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One of the hallmarks of cancer, global gene expression alteration, is closely asso-
ciated with the development and malignant characteristics associated with adult
T-cell leukemia (ATL) as well as other cancers. Here, we show that aberrant over-
expression of the Ellis Van Creveld (EVC) family is responsible for cellular Hedge-
hog (HH) activation, which provides the pro-survival ability of ATL cells. Using
microarray, quantitative RT-PCR and immunohistochemistry we have demon-
strated that EVC is significantly upregulated in ATL and human T-cell leukemia
virus type | (HTLV-1)-infected cells. Epigenetic marks, including histone H3 acety-
lation and Lys4 trimethylation, are specifically accumulated at the EVC locus in
ATL samples. The HTLV-1 Tax participates in the coordination of EVC expression
in an epigenetic fashion. The treatment of shRNA targeting EVC, as well as the
transcription factors for HH signaling, diminishes the HH activation and leads to
apoptotic death in ATL cell lines. We also showed that a HH signaling inhibitor,
GANT61, induces strong apoptosis in the established ATL cell lines and patient-
derived primary ATL cells. Therefore, our data indicate that HH activation is
involved in the regulation of leukemic cell survival. The epigenetically deregulat-
ed EVC appears to play an important role for HH activation. The possible use of
EVC as a specific cell marker and a novel drug target for HTLV-1-infected T-cells is
implicated by these findings. The HH inhibitors are suggested as drug candidates
for ATL therapy. Our findings also suggest chromatin rearrangement associated

with active histone markers in ATL.

A dult T-cell leukemia (ATL) is a malignant T-cell disor-
der caused by infection with a human retrovirus, human
T-cell leukemia virus type I (HTLV-1).""® The prognosis of
aggressive types of ATL is poor. At present, ATL is an
intractable disease in human beings. To prevent the develop-
ment of ATL and the poor prognosis that is associated with it,
the development of effective therapies based on the molecular
characteristics is needed.

To explore effective drugs, precise understanding of the
molecular mechanism of ATL pathogenesis is essential. We
have previously reported that genetic and epigenetic imbal-
ances and following aberrant gene expressions are the main
framework for ATL tumor cells.>® In addition, the involve-
ment of systemic downregulation of cellular microRNA has
been implicated in the leukemogenesis of ATL. So far, several
host cellular signaling abnormalities induced by HTLV-1 Tax
in the early phase of infection®® and the aberrant activation
of nuclear factor-kappa B (NF-xB) contribute to ATL leuke-
mogenesis.®!? Although other several molecular deregulations
have been suggested in ATL, we have not completely covered
the landscape of signaling networks in ATL.

Recently, Hedgehog (HH) signaling has been reported as an
oncogenic pathway in many types of cancers.""'? Constitu-
tive HH activation leads to the overproliferation or survival of

Cancer Sci | September 2014 | vol. 105 | no. 9 | 1160-1169

several cancer cells, such as basal cell carcinoma or B-cell
lymphomas."*'® There are some HH inhibitors under clinical
trial as drug candidates against those cancers.®

In the present study, using ATL patient samples and some
ATL models, we found two specific gene overproductions in
ATL, Ellis Van Creveld syndrome 1 (EVCI) and EVC2, which
belong to the EVC family of genes that are implicated in HH
regulation.’’ ') We demonstrated that epigenetically upregu-
lated EVC was associated with cellular HH activity. EVC and
other regulatory factors for HH signaling were responsible for
the survival of ATL cell lines and also primary ATL samples.
Direct evidence from the ATL samples revealed that universal
epigenetic marks associated with actively transcribed genes
were rearranged in the leukemic cells. These findings may
shed light on the abnormal gene expression signature and leu-
kemic cell traits observed in ATL.

Materials and Methods

Patient samples. The primary peripheral blood mononuclear
cells (PBMC) from ATL patients and healthy volunteers were a
part of those collected with informed consent as a collaborative
project of the Joint Study on Prognostic Factors of ATL Devel-
opment (JSPFAD). The project was approved by the University

© 2014 The Authors. Cancer Science published by Wiley Publishing Asia Pty Ltd
on behalf of Japanese Cancer Association.
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Fig. 1. EVC overexpression in ATL. (a, b) Microarray heatmap (a) and box plot (b) of EVC. #*P < 0.01. ***P < 0.001. (c) Schematic illustration of
locus encoding EVC1/2. (d) Individual expression values (n = 52) between EVCT and EVC2. (e) EVCT mRNA level in ATL patient PBMC (total,
n =11, acute, n = 7; chronic, n = 4) and in CD4+ T cells from healthy donors (n = 6) evaluated using quantitative RT-PCR (qRT-PCR). **P < 0.01.
(f) EVCT and EVC2 levels in CADM1 versus CD7 plot subpopulations. Normal P, CD4+/CADM1—/CD7+ T cells from healthy donors; Indolent P,
CD4+/CADM1—/CD7+ from indolent ATL patients; Indolent N, CD4+/CADM1+/CD7— from indolent ATL patients; Acute N, CD4+/CADM1+/CD7—
from acute ATL patients. The gene expression microarray dataset is available in Kobayashi et al.®® (g) EVCT levels in various cell lines examined

using gRT-PCR (n = 3, mean =+ SD).

of Tokyo and Showa University research ethics committees.
The PBMC were isolated using Ficoll separation and maintained
in RPMI1640 (Invitrogen, Carlsbad, CA, USA) supplemented
with 1% of self-serum and antibiotics (Invitrogen). Clinical
information is shown in the Supporting Information Methods.

Microarray analysis. Gene expression profiling of ATL
patient samgles and normal CD4+ T cells has been performed
previously.”” The coordinate has been deposited in the Gene
Expression Omnibus database (GSE33615).

Cell culture. The HTLV-Il-infected cell lines MT-2 and
HUT102, ATL-derived cells MT-1 and TL-Oml, and other
leukemic cell lines were cultured in RPMI1640 with 10%
FCS. ATL-derived KOB and KK1 were cultured in RPMI11640
with 10% FCS and 10 ng/mL recombinant human IL-2 (R&D
Systems, Minneapolis, MN, USA). The 293T cell was cultured
in DMEM with 10% FCS. All cell lines were cultured at
37°C, with 5% CO,.

Cancer Sci | September 2014 | vol. 105 | no.9 | 1161

Plasmids and HH activity analysis. Tax-encoding plasmids
have been described previously.?” EVCI cDNA was amplified
as two fragments from the human c¢cDNA library. Cellular HH
activity was evaluated using a dual-luciferase assay (Promega,
Madison, WI, USA).?" Briefly, 7 x GLI binding site (GA-
ACACCCA)-luciferase plasmid and control RSV-Renilla plas-
mid  were co-transfected into target cells using
Lipofectamine2000 (Invitrogen). At 24 h post-transfection, the
cells were collected and analyzed using a dual-luciferase assay.

Quantitative RT-PCR. Procedures for RNA isolation and RT-
PCR have been described previously.” Primer sets for quanti-
tative RT-PCR (qRT-PCR) are provided in the Supporting
Information Methods.

Epigenetic analyses. Bisulfite treatment was conducted using
a MethylEasy Xceed Rapid DNA Bisulphite Modification kit
(Human Genetic Signatures, NSW, Australia). For evaluating
histone covalent modifications, a chromatin immunoprecipita-

© 2014 The Authors. Cancer Science published by Wiley Publishing Asia Pty Ltd
on behalf of Japanese Cancer Association.
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Fig. 2. Epigenetic reprogramming in the EVC locus. (a) Schematic of CpG islands and chromatin immunoprecipitation (ChIP) loci. (b) Results of
bisulfite sequencing (+46 to +466 from EVCT transcription start site [TSS]; +905 to +1206 from EVC2 TSS). The black and empty boxes represent
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tion (ChIP) assay was conducted as described previously.>*
Anti-H3K4me3 #9751S; Cell Signaling, Danvers, MA,
USA), anti-AcH3 (#06-599; Millipore, Billerica, MA, USA),
anti-H3K27me3 (#39155; Active Motif, Carlsbad, CA, USA)
and control IgG (I5381; SIGMA, St. Louis, MO, USA) were
used for ChIP. Primers for the qPCR are provided in the
Supporting Information Methods.

Immunohistochemistry. For preparation of the paraffin
block of 293T cells, the cells were fixed in 20% of forma-
lin/PBS for 24 h. After removing the formalin, alcohol
dehydration and paraffin permeation were done using Tis-
sue-Tek VIP5Jr (Sakura, Alphen aan den Rijn, The Nether-
lands). Paraffin blocks were sectioned at 3-pm thickness.
The sections were then transferred to coating slide glasses
(Muto pure chemicals, Bunkyo-ku, Tokyo, Japan). After par-
affin removal, the paraffin sections of the 293T and ATL

Original Article
Takahashi et al.

cells were treated with 3% H,0O,. Antigen-retrieval treatment
was done using Histofine antigen retrieval solution pH9
(Nichirei, Chuo-Ku, Tokyo, Japan) for 20 min under
microwave radiation. After reaction with the first antibody,
anti-EVC antibody (HPAO0O08703, 1:400; SIGMA), and the
second antibody (K5027, ENVISION Kit/HRP [DAB];
Dako, Bunkyo-ku, Tokyo, Japan), the sections were colored
using ENVISION Kit/HRP [DAB] DAB+ (K3468; DAKO).
Finally, the sections were stained with hematoxylin.
Lentivirus construction and production. Detailed procedures
for lentivirus production have been described previously.®
Briefly, replication-defective, self-inactivating lentivirus vectors
were used.®*?* ShRNA were cloned into a CS-HI1-EVBsd.
High-titer viral solutions prepared using a centrifugation-
based concentration were transduced into ATL cell lines
using the spinoculation method. The transduced cells were
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5 0.01 é 5 °° ] ) EVC and PTCHT1 levels in Jurkat cells expressing Tax
3 6 O > (n =3, mean + SD). *P < 0.05. (d) Tax-mediated
0.001 epigenetic changes. Histone modifications at EVC
0.001 +—r——T——T— T ; T 4 ! and GAPDH loci in Tax-expressing Jurkat cells were
1 2 3 4 GAPDH 1 2 3 4 GAPDH analyzed using a ChIP assay. *P < 0.05 (Tax WT vs
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further selected by blastcidin and used within 14 days.
shRNA sequences are described in the Supporting Information
Methods.

Cell viability and apoptosis analyses. For the cell proliferation
assay, 5000 cells were plated in a 96-well flat bottom plate
with RPMI1640 medium supplemented with 1% FCS. After
1-3 days culture, cell numbers were evaluated using Cell
Counting kit-8 (Dojindo, Kumamoto, Japan). The apoptosis
cell was determined using PE Annexin V/7-AAD stainings
(BD Pharmingen, San Jose, CA, USA). Detection of apoptotic
cells was performed using FACSCalibur (Becton, Dickinson,
Franklin Lakes, NJ, USA). Primary ATL cells were defined
using sequential gating based on a Forward scatter/Side Scat-
ter (FSC/SSC) pattern and a CD4-positive population (anti-
CD4-FITC; BD Pharmingen). Collected data were analyzed
using FlowJo software (Tree Star, Ashland, OR, USA).

Results

Epigenetic abnormalities in EVC regulation in ATL. We have
determined the gene expression signature of ATL tumor cells
by conducting massive microarrays.” The gene expression pro-
files from 52 ATL patients and 21 healthy donors identified a

(a) Empty/shCtrl

www.wileyonlinelibrary.com/journal/cas

large number of specific gene upregulations in ATL cells.
Among these, the genes encoding EVCl and EVC2 were
strikingly overexpressed in ATL patient samples, which had a
relationship to disease progression (Fig. la,b). These genes are
located in an identical chromosome 4p16, under a bi-directional
promoter (Fig. lc), and their expressions have shown a strong
positive correlation (Fig. 1d). The gRT-PCR revealed that the
median of the EVC/ mRNA level in ATL was 90.9-fold higher
than that of normal CD4+ T-cells (Fig. le). Specificity of
tumor-associated EVC expression was confirmed using the data-
set from CADMI1 versus CD7 plot subpopulation samples.*>
CADMI1 expression and CD7 loss have recently been identified
as highly sensitive molecular markers of HTLV-1-infected cells.
EVCI] and EVC2 were significantly expressed in the
CADMI1+/CD7— tumorous population (Fig. 1f). The HTLV-1-
infected and ATL-derived cells showed higher levels of EVC]
mRNA compared with those in other leukemia and lymphoma
cell lines and those of healthy PBMC (Fig. 1g). The MT-2 and
HUT102 cells, which highly express HTLV-1 genes, showed
high EVCI mRNA levels similar to those in ATL-derived cells.

Looking at the tumor-associated epigenetic reprogramming
that was frequently observed in ATL,”® we analyzed the
epigenetic status of the EVC locus to clarify the possible

EVC1/shEVC1

EVC1/shCtrl

(b)

x40

x100 &

ATL-invaded spleen

(d)

x10

Fig. 4.
Immunohistochemistry-based EVC1 protein detection
in paraffin-embedded samples: 293T transfected with

EVC1 expression in ATL cells. (a-e)

the indicated plasmids (a), primary ATL lymph node
(b, ¢, representative data are shown) and spleen from
mice engrafted with primary ATL cells (d, tumor
invasive, n = 3; e, non-invasive). These samples were
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involvement of epigenetic variation in EVC deregulation.
There were two typical CpG islands in the EVC locus whose
transcription may be tightly regulated by the gain of CpG
methylation (Fig. 2a). However, bisulfite sequencing revealed
that DNA methylation was not acquired in normal lympho-
cytes, as well as in the primary ATL sample (Fig. 2b). CpG
hypermethylation within the EVC locus was found only in Jur-
kat cells where the EVC expression was nearly undetectable
(Fig. 1g). Instead, treatment with epigenetic drugs, particularly
a histone deacetylase (HDAC) inhibitor tricostatin A (TSA),
reactivated the EVC transcription in Jurkat cells, suggesting
that histone modifications such as acetylation were involved in
EVC regulation (Fig. 2c). To further address the epigenetic
implication, we performed ChIP assays to assess the possible
contribution of histone modification in EVC upregulation. The
ATL cell lines showed significant accumulation (log-scale) of
histone H3 acetylation (H3Ac) and H3K4 trimethylation
(H3K4me3), which have been recognized generally as positive
transcription marks around the transcription start site region of
both EVCI and EVC2 (Fig. 2d). Treatment with a pan-histone
acetylase inhibitor, anacardic acid, reduced EVC transcription
in ATL cell lines (Fig. 2e). Interestingly, H3K27me3, which
has been implicated as a poor prognostic marker in ATL P29
was decreased at the EVC locus in ATL cells. We confirmed
directly the epigenetic reprogramming at the EVC locus in
primary ATL samples (Fig. 2f). In summary, it appeared that
the acquisition of active histone modifications and the recipro-
cal disappearance of H3K27me3 contributed to aberrant EVC
transcription.

Role of HTLV-1 Tax in EVC transcription. Next we addressed
whether Tax could participate in the deregulated EVCI tran-
scription. Although Tax expression did not influence the EVCI
mRNA levels in 293T cells at complete growth conditions, Tax
activated EVCI transcription in a dose-dependent manner in
serum-starved conditions (Fig. 3a). A NF-xB activation-
defected Tax mutant, M22,?” showed similar EVCI induction,
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suggesting that EVCI transcriptional activation was independent
from NF-«B activation. Indeed, the pharmacological inhibition
of NF-xB activity failed to prevent EVC transcription in ATL
cell lines (data not shown). Meanwhile, Tax induced transcrip-
tion of Sonic hedgehog (Shh), which encodes the HH activa-
tion ligand, in a NF-kB-dependent manner (Fig. 3b). The
experimental condition was validated by the evaluation of
PTHrP, which has been known to be a Tax and NF-kB-tar-
geted gene. HTLV-1 HBZ did not affect EVC transcription
(Supporting Information Fig. S1).

We examined the possible relationship between Tax and his-
tone modifications. For this purpose, we established lentiviral
vectors inducing stable Tax expression in Jurkat cells. More
than 80% of transduction efficiencies were achieved in all
tested cells. Tax induced transcription of EVCI and EVC2, as
well as the HH target gene PTCHI (Fig. 3c). Interestingly, the
Tax C29A mutant, which was unable to localize in the
nucleus,ag) failed to induce EVC, suggesting that EVC induc-
tion was directly caused by the nuclear-localized Tax. A ChIP
assay revealed that the Tax wild type, but not the C29A
mutant, directly accumulated H3K4me3 and H3Ac in the EVC
locus (Fig. 3d). Thus, Tax appeared to, at least partially,
induce EVC expression through epigenetic reprogramming.

EVC1 expression in primary ATL cell. We performed immuno-
histochemistry (IHC) with a commercially available antibody
that recognized EVCI. First, we stained paraffin-embedded
293T cells transduced with the EVCl-expressing plasmid to
test the antibody specificity. Strong positivity was detected in
the plasmid-transduced sample but not in samples with
untreated or concomitantly treated with shRNA targeting
EVC] (Fig. 4a). Using this antibody we investigated EVCI1
expression in several aggressive ATL cases. Most ATL cases
showed stable EVCI1 positivity (7/8, 87.5%; two representa-
tives in Fig. 4b,c). We noted that all EVClI-positive cells were
dysplastic. Furthermore, EVC1 expression was clearly detected
in a mouse ATL model that was established using xenotrans-
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plantation of primary tumor cells derived from an ATL patient.

The lymphoma cells specifically expressed EVC1 (Fig. 4d.e).
Taken together, EVC1 protein was definitely expressed in
ATL cells.

EVC in HH activation. The EVC family has been implicated
in HH signaling."®*'” We performed the knockdown of
EVC in TL-Oml and MT-2 cells, which all highly expressed
EVC (Fig. 1g). Specific knockdown was accomplished using
lentivirus harboring specific and previously validated shRNA
against EVC1, EVC2 or GLI transcription factors in the HH
cascade. The qRT-PCR revealed the knockdown efficiency and
also the HH activity as the RNA levels of PTCHI and GLII
were well-established HH activity markers.*” The EVC deple-
tion resulted in reduction of PTCHI and GLII mRNA levels
(Fig. 5a). Next we established a luciferase reporter containing
7 x sequential GLI-binding sites (Fig. 5b), which strongly
responded against GLI2AN, a constitutive active form of
GLI2"? (Fig. 5¢). As expected, the knockdown of EVCI and
EVC2 represented diminished HH activity in TL-Oml and
MT-2 cells (Fig. 5d,e). In addition, Tax activated the HH sig-
nal in Jurkat cells (Fig. 5f). Knockdown of EVCI cancelled
Tax-directed HH activation, suggesting that Tax affects HH
signaling through, at least partially, EVC induction epigeneti-
cally.

EVC-dependent cell survival in ATL. Aberrant activation of
HH provides cell survival ability in myeloma and lym-
phoma."*!'> We found that different ShRNA targeting EVC
and GLI caused a progressive depletion of Venus+ cells
(Fig. 6a). Knockdown of EVC1 or EVC2 attenuated ATL cell
proliferation (Fig. S2). The growth defect was associated with
a substantial decrease in the expression of targeted genes
(Fig. 5). We then measured the apoptotic status by staining
Annexin V/7-AAD. Specific analyses within the knocked
down cells were achieved by gating with Venus fluorescence.
At complete growth condition, slight but steady apoptosis was
induced by EVC1 knockdown in MT-2 and TL-Oml cells
(data not shown). Furthermore, strong apoptosis was observed
in EVCl-depleted cells at low FCS condition (Fig. 6b). This
cell death appeared to be due to HH inactivation because
GLI1-knocked down cells showed similar results.

Specific killing of ATL cell by GANT61. GANT61 is a cell-per-
meable hexahydropyrimidine compound, which has been
shown to be a well-established inhibitor of GLI-mediated gene
transactivation.®” GANT61 treatment successfully reduced
GLI binding to the target sequence (Fig. 6¢). In that condition,
MT-2 and TL-Oml cells showed remarkable reduction of cell
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viability by GANT61 treatment in dose- and time-dependent
manners (Fig. 6d,e), which may be caused by apoptosis
(Fig. 61).

Finally, we evaluated the pharmacological activity of
GANT61 on primary ATL samples. Although GANT61 did
not show a clear effect on PBMC derived from healthy donors
and HTLV-1 carriers, its treatment specifically reduced the
viability of ATL samples significantly (Fig. 7a). Flow cytome-
try demonstrated that GANT61 specifically killed CD4+ leuke-
mic cells from ATL patients via apoptosis induction (Fig. 7b).

Discussion

A large number of efforts have collectively concluded that aber-
rant gene expression patterns contribute to the malignant char-
acteristics in ATL and other neoplastic cells. In the present
study, based on the careful analyses of patient samples, we have
demonstrated that EVC is drastically overexpressed in mRNA
and its protein can be specifically detected in ATL cells in con-
trast to normal CD4+ T-cells. To the best of our knowledge, this
is the first report regarding EVC expression and function in
lymphocytes. The results of the microarray indicate that EVC
expression appears to be induced in accordance with disease
progression. EVC1 protein expression is observed in dysplastic
ATL cells derived from patients and a xenotransplantation
model. Because the EVC family may be membrane-associated
proteins (Fig. 4),°” the present study provides us with the pos-
sibility that EVC expressions might be useful cell markers of
HTLV-1-infected T-cells for future clinical purposes.

The EVC family has been identified initially as the responsi-
ble genes for one morphogenic disorder, Ellis van Creveld syn-
drome; it is also believed to play a role in the determination of
body-axis or morphogenesis by usually bearing one step of the
HH signaling pathway.">!'""1®) Knockout studies have demon-
strated that EVC1 and EVC2 cooperatively act as positive
modulators of the HH pathway in mouse fibroblasts and chon-
drocytes. However, abnormal EVC upregulation has not been
reported in any cancers; whether the HH pathway is sensitive
to cellular dynamism of EVC has not been elucidated as yet.
Herein, we demonstrated that overexpression of EVC can be
linked to HH activity in T cells for the first time. In addition,
several experimental results, including the knockdown assay
and GANT61 treatment, suggest totally that the HH pathway
was activated in ATL, which in turn contributed to ATL cell
survival. Further study will be required for mechanistic
insights on how EVC activates HH in T cells.

© 2014 The Authors. Cancer Science published by Wiley Publishing Asia Pty Ltd
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Further investigation uncovered that transcription from the
EVC locus was coordinated by epigenetic alteration. In particu-
lar, the lymphoma-associated H3Ac and H3K4me3 accumula-
tions appeared to dominate EVC upregulation. Direct evidence
from patient samples supported the epigenetic reprogramming,
including previously unappreciated H3K4me3 rearrangements,
conferring robust EVC expression. Interestingly, repressive his-
tone mark H3K27me3 was mutually reduced at the EVC locus
in the ATL samples, suggesting that cooperative regulation in
this bivalent domain may define the EVC expression and pos-
sibly HH activity.

HTLV-1 Tax was involved in the regulation of EVC via epi-
genetic regulation. Nuclear localization-deficient Tax mutant
was unable to induce EVC expression, implying that Tax may
participate directly in determination of chromatin architecture.
Indeed, lentiviral expression of Tax partially increased active
histone modifications, which in turn activated HH signaling.
Previously, we and others have reported that Tax physicallly
binds with histone modifying factors, including HDAC,?"
SUV39H1¢? and SMYD3.%? Interplay between Tax and epi-
genetic rearrangement may be closely involved in the progres-
sion of HTLV-1-infected cells to leukemic cells. Meanwhile,
other ATL-specific epigenetic events including significant
modifications on histone acetylation, H3K4me3 and H3K27me3
clearly dominate stable EVC expression. The alteration of the
epigenetic landscape by Tax and other molecular mechanisms
such as expression changes of epigenetic modifiers will be
elucidated by comprehensive analysis such as a genome-wide
ChIP analysis.

In the context of molecular targeting, a new possibility for
the HH inhibitor was suggested. Recently, aberrant HH activa-
tion and its contribution to cell survival and the cell cycle have
been reported in various cancer cells.""'® In agreement with
other tumors where HH is active, we found that ATL was sensi-
tive against GANT61. This compound can inhibit HH signaling
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by preventing DNA binding of the GLI family and has few
impacts on the viability of healthy CD4+ T cells. We note that
we could not confirm the EVC-directed upregulation of com-
mon HH target genes such as Cyclin DI and Bcl-2 in ATL
models (data not shown). Given that the HH pathway regulates
transcription of many genes important for cell fate and many
inhibitors against HH cascade have been developed,'® our
findings suggest that pharmacological drugs that can inhibit
the HH pathway may be feasible for ATL treatment. Identifica-
tion of ATL-specific HH target genes will help understanding
of the HH roles in survival capability.

In summary, we have identified EVC overexpression as a
specific character of ATL and HTLV-l-infected T cells. We
have demonstrated the molecular mechanism that overexpres-
sed EVCI contributes to ATL cell survival. Considering aber-
rant gene expression associated with cancers, the emerging
relationship between epigenetic regulation and the HH pathway
provides us with conceptual advance in understanding the
broad-acting oncogenic signaling.
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Trans-Homophilic Interaction of CADM1 Activates PI3K
by Forming a Complex with MAGuK-Family Proteins
MPP3 and Dig

Shigefumi Murakami®, Mika Sakurai-Yageta®, Tomoko Maruyama, Yoshinori Murakami*
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Abstract

CADM1 (Cell adhesion molecule 1), a cell adhesion molecule belonging to the immunoglobulin superfamily, is involved in
cell-cell interaction and the formation and maintenance of epithelial structure. Expression of CADM1 is frequently down-
regulated in various tumors derived from epithelial cells. However, the intracellular signaling pathways activated by CADM1-
‘mediated cell adhesion remain unknown. Here, we established a’ cell-based spreading assay to analyze the signaling
pathway specifically activated by the trans-homophilic interaction of CADMI1. In the assay, MDCK cells expressing
exogenous CADM1 were incubated on the glass coated with a recombinant extracellular fragment of CADM1, and the
degree of cell spreading was quantified by measuring their surface area. Assay screening of 104 chemical inhibitors with
known functions revealed that LY294002, an inhibitor of phosphoinositide 3-kinase (PI3K), efficiently suppressed cell
spreading in a dose-dependent manner. Inhibitors of Akt and Rac1, downstream effectors of PI3K, also partially suppressed
cell spreading, while the addition of both inhibitors blocked cell spreading to the same extent as did LY294002.
Furthermore, MPP3 and Dlg, membrane-associated guanylate kinase homologs (MAGuK) proteins, connect CADM1 with
p85 of PI3K by forming a multi-protein complex at the periphery of cells. These results suggest that trans-homophilic
interaction mediated by CADM1 activates the PI3K pathway to reorganize the actin cytoskeleton and form epithelial cell
structure.
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Introduction

Cell surface proteins are important for recognizing the external
environment and transmitting the information to the cytoplasmic
regions through intracellular signaling pathways. Cell responses,
such as proliferation, differentiation, apoptosis, or migration, are
determined by different signaling pathways. Recently, cell
adhesion molecules (CAMs)' role in signal transduction has
emerged in addition to their classical roles in cell adhesions
[1,2]. CAMs interact with growth factor receptors on plasma
membranes or adaptor molecules in juxtamembrane regions. For
instance, N-cadherin and NCAM interact with FGFR to promote
its signaling in neuronal cells [3]. In epithelial cells, E-cadherin
recruits fB-catenin in its cytoplasmic domain to organize cell
adhesion machinery. However, once intracellular adhesion by E-
cadherin is abrogated, E-cadherin and B-catenin dissociate from
each other, and B-catenin acts as an important effector in the Wnt
signaling pathway; free B-catenin accumulates in the cytoplasm,
moves into the nucleus, and then stimulates the transactivation of
TCF/LEF for cell proliferation [4].
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Cell adhesion molecule 1 (CADMI), cell adhesion molecules of
the immunoglobulin superfamily (IgCAMs), contains three extra-
cellular Ig-like loops, a single transmembrane domain, and a short
intracellular carboxy-terminal tail [5]. CADMI is also known as
TSLC1, Ned-2, IgSF4A, and SynCAMI1 [6]. CADMI is
expressed diffusely in the lateral membrane of cell-cell attachment
sites in polarized epithelia, whereas, expression of CADMI is
frequently lost or reduced in a variety of advanced-stage human
cancers of the lung, prostate, liver, pancreas, and breast [6].
Considering that the disruption of cell-cell adhesion in epithelial
cells triggers tumor cell invasion and metastasis, CADMI1 is one of
the crucial tumor suppressors involved in cell adhesion like E-
cadherin. In fact, CADMI has a cell aggregation activity when
introduced into MDCK cells lacking endogenous CADMI
expression. However, the cytoplasmic signaling pathways triggered
by trans-homophilic interaction of CADMI have not been fully
elucidated.

The cytoplasmic domain of CADM! in 46 amino acids contains
a protein 4.1-binding motif and a class II PSD95/Dlg/ZO-1
(PDZ)-binding motif. We have demonstrated that CADMI is
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connected to the actin cytoskeleton through direct interaction with
protein 4.1B [7]. CADM1 also associates with members of a group
of scaffolding proteins, membrane-associated guanylate kinase
homologs (MAGuKs), including MPP1-3, CASK, and Pals-2,
through a class II PDZ-binding motif [8-11]. MAGuKs contain
multiple protein-protein interaction modules, including PDZ,
SH3, and GuK domains, that allow the clustering of transmem-
brane proteins and MAGuKs themselves [12]. In neuronal
synapses, many MAGuKs, such as PSD-95, SAP102, SAP97/
hDlg, and CASK, are localized at pre- and post-synaptic regions
and are implicated in synaptic plasticity through the clustering of
receptors [13]. In addition, one MAGuK, CARMALI, associates
with PKC-0 and Bcll0 and activates NFx-B signaling in T cells
[14]. Thus, MAGuK-family proteins appeared to be important
downstream molecules of CAMs, including CADMI, for intra-
cellular signal transduction. However, the precise role of the
interaction of CADM1 with MAGuKs remains to be understood.

In the present study, we established a cell-based assay to identify
signaling pathways involved in cell spreading mediated by #rans-
homophilic interaction of CADMI. Distinct from a simple cell
adhesion, cell spreading is a process that requires cytoplasmic
signaling to generate actin reorganization mediated by frans-
homophilic interaction of CADMI. By treating cells with 104
different chemical inhibitors with known target pathways, we
identified that phosphoinositide 3-kinase (PI3K) signaling leading
to actin rearrangement was essential for CADMI-mediated cell
spreading. We further demonstrated that CADM1 was connected
to PI3K by forming a protein complex with MPP3 and Dlg at the
cell-cell contact sites.

We propose that CADMI is implicated in transmitting cell
attachment signals to actin reorganization in the cytoplasm
through activating the PISK pathway for the formation and
maintenance of adhesion-based epithelial structure.

Materials and Methods

Expression Vectors, Cell Culture, Transfection, Antibodies,
Reagents, Immunoprecipitation, Western Blotting, and

Cell Aggregation Assay
These are described in detail in the Methods S1.

Purification of Recombinant CADM1-EC-Fc

HEK293 cells stably expressing a secreted form of CADMI-
EC-Fc were cultured in GIT medium for 3 days after the cells
reached confluence (Wako Pure Chemical Industries, Ltd., Osaka,
Japan). Then, the conditioned medium was collected, and
CADMI1-EC-Fc was purified using the Affi-Gel Protein A MAPS
II kit (Bio-Rad) and dialyzed against phosphate-buffered saline
(PBS).

Cell Spreading Assay

Coverslips were pre-coated with 50 pg/ml of poly-L-lysine
(Sigma-Aldrich) and fixed with 0.5% glutaraldehyde (Sigma-
Aldrich) in 24-well plates. The glasses were then incubated with 50
nM of CADMI-EC-Fc or control mouse IgG for 10 min and
blocked with 1% bovine serum albumin (BSA, Sigma-Aldrich) in
Hank’s Balanced Salt Solution (HBSS) (Invitrogen). Then, MDCK
cells (3x10%) were plated on the glasses and incubated at 37°C for
60~70 min as indicated. After incubation, cells were fixed with 4%
paraformaldehyde and subjected to immunofluorescence labeling
with Alexa Fluor-labeled phalloidin. Cells were imaged with an
epifluorescence microscope (Zeiss), and the surface area of GFP
positive cells was measured by the AutoMeasure software module,
AxioVision Version 4 (Zeiss). To evaluate the activities of
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inhibitors, the surface area of cells with each inhibitor was
normalized to that of cells on IgG with DMSO, and then the value
of cells on CADMI-EC-Fc with DMSO was set as 1. More than
100 cells were counted, at least, for each assay as indicated in the
legend for each Figure as reported previously [15]. Statistical
differences were determined by Student’s t-test.

Immunofluorescence Microscopy

Cells were fixed with 4% paraformaldehyde for 20 min,
quenched with 50 mM of NH4C], and permeabilized with 0.1%
Triton X-100 in PBS for 5 min. Cells were then blocked with 5%
(w/v) fetal bovine serum in phosphate-buffered saline (PBS) and
then incubated with primary and secondary antibodies sequen-
tially with extensive washes between the incubation of different
antibodies. Coverslips were then mounted with ProLong® Gold
(Invitrogen), and cells were imaged with the epifluorescence
microscope (Zeiss). Negative controls without primary antibodies
were included in all experiments.

Glutathione S-transferase (GST) Pull-down Assay

The GST- or His-fusion protein was expressed in Rosetta DE3
Escherichia coli and isolated with glutathione Sepharose 4B (GE
Healthcare) or Ni-NTA Agarose (QIAGEN), respectively, accord-
ing to the manufacturers’ protocols. For i vitro binding, the His-
MPP3-N protein was incubated with GST-fusion proteins of
CADMI for 15 min at 4°C in a reaction buffer (50 mM of Tris-
HCI, pH 7.4, 137 mM of NaCl, 0.1% Triton X-100, 10%
glycerol, 0.5% BSA). The His-Dlg-N protein was added and
incubated for 15 min, and then Glutathione Sepharose beads were
added and further incubated for 1 h at 4°C. Beads were washed
with reaction buffer and subjected to SDS-PAGE and Western
blotting with anti-His antibodies. GST fusion proteins were
detected by staining with Coomassie Brilliant Blue (CBB).

Results

Recombinant Extracellular Domain of CADM1 Mimics
Trans-Homophilic Interaction of CADM1 and Induces Cell
Spreading

We first established this cell spreading assay to identify the
signaling pathway specifically activated by #rans-homophilic
interaction of CADMI] mediated by intercellular adhesion.
MDCK cells stably expressing CADM1-GFP (MDCK+CADM1-
GFP) or parental MDCK cells were incubated on the glass coated
either with mouse IgG or with the recombinant CADM1-EC-Fc
protein consisting of the extracellular fragment domain of
CADMI fused to the Fc region of mouse IgG. The following
immunofluorescence staining of the actin cytoskeleton revealed
that MDCK+CADMI-GFP cells showed large spread morphol-
ogy when incubated on CADMI1-EC-Fc-coated glass. By contrast,
parental MDCK cells incubated on IgG- or CADMI-EC-Fc-
coated glass or MDCK+CADMI-GFP cells incubated on IgG-
coated glass showed round but not spread morphology (Fig. 1A
and SI1A). When the surface of the cells was measured
quantitatively, the average surface arca of MDCK+CADMI-
GFP cells on CADMI1-EC-Fc was 1.8-fold larger than that of the
same cells on control IgG, although the size of the surface area was
varied in each cell (Fig. 1B). To confirm that the spreading of the
cells observed is mediated by frans-homophilic interaction of
CADM]I, the same assay was performed in the presence of the
anti-CADM1 antibody, 9D2, which was shown to act as a
blocking antibody [16]. As shown in Fig. S1B and 1B, the surface
area of MDCK+CADMI-GFP cells incubated on CADM1-EC-Fc
decreased significantlywhen incubated with the 9D2 antibody,
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whereas the area was not changed with control IgY. Moreover, the
surface arca of MDCK+CADMI-GFP cells was not changed by
9D2 when incubated on IgG. These results suggest that cell
spreading in this assay was specifically induced by the trans-
homophilic interaction of CADMI. Since the actin cytoskeleton is
one of the main determinants of cell shape, we then investigated
the effect of Cytochalasin D, an inhibitor of actin polymerization,
on CADMI-mediated cell spreading. As shown in Fig. S1C and
1C, spreading of MDCKACADMI-GFP cells on CADM1-EC-Fe-
coated glass was abrogated by Cytochalasin D, but not by control
DMSO. These findings suggest that the frans-homophilic inter-
action of CADMI induces cell spreading through reorganization
of the actin cytoskeleton.

Next, we investigated whether the cytoplasmic domain of
CADMI1 is responsible for cell spreading. To examine this,
MDCK cells were stably transfected with an expression vector of a
truncated form of CADMI lacking its cytoplasmic domain that
was fused to YFP (ACT-YFP) and subjected to cell spreading assay
(Fig. 1D). It should be noted that CADMI-ACT-YFP was
localized at cell-cell contact sites similarly to full-length CADMI
tagged with YFP (FL-YFP) in confluent MDCK cells (Fig. S1D).
The surface area of MDCK cells expressing CADM1-ACT-YTP is
significantly smaller than that of CADMI-FL-YFP cells and not
different from that of MDCK cells with CADMI-ACT-YFP
incubated on control IgG (Fig. SIE and 1E). These findings
suggest that the cytoplasmic domain of CADMI, and its
cytoplasmic binding proteins as well, is essential for activating
signaling for the actin reorganization to lead to cell spreading.

The PI3K Inhibitor Suppresses the Cell Spreading
‘Mediated by Trans-homophilic Interaction of CADM1
The above findings prompted us to investigate the signaling
pathway activated by CADM I-mediated cell adhesion to induce
actin reorganization using cell spreading assay by treating cells
with chemical compounds from the SCADS inhibitor kit (see
Materials and Methods) and assessing the suppressor activity of
each inhibitor in cell spreading. Among 104 chemicals we
screened, two inhibitors of PISK, 1LY294002 and Wortmannin,
effectively suppressed cell spreading (Fig. S2A). The average cell
areas treated with LY294002 and Wortmannin are 53% and 54%,
respectively, in comparison with that treated with DMSO as
100%. On the other hand, the average cell surface areas treated
with inhibitors of MAPK, JAK, and NF-KB in the same assay
were 94%, 109%, and 96%, respectively, suggesting that the
suppressor effect in cell spreading by PISK inhibitors is significant.
To confirm this inhibitory effect precisely, cells were then treated
with different concentrations of 1.Y294002, from 0.01 to 10 uM,
and subjected to cell spreading assay. As shown in Fig. S2B and
2A, the surface area decreased by the treatment of LY294002 in a
dose-dependent manner, where a significant difference was
observed when it was treated with 1 and 10 puM of LY294002
as compared with DMSO. To exclude the possibility that
LY294002 has a non-specific cytotoxic effect, cells were treated
with 1 pM of LY294002 for 45 min and then washed and
incubated with a fresh medium without LY294002 for an
additional 45 min. Comparison of the surface area of cells
revealed that cell spreading was suppressed in the presence of
LY294002 for 90 min, while the suppressing effect was abrogated
and the cell spreading was recovered when LY294002 was washed
out (Fig. S2C and 2B), indicating that cell spreading was not
irreversibly suppressed by the cytotoxicity of LY294002. Since the
trans-homophilic interaction of CADMI has been shown to
induce cell aggregation in a suspension culture, we next examined
the activity of LY294002 on CADMI-mediated cell aggregation.
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When cell aggregation assay was carried out, the degree of
aggregate formation in cells treated with various concentrations of
LY294002 did not show significant difference from that of
DMSO-treated cells (Fig. 2C), showing that PI3K is not involved
in intercellular adhesion activity by CADMI. These results suggest
that CADMI-mediated trans-homophilic interaction activates
PISK to induce cell spreading but does not participate in cell
aggregation activity.

Activation of the Pathways Downstream of PI3K, Akt, and
Rac1 Is Necessary for CADM1-mediated Cell Spreading

Then, we analyzed how PI3SK was activated by CADM]I-
mediated cell attachment to lead cell spreading. Since PIPs is a
major product of PISK signaling at the plasma membrane and
specifically binds to the PH domain of Akt [17], PI3K activity can
be detected by the exogenously expressed fluorescent Akt-PH in
the cells. Here, to examine PISK activation and its subcellular
localization, MDCK  cells expressing CADMI without tags
(MDCK+CADMI) were transiently transfected with a protein
fragment of the PH domain of Akt tagged with GFP (GFP-Akt-
PH) and subjected to spreading assay. After 45 min of incubation
on a CADMI1-EC-Fc-coated plate, strong signals of GFP-Akt-PH
were detected at the leading edges of MDCK+CADMI cells
where actin-rich lamellipodia were generated, indicating that
PI3K is activated at the leading edges of cells in GADM1-induced
cell spreading (Fig. 3A).

We further examined the activation of Akt, a well-established
downstream target of PI3K for actin remodeling, in CADMI-
mediated cell spreading [18]. In Western blotting analysis, the
increased intensity of the signal from phosphorylated Akt was
detected in MDCK+CADMI-GFP cells cultured on the CADM1-
EC-Fc-coated plate as compared with that of the cells on IgG,
whereas no signal was detected when cells were treated with 10
MM of LY294002 (Fig. 3B). These results suggest that phosphor-
ylation of Akt participates in CADM I-mediated cell spreading as a
possible downstream effector of the PI3K pathway. However,
when examined in the cell spreading assay, the inhibitor of Akt
only partially suppressed spreading of MDCK+CADMI1-GFP cells
as compared with LY294002 when cultured on CADMI1-EC-Fc,
suggesting that some additional effectors would participate in the
PI3K signaling (Fig. 3C). Then we examined Racl, another
effector of PI3K implicated in actin remodeling [19]. As shown in
Fig. 82D and 3C, the Racl inhibitor only partially suppressed
CADMI-mediated cell spreading as compared with LY294002 as
the Akt-inhibitor did. However, when cells were treated with both
Akt- and Racl- inhibitors simultaneously, the surface area of
MDCK+CADMI cells decreased dramatically without any
significant difference from those treated with LY294002, indicat-
ing that the Akt- and Racl- inhibitors worked additively to
suppress cell spreading. These findings indicate that both Akt and
Racl are key effectors of PI3K when activated by CADMI-
mediated cell spreading.

CADM1 Forms a Multi-protein Complex with MPP3, Dlg,
and PI3K

Finally, we analyzed possible molecules that connect CADM1
with PI3K leading to cell spreading. It has been reported that the
regulatory subunit of PI3K, p85, interacts with one MAGuK, Dlg,
and is recruited to cell-cell contact sites in epithelial cells [20]. Dlg
further binds to another MAGuK, MPP3, which was identified as
a binding partner of the cytoplasmic domain of CADMI through
their N-terminal domain [8,21], suggesting that MPP3 and Dig
are candidates for connecting CADMI1 with PI3K. To examine
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Figure 1. Recombinant extraceliular domain of CADM1 mimics the trans-homophilic interaction of CADM1 and induces celi
spreading. Parental MDCK cells or MDCK cells stably expressing CADM1-GFP (MDCK+CADM1-GFP) were incubated on coverslips coated with control
IgG or recombinant proteins consisting of the extracellular fragment of CADM1 fused to Fc fragments of mouse IgG (CADM1-EC-F¢). After 60 min, the
cells were visualized by staining the actin cytoskeleton with Alexa Fluor 568-labeled phalloidin. (A) Representative images of F-actin in cells incubated
on control IgG- or CADM1-EC-Fc-coated glasses as indicated. Bars: 20 pm. (B) MDCK+CADM1-GFP cells were incubated on IgG or CADM1-EC-Fc in the
presence or absence of control human IgG or anti-CADM1 antibody, 9D2 (10 pg/ml). Cell spreading was quantified by measuring the average surface
area of cells. Relative value to cells on the igG-coated glass without antibodies was shown. More than 100 cells were counted in the assay. ¥, p<0.05;
NS, no significant difference (vs. cells on IgG without antibodies). #, p<<0.05. (C) Cell spreading assay using MDCK+CADM1-GFP cells incubated on IgG
or CADM1-EC-Fc with DMSO or 1 uM of Cytochalasin D (Cyto D). The area was normalized to that of cells on IgG with DMSO, and the relative value to
cells on CADM1-EC-Fc with DMSO was shown. More than 180 cells were counted in the assay. * p<<0.05. (D) A schematic representation of CADM1
protein structure. The YFP-fusion proteins of full-length CADM1 (CADM1-FL) and its deletion mutant lacking the cytoplasmic fragment (CADM1-ACT)
were shown. (E) Cell spreading assay of MDCK cells stably expressing CADM1-YFP-FL or CADM1-YFP-ACT that were incubated on IgG or CADM1-EC-
Fc. Relative value of cell surface area to that of CADM1-YFP-FL cells on igG-coated glass was shown. More than 230 cells were counted in the assay. **;
p<0.01. (B, C, and E) The results presented are mean = SD of three independent experiments.

doi:10.1371/journal.pone.0082894.9001
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Figure 2. Two distinct inhibitors of PI3K suppress cell
spreading mediated by trans-homophilic interaction of
CADMT1. (A) Cell spreading assay of MDCK+CADM1-GFP cells incubated
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LY294002, from concentrations of 0.01 uM to 10 uM as indicated. *,
p<0.05; NS, no significant difference (vs. cells on CADM1-EC-Fc with
DMSO). (B) Cell spreading assay was performed using MDCK+CADM1-
GFP cells cultured on CADM1-EC-Fc with 1 uM of LY294002 for 45 min
and then washed and further incubated for 45 min in the presence of
the same concentration of LY294002 (LY294002) or DMSO {LY294002+—
washout). Representative images of CADM1-GFP are shown at the top
of each bar graph. The area was normalized to that of cells on IgG with
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presented are mean = SD of three independent experiments. More
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PLOS ONE | www.plosone.org

Trans-Homophilic CADM1 Interaction Activates PI3K

condition in the presence of LY294002 at the concentrations indicated.
The cell aggregation was represented by the ratio of the total particle
number at time t of incubation (Nt) to the initial particle number (NO).
The data shown here indicate the average Nt/NO in triplicate
experiments.

doi:10.1371/journal.pone.0082894.9002

the possible association of these molecules, MDCK+CADM1-GFP
cells were used because MDCK cells expressed significant amounts
of endogenous MPP3 and Dlg proteins. We examined whether
CADMI interacts with Dlg, a key molecule in connecting with
PI3K in vitro. For this purpose, fused proteins of GST with the
cytoplasmic fragment of CADM1 (GST-CADMI-C), a derivative
of GST-CADM1-C lacking C-terminal 4 amino acids correspond-
ing to PDZ-binding motif (GST-CADM1-CA4), as well as His-
tagged N-terminal fragments of MPP3 (His-MPP3-N) and His-
tagged N-terminal fragments of Dlg (His-DIg-N), were constructed
as shown in Fig. 4A. GST pull-down assay was then performed by
incubating GST-CADMI-C or GST-CADMI1-CA4 with His-
MPP3-N and/or His-Dlg-N. Western blotting analysis revealed
that His-Dlg-N was recovered with GST-CADMI1-C depending
on the presence of His-MPP3-N (Fig. 4B). On the other hand,
neither His-Dig-N nor His-MPP3 was bound to GST or GST-
CADMI1-CA4. These results indicate that MPP3 connects
CADMI1 with Dlg through direct binding of the N-terminal
region of MPP3 with the class II PDZ-binding motif of CADM!1
and with the N-terminal region of Dlg. Next, we examined
possible i vivo complex formation of CADM1 with MPP3, Dlg,
and p85. We first demonstrated that CADM1, MPP3, Dlg, and
p85 were endogenously expressed in Caco-2 cells and co-localized
one another at the cell-cell contact sites (Fig. 4C). When Caco-2
cells were transiently transfected with MPP3-HA and the lysates
were immunoprecipitated with anti-CADMI antibodies, signals
corresponding to MPP3-HA and Dig were detected by Western
blotting using antibodies specific to HA and Dlg, respectively
(Fig. 4D, left). MPP3-HA and p85 were also co-immunoprecip-
itated with Dlg in the same Caco-2 lysates that expressed MPP3-
HA (Fig. 4D, right). Furthermore, when endogenous CADMI1
expression in Caco-2 cells was depleted by transfection of sShRNA
of CADMI, localization of MPP3, Dlg, and p85 at plasma
membrane was almost abrogated (Fig. S3). Moreover, the
spreading of cells as well as the accumulations of a protein
complex of GFP-Akt-PH, MPP3, Dlg, and p85 to the periphery of
spreading cells were also impaired in MDCK cells expressing
CADMI-ACT or MDCK cells expressing wild-type CADM]1
together with siDlg (Fig. S4). These results suggest that CADM1
indirectly interacts with p85 by forming a multi-protein complex
with MPP3 and Dlg and participates in cell spreading.

Discussion

CADMI is expressed along the lateral membrane of epithelial
cells and is involved in the attachment, formation, and mainte-
nance of epithelial structure by forming a #rans-homophilic
interaction with CADM]1 from adjacent epithelial cells. In the
present study, to investigate signal transduction induced by
CADM1-mediated intercellular adhesion, we established a cell-
based assay to reconstitute an initial process of CADMI
interaction as cell spreading. The spreading of cells observed in
the assay was specifically induced by trans-homophilic interaction
of CADM1 because spreading was only observed when CADMI1
was present both in the cell surface and on the glass and was
abrogated by CADMI-blocking antibodies. By adding chemical
inhibitors of known function in the assay and evaluating the degree
of suppression in cell spreading through measuring the surface
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Figure 3. Activation of PI3K signaling is necessary for CADM1-
mediated cell spreading. (A) MDCK cells stably expressing CADM1
were transiently transfected with GFP-Akt-PH and incubated on control
1gG or CADM1-EC-Fc. Then, cells were visualized by staining with Alexa
Fluor 568-labeled phalloidin. GFP-Akt-PH was observed at the periphery
of the spreading cell where actin-rich lamellipodia were generated.
High-magnification images of the region indicated by arrowhead were
shown in the right panels. (B) Representative results of Western blotting
analysis of phosphorylated-Akt, total Akt, and CADM1 using the lysates
of MDCK+CADM1-GFP cells incubated on IgG or on CADM1-EC-Fc with
DMSO (—) or with 10 uM of LY294002 (+). Note that the difference of
signal intensities of Akt and p-Akt was due to the different sensitivities
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of antibodies and exposure time. The membrane was stained by Amido
Black to confirm the equal loading of proteins. The amount of
phosphorylated-Akt was normalized to that of the total Akt in each
lane, and the relative value to cells on control IgG without LY294002
was calculated. The average scores of the relative values in 3
independent experiments are indicated in the lower panel. (C)
MDCK+CADM1-GFP cells were incubated on control IgG or CADM1-
EC-Fc in the presence of DMSO or 1 uM of the inhibitors of PI3K, Rac1
and/or Akt as indicated. The surface area was normalized to that of cells
on IgG with DMSO, and the relative value to cells on CADM1-EC-Fc with
DMSO was shown. The results presented are mean = SD of five
independent experiments. More than 470 cells were counted in the
assay. ¥; p<<0.05, **; p<<0.01 (vs. cells on CADM1-EC-Fc with DMSO). #;
p<0.05, NS; no significant difference (vs. cells on CADM1-EC-Fc with
LY294002).

doi:10.1371/journal.pone.0082894.g003

area, signaling pathways activated by trans-homophilic interaction
of CADMI can be identified. Among 104 inhibitors screened in
the assay, two independent inhibitors of PI3K, LY294002 and
Wortmannin, suppressed the cell spreading most dramatically.
The suppressor activity of LY294002 in cell spreading was
reversible and dose-dependent. Furthermore, the cell spreading
was reversibly inhibited by a PI3K inhibitor, LY294002, in a dose-
dependent manner. Additionally, by visualizing the subcellular
localization of PIP3, a major product of PI3K, we demonstrated
that PI3K was activated at the cell periphery where lamellipodia
were generated. On the basis of these results, we speculate that
CADMI recruits PI3K to the cytoplasmic juxtamembrane domain
to induce cell spreading. In addition to PISK inhibitors, several
known inhibitors showed partial activity in suppressing cell
spreading. Some of them are related to PI3K signaling, like
AKT or Racl, while others appear to be independent of the PI3K
pathways, which will be described elsewhere. MDCK cells were
chosen in this assay because cell spreading was most dramatically
and reproducibly observed in MDCK. In addition, we have
previously demonstrated that MDCK cells transfected with a full
length CADMI1 showed suppressor effect in HGF-induced cell
scattering in 2D-culture or tubulogenesis in 3D-culture but that
transfection of CADMIACT, CADMI lacking 4.1-binding motif
(CADM1A4.1BM), or CADMI lacking PDZ-binding motif
(CADM1APDZBM) into MDCK lost the suppressor activity of
scattering or tubulogenesis [27]. The functional significance of
these molecules is then confirmed by transfecting shRNA of
CADMLI or Dlg.

It has been demonstrated that CADMI has potential to form
heterophilic {rans-interaction with other IgCAMs, such as
CADM2/Necl-3, CADMS3/Necl-1, Nectin-3, and CRTAM,
depending on the types of cells [10,22]. Therefore, analyses of
trans-heterophilic interactions of CADMI1 with other molecules
using similar cell-based assay would clarify different signaling
pathways activated by specific types of cell adhesion.

Since the cytoplasmic domain of CADMI was essential for cell
spreading, we analyzed the intracellular pathways leading to
activation of PI3K. On the basis of the following three pieces of
evidence reported so far, we hypothesized that CADM1 would
recruit PI3K through MAGuKs. (1) We, and others, showed that
CADM1 associates with MAGuKs, such as MPP1-3, CASK, and
Pals-2, through its class II PDZ-binding domain in epithelial cells
[8-11]. (2) The SH2 domain of p85 interacts with Dlg, one of the
MAGuKs carrying class I PDZ domain, when tyrosine residues of
Dlg were phosphorylated [20]. (3) Several MAGuKs, such as
MPP2, MPP3, CASK, and Dlg, bind to one another through their
N-terminal L27 domain [21]. In the present study, we have
demonstrated that CADMI interacts with DIg through MPP3 at
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Figure 4. Membrane-associated guanylate kinase homologs (MAGuKs), MPP3 and Dlg, link CADM1 with p85 by forming a multi-
protein complex. (A) Schematic representation of the structures of CADM1, MPP3, and Dlg proteins. In amino acid sequences of the cytoplasmic
domain of CADM1, consensus sequences of 4.1- and class Il PDZ-binding motifs are highlighted by grey and black, respectively. The GST-fusion
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schematically represented below. N-terminal fragments of MPP3 and Dlg were purified as His-fusion proteins and used for an in vitro binding assay.
(B) Interaction of GST-CADM1 with His-MPP3 and/or His-Dlg was examined by GST pull-down assay. Binding proteins were detected by Western
blotting using anti-His tag antibodies, whereas GST-fusion proteins were detected by staining the membrane with Coomassie Brilliant Blue (CBB). (C)
Localization of CADM1, MPP3, Dlg, and p85 in confluent Caco-2 cells. Confluent Caco-2 cells were fixed and stained with anti-CADM1 antibodies
(green) and anti-MPP3 (upper), anti-Dlg (middle), or anti-p85 (lower) antibodies (red). Merged images are shown in the right panel. Bars: 20 pm. (D)
Lysates of Caco-2 cells expressing MPP3-HA were immunoprecipitated (IP) with control rabbit IgG and anti-CADM1 (left) or anti-Dlg (right) antibodies
and analyzed by Western blotting with antibodies against HA, Dlg, p85, and CADM1, as indicated. Black arrowheads indicate signals found in both the
input and immunoprecipitates, whereas white arrowheads indicate signals only found in the input. Asterisks show non-specific bands.

doi:10.1371/journal.pone.0082894.g004

the class I PDZ-binding motifin vitro using GST pull-down assay
(Fig. 4B). Furthermore, we have shown that MPP3 and Dlg are co-
immunoprecipitated with CADM1, while MPP3 and p85 are co-
immunoprecipitated with Dlg by immunoprecipitation assay
in vivo (Fig. 4D). By fluorescence microscopy analysis, we have
also confirmed that CADMI is co-localized with MPP3, Dlg, and
p85 at the cell periphery (Fig. 4), whereas the recruitment of this
protein complex to the cell periphery is abrogated by depletion of
CADMI or Dlg (Fig. S3 and Fig. S4). Taken together, these 4
proteins-CADM]1, MPP3, Dlg, and p85-appear to form a
complex at the juxtamembrane portion at the cell periphery and
play an important role in cell spreading.

Cell spreading assay also identified Akt and Racl as possible
molecules downstream of PI3K signaling when activated by the
trans-homophilic interaction of CADMI. Both Akt and Racl are
molecules known to be downstream of PISK [19,23] in various
cells, and we demonstrated that both Akt- and Racl- inhibitors
suppress spreading of MDCK cells significantly. However,
quantitative measurement shows that the degree of suppression
in cell spreading by Akt- or Racl- inhibitors is only partial in
comparison with that by PI3K inhibitor. On the other hand, when

PLOS ONE | www.plosone.org

both an Akt- and Racl- inhibitors are added simultaneously, cell
spreading was fully suppressed. These findings demonstrate that
Akt and Rac-1 act in the downstream of PI3K, but act
independently of each other and that cell spreading assay has a
great advantage in analyzing signaling pathways for its quantita-
tive feature. These findings would be supported by our previous
finding that Racl is sustained to be activated by HGF treatment
when MDCK cells were transfected with full length CADM1 [26].
These findings might also be corresponding to another previous
report by ours that introduction of dominant negative Racl
suppressed lamellipodia formation of ATL cells when cultured on
fibroblast, although ATL cells are not the epithelial origin [27].
Taken together, we propose a possible signaling pathway triggered
by the trans-homophilic interaction of CADMI, as shown in
Figure S5.

Expression of CADMI is down-regulated in various carcino-
mas, and it is widely accepted that CADMI is a tumor suppressor
through its cell adhesive property. We have previously demon-
strated that CADM!I is involved in the formation of epithelial cell
structure since suppression of CADMI expression by RNAI
abrogated epithelial structure, induced simple flat morphology of
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cells and inhibited the maturation of cell-cell adhesion [9]. PI3K
has also emerged as a major regulator of the cytoskeleton and cell
polarity [24]. It is quite interesting that inhibition of PI3K by
1Y294002 causes a reduction in cell height but does not affect cell
adhesion activity in epithelial cells [25]. Our study also indicates
that the inhibition of PI3K does not affect cell adhesion activity by
trans-interaction of CADMI but abrogates following cell spread-
ing activity induced by cytoskeletal remodeling. Furthermore, it
has been reported that Racl signaling is similarly implicated in the
maintenance of cell height [25] and that PI3K-Racl signaling
serves as a key regulator for inducing the extension of cell-cell
contact zones [26]. Taken together, these findings suggest that
trans-homophilic interaction of CADMI acts as an initial trigger
on the membrane for the formation and maintenance of epithelial
cell structure by activating PI3K-Racl pathways to reorganize the
actin cytoskeleton.

In this connection, it is noteworthy that we have previously
reported that overexpression of CADMI! in MDCK cells
suppresses hepatocyte growth factor (HGF)-induced epithelial-
mesenchymal transition (EMT), which is a well-known phenom-
enon associated with cancer cell invasion and metastasis [27]. In
CADMI1 over-expressing cells, prolonged activation of Racl
induced by CADMI and its cytoplasmic binding proteins
appeared to inhibit EMT induction by HGF through the retention
of epithelial cell adhesion. Although we did not investigate the
mechanism of Racl activation in the study, the MAGuK-PISK
pathway could be a candidate for activating Racl in cells over-
expressing CADMI. Thus, CADMI appears to act as a suppressor
of cancer cell invasion and metastasis by its activity in the
formation and maintenance of adhesion-based epithelial cell
structure.

In this study, we have demonstrated that cell-based screening
assay is an effective tool for identifying low-molecular-weight
compounds that target signaling pathways mediated by tarns-
homophilic interaction of CADMI. By screening known inhibitors
that suppress cell spreading, we found that the PI3K pathway was
specifically activated by #rans-homophilic CADMI interaction.
The protein complex of CADMI1-MPP3-Dlg appears to recruit
PI3K to the juxtamembrane region to induce actin reorganization
by activating Akt and Racl. In conclusion, the PI3K pathway is
crucial for the signals mediated by trans-homophilic CADMI1
interaction to cytoplasm, leading to cytoskeletal remodeling and
the formation and maintenance of epithelial structure.

Supporting Information

Figure S1 Establishment of cell spreading assay. (A)
Representative images of cells analyzed by spreading assay shown
in Fig. 1A. In each assay, 10 fields were imaged in duplicate and
average area of cells were quantified by image J software. MDCK
(a and b) and MDCK+CADMI-GFP (c and d) cells were put on
IgG (a and ¢) or CADMI-EC-Fc (b and d), respectively, as
indicated on top of images. Two fields of phalloidin-stained (a and
b) and GFP (c and d) images are shown. Bars: 50 pm. (B, C, and E)
Representative images of spreading assay shown in Fig. 1B (B),
Fig. 1C (C), and Fig. 1E (E). Cells stained with phalloidin are
shown. Bars: 50 pm. (D) Localization of CADMI-FL-YFP and -
ACT-YFP in confluent MDCK cells. Confluent MDCK cells
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stably expressing CADMI1-FL-YFP or -ACT-YFP were fixed and
stained with phalloidin (red). Bars: 20 pm.

(TIE)

Figure S2 PI3K inhibitors suppress cell spreading
mediated by trans-homophilic interaction of CADMI.
(A) Cell spreading assay was performed with DMSO, LY294002 (1
uM), or Wortmannin (1 pM) and quantified as indicated in Fig. 1.
The surface area was normalized to that of cells on IgG with
DMSO, and the relative value to cells on CADMI-EC-Fc with
DMSO is shown. (B, C and D) Representative images of spreading
assay shown in Fig. 2A (B), Fig. 2B (C) and Fig. 3C (D). Cells
stained with phalloidin are shown. Bars: 50 pum.

(TTF)

Figure 83 Localization of MPP3, Dlg, and p85 in Caco-2
cells depleted CADMI1. (A and B) Immunofluorescence
analysis of Caco-2 cells stably expressing shNegative or
shCADMI_5 using antibodies indicated on top of images.
Arrowheads and arrows show colocalization and mislocalization
of indicated proteins, respectively, at cell-cell contact sites. Bars: 20
pm. (C) Immunoblot analysis of Caco-2 cells expressing shNega-
tive or shCADMI1_5 with ant-CADMI! and anti-GAPDH
antibodies.

(TTF)

Figure S4 Localization of GFP-Akt-PH and the compo-
nents of CADMI1 complex in cell spreading assay. (A)
Representative images of MDCK cells transfected with GFP-Akt-
PH, CADMI-WT or ACT, and/or siNegative or siDlg 2 and
analyzed by spreading assays indicated at the left side of images.
Immunofluorescence analysis was performed using antibodies
against MPP3, Dlg, CADMI, and p85 as indicated. Bars: 20 pm.
(B) Immunoblot analysis of MDCK cells transiently tranefected
with siNegative, siDlg_1, or siDlg_2.

(TTF)

Figure S5 Schematic representation of the signaling
pathways mediated by #rans-homophilic interaction of
CADML1 to cell spreading. When attached on the glass coated
with CADMI-EC-Fc (upper), CADMI-expressing cells activate
PI3K through MPP3 and Dlg, induce actin reorganization, and
show cell spreading (lower).

(TTF)

Methods S1 Expression vectors, Cell culture and trans-
fection, Antibodies and reagents, Immunoprecipitation

and Western blotting, and Cell aggregation assay.
DOCX)
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