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numbers with nuclear atypia suggesting diagnosis as grade II
or IIT glioma (Fig. la, c). Using R-IHC, Ki-67/MIB-1 index
in frozen specimens was 6.7 and 23 %, respectively
(Fig. 1b, d); thus, we considered Case 6 as being grade II
and Case 13 as grade III. These decisions were consistent
with the final diagnosis using FFPE tissues with Ki-67/MIB-
1 index in ordinal IHC (Fig. le—h; Table la).

Application of intraoperative R-IHC for lymphocyte
surface antigen for diagnosis of CNS lymphoma

For the intraoperative diagnosis, discrimination between
glioma and lymphoma is occasionally difficult without any
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support of R-IHC. Thus, we examined the application of
lymphocyte surface antigen to R-IHC methods, and among
the four cases of CNS lymphoma analyzed, CD20 and Ki-
67/MIB-1 indices were successfully stained in all frozen
samples using R-IHC. Ki-67/MIB-1 indices were as high as
those found in permanent sections (Fig. 2; Table 2).

Comparison of the results of Ki-67/MIB-1 in glioma
between R-IHC for frozen tissues and standard IHC
for FFPE tissues

Clinicopathological application of the new R-IHC machine
to CNS tumor diagnosis was evaluated. The diagnosis of
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Table 3 Representative rapid [HC methods

Author Year Method Ki-67 Ab clone Dilution Total time (min) Reference
Ichihara et al. 1989 Microwave ND ND 13 [7]
Richiter et al. 1999 EPOS ND ND 12 [8]
Kammerer et al. 2001 Modified EnVision KISS 1:10 12 9]
Haapasalo et al. 2005 Ultrarapid-ki67 kit ND ND 14 [10]
Monig et al. 2006 En Vision, Histofine ND ND 10-13 [12]
Hatta et. al. 2006 Intermittent microwave ND ND 15 [13]
Hatta et al. 2010 Ultrasound MIB-1 1:40 10 [14]
Uzuka et al. 2011 Vectastain kit MIB-1 1:200 70 [11]

Toda et al. 2011 AC field ND ND 21 [15]
Tanino et al. 2014 AC field MIB-1 1:100 16 This study

ND not determined

H&E stain with or without Ki-67/MIB-1 index in frozen
sections and final diagnosis with immunohistochemistry in
permanent sections of this study were shown in Table la,
b. As measurement of Ki-67/MIB-1 index is critical for
glioma grading, we compared the results of immunostain-
ing of Ki-67/MIB-1 between R-IHC for frozen tissues and
standard THC for FFPE tissues in two independent facili-
ties, Hokkaido University and Akita University.

Correlation of Ki-67/MIB-1 indices with glioma grading
was observed with grade II as 2.4 £+ 1.2 (SD) %, grade III
as 11.6 & 9.9 (SD) %, and grade IV as 19.1 £ 5.9 (SD) %
in Hokkaido University and grade I as 0.5 %, grade II as
0.8 = 1.1 (SD) %, grade III as 13.0 £ 8.2 (SD) %, and
grade IV as 29.6 £ 16.3 (SD) % in Akita University
(Fig. 3a, b). In addition, the Ki-67/MIB-1 indices based on
R-THC for frozen sections significantly correlated with
those of permanent sections in both Hokkaido University
(P <0.01, r=0.87) and Akita University (P < 0.01,
r =0.93) (Fig. 3¢, d).

Discussion

We have established a new machine for R-IHC based on a
novel principle of AC-facilitated antigen—antibody reac-
tion, by which the turnaround time to obtain the results for
surgeons in case of intraoperative diagnosis can be almost
within 30 min. It is obvious that this new R-IHC method
can be applied for various specimens of the intraoperative
diagnosis, but it should also possess advantages in the field
of CNS tumor diagnosis. To ensure the requirement of
R-THC for the intraoperative diagnosis of CNS tumors, we
have surveyed our 183 cases and found that the accuracy of
the intraoperative diagnostic without IHC was 90.7 %, as
same as in previous reports. Among them, the most diffi-
cult diagnosis was glioma grading, especially discrimina-
tion between grade II and grade III. In this study, we

clarified that R-IHC for Ki-67/MIB-1 index can provide
important information for glioma grading in two indepen-
dent institutes. Ki-67/MIB-1 indices of R-IHC in frozen
sections were statistically correlated to those of conven-
tional THC in permanent sections. In addition, discrimina-
tion of CNS lymphoma from glioma was occasionally
difficult, and this new R-THC method clearly demonstrated
the positivity of the lymphocyte surface antigen CD20.
Although R-IHC obviously provides further information
about the tumor, the number of analyzed cases in this study
was not enough to provide clear cut-off value for Ki-67/
MIB-1 index according to the WHO grading. Furthermore,
we should notice that the limitation of intraoperative
diagnosis using R-IHC was mainly due to sampling
divergency including tumor heterogeneity in glioma, poor
demarcation of CNS lymphoma, and differential location
of sampling. Indeed, Ki-67/MIB-1 index by R-IHC in Case
21 was not matched with that by standard IHC by the tumor
heterogeneity.

Similar to our present study, several groups have
reported the limitations of intraoperative diagnosis of CNS
tumors such as glioma grading and determination of
astrocytic versus oligodendroglial origin in addition to the
differential diagnosis of CNS lymphoma, spindle cell
lesions, reactive lesions as gliosis, poorly differentiated
metastatic carcinoma, and primitive neuroectodermal
tumor (PNET) [5, 11]. In this study, as we focused on the
utility for diagnosis of glioma and CNS lymphoma using
limited number of antibodies as Ki-67/MIB-1, CD3 and
CD20, we could not distinguish between astrocytic and
oligodendroglial tumors. The combination of several
markers will provide more precise diagnosis in the future.
At least, to distinguish gliosis from low-grade glioma, Ki-
67/MIB-1 by R-IHC is useful as shown in Case 4. In the
near future, application of anti-IDHI1-R132H antibody on
this R-IHC method is expected to the discrimination of
glioma and gliosis.
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To date, several methods for R-IHC were proposed
including microwave, specific reagent, and a combination
of microwave and ultrasound, but such specific methods
have not been widely accepted in the field of clinicopath-
ological diagnosis for several reasons, such as the
requirement of higher concentrated primary antibody or
non-specific reaction due to the possible increase of tem-
perature of the specimens by microwave. By our new
method, fine staining can be obtained using standard or
sometimes lower concentrations of primary antibodies
compared to standard IHC methods (data not shown). As
compared to another R-THC methods for Ki-67/MIB-1, our
method would be more beneficial from the standpoint of
antibody concentration (Table 3). In addition, we have
measured the temperature of the specimens within AC
stimulation and found a constant temperature (data not
shown).

In conclusion, the new R-IHC method using AC field
provides reliable results of IHC for CNS tumor diagnosis
on frozen sections, and will contribute to an appropriate
intraoperative rapid diagnosis.
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Trans-Homophilic Interaction of CADM1 Activates PI3K
by Forming a Complex with MAGuK-Family Proteins
MPP3 and Dlg
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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 adhesion molecule 1 (CADM1), cell adhesion molecules of
the immunoglobulin superfamily (IgCAMs), contains three extra-
cellular Ig-like loops, a single transmembrane domain, and a short
A : r intracellular carboxy-terminal tail [5]. CADMI is also known as
regions through intracellular signaling pathways. Cell responses, TSLC1, Necl-2, IgSF4A, and SynCAMI1 [6]. CADMI is
such as proliferation, differentiation, apoptosis, or migration, are expressed diffusely in the lateral membrane of cell-cell attachment
determined by different 51’gnahng. pathways. Recently, cell  ges in polarized epithelia, whereas, expression of CADMI is
adhesion molecules (CAIVIS). role in signal transduction has frequently lost or reduced in a variety of advanced-stage human
emerged in addition to their classical roles in cell adhesions cancers of the lung, prostate, liver, pancreas, and breast [6].
[1,2]. CAMs interact with growth factor receptors on plasma  Considering that the disruption of cell-cell adhesion in epithelial
@embranes oF adaptor molecules 4 Juxtam.embrane regions. For cells triggers tumor cell invasion and metastasis, CADM1 is one of
}nsta.nce,.N-c.adherm and NCAM interact wnb FGFR to PromoE the crucial tumor suppressors involved in cell adhesion like E-
1ts sgnahng 1 I.leufongl cells [3]. Ir.1 eplthel%al cells, E—c.adherm cadherin. In fact, CADMI has a cell aggregation activity when
recruits B-catenin in its cytoplasmlc~ domain to organize cell introduced into MDCK cells lacking endogenous CADMI
adhes1c‘un Tnachmery, However, Onge 1ntracellul'fir a(?thSI.OH by E- expression. However, the cytoplasmic signaling pathways triggered
cadherin is abrogated, E-cadherin and B-catenin dissociate from by frans-homophilic interaction of CADMI have not been fully
each other, and B-catenin acts as an important effector in the Wnt elucidated.

signaling pathway; free B-catenin accumulates in the cytoplasm, The cytoplasmic domain of CADMI in 46 amino acids contains
moves into the nucleus, and then stimulates the transactivation of a protein 4.1-binding motif and a class II PSD95/Dlg/ZO-1
TCF/LEF for cell proliferation [4]. (PDZ)-binding motif. We have demonstrated that CADMI is

Cell surface proteins are important for recognizing the external
environment and transmitting the information to the cytoplasmic
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connected to the actin cytoskeleton through direct interaction with
protein 4.1B [7]. CADMI 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 CADM1, for intra-
cellular signal transduction. However, the precise role of the
interaction of CADMI1 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 trans-
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

HEK?293 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
CADMI-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 (3% 10% 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 CADM1-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 NH4Cl, 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 in sitro 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-
HCL, 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+CADMI-
GFP) or parental MDCK cells were incubated on the glass coated
either with mouse IgG or with the recombinant CADMI1-EC-Fc
protein consisting of the extracellular fragment domain of
CADMI1 fused to the Fc region of mouse IgG. The following
immunofluorescence staining of the actin cytoskeleton revealed
that MDCK+CADMI1-GFP cells showed large spread morphol-
ogy when incubated on CADM1-EC-Fc-coated glass. By contrast,
parental MDCK cells incubated on IgG- or CADMI1-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 area of MDCK+CADMI-
GFP cells on CADM1-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 #rans-homophilic interaction of
CADMI, the same assay was performed in the presence of the
anti-CADMI1 antibody, 9D2, which was shown to act as a
blocking antibody [16]. As shown in Fig. SIB 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 area 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 #rans-
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 CADMI1-mediated cell spreading. As shown in Fig. S1C and
1C, spreading of MDCK+CADMI1-GFP cells on CADM1-EC-Fe-
coated glass was abrogated by Cytochalasin D, but not by control
DMSO. These findings suggest that the trans-homophilic interac-
tion of CADMI induces cell spreading through reorganization of
the actin cytoskeleton.

Next, we investigated whether the cytoplasmic domain of
CADMI 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 CADM1
tagged with YFP (FL-YFP) in confluent MDCK cells (Fig. S1D).
The surface area of MDCK cells expressing CGADM1-ACT-YFP is
significantly smaller than that of CADMI-FL-YFP cells and not
different from that of MDCK cells with CADMI1-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 CADM1-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, LY294002 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 PI3K inhibitors is significant.
To confirm this inhibitory effect precisely, cells were then treated
with different concentrations of LY294002, from 0.01 to 10 puM,
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 pM 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 1LY294002. Since the
trans-homophilic interaction of CADMI1 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 #ans-homophilic interaction activates
PI3K to induce cell spreading but does not participate in cell
aggregation activity.

Activation of the Pathways Downstream of Pi3K, Akt, and
Ract Is Necessary for CADM1-mediated Cell Spreading

Then, we analyzed how PISK was activated by CADMI-
mediated cell attachment to lead cell spreading. Since PIP; is a
major product of PI3K 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 PI3K activation and its subcellular
localization, MDCK cells expressing CADMI1 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 CADM1-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+CADMI1-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
M of LY294002 (Fig. 3B). These results suggest that phosphor-
ylation of Akt participates in CADM 1-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 CADM1-EC-Fc,
suggesting that some additional effectors would participate in the
PISK signaling (Fig. 3C). Then we examined Racl, another
effector of PI3K implicated in actin remodeling [19]. As shown in
Fig. $2D and 3C, the Racl inhibitor only partially suppressed
CADMI1-mediated cell spreading as compared with 1.Y294002 as
the Akt-inhibitor did. However, when cells were treated with both
Akt- and Racl- inhibitors simultaneously, the surface area of
MDCK+CADMI1  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, Dig,
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, p853, 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 CADM1 through
their N-terminal domain [8,21], suggesting that MPP3 and Dlg
are candidates for connecting CADMI1 with PI3K. To examine
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Figure 1. Recombinant extracellular domain of CADM1 mimics the trans-homophilic interaction of CADM1 and induces cell
spreading. Parental MDCK cells or MDCK cells stably expressing CADM1-GFP (MDCK+CADM1-GFP) were incubated on coverslips coated with control
1gG or recombinant proteins consisting of the extracellular fragment of CADM1 fused to Fc fragments of mouse IgG (CADM1-EC-Fc). 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.g001
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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
on lgG or CADM1-EC-Fc in the presence of an inhibitor of PI3K,
LY294002, from concentrations of 0.01 pM to 10 puM 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 pM 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 1gG with
DMSO, and the relative value of the cell surface area to that of cells on
CADM1-EC-Fc with DMSO was shown. ¥, p<0.05. (A and B) The results
presented are mean * SD of three independent experiments. More
than 200 and 280 cells were counted in A and B, respectively. (C)
Aggregation assay of MDCK+CADM1-GFP cells in Ca®™- and Mg**-free
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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+CADMI1-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 witro. For this purpose, fused proteins of GST with the
cytoplasmic fragment of CADM1 (GST-CADMI1-C), a derivative
of GST-CADMI-C lacking C-terminal 4 amino acids correspond-
ing to PDZ-binding motif (GST-CADMI1-CA4), as well as His-
tagged N-terminal fragments of MPP3 (His-MPP3-N) and His-
tagged N-terminal fragments of Dlg (His-Dlg-N), were constructed
as shown in Fig. 4A. GST pull-down assay was then performed by
incubating GST-CADM1-C or GST-CADMI1-CA4 with His-
MPP3-N and/or His-Dlg-N. Western blotting analysis revealed
that His-DIg-N was recovered with GST-CADMI-C depending
on the presence of His-MPP3-N (Fig. 4B). On the other hand,
neither His-Dlg-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 CADMI1
and with the N-terminal region of Dlg. Next, we examined
possible i vive complex formation of CADMI1 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-CADMI1 antibodies, signals
corresponding to MPP3-HA and Dlg 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 CADMI
expression in Caco-2 cells was depleted by transfection of shRNA
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
CADMI1-ACT or MDCK cells expressing wild-type CADMI
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 trans-homophilic
interaction with CADMI1 from adjacent epithelial cells. In the
present study, to investigate signal transduction induced by
CADM 1-mediated intercellular adhesion, we established a cell-
based assay to reconstitute an initial process of CADMI
mnteraction as cell spreading. The spreading of cells observed in
the assay was specifically induced by #rans-homophilic interaction
of CADM!1 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 IgG 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+CADM?1-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 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

length CADMI1 showed suppressor effect in HGIF-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

area, signaling pathways activated by frans-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 PISK inhibitor, .LY294002, in a dose-
dependent manner. Additionally, by visualizing the subcellular
localization of PIPs, a major product of PISK, we demonstrated
that PISK was activated at the cell periphery where lamellipodia
were generated. On the basis of these results, we speculate that
CADMI recruits PISK to the cytoplasmic juxtamembrane domain
to induce cell spreading. In addition to PI3K inhibitors, several
known inhibitors showed partial activity in suppressing cell
spreading. Some of them are related to PISK signaling, like
AKT or Racl, while others appear to be independent of the PISK
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

PLOS ONE | www.plosone.org

(CADMI1APDZBM) into MDCK lost the suppressor activity of
scattering or tubulogenesis [27]. The functional significance of
these molecules is then confirmed by transfecting shRNA of
CADMI or Dlg.

It has been demonstrated that CADMI1 has potential to form
heterophilic  frans-interaction with other IgCAMs, such as
CADMZ2/Necl-3, CADM3/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 CADMI1 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 CADMI1 would
recruit PI3K through MAGuKs. (1) We, and others, showed that
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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 || PDZ-binding motifs are highlighted by grey and black, respectively. The GST-fusion
protein of CADM1 with an entire cytoplasmic fragment (GST-CADM1-C) and a mutant form lacking a class Il PDZ-binding motif (GST-CADM1- CA4) are
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 um. (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
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CADMLI associates with MAGuKs, such as MPP1-3, CASK, and Cell spreading assay also identified Akt and Racl as possible
Pals-2, through its class II PDZ-binding domain in epithelial cells molecules downstream of PISK signaling when activated by the
[8-11]. (2) The SH2 domain of p85 interacts with Dlg, one of the trans-homophilic interaction of CADMI. Both Akt and Racl are
MAGuKSs carrying class I PDZ domain, when tyrosine residues of molecules known to be downstream of PISK [19,23] in various
Dlg were phosphorylated [20]. (3) Several MAGuKs, such as cells, and we demonstrated that both Akt- and Racl- inhibitors
MPP2, MPP3, CASK, and Dlg, bind to one another through their suppress spreading of MDCK cells significantly. However,
N-terminal 127 domain [21]. In the present study, we have quantitative measurement shows that the degree of suppression
demonstrated that CADMI interacts with Dlg through MPP3 at  in cell spreading by Akt- or Racl- inhibitors is only partial in
the class II PDZ-binding motif i vitro using GST pull-down assay comparison with that by PI3K inhibitor. On the other hand, when
(Fig. 4B). Furthermore, we have shown that MPP3 and Dlg are co- both an Akt- and Racl- inhibitors are added simultaneously, cell

immunoprecipitated with CADM1, while MPP3 and p85 are co- spreading was fully suppressed. These findings demonstrate that
immunoprecipitated with Dlg by immunoprecipitation assay in vivo Akt and Rac-1 act in the downstream of PI3K, but act
(Fig. 4D). By fluorescence microscopy analysis, we have also independently of each other and that cell spreading assay has a
confirmed that CADM1 is co-localized with MPP3, Dlg, and p85  great advantage in analyzing signaling pathways for its quantita-
at the cell periphery (Fig. 4), whereas the recruitment of this tive feature. These findings would be supported by our previous

protein complex to the cell periphery is abrogated by depletion of finding that Racl is sustained to be activated by HGF treatment
CADMI or Dlg (Fig. S3 and Fig. S4). Taken together, these 4 when MDCK cells were transfected with full length CADM1 [26].
proteins—CADMI, MPP3, Dlg,A and p85-appear to form a These findings might also be corresponding to another previous

complex at the juxtamembrane portion at the cell periphery and ~ report by ours that introduction of dominant negative Racl
play an important role in cell spreading. suppressed lamellipodia formation of ATL cells when cultured on

fibroblast, although ATL cells are not the epithelial origin [27].
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