOH, concentrated, analyzed with
silver staining and Western blotting, and subjected to protein identifica-
tion.

Protein identification. Bands of interest were cut from the SDS-PAGE
gel and rinsed in solution (50% methanol and 5% acetic acid in water).
The gel species were dehydrated in acetonitrile, reduced with 10 mM
DTT, and carboxyamidomethylated using 100 mM indole acetic acid
(IAA) in the dark. The samples were dehydrated again with acetonitrile
and then digested with sequencing-grade trypsin at 37°C overnight. Tryp-
tic peptides were sequentially extracted with extraction buffer (50% ace-
tonitrile and 5% formic acid in water) and desalted with Zip-Tip prior to

mass analysis. The peptide digests were analyzed by the Mass Solution
Technology Co. using a Thermo LTQ (linear trap quadrupole) Velos mass
spectrometer for protein identification. The protein identification analy-
ses were repeated in at least three independent experiments. Mascot soft-
ware (Matrix Science, Boston, MA) was used to analyze the data. Mascot
searches were performed with the following parameters: treatment with
enzyme trypsin, fixed modifications due to carbamidomethyl (C), vari-
able modifications due to deamidation (NQ) and oxidation (M), peptide
tolerance of �0.5 Da, and fragments mass tolerance of �0.5 Da.

Silver staining. The EV71-precipitated proteins were subjected to
10% polyacrylamide gel electrophoresis under nonreducing conditions.
The gels were stained with a ProteoSilver silver stain kit (Sigma-Aldrich).

Virus overlay protein binding assay (VOPBA). The EV71-precipi-
tated proteins were subjected to 10% polyacrylamide gel electrophoresis
under nonreducing conditions and transferred to nitrocellulose mem-
branes, which were blocked with binding buffer (1% bovine serum albu-
min [BSA], 154 mM NaCl, 0.05% Tween 20, and 1 mM CaCl2) at 4°C for
16 h. The membranes were incubated with EV71 particles in binding
buffer at 4°C for 16 h with gentle rocking. After three washes with binding
buffer, the membranes were incubated with anti-EV71 antibody (clone
422-8D-4C-4D) at room temperature for 2 h, followed by incubation with
horseradish peroxidase (HRP)-conjugated secondary antibody at room
temperature for 1 h. After three washes, the images were captured with a
Fujifilm LAS-3000 imaging system.

ELISA. Microtiter plates were coated with serially diluted BSA, EV71
particles, and recombinant VP1 and VP2 proteins in coating buffer (0.1 M
Na2HPO4) at 4°C for 16 h. Recombinant human nucleolin (hNCL) pro-
tein (10 ng/ml; Abnova) was added to the wells and incubated at 37°C for
2 h. After the unbound proteins were washed away with 0.5% Tween 20 in
phosphate-buffered saline (PBS), anti-NCL antibody (Abcam) was added
to the wells and incubated at 37°C for 2 h. After a washing step, HRP-
conjugated secondary antibody was added to the wells and incubated at
37°C for 1 h, followed by the addition of HRP substrates (Millipore). The
binding signals were detected using an enzyme-linked immunosorbent
assay (ELISA) reader (PerkinElmer).

Immunofluorescence assay. The RD cells were seeded on chamber
slides and infected with isolate 87-N6356 (10� CCID50) at 4°C for 1 h.
The unbound viral particles were removed with PBS, and the cells were
fixed with 4% formaldehyde for 5 min. The cells were stained with 4=,6=-
diamidino-2-phenylindole (DAPI) or primary antibodies against EV71,
NCL, or SCARB2 (Abcam) at 37°C for 2 h, followed by incubation with
fluorescence-conjugated secondary antibodies at 37°C for 1 h. The slides
were then covered with glass coverslips and mounting medium, and the
images were analyzed and captured using a confocal microscope (Olym-
pus) at a �400 magnification.

Detection of cell surface antigens. The cells (wild type, vector only,
RNA interference [RNAi] knockdown, or overexpression) were washed
twice with fluorescence-activated cell sorting (FACS) buffer (0.1% NaN3

and 4% fetal calf serum [FCS] in 1� PBS), fixed with 4% paraformalde-
hyde at room temperature for 5 min, and incubated with primary anti-
body at 4°C for 1 h. After cells were washed with FACS buffer, Alexa
488-conjugated anti-mouse or anti-rabbit IgG antibody was added and
incubated at 4°C for 0.5 h. The binding was detected using a FACSCalibur
instrument (BD Biosciences).

Antibody blocking assay. RD cells in suspension were treated with
control antibody, anti-SCARB2 antibody, or anti-NCL antibody (50 �g/
ml) at 37°C for 1 h. After the unbound antibody was washed away, the cells
were incubated with 87-N6356 (10� CCID50) at 4°C for 3 h, washed, fixed
with 4% paraformaldehyde, and incubated with anti-EV71 antibody
(clone 422-8D-4C-4D) at room temperature for 2 h. The cells were incu-
bated with Alexa 488-conjugated secondary antibody at 4°C for 1 h and
analyzed by flow cytometry.

Knockdown of SCARB2 or NCL. The short hairpin RNA (shRNA)
sequences were purchased from the National RNAi Core Facility, Aca-
demia Sinica, Taiwan, and the sequences were as follows: sh-SCARB2,

Su et al.

4528 jvi.asm.org April 2015 Volume 89 Number 8Journal of Virology

http://jvi.asm.org


CCGGGCCCGATATCTCTCCCTATTTCTCGAGAAATAGGGAGAGA
TATCGGGCTTTTT; sh-NCL-1, CCGGAGTAAAGGGATTGCTTATAT
TCTCGAGAATATAAGCAATCCCTTTACTTTTTTG; and sh-NCL-2,
CCGGGCGATCTATTTCCCTGTACTACTCGAGTAGTACAGGGAAA
TAGATCGCTTTTTG. The plasmid that contained the shRNA was trans-
fected into RD cells using TurboFect transfection reagent (Thermo). Cells

were subjected to Western blotting and flow cytometry to determine the
total and cell surface SCARB2 and NCL, respectively, at 24 h posttrans-
fection. The cells were subjected to virus binding and infection assays at 48
h posttransfection.

Overexpression of hNCL in NIH 3T3 and L929 cells. The full-length
human nucleolin gene (hncl) was amplified from the cDNA library of RD

FIG 1 Identification and characterization of EV71-interacting glycoproteins. (A) Membrane proteins column purified with (�) or without (�) MAA or SNA
were separated by SDS-PAGE and immunoblotted with HRP-conjugated MAA and HRP-conjugated SNA lectins. (B) The silver staining of EV71-immunopre-
cipitated desialylated membrane proteins is shown. (C) The VOPBA of desialylated membrane proteins binding to EV71 particles is shown. Red arrows indicate
the bands observed on VOPBA. (D) RD cell lysates were immunoprecipitated with EV71 particles (IP EV) and immunoblotted with antinucleolin (anti-NCL)
antibody and HRP-conjugated secondary antibody (left panel). Sialylated membrane proteins, with or without sialidase treatment, were immunoprecipitated
with EV71 particles and immunoblotted with anti-NCL antibody and HRP-conjugated secondary antibody (right panel). (E) The binding of serially diluted BSA,
EV71 particles, VP1, and VP2 recombinant proteins (from 1 pg/well to 10 ng/well) with pure NCL protein was determined by ELISA. (F) The colocalization
(yellow) of EV71 (green) with NCL (red) was observed by confocal microscopy in infected RD cells. Nuclei were stained in blue by DAPI. (G) Anti-SCARB2 or
anti-NCL antibody (50 �g/ml) significantly reduced the binding of EV71 to RD cells as determined by flow cytometry. The data are representative of the means �
standard deviations (error bars) of �3 samples per group (**, P � 0.01).
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cells using the primer pair 5=-CATGAATTCATGGTGAAGCTCGCG-3=
and 5=-GACTCTAGAACAACCCCACGAACG-3=, cloned into an expres-
sion vector, p3�FLAG-Myc-CMV-26 (which carries three copies of a
FLAG tag; Sigma-Aldrich), and transfected into NIH 3T3 or L929 cells
using TurboFect transfection reagent (Thermo) according to the manu-
facturer’s instructions. The stably expressing cell clones were selected in
medium containing Geneticin (Sigma-Aldrich). The overexpression lev-
els of cell surface hNCL and total NCL were analyzed by flow cytometry
and Western blotting.

Virus binding assay. A virus binding assay was performed as previ-
ously described (9). Briefly, cells were seeded in six-well plates overnight
and infected with 87-N6356 (10� CCID50) for 1 h at 4°C. The unbound
virus was washed away with a buffer, and the cell lysate was collected at
different times to analyze the viral proteins, RNA, or viral particles by
Western blotting, quantitative reverse transcription-PCR (qRT-PCR), or
flow cytometry, respectively.

Whole-mount immunoelectron microscopy of EV71-infected RD
cells. EV71-infected RD cells were placed on nickel grids in the chamber at
37°C overnight and then fixed with 1% paraformaldehyde for 30 min.
After 2 h of blocking with 3% bovine serum albumin in PBS, the speci-
mens were incubated with gold-labeled SCARB2 antibody (3-nm beads)
and gold-labeled NCL antibody (13-nm beads) for 60 min and rinsed
in PBS. After labeling, specimens were fixed with 0.1% glutaraldehyde
for 5 min at room temperature, stained with ammonium molybdate,
and air dried. Specimens were viewed in a JEM-1400 electron micro-
scope at 120 kV.

Statistical analysis. The data were analyzed with Student’s t test (two-
tailed) using GraphPad Prism, version 5, software. P values of less than
0.05 were considered statistically significant.

RESULTS
Identification and characterization of EV71-interacting glyco-
proteins. To identify the EV71-interacting sialylated glycopro-
teins on the cell surface, the membrane fraction of RD cells was
extracted by ultracentrifugation and purified using an MAA/SNA
lectin-agarose column. The membrane fraction was confirmed by
the presence of E-cadherin, as detected by Western blotting (data
not shown), and the bands of the sialylated membrane proteins
were validated by Western blotting for MAA and SNA lectins
(Fig. 1A). To prevent the binding of EV71 to sialic acids (9, 33), the
purified sialylated glycoproteins were treated with sialidase. The
EV71-interacting glycoproteins were then isolated by immuno-

precipitation with virus particles. The silver staining results of the
SDS-PAGE analysis of the EV71-immunoprecipitated proteins re-
vealed several bands, including an obvious band located between
95 and 130 kDa (Fig. 1B). The interactions of EV71 with the im-
munoprecipitated proteins were also confirmed by EV71 VOPBA
(Fig. 1C). All of the bands observed on the SDS-PAGE gel were
collected and analyzed by mass spectrometry, and 16 proteins
were identified (Table 1). We then focused on a 100-kDa, multi-
functional sialylated glycoprotein, NCL, which had been reported
as a receptor for HIV and human respiratory syncytial virus (RSV)
(28, 29, 34–36). First, we evaluated the binding of EV71 to NCL (in
cell lysates) with an immunoprecipitation assay. EV71 can interact
with NCL, and the removal of sialic acids reduced the binding of
EV71 to NCL by 30% (Fig. 1D). The EV71 capsid consists of VP1,
VP2, VP3, and VP4, with VP4 on the inner surface (37). We found
that the binding of EV71 or VP1 protein to pure, unglycosylated
NCL protein was dependent on the virus/protein concentration
(Fig. 1E), suggesting that the VP1-NCL interaction may be re-
sponsible for the binding of EV71 to host cells during EV71 infec-
tion. However, NCL did not interact with VP2 and VP3 (Fig. 1E
and unpublished data). The results also showed that EV71 can
interact with desialylated or unglycosylated NCL. Furthermore,
pure NCL protein can diminish the binding of EV71 to RD cells
(data not shown). We then confirmed that both NCL and
SCARB2, a well-studied EV71 receptor, are expressed on the cell
surface of RD cells. The colocalization of NCL with EV71 on the
RD cell surface was observed by confocal microscopy (Fig. 1F).
Both the anti-SCARB2 and anti-NCL antibodies successfully
reduced the binding of EV71 to RD cells (Fig. 1G). Taken to-
gether, these findings suggest that EV71 can interact with cell
surface NCL.

Knockdown of cell surface NCL reduces EV71 binding, infec-
tion, and production in RD cells. To determine the influence of
NCL deficiency on EV71 infection, the expression of NCL on RD
cells was knocked down with shRNA. The knockdown of SCARB2
expression on RD cells served as the control. We first confirmed
that NCL shRNA treatment did not affect the cell surface-ex-
pressed SCARB2 and vice versa (Fig. 2A). Flow cytometry showed
that cell surface NCL expression was also reduced in the NCL-

TABLE 1 List of EV71-interacting proteins identified by glycoproteomic approaches

Protein name
GeneInfo Identifier sequence
identification no. Mol wt

Mascot
score

No. of peptide
matches

Alpha-1 type XV collagen gi|461397 142,412 21 2
CGI-72 protein gi|1685049 48,129 51 3
Epidermal cytokeratin 2 gi|181402 66,110 63 8
Erythrocyte alpha adducin gi|28382 81,377 26 3
High-risk human papillomavirus E6 oncoproteins, targeted protein E6TP1 alpha gi|4151328 198,570 44 5
Histone deacetylase 5 gi|4754909 122,714 35 1
Hr1b domain from Prk1 gi|159163170 9,000 22 3
Human selenoprotein S (chain A) gi|149243517 10,487 32 3
Dff40 and Dff45 N-terminal domain complex (chain B) gi|14278227 16,302 297 13
Nucleolin gi|189306 76,355 46 8
Phosphatidylinositol 3-kinase regulator, subunit alpha, isoform 1 gi|32455248 83,889 58 16
Plasminogen gi|38051823 93,263 56 2
RAF proto-oncogene serine-threonine protein kinase gi|4506401 73,803 27 4
Type I inner root sheath-specific keratin 25 irs4 gi|31074643 51,191 30 6
Tyrosine kinase gi|1161364 62,052 41 14
Zinc metalloendopeptidase gi|11493589 121,646 41 7
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knockdown cells (Fig. 2B). NCL knockdown significantly reduced
the binding of both human and mouse-adapted EV71 strains to
RD cells by 50 to 70% (Fig. 2C). Decreased levels of bound EV71
virus were also observed using qRT-PCR and Western blotting
analyses (Fig. 2D). In addition, double knockdown of SCARB2
and nucleolin in RD cells showed a further reduction in an EV71
binding assay (Fig. 2E). The EV71 RNA levels were decreased by
25% and 45% in the NCL-knockdown cells at 3 and 6 h postinfec-
tion (p.i.), respectively (Fig. 2F). To assess the effect of NCL or
SCARB2 knockdown on EV71 production, the amounts of virus
in the supernatant of infected cells were measured by determining

the CCID50 values. Both the NCL- and the SCARB2-knockdown
cells showed significantly decreased CCID50 values compared with
those of cells transfected with an empty vector at 9 h p.i. (Fig. 2G).
In addition, we used five EV71 strains for the binding assay. MP4
is a strain that belongs to genotype C2 and has been adapted four
times in mice to increase neurovirulence (38). The strains 87-
N6356 in subgenogroup C2 and 97-M448 in subgenogroup B5
were isolated from EV71-infected patients with mild symptoms,
and strains 89-N0363 in subgenogroup B4 and 94-N2873 in sub-
genogroup C4 were isolated from cases with neurological compli-
cations. The binding of all five EV71 strains to NCL-knockdown

FIG 2 The knockdown of cell surface NCL reduces EV71 binding, infection, and production in RD cells. RD cells were transfected without vector (RD) or with
an empty vector (Vector) or the vector containing sh-SCARB2, sh-NCL-1, or sh-NCL-2. The expression levels of SCARB2 and NCL were determined by Western
blotting (A) and flow cytometry (B). (C) The binding of an EV71 clinical isolate (87-N6356) or mouse-adapted strain (MP4) to RD cells was determined by flow
cytometry. (D) The binding of EV71 (87-N6356) to vector-, sh-NCL-1-, sh-NCL-2-, and sh-SCARB2-transfected RD cells was determined by qRT-PCR (top)
and Western blotting (bottom). (E) The binding of EV71 to vector, sh-NCL-1-, sh-SCARB2- and sh-NCL-1–sh-SCARB2-transfected RD cells was determined
by qRT-PCR. (F) The relative RNA levels of EV71 (87-N6356) in RD cells at 3 and 6 h p.i. were determined by qRT-PCR. The RNA level of vector cells at 3 h was
defined as 100%. (G) The 50% cell culture infective dose (CCID50) values of RD cells infected with EV71 (87-N6356) were evaluated. (H) The binding of different
genotypes of EV71 (MP4, C2, B4, C4, and B5 strains) to RD cells was measured by flow cytometry. The mean fluorescence intensity value of MP4-infected vector
cells was defined as 100%. The data are representative of the means � standard deviations (error bars) of �3 samples per group. *, P � 0.05; **, P � 0.01; ***,
P � 0.001.
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cells was significantly lower than that of cells transfected with an
empty vector (Fig. 2H). These results suggest that NCL is involved
in the binding and infection of EV71 to host cells.

The expression of hNCL on the surface of a mouse cell line
increases EV71 binding, infection, and production in the cells.
The mouse embryonic fibroblast cell line NIH 3T3 is relatively

resistant to EV71 infection. To determine whether the expression
of hNCL on the cell surface can increase EV71 binding, infection,
and production, NIH 3T3 cells were transfected with a vector
containing the hncl gene tagged with FLAG. Two cell clones, NCL1
and NCL2, were established. The results of flow cytometric anal-
ysis using anti-FLAG antibody detected increased FLAG levels on

FIG 3 The expression of hNCL increases EV71 binding to a mouse cell line. NIH 3T3 cells were transfected without vector (No vector), an empty vector (Vector),
or the vector containing the hncl gene tagged with FLAG (NCL1 and NCL2). (A) The expression of FLAG on the cell surface was determined by flow cytometry.
A histogram (top panel) and the quantitative results of the mean fluorescence intensity (MFI) of FLAG-positive cells are shown. (B) The expression levels of NCL,
FLAG, and 	-actin in cells were detected by Western blotting. (C) The binding of different genotypes of EV71 (MP4, C2, B4, C4, and B5 strains) to RD cells, NIH
3T3 cells transfected with an empty vector (Vector), and NIH 3T3 (NCL2) cells was determined by flow cytometry. The expression of NCL and 	-actin in cells
detected by Western blotting (D) and the binding of different genotypes of EV71 (MP4, B4, C4, and B5 strains) to RD cells, L929 cells transfected with an empty
vector (Vector), and L929 (NCL) cells determined by flow cytometry (E) are shown. The value of MP4-infected RD cells was defined as 100%. The data are
representative of the means � standard deviations (error bars) of �3 samples per group. *, P � 0.05; ***, P � 0.001.
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the surface of both NCL1 and NCL2 cells compared with levels on
NIH 3T3 cells transfected with an empty vector (Fig. 3A), suggest-
ing that hNCL was expressed on the surface of both NCL1 and
NCL2 cells. Notably, a high FLAG level was detected on NCL2 cells
compared with levels on NCL1 cells, suggesting that NCL2 cells
express more hNCL on the cell surface than NCL1 cells. Western
blotting detected enhanced NCL levels in both NCL1 and NCL2
cells compared with levels in NIH 3T3 cells transfected with an
empty vector using anti-NCL antibody, which recognizes both
human and mouse NCL proteins, which have similar sizes (Fig.
3B, top panel). Western blotting using an anti-FLAG antibody
detected FLAG in both NCL1 and NCL2 cells but not in NIH 3T3
cells transfected with an empty vector (Fig. 3B, middle panel).

Because NCL2 cells express more hNCL on the cell surface
than NCL1 cells, NCL2 cells were utilized to evaluate EV71
binding to cells. The results of a binding assay showed that the
relative virus binding to NIH 3T3 cells transfected with an
empty vector was not very efficient compared with that to RD
cells (Fig. 3C). The expression of hNCL significantly increased
virus binding to NCL2 cells by more than 2.6-fold compared
with that to NIH 3T3 cells transfected with an empty vector
(P � 0.05). Remarkably, the levels of virus binding to NCL2
cells were high compared with levels to RD cells. The binding
intensities of virus to RD cells, NIH 3T3 cells transfected with
an empty vector, and NCL2 cells were comparable irrespective
of the genotypes or virus strains. Enhanced EV71 binding by
the expression of hNCL was also observed in the mouse L929
cell line (Fig. 3D and E).

We further monitored virus-induced CPE in RD cells, NIH
3T3 cells transfected with an empty vector, and NCL2 cells at 0, 3,
and 9 h p.i. A clear CPE was observed in both RD and NCL2 cells
but was not observed in NIH 3T3 cells transfected with an empty

vector at 9 h p.i. (Fig. 4A). The quantitative data also showed that
the virus-induced CPE in NCL2 cells significantly increased com-
pared with that in NIH 3T3 cells transfected with an empty vector
at 3 and 9 h p.i. (Fig. 4B).

In addition, we examined viral growth in RD, NIH 3T3 (empty
vector), and NCL2 cells at 0, 12, 24, and 48 h p.i. (multiplicity of
infection [MOI] of 10; isolate 87-N6356). Virus growth increased
rapidly (
10,000-fold) in RD cells at 24 h p.i. and was maintained
at a high level until 48 h p.i. (Fig. 5). Virus growth in NCL2 cells
also increased continuously from 0 to 48 h p.i. Furthermore, the
virus titer in NCL2 cells was 100-fold higher than that in NIH 3T3
cells transfected with an empty vector at 48 h p.i. The increased

FIG 4 The expression of hNCL increases the number of mouse cells infected by EV71. CPE induced by EV71 in RD, NIH 3T3 (Vector), and NIH 3T3 (NCL2)
cells at 0, 3, and 9 h p.i. with the 87-N6356 strain (A) and the percentages of cells with CPE (B) are shown. The data are representative of the means � standard
deviations (error bars) of �3 samples per group (*, P � 0.05).

FIG 5 The expression of hNCL increases EV71 production in mouse cells. The
data are representative of the means � standard deviations (error bars) of �3
samples per group (*, P � 0.05).
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virus production suggests that the expression of hNCL enhances
the attachment and infection of EV71 to mouse cells.

NCL and SCARB2 are associated in uninfected cells, and
EV71 infection increases the level of NCL associated with
SCARB2 in cells. The NCL on the cell surface was previously
shown to mediate the binding and subsequent clathrin-depen-
dent endocytosis of lactoferrin (39). In addition, SCARB2 me-
diates the entry of EV71 via a clathrin-dependent endocytosis
mechanism (40). Therefore, we assessed the interaction of NCL
and SCARB2 in RD cells in the presence or absence of EV71
infection for 3 h at 4°C. The results of an immunoprecipitation
assay performed on cell lysates using anti-SCARB2 or anti-
NCL antibody showed that NCL and SCARB2 associated in
uninfected cells (Fig. 6A and B, left panels). EV71 antigen,
NCL, and SCARB2 were found to associate in infected cells,
and the level of NCL that associated with SCARB2 was en-
hanced, as demonstrated by the increased intensity of NCL
bands compared to that in uninfected cells (Fig. 6A and B, right
panels). In addition, an immunoprecipitation assay using anti-
lactoferrin antibody showed that SCARB2 was not associated
with lactoferrin in either uninfected or infected RD cells (unpub-
lished data), suggesting that SCARB2 specifically interacts with
only certain proteins, such as NCL. The colocalization of EV71,
NCL, and SCARB2 in cells was observed using confocal micros-
copy (Fig. 6C). In order to look deep inside the nucleolin-
SCARB2-EV71 interaction, we stained EV71-infected RD cells
with gold-labeled SCARB2 antibody (3-nm beads) and gold-la-
beled NCL antibody (13-nm beads). The electron microscopy im-
age showed that SCARB2 (Fig. 7, small dots) and nucleolin (large

dots) were very close to EV71 particles (white circles), suggesting
that both proteins are associated with EV71.

DISCUSSION

In this study, we identified NCL as an EV71-interacting protein
via glycoproteomic analysis. We also demonstrated that cell sur-
face NCL is involved in the binding and infection of EV71 to host
cells. Based on our findings, NCL met all of the criteria that define
a novel binding receptor for EV71 (28).

Glycoproteomics, which focuses on the analyses and charac-
terization of glycostructures and the function of glycosylated pro-
teins, has attracted much attention. Proteins that contain the de-
sired glycans were enriched from cell lysates or a protein mixture
and quantitatively analyzed by mass spectrometry. Glycopro-
teomic approaches have been applied to identify new tumor
markers (25, 41, 42). In this study, we successfully identified 16
EV71-interacting proteins by glycoproteomic approaches. These
candidate proteins include four membrane-associated glycopro-
teins: erythrocyte alpha adducin, human selenoprotein S, plas-
minogen, and NCL. We found that treatment with antibody
against the four membrane-associated glycoproteins reduced the
binding of EV71 to RD cells in a manner similar to treatment with
anti-SCARB2 antibody (data not shown). Because NCL is the re-
ceptor for HIV and RSV (28, 29, 34–36), we further investigated
the roles of NCL in EV71 infection.

NCL is a multifunctional protein that is ubiquitously expressed
in growing eukaryotic cells (43). It controls the metabolism of
DNA and RNA in the nucleolus (44, 45), shuttles proteins into the
nucleus (46), provides posttranscriptional regulation of strategic

FIG 6 NCL and SCARB2 associate in uninfected cells, and EV71 infection increases the level of NCL associated with SCARB2 in cells. The lysates of RD cells
infected without or with 87-N6356 were harvested at 3 h p.i. and immunoprecipitated (IP) with anti-SCARB2 antibody (A) or anti-NCL antibody (B) prior to
immunoblotting with anti-NCL, anti-SCARB2, or anti-EV71 antibody. (C) The colocalization (white) of EV71 antigen (green), NCL (red), and SCARB2 (blue)
in RD cells infected with 87-N6356 was examined using a confocal microscope. The data are representative of three independent experiments.
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mRNAs in the cytoplasm (47, 48), and serves as a ligand for pro-
teins, such as midkine and the heparin-binding growth-associated
molecule, on the cell surface (49). NCL is also involved in the
proliferation of many types of cancer (34, 50–52) and serves as a
prognosis marker and therapeutic target for cancer treatment
(53–55). Furthermore, NCL also participates in the pathogenic
mechanism and mediates the replication of several viruses and/or
serves as a cell surface receptor for Escherichia coli O157 (56),
Helicobacter pylori (57), RSV (28), adeno-associated virus type-2
(AAV-2) (58), coxsackie B virus (59), and HIV (29). Several non-
toxic ligands have been reported to block NCL-pathogen interac-
tion. For instance, pseudopeptide HB-19 treatment prevents the
anchorage of HIV to target cells (60). HB-19 treatment also inhib-
its cancer growth, angiogenesis, and tumorigenesis (61, 62). By
binding to cell surface NCL, midkine and pleiotrophin (two hep-

arin-binding growth factors) could inhibit HIV infection of cells
(63–65).

According to the investigation of Krust et al., cell surface-ex-
pressed NCL is predominantly found on the cell surface of lym-
phoid organs, including the liver, spleen, thymus, and bone mar-
row (66). A significant amount of NCL was also found on the cell
surface of developing muscle and growing cells (43, 67). Hence,
the ubiquitous expression and tissue distribution of NCL not only
indicate that NCL is involved in EV71 infections but also suggest
that the binding of EV71 to cells of the mononuclear phagocyte
system, growing cells, and developing muscle is more efficient
than its binding to other cells. Further investigations should be
performed to decipher the roles of NCL in the infection of EV71 in
young children.

In our previous study, we examined the binding of EV71 with

FIG 7 Detection of NCL, SCARB2, and EV71 in RD cells. We stained EV71-infected RD cells with gold-labeled SCARB2 antibody (3-nm beads) and gold-labeled
NCL antibody (13-nm beads). The whole-mount cells were viewed after a negative-staining procedure, followed by conventional transmission electron micros-
copy. EV71 particles are shown in white circles. Small black dots, SCARB2; large black dots, nucleolin. Insets are higher-magnification images.
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SCARB2, with or without sialidase treatment, by VOPBA and
found that desialylation slightly reduced the binding of virus with
receptor (9). Yamayoshi et al. also found that the interaction of
EV71 with recombinant hSCARB2 was moderately decreased after
removing N-glycans from hSCARB2 by enzymatic hydrolysis
(15). In this study, we purified sialylated membrane proteins by
lectin affinity column (Fig. 1A), with or without sialidase treat-
ment, and subjected them to immunoprecipitation with EV71
particles and immunoblotting with anti-NCL antibody. We found
that desialylation reduced the binding of EV71 with NCL by 30%
(Fig. 1D, right panel). Although desialylation influenced the
EV71-NCL interaction, EV71 can bind with unglycosylated NCL
(Fig. 1E). These findings demonstrated that EV71 interacts with
not only sialic acid but also sialylated, desialylated, and unglyco-
sylated NCL.

Among the previously identified receptors/attachment mole-
cules, PSGL-1 and SCARB2 have been demonstrated as functional
receptors for EV71. SCARB2 is a major receptor for all EV71
strains and some enterovirus A species viruses (8). However, only
some EV71 strains or genotypes could attach and infect PSGL-1-
expressing cells (7). The functional comparison of SCARB2 and
PSGL-1 in EV71 infection has been investigated (16). Although
the binding ability of EV71 (PSGL-1-binding strain) to PSGL-1-
expressing L929 cells is higher than that to SCARB2-expressing
L929 cells, the efficiency of EV71 to infect SCARB2-expressing
cells is much higher than that for PSGL-1-expressing cells. The
authors suggest that SCARB2 not only mediates the binding of
EV71 to host cells but is also involved in the endocytosis and
uncoating of EV71. In this study, we showed that the binding of
different genotypes of EV71 to hNCL-expressing mouse cells was
significantly increased (Fig. 3C and E). The knockdown of NCL
could also block the binding of all tested EV71 strains to host cells
(Fig. 2H). Combined with the increased CPE and viral yield ob-
served in EV71-resistant cells after the expression of hNCL (Fig. 4
and 5), these findings suggest that NCL could be recognized by all
EV71 strains. However, the infection efficiency is not as good as in
RD cells. The mechanism of NCL-mediated EV71 infection
should be further investigated.

In this study, we found that hNCL directly interacted with viral
particles and the capsid protein VP1 of EV71 (Fig. 1C). VP1, an
outer surface capsid protein of EV71, is reportedly involved in
virus infectivity (68) and immunogenicity (69, 70). VP1 has been
shown to interact with the cell surface receptors SCARB2 and
PSGL-1 (71, 72) and with the binding molecules lactoferrin and
annexin IIA (10, 73). Treatment with peptides derived from VP1
also inhibits the infection of host cells by EV71 (74). EV71-specific
interacting domains (in hNCL) and hNCL-specific interacting
peptides (in VP1) need to be identified to elucidate the complete
infection mechanism of EV71 and identify novel targets for anti-
viral drug development.

The restriction of EV71 infection reportedly occurs at the early
steps, such as during binding, internalization, and virus uncoating
(8). The expression of putative receptors (SCARB2 and PSGL-1)
on the cell surface of EV71-resistant cells (L929) transforms these
mouse cells to become susceptible to infection by EV71 (7, 8).
Although the protein sequence of mouse SCARB2 shows 85.8%
identity and 99.9% similarity to human SCARB2, only human
SCARB2-transfected L929 cells exhibit EV71 binding and infec-
tion (15). In the current study, we found that cell surface murine
NCL cannot mediate the binding and infection of EV71 to mouse

cells (NIH 3T3) even though the protein sequence of murine NCL
exhibits 81.7% identity to hNCL. Nevertheless, the expression of
hNCL on NIH 3T3 cells enabled the binding and infection of EV71
to transfected cells. Although the virus titer in NCL2 cells was
10-fold lower than that in RD cells at 48 h p.i. and although the
growth rate was not as good as that in RD cells, the viral yield was
100-fold better than that in NIH 3T3 cells transfected with an
empty vector (Fig. 5). Although we showed that EV71 binds more
efficiently to NCL2 cells (NIH 3T3 cells expressing human NCL)
than to RD cells, the viral yield in NCL2 cells is still lower than that
of RD cells (Fig. 4 and 5). These results suggest that there should be
another block to viral internalization and replication in NIH 3T3
cells. Key molecules that participate in the entry and replication of
EV71 in RD and EV71-resistant cells need to be identified to un-
derstand the infection mechanism of EV71.

Our findings demonstrate that the use of glycoproteomic tech-
nologies is a reliable and powerful tool for the discovery of viral
receptors. A novel EV71-binding receptor, namely, cell surface
NCL, was successfully identified in EV71-susceptible cell lines. We
proved the direct interaction between NCL and EV71 and evalu-
ated the functional role of NCL in EV71 infection. The findings in
hNCL-expressing, EV71-resistant cells also strongly suggest that
NCL alone can mediate the binding and infection of EV71 to host
cells. All of these results confirm that EV71 uses multiple receptors
for viral binding and infection (18). Further studies should ad-
dress the receptor antagonist development for the prevention and
treatment of EV71-induced neuron toxicity.
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