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Measles virus (MV), an enveloped negative-strand RNA virus,
remains a major cause of morbidity andmortality in developing
countries. MV predominantly infects immune cells by using
signaling lymphocyte activation molecule (SLAM; also called
CD150) as a receptor, but it also infects polarized epithelial
cells, forming tight junctions in a SLAM-independent man-
ner. Although the ability of MV to infect polarized epithelial
cells is thought to be important for its transmission, the epi-
thelial cell receptor for MV has not been identified. A tran-
scriptional repressor, Snail, induces epithelial-mesenchymal
transition (EMT), in which epithelial cells lose epithelial cell
phenotypes, such as adherens and tight junctions. In this study,
EMTwas induced by expressing Snail in a lung adenocarcinoma
cell line, II-18, which is highly susceptible to wild-type MV.
Snail-expressing II-18 cells lost adherens and tight junctions.
Microarray analysis confirmed the induction of EMT in II-18
cells and suggested a novel function of Snail in protein degrada-
tion and distribution. Importantly, wild-type MV no longer
entered EMT-induced II-18 cells, suggesting that the epithelial
cell receptor is down-regulated by the induction of EMT. Other
polarized cell lines, NCI-H358 and HT-29, also lost susceptibil-
ity to wild-typeMVwhen EMTwas induced. However, the com-
plete formation of tight junctions rather reducedMV entry into
HT-29 cells. Taken together, these data suggest that the uniden-
tified epithelial cell receptor forMV is involved in the formation
of epithelial intercellular junctions.

Measles is an acute febrile disease transmitted via aerosol
droplets and remains a major cause of infant death in develop-
ing countries (1). Measles virus (MV),2 the causative agent of
the disease, is an enveloped RNA virus belonging to the genus

Morbillivirus in the family Paramyxoviridae.MVhas two enve-
lope glycoproteins, the hemagglutinin (H) and fusion (F) pro-
teins, both of which are necessary for MV entry and syncytium
formation. The H protein has the ability to bind to a host cell
receptor, whereas the F protein causes the fusion of the viral
envelope with a cell membrane upon the H protein’s binding to
a receptor. MV infects immune cells by using human signaling
lymphocyte activation molecule (SLAM; also called CD150) as
a receptor (2). Vaccine strains of MV use CD46, which is
expressed on all human cells except for red blood cells, as an
alternate receptor (3, 4). Although wild-type (WT) MV cannot
use CD46 as a receptor, pathological data from humans and
experimentally infected monkeys showed that MV also infects
SLAM-negative epithelial tissues in various organs, such as the
skin, oral mucosa, pharynx, trachea, esophagus, intestines, and
urinary bladder (5–12). In addition,WTMV induces large syn-
cytia in primary human small airway epithelial cells (13). Recent
studies showed that MV infects polarized epithelial cell lines in
a SLAM- and CD46-independent manner (14, 15). Thus, there
must be another receptor for MV, which is different from
SLAM and CD46. However, this epithelial cell receptor forMV
has not been identified. MV buds from the apical surface of
polarized epithelial cells (15, 16). Furthermore, Leonard et al.
(16) reported that a recombinant MV that cannot use the epi-
thelial cell receptor still infects rhesus monkeys and causes a
rash and anorexia after intranasal infection but is not shed in
the airways. These data suggested that infection of polarized
epithelial cells is important for the spread of MV to a new host.
Epithelial-mesenchymal transition (EMT) is a process by

which epithelial cells lose their cell junctions and acquire ames-
enchymal cell-like phenotype (17). EMT is observed in some
developmental processes as well as cancer invasion and metas-
tasis. Snail, a transcriptional repressor, plays a central role dur-
ing EMT (17, 18). Although the functions of Snail remain to be
elucidated, some targets of Snail have been reported. For exam-
ple, Snail inhibits expression of the gene encoding E-cadherin,
which constitutes the adherens junction (19, 20). Snail also acts
as a transcriptional repressor of genes encoding tight junction-
related molecules, such as occludin, claudins, and Crumbs3
(21–24), and of other genes (25, 26). Furthermore, Ohkubo et
al. reported that Snail down-regulates claudin-1 at the post-
transcriptional level (22).
In this study, we show that a lung adenocarcinoma cell line

II-18 (27), which forms tight junctions, is highly susceptible to
WT MV. When Snail was transiently expressed in II-18 cells,
they lost adherens and tight junctions. Microarray analysis also
confirmed the induction of EMT in II-18 cells. Importantly,
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WT MV no longer entered EMT-induced II-18 cells, which
suggests that the epithelial cell receptor is down-regulated by
the induction of EMT. Other polarized cell lines, NCI-H358
and HT-29, also lost susceptibility to WT MV when EMT was
induced. However, the complete formation of tight junctions
rather reduced MV entry into HT-29 cells. Taken together,
these data suggest that the unidentified epithelial cell receptor
for MVmay be involved in the formation of epithelial intercel-
lular junctions.

EXPERIMENTAL PROCEDURES

Cells—II-18 cells (RCB2093, Riken Bioresource Center Cell
Bank (Tsukuba, Japan)) were maintained in RPMI medium
(ICN Biomedicals (Aurora, OH)) supplemented with 7.5% fetal
bovine serum (FBS). PLAT-gp cells, kindly provided byM. Shi-
mojima and T. Kitamura, are retrovirus-packaging cells, which
contain the retroviral gag and pol genes (28). PLAT-gp cells
were maintained in Dulbecco’s modified Eagle’s medium
(DMEM; Invitrogen) supplemented with 7.5% FBS and 10
�g/ml blasticidin (InvivoGen (San Diego, CA)). The character-
istics and culture conditions used for the following cell lines
were as described previously: Vero/hSLAM (29), NCI-H358
(30), HT-29 (31), and A549 (32).
Viruses—All full-length genome plasmids were derived from

the p(�)MV323 plasmid encoding the antigenomic full-length
cDNA of the IC-B WT strain of MV (33). The p(�)MV323-
EGFP and p(�)MV323-Luci plasmids, which contain an addi-
tional transcriptional unit of enhanced green fluorescent
protein (EGFP) and the Renilla luciferase gene, respectively,
were reported previously (14, 34). p(�)MV/Ed-H-EGFP and
p(�)MV/Ed-H-Luci contain the Edmonston tag H gene in
place of the IC-BWT H gene (14, 35). p(�)MV323/H(Y543S)-
EGFP has a mutation in the H gene resulting in the amino acid
substitution Y543S; the mutant H protein is incapable of in-
teracting with the putative epithelial cell receptor (15). Recom-
binant MV strains generated from p(�)MV323-EGFP,
p(�)MV323-Luci, p(�)MV/Ed-H-EGFP, p(�)MV/Ed-H-Luci,
and p(�)MV323/H(Y543S)-EGFP were named IC323-EGFP,
IC323-Luci, IC323/Ed-H-EGFP, IC323/Ed-H-Luci, and IC323/
H(Y543S)-EGFP, respectively. Theywere generated as reported
previously (36, 37).
Plasmid Constructions—pCVSV-G is an expression plasmid

that was made by cloning a cDNA encoding the vesicular sto-
matitis virus G protein into the expression vector pCAGGS
(38). pMX-GFP, kindly provided byM. Shimojima and T. Kita-
mura, is a plasmid for a Moloney murine leukemia virus-based
retrovirus vector expressingGFP (39, 40). pMXs-IP is a plasmid
for a retrovirus vector with multiple cloning sites (41). To gen-
erate a plasmid for a retrovirus vector expressing Snail, total
RNA was extracted from A549 cells, the cDNA encoding Snail
was amplified by reverse transcription and PCR, and pMXs-IP-
Snail was generated by inserting Snail cDNA into the EcoRI and
NotI sites of pMXs-IP. The eukaryotic expression vectors pCA7
(36, 42) and pCA7ps (15) are derivatives of pCAGGS (38).
pCA7ps-ICH, pCA7ps-EdH, and pCA7-ICF, which encode the
IC-B H protein, the Edmonston tag H protein, and the IC-B F
protein, respectively (15, 35), have been described previously.

Retrovirus Vector—PLAT-gp cells were cultured in collagen-
coated 6-well cluster plates (Iwaki Glass Co. Ltd., Chiba, Japan).
pMX-GFP (4 �g), pMXs-IP (4 �g), or pMXs-IP-Snail (4
�g) was transfected, together with pCVSV-G (0.4 �g), into
PLAT-gp cells, using Lipofectamine 2000 (Invitrogen). After 2
or 3 days posttransfection, supernatant was harvested and fil-
tered through a 0.45-�m filter (Millipore, Bedford, MA). The
retrovirus vector expressing GFP (MX-GFP) was used for titra-
tion. II-18 cells were cultured in collagen-coated 48-well cluster
plates (CorningGlass) and infected by serially dilutedMX-GFP.
After 48 h postinfection (p.i.), the number of GFP-expressing
cells was counted under a fluorescence microscope. Cells were
infected with the retrovirus vector expressing Snail in medium
containing 4 �g/ml Polybrene at a multiplicity of infection
(MOI) of 50–100. A retrovirus vector derived from pMXs-IP
was used for control experiments.
FACS Analysis—Cells were harvested and fixed with phos-

phate-buffered saline (PBS) containing 4% paraformaldehyde
for 20 min at room temperature. After being washed with PBS,
cells were permeabilized in PBS containing 0.05%Triton X-100
for 5 min at room temperature. Cells were then incubated with
the mouse polyclonal antibody against Snail (Abnova (Taipei,
Taiwan)) for 1 h on ice, followed by incubationwithAlexa Fluor
488-conjugated anti-mouse secondary antibody (Molecular
Probes, Inc. (Eugene, OR)). Cells were analyzed by flow cytom-
etry andModFit software (version 3.0; Verity Software House).
Western Blot Analysis—Cells were lysed in a radioimmuno-

precipitation assay buffer (150 mM NaCl, 10 mM Tris-HCl, pH
7.4, 1% Triton X-100, 1% sodium deoxycholate, 0.1% SDS), and
polypeptides in cells were separated by SDS-PAGE and blotted
onto polyvinylidene difluoride membranes (Hybond-P; Amer-
sham Biosciences). The membranes were then incubated with
primary antibodies for 16 h. A mouse monoclonal antibody
(mAb) against E-cadherin (Invitrogen), occludin (Invitrogen),
or actin (Santa Cruz Biotechnology, Inc. (Santa Cruz, CA)) and
rabbit polyclonal antibody against claudin-1 (Invitrogen) or
ZO-1 (Invitrogen) were used. The membranes were washed
with Tris-buffered saline containing 0.05% Tween 20 and incu-
bated with peroxidase-conjugated goat anti-mouse (Bio-Rad)
or anti-rabbit IgG antibody (Zymed) for 1 h at room temper-
ature. After membranes were washed with Tris-buffered
saline, 0.05% Tween 20, they were treated with the ECL Plus
reagent (Amersham Biosciences), and chemiluminescent
signals were detected and visualized using a VersaDoc 3000
imager (Bio-Rad).
Immunofluorescence Staining and Confocal Microscopy—

Cells were cultured on 35-mm Petri dishes with thin bottoms
(�-Dish 35mm, high; Ibidi (Munich,Germany)) or on collagen-
coated coverslips. After the treatments described in the respec-
tive procedures, cells were fixed and permeabilized with PBS
containing 2.5% formaldehyde and 0.5% Triton X-100. Cells
were then washed with PBS and incubated with a mAb against
ZO-1 (Invitrogen) or E-cadherin (Invitrogen) for 1 h at 37 °C,
followed by incubation with Alexa Fluor 488-conjugated anti-
mouse secondary antibody (Molecular Probes). Nuclear DNA
was stainedwith propidium iodide (Sigma) at 10�g/ml. Images
of cells were obtained sequentially from the top to the bot-
tom of the cells by using a confocal microscope (Radiance
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2100, Bio-Rad) and merged together by using Lasersharp
software (Bio-Rad).
cDNA Microarray Analysis—Total RNA was isolated from

cells using the RNeasy Plus Mini kit (Qiagen (Valencia, CA)).
RNA was amplified and labeled using the Illumina TotalPrep
RNA Amplification Kit (Ambion, Austin, TX). HumanWG-6
version 3.0 BeadChip (Illumina, Hayward, CA) was hybridized
with labeled cRNA. Data were submitted to the GEO database,
accession number GSE19679, and analyzed using BeadStudio
(Illumina) andKeyMolnet software (IMMDInc., Tokyo, Japan).
Virus Titration—Monolayers of Vero/hSLAM cells on 12-

well cluster plates were infected with serially diluted virus sam-
ples and incubated for 1 h at 37 °C. After being washed with
PBS, the cells were overlaid with DMEM containing 7.5% FBS
and 1% methylcellulose. At 4 days p.i., the titers of EGFP-ex-
pressing viruses were determined by counting the numbers
of plaques under a fluorescence microscope. The number of
plaques of luciferase-expressing viruses was counted after neu-
tral red staining. Cell infectious units (CIU) of EGFP-expressing
viruses were also determined as described previously (34, 42).
Virus Growth—II-18 cells cultured in 12-well cluster plates

were infected with IC323-EGFP at an MOI of 0.01. At various
days p.i., both cells and media were collected to determine the
titers in them.
Measurement of Infectivity—Cells were cultured in colla-

gen-coated 48-well cluster plates (Corning Glass). After the
treatments described in the respective procedures, cells were
incubated by Renilla luciferase-expressing MVs at anMOI of
0.01. After 3 h p.i., DMEM supplemented with 7.5% FBS and
100 �g/ml fusion block peptide (Z-D-Phe-Phe-Gly) (43) (Pep-
tide Institute Inc. (Osaka, Japan)) was added to each well to
block the second round of infection by progeny viruses. After
24 h p.i., cells were lysed in the Renilla luciferase assay lysis
buffer. The Renilla luciferase activity in the cells was then
analyzed using a Renilla luciferase assay system (Promega
(Madison, WI)), according to the manufacturer’s instructions.
Chemiluminescence was measured using a Mithras LB940
plate reader (Berthold Technologies (Pforzheim, Germany)).
Luciferase activity of control samples was set to 100% in each
experiment.
Fusion Assay—CHO cells cultured in 6-well cluster plates

were cotransfected with pCA7ps-ICH or pCA7ps-EdH (2 �g)
plus pCA7-ICF (2 �g), using Lipofectamine 2000 (Invitrogen).
Twodays after transfection, the cellswere coculturedwith II-18
cells. After 2 days of incubation, the cells were observed after
Giemsa staining under a light microscope.
Modulation of the Tight Junction Formation—HT-29 cells

were seeded at 15% confluence on collagen-coated coverslips
or 6-well plates. At various time intervals (1, 3, 10, and 16 days
after plating), cells were used for virus infection or immuno-
staining. Alternatively, the culture media of HT-29 cells 8–12
days after plating were changed to calcium-freemedia (Invitro-
gen) orDMEM(Invitrogen). After 24 h, cells were used for virus
infection or immunostaining. After virus infection, DMEM
supplemented with 7.5% FBS and 100 �g/ml fusion block pep-
tide was added to each well. At 36 h p.i., the number of EGFP-
expressing cells was counted under a fluorescence microscope.

RESULTS

SLAM- and CD46-independent MV Infection of II-18 Cells—
WTMV infects and replicates in polarized epithelial cell lines,
such as NCI-H358, HT-29, Calu-3, Caco-2, and T84 (14, 15).
However, these cell lines are not as easy to propagate as other
common cell lines because of their slow growth and a require-
ment for special medium. After screening many cell lines, we
found that a human lung adenocarcinoma cell line, II-18, is not
only highly susceptible to WTMV but also grows fast in RPMI
medium.
To examine whether MV infects II-18 cells in a SLAM-inde-

pendent manner, II-18 and Vero/hSLAM cells were infected
with IC323-Luci, a recombinant virus encoding a reporter lucif-
erase based on a WT strain of MV, in medium containing a
mAb against SLAM (IPO-3) (44) (Kamiya Biomedical (Seattle,
WA)) ormouse control IgG. IPO-3 prevented IC323-Luci entry
into Vero/hSLAM cells but not II-18 cells (Fig. 1A). An epithe-
lial cell receptor-blindMV IC323/H(Y543S)-EGFP, which has a
Y543S substitution on the receptor-bindingH protein and can-
not utilize the epithelial cell receptor, was reported previously
(15). II-18 cells were infected with IC323-EGFP and IC323/
H(Y543S)-EGFP and observed under a fluorescence micro-
scope at 2 days p.i. Infection with IC323-EGFP induced syncy-
tium formation in II-18 cells, whereas infection with IC323/
H(Y543S)-EGFP did not (Fig. 1B). WTMV does not use CD46
as a receptor. All of these results indicate that MV infects II-18
cells in a SLAM- and CD46-independent manner. The infec-
tious titer of the same stock of IC323-EGFP was measured in
Vero/SLAM, II-18, NCI-H358, and HT-29 cells. The titer in
II-18 cells was comparable with that in Vero/SLAM cells (Fig.
1C), indicating that WT MV infects II-18 and SLAM-positive
cells at almost the same efficiency. The titers in NCI-H358 and
HT-29 cellsweremuch lower than that in II-18 cells. These data
indicate that II-18 cells are suitable for studying an unidentified
epithelial cell receptor. To investigate whether II-18 cells
can support multiple cycles of MV growth, a growth curve of
IC323-EGFP in II-18 cells was examined (Fig. 1D). Although
II-18 cells supported multiple cycles of MV growth, the peak
titer was lower than that in other polarized cell lines reported
previously (14, 15). There may be postentry defects of MV rep-
lication in II-18 cells.
Destruction of Adherens and Tight Junctions in II-18 Cells

by Snail Expression—Snail is a transcriptional repressor that
induces EMT (17). EMT-induced cells lose epithelial inter-
cellular junctions, such as adherens and tight junctions (21,
22). To examine whether MV infection via the epithelial cell
receptor is influenced by EMT, II-18 cells were infected with
the retrovirus vector expressing Snail at an MOI of 50–100.
Expression of Snail was confirmed by fluorescence-activated
cell sorting analysis (Fig. 2A). After 2 days p.i., the morphol-
ogy of II-18 cells was observed under a phase-contrast imag-
ing microscope. II-18 cells expressing Snail seemed to have
weak contacts with each other as compared with control
cells (Fig. 2B). After 5 days p.i., expression of E-cadherin,
occludin, claudin-1, and ZO-1 was examined by Western
blot analysis. E-cadherin is a component of the adherens junc-
tion, and occludin, claudin-1, and ZO-1 are components of the
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tight junction. They are used as epithelial markers (17). All of
these proteins were down-regulated in II-18 cells expressing
Snail (Fig. 2C). To investigate whether the formation of adher-
ens and tight junctions was affected by Snail expression in II-18
cells, immunofluorescence staining of E-cadherin and ZO-1
was performed. The immunofluorescent staining pattern of

ZO-1 indicated that tight junctions were formed in control
II-18 cells, but they were destroyed by Snail expression (Fig.
2D). Similarly, adherens junctions were formed between neigh-
boring II-18 cells, but theywere destroyed after the induction of

FIGURE 1. SLAM-independent WT MV infection of II-18 cells. A, mono-
layers of II-18 and Vero/hSLAM cells were incubated with medium con-
taining control mouse IgG or IPO3 (anti-SLAM mAb) and infected with
IC323-Luci at an MOI of 0.01. At 3 h p.i., the fusion block peptide was added
to medium, and at 24 h p.i., the Renilla luciferase activity was measured. The
activity in cells treated with control mouse IgG was set to 100%. B, monolayers
of II-18 cells were infected with IC323-EGFP or IC323/H(Y543S)-EGFP. At 2
days p.i., the monolayers were observed under a phase-contrast or fluores-
cence microscope. C, monolayers of Vero/hSLAM, II-18, NCI-H358, and HT-29
cells were infected with serially diluted virus samples of the same stock of
IC323-EGFP. Titers were measured by counting the numbers of EGFP-express-
ing cells under a fluorescence microscope. D, monolayers of II-18 cells were
infected with IC323-EGFP at an MOI of 0.01. At various days p.i., virus was
harvested, and its plaque-forming units were measured in Vero/hSLAM cells.
Error bars, S.D.

FIGURE 2. Induction of EMT in II-18 cells by expressing Snail. A, II-18 cells
were infected with the retrovirus vector expressing Snail or control vector at
an MOI of 50 –100. At 5 days p.i., fluorescence-activated cell sorting analysis
was performed to detect the expression of Snail. The expression of Snail was
detected by using mouse polyclonal antibody against Snail. The empty profile
represents control II-18 cells, and the solid profile represents Snail-expressing
II-18 cells. B, at 2 days p.i., control and Snail-expressing II-18 cells were
observed under a phase-contrast microscope. C, at 5 days p.i., cells were har-
vested, and expressions of E-cadherin, occludin, claudin-1, ZO-1, and actin
were detected by Western blot analysis. D and E, at 5 days p.i., cells were
permeabilized, fixed, and stained with a mAb against ZO-1 (D) or E-cadherin
(E), followed by incubation with Alexa Fluor 488-conjugated anti-mouse sec-
ondary antibody. Nuclear DNA was stained with propidium iodide (PI). The
cells were observed using a confocal microscope.
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EMT (Fig. 2E). These results indicate that Snail expression
causes II-18 cells to lose the epithelial phenotype.
Modulation of mRNA Transcription Levels in II-18 Cells by

Snail—Next, microarray analysis was performed to compre-
hensively investigate the influence of Snail expression on
mRNA levels in II-18 cells. II-18 cells were infected with the
retrovirus vector expressing Snail or the control vector at an
MOI of 50–100. After 5 days p.i., total RNA was isolated from
control or Snail-expressing II-18 cells, amplified, and labeled
(n � 3). The human-WG-6 version 3.0 BeadChip (Illumina),
which has 48,803 probes, was used for hybridization. The
signals for 192 probes (corresponding to 181 genes) were de-
creased more than 2-fold by Snail expression (supplemental
Table 1), whereas the signals for 63 probes (corresponding to 55
genes) were increased more than 2-fold (supplemental
Table 2). The list of down-regulated genes includes the E-cad-
herin gene, which is a well known target of Snail. In addition,
some genes related to cell junctions were down-regulated
(Table 1). Claudin-3, -7, and -8 are components of tight junc-
tions. These data indicate that EMTwas largely regulated at the
mRNA level. Genes associatedwith protein trafficking and deg-
radation were also affected by Snail expression (Table 2).
Caveolin-1 and cathepsin L1, which have functions in the endo-
cytosis pathway (45, 46), were up-regulated. Cathepsin L1 is a
cysteine proteinase for protein degradation in the lysosome,
and cystatin E/M, an inhibitor of cysteine proteinases including
cathepsin L1 (47), was down-regulated. In addition, some

down-regulated geneswere associatedwith vesicular transport,
especially the endosomal recycling pathway (Table 2). Rab pro-
teins are monomeric small GTPases that regulate transport
between organelles (48). The Rab family contains more than 60
members in humans. The list of down-regulated genes includes
five Rab-associated genes, four of which encode the proteins
located in the recycling endosome (RAB17, RAB25, RAB40C,
and RAB11FIP1) (49–53). Furthermore, MAL2 is associated
with apical sorting in polarized cells (54), and other down-reg-
ulated genes involved in the protein transport are shown in
Table 2. These data suggest that Snail not only represses target
genes related to cell junctions but also influences the expression
of genes involved in protein metabolism and distribution,
thereby regulating EMT in II-18 cells.
Loss of MV Infection of EMT-induced Polarized Epithelial

Cells—We then examined whether MV infection via the epi-
thelial cell receptor is affected by EMT. In these experiments,
not only IC323-EGFP or -Luci but also IC/EdH-EGFP or -Luci
were used to infect cells. The latter viruses have theHprotein of
the Edmonston vaccine strain, which can use CD46 as a recep-
tor in addition to SLAMand the epithelial cell receptor. Control
and EMT-induced II-18 cells were infected with IC323-EGFP
and observed under a fluorescence microscope (Fig. 3A).
IC323-EGFP infected control cells efficiently and induced cell-
cell fusion. By contrast, the number of EGFP-expressing cells
was decreased, and syncytium formation was not observed in
EMT-induced II-18 cells. CD46-using IC/EdH-EGFP infected
both control and EMT-induced cells and induced cell-cell
fusion in both (Fig. 3B). To quantify the levels of infection, the
infectivities of IC323-Luci and IC/EdH-Luci were determined
in control and EMT-induced II-18 cells (Fig. 3C). IC/EdH-Luci
infected both cell types efficiently, and the infectivity was not
affected by the induction of EMT. By contrast, the infectivity of
IC323-Luci was greatly reduced in EMT-induced II-18 cells
compared with control cells. IC/EdH-Luci infected EMT-in-
duced II-18 cells via CD46, becauseM75, a mAb against CD46,
almost completely blocked IC/Ed-H-Luci infection of those
cells (Fig. 3D). These results clearly indicate thatWTMV infec-
tion of EMT-induced II-18 cells is abolished at the entry step,
very likely due to the absence of a receptor, because CD46-de-
pendent entry and postentry replication of IC/EdH-Luci were
not affected at all in EMT-induced II-18 cells. We also per-
formed a fusion assay to obtain additional evidence that MV
infection is inhibited at the entry step by the induction of EMT.
CHO cells transiently expressing H and F proteins of MV were
overlaid onto II-18 cells. CHO cells expressing the H and F
proteins can fuse with cells with the corresponding receptors,
which can interact with the H protein. Membrane fusion was
not observed in EMT-induced II-18 cells when CHO cells
expressing the H protein of WT MV were used, but it was
observed in those cells when CHO cells expressing the H pro-
tein of theMV Edmonston strain were used (Fig. 3E). Thus, the
H protein of WT MV does not support membrane fusion in
EMT-induced II-18 cells, indicating that a receptor forWTMV
does not exist in those cells.
We next examined whether EMT also inhibits MV infection

in other polarized epithelial cell lines, namely NCI-H358 and
HT-29. By expressing Snail, the tight junctions of NCI-H358

TABLE 1
Down-regulated genes related to cell junctions

Symbol Definition Snail/Controla

CEACAM6 Carcinoembryonic antigen-related cell
adhesion molecule 6

0.05

CD9 CD9 molecule 0.34
CDH1 Cadherin 1, type 1, E-cadherin (epithelial) 0.37
CLDN3 Claudin 3 0.11
CLDN7 Claudin 7 0.21
CLDN8 Claudin 8 0.23/0.34b

a Signals in Snail-expressing cells divided by those in control cells.
b Down-regulated as examined with two different CLDN8 probes.

TABLE 2
Up- or down-regulated genes related to endocytosis or protein
trafficking

Symbol Definition Snail/
Controla

Endocytosis
Up-regulated
CAV1 Caveolin 1, caveolae protein, 22 kDa 2.38
CTSL1 Cathepsin L1 2.26/2.20b

Down-regulated
CST6 Cystatin E/M 0.20/0.25c

Protein trafficking
Down-regulated
RAB17 RAB17, member RAS oncogene family 0.20
RAB25 RAB25, member RAS oncogene family 0.24
RAB38 RAB38, member RAS oncogene family 0.29
RAB40C RAB40C, member RAS oncogene family 0.29
RAB11FIP1 RAB11 family-interacting protein 1 0.41
MAL2 MAL, T-cell differentiation protein 2 0.23
MALL MAL, T-cell differentiation protein-like 0.40
STX3 Syntaxin 3 0.40
SCIN Scinderin 0.42
MYO5C Myosin VC 0.45

a Signals in Snail-expressing cells divided by those in control cells.
b Up-regulated as examined with two different CTSL1 probes.
c Down-regulated as examined with two different probes of CST6.
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and HT-29 cells were destroyed, as revealed by staining for
ZO-1 (Fig. 4A). At 5 days after the induction of EMT with the
retrovirus vector encoding Snail, NCI-H358 and HT-29 cells
were infected with 1.0 � 103 plaque-forming units of IC323-
Luci or IC323/Ed-H-Luci. The infectivity of IC323-Luci, but
not IC/Ed-H-Luci, was reduced in EMT-induced NCI-H358
cells (Fig. 4B). The infectivity of IC323-Luci was almost com-
pletely abolished in EMT-induced HT-29 cells, whereas that of
IC/Ed-H-Luci was onlymoderately reduced (Fig. 4B). Thus, the
induction of EMT in polarized epithelial cells is correlated with
the loss of infectivity ofWTMV. These results indicate that the

FIGURE 3. Loss of MV infection of EMT-induced II-18 cells. A and B, II-18 cells
were infected with the retrovirus vector expressing Snail or control vector at
an MOI of 50 –100. Control and EMT-induced II-18 cells were infected with
IC323-EGFP (A) or IC/Ed-H-EGFP (B). At 2 days p.i., the cells were observed
under a phase-contrast or fluorescence microscope. C, control and EMT-in-
duced II-18 cells were infected with IC323-Luci or IC/Ed-H-Luci. At 3 h p.i., the

fusion block peptide was added to medium, and at 24 h p.i., the Renilla lucif-
erase activity was measured. The activity in control cells was set to 100%.
D, control and EMT-induced II-18 cells were incubated with medium contain-
ing control mouse IgG or a mAb against CD46 (M75) and infected with IC323-
Luci. The procedures after MV infection were the same as those in C. E, CHO
cells were transfected with pCA7ps-ICH or pCA7ps-EdH plus pCA7-ICF, using
Lipofectamine 2000. Two days after transfection, the cells were harvested and
cocultured with II-18 cells. After 2 days of incubation, the cells were subjected
to Giemsa staining and observed under a light microscope. Error bars, S.D.

FIGURE 4. Loss of MV infection of EMT-induced NCI-H358 and HT-29 cells.
A, NCI-H358 and HT-29 cells were infected with the retrovirus vector express-
ing Snail or control vector. At 7–10 days p.i., control and Snail-expressing cells
were permeabilized, fixed, and stained with a mAb against ZO-1, followed by
incubation with Alexa Fluor 488-conjugated anti-mouse secondary antibody.
Nuclear DNA was stained with propidium iodide. The cells were observed
using a confocal microscope. B, control and Snail-expressing cells were
infected with IC323-Luci or IC/Ed-H-Luci. At 3 h p.i., the fusion block peptide
was added to medium, and at 24 h p.i., the Renilla luciferase activity was
measured. The activity in control cells was set to 100%. Error bars, S.D.
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putative MV receptor on polarized epithelial cells disappears
upon the induction of EMT.
The Formation of Junction Structures per Se Is Not Required

for WT MV Infection—Last, experiments were performed
to investigate whether the formation of junction structures,
such as tight and adherens junctions, is necessary for MV to
enter polarized epithelial cells. Polarized cells form tight
junctions when growing densely in monolayers (55). HT-29
cells have the ability to form complete monolayers with the
formation of tight junctions and can be propagated uni-
formly (Fig. 4A), unlike most other human polarized epithe-
lial cell lines. HT-29 cells were seeded on culture plates to fill
�15% of the culture area (day 0). On days 1 and 3, HT-29
cells filled �20 and �40% of the culture area, respectively,
and poorly formed tight junctions (Fig. 5A). When the cells
filled �80% of the culture area, on day 10, about half of the
cells formed tight junctions (Fig. 5A). On day 16, cells filled
the culture area almost entirely (100%), forming tight junc-
tions well (Fig. 5A). These monolayers cultured in different
densities were infected with 2.0 � 105 CIU of IC323-EGFP.
To determine the initial infection of these monolayers by
IC323-EGFP, the second round of infection was blocked by a
fusion block peptide (34, 43). When the numbers of EGFP-
expressing cells were counted at 2 days p.i., they were 2.5 �
104, 2.6 � 104, 1.8 � 104, and 2.3 � 103 in monolayers at
densities of �20, 40, 80, and 100%, respectively (Fig. 5B).
These data indicate that, when cells form tight junctions
completely, the infection efficiency of WT MV becomes
lower compared with that in cells having incomplete tight
junctions.

We also analyzed the role of
junction structure formation in WT
MV infection in a different way.
Ca2� is a critical component for
the formation of tight junctions
(55). When Ca2� is depleted from
culture media, cells no longer
form tight junctions (55). Conflu-
ent monolayers of HT-29 cells
forming tight junctions were pre-
pared. Before infection with MV,
some monolayers were cultured in
DMEM containing Ca2� and others
in Ca2�-free medium. After 24 h of
incubation, the latter lost tight junc-
tions (Fig. 5C), as reported previ-
ously (55). These monolayers with
or without tight junctions were
infected with 1� 105 CIU of IC323-
EGFP and cultured in the presence
of the fusion block peptide. When
counted at 2 days p.i., the number of
EGFP-expressing cells was more
than 100 times greater in monolay-
ers without tight junctions than in
those retaining the junctions (Fig.
5D). These data indicate that the
formation of tight junctions per se is

not required for WT MV infection and rather restricts MV
infection.

DISCUSSION

MV predominantly infects immune cells in vivo by using
SLAMas a receptor (56, 57), explaining the lymphotropism and
immunosuppressive nature of MV. However, MV also infects
polarized epithelial cells independently of SLAM (14–16). The
ability of MV to infect polarized epithelial cells may not be
required to cause disease symptoms but appears to be impor-
tant for its transmission (16). Thus, the unknown epithelial cell
receptor should be identified and investigated to fully under-
stand MV pathogenesis. In this study, we have shown that the
induction of EMT almost completely abolishes the susceptibil-
ity of polarized epithelial cell lines toWTMV, shedding light on
the properties of the epithelial cell receptor.
We found that a lung adenocarcinoma cell line II-18 is very

useful to study the mechanisms underlying MV infection of
epithelial cells. II-18 cells are easily cultured in a standard cul-
turemedium, unlike other human polarized epithelial cell lines,
and are highly susceptible to WTMV independently of SLAM
and CD46. Furthermore, they are readily induced to undergo
EMT by expressing the transcriptional repressor Snail in them.
Upon expression of Snail, II-18 cells lost intercellular adherens
and tight junctions, accompanied by the up- and down-regula-
tion of a number of genes, as revealed by microarray analysis.
Previous studies reported that Snail affects gene expression

of molecules involved in the cell junctions, cytoskeleton, cell
metabolism, transcription, and cell signaling (26, 58, 59). Our
results showed that Snail also affects the expression of genes

FIGURE 5. WT MV infection of HT-29 cells with or without tight junctions. A, HT-29 cells were seeded on
culture plates to fill �15% of the culture area. At day 1, 3, 10, and 16 (when growing cells filled 20, 40, 80,
and 100% of the culture area, respectively), cells were permeabilized, fixed, and stained with a mAb
against ZO-1, followed by incubation with Alexa Fluor 488-conjugated anti-mouse secondary antibody.
Nuclear DNA was stained with propidium iodide. The cells were observed using a confocal microscope.
B, HT-29 cells grown under the same conditions as those in A were infected with 2.0 � 105 CIU of IC323-
EGFP for 2 h (CIUs were determined on Vero/hSLAM cells). After 2 h of incubation, cells were washed with
PBS and incubated in a standard culture medium with the fusion block peptide. Numbers of EGFP-express-
ing cells were counted at 2 days p.i. C, at 8 –12 days after plating, HT-29 cells were fed with Ca2�-free
medium or medium containing Ca2�. After 24 h of incubation, cells were used for immunostaining as in A.
D, HT-29 cells grown under the same conditions as those in C were infected with IC323-EGFP, and CIUs
were determined at 2 days p.i. Error bars, S.D.
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responsible for protein degradation and trafficking. The list of
up-regulated genes included those encoding caveolin-1 and
cathepsin L1, which function in the endocytosis pathway (45,
46). By contrast, the gene encoding cystatin E/M, an inhibitor of
cysteine proteinases, such as cathepsin L1 (47), was down-reg-
ulated. Furthermore, the list of down-regulated genes con-
tained those encoding proteins involved in protein trafficking,
especially protein recycling. De Craene et al. (26) also reported
that RAB25 is repressed by Snail. Endocytosed proteins escape
from degradation in the lysosome if they are transported to the
recycling endosome and returned to the plasma membrane
(60). The recycling endosome is also associated with apical/
basolateral sorting, which maintains the polarity of the cell
membrane (60). Thus, it is likely that Snail inhibits the recycling
pathway and enhances protein degradation, thereby affecting
the distribution of proteins. Together with down-regulation of
genes encoding cell junction molecules, this may contribute to
Snail-mediated EMT in II-18 cells. Similar observations have
been reported. E-cadherin was found to be endocytosed and
degraded in lysosomes when EMTwas induced by TGF-� (61).
Ohkubo et al. (22) showed that the tight junction constituent
claudin-1 is down-regulated by Snail expression at the post-
transcriptional level, although another group reported a differ-
ent observation (23).
All cell lines that WT MV has been shown to infect in a

SLAM-independentmanner are polarized epithelial cells form-
ing tight junctions. Therefore, we thought that EMT might
affect the susceptibility of II-18 cells to MV. Beyond our initial
expectations, EMT almost completely abolished MV infection
of II-18 cells via the epithelial cell receptor. Inhibition of MV
infection was at the entry step, because entry and membrane
fusionmediated by CD46-usingMVwere not affected by EMT.
The same findings were obtained in other polarized cell lines,
namely NCI-H358 and HT-29. These data indicate that the
unidentified epithelial cell receptor for MV is a polarized epi-
thelial cell-specific molecule that disappears from the plasma
membrane of II-18 cells upon the induction of EMT. It is also
reported that EMT inhibits adenovirus infection through
down-regulation of the coxsackie and adenovirus receptor (62),
which is a component of the tight junction (63).
Despite the above findings, the formation of junction struc-

tureswas not required forMV to enter polarized epithelial cells.
On the contrary, the complete formation of tight junctions
restricted MV entry into HT-29 cells. This indicates that the
access of MV to the epithelial cell receptor is hindered when
junction structures are completely formed. Infection by hepa-
titis C virus, which utilizes the tight junctionmolecules claudin
and occludin as receptors, is reported to be restricted by cell
polarization (64). The epithelial cell receptor for MV may also
be a component of tight or adherens junctions. Alternatively, it
may be a molecule strictly present at the basolateral surface of
epithelial cells.
In an attempt to identify the putative epithelial cell receptor

forMV, we knocked down, by using small interfering RNA, the
molecules whose expressions are down-regulated by induced
EMT. Although we have thus far tried small interfering RNAs
for more than a dozen molecules, including CD9, CDH1,

CLDN3,CLDN7,MAL2,MALL, and STX3 (Tables 1 and 2), the
infectivity of MV is not affected in treated cells.
Identification of the epithelial cell receptor for MV will con-

tribute to better understanding of MV pathogenesis, because
the use of the epithelial cell receptor is important forMV trans-
mission (15, 16). Thus, we continue to make efforts to identify
this receptor. Furthermore, the present study suggests that sus-
ceptibility to MV may be used to monitor EMT or mesenchy-
mal-epithelial transition (65).
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