Received: 26 February 2019 | Revised: 22 April 2019

Accepted: 29 April 2019

DOI: 10.1111/cas.14040

ORIGINAL ARTICLE

WAt Cancer Science

CADM1 associates with Hippo pathway core kinases;
membranous co-expression of CADM1 and LATS2 in lung
tumors predicts good prognosis

Takeshi Ito! | Atsuko Nakamura® | Ichidai Tanaka® | Yumi Tsuboi® | Teppei Morikawa® |
Jun Nakajima* | Daiya Takai® | Masashi Fukayama® | Yoshitaka Sekido® |

Toshiro Niki” | Daisuke Matsubara®’

"Molecular Pathology Laboratory, Institute
of Medical Science, The University of Tokyo,
Tokyo, Japan

’Department of Respiratory
Medicine, Nagoya University Graduate
School of Medicine, Aichi, Japan

SHuman Pathology Department, Graduate
School of Medicine, The University of Tokyo,
Tokyo, Japan

4Department of Thoracic Surgery, The
University of Tokyo, Tokyo, Japan

SDepartment of Respiratory
Medicine, Graduate School of Medicine, The
University of Tokyo, Tokyo, Japan

%Division of Molecular Oncology, Aichi
Cancer Center Research Institute, Aichi,
Japan

’Division of Integrative Pathology, Jichi
Medical University, Tochigi, Japan

Correspondence

Daisuke Matsubara, Division of Integrative
Pathology, Jichi Medical University,
Yakushiji, Shimotsukeshi, Tochigi, Japan.
Email: VZV07574@nifty.com

Funding information

Japan Society for the Promotion of

Science, Grant/Award Number: 16K08672,
16K18142, 18H02634, 25290051,
25460432 and 26293080; Research on
Human Genome Tailor-made from the
Ministry of Health, Labor, and Welfare of
Japan; the Foundation for the Development
of the Community

| Yoshinori Murakami®

Abstract

Cell adhesion molecule-1 (CADM1) is a member of the immunoglobulin superfam-
ily that functions as a tumor suppressor of lung tumors. We herein demonstrated
that CADM1 interacts with Hippo pathway core kinases and enhances the phos-
phorylation of YAP1, and also that the membranous co-expression of CADM1 and
LATS2 predicts a favorable prognosis in lung adenocarcinoma. CADM1 significantly
repressed the saturation density elevated by YAP1 overexpression in NIH3T3 cells.
CADM1 significantly promoted YAP1 phosphorylation on Ser 127 and downregu-
lated YAP1 target gene expression at confluency in lung adenocarcinoma cell lines.
Moreover, CADM1 was co-precipitated with multiple Hippo pathway components,
including the core kinases MST1/2 and LATS1/2, suggesting the involvement of
CADM1 in the regulation of the Hippo pathway through cell-cell contact. An im-
munohistochemical analysis of primary lung adenocarcinomas (n = 145) revealed that
the histologically low-grade subtype frequently showed the membranous co-ex-
pression of CADM1 (20/22, 91% of low-grade; 61/91, 67% of intermediate grade;
and 13/32, 41% of high-grade subtypes; P < 0.0001) and LATS2 (22/22, 100% of
low-grade; 44/91, 48% of intermediate-grade; and 1/32, 3% of high-grade subtypes;
P < 0.0001). A subset analysis of disease-free survival revealed that the membra-
nous co-expression of CADM1 and LATS2 was a favorable prognosis factor (5-year
disease-free survival rate: 83.8%), even with nuclear YAP1-positive expression (5-
year disease-free survival rate: 83.7%), whereas nuclear YAP1-positive cases with
the negative expression of CADM1 and LATS2 had a poorer prognosis (5-year dis-
ease-free survival rate: 33.3%). These results indicate that the relationship between
CADM1 and Hippo pathway core kinases at the cell membrane is important for sup-

pressing the oncogenic role of YAP1.
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1 | INTRODUCTION

Lung cancer is the leading cause of cancer death in many developed
countries, including the United States and Japan,*? and adenocar-
cinoma is the most common histological subtype of primary lung
cancer.

The loss or inactivation of various tumor suppressor genes has
been implicated in the development of lung adenocarcinoma, and
the chromosome 11g23-encoded gene, CADM1 (cell adhesion mol-
ecule-1), was identified as a critical tumor suppressor by its inhibi-
tory effects on tumor formation in human lung adenocarcinoma cell
lines.>*

Cell adhesion molecule-1 is a member of the immunoglobulin su-
perfamily of cell adhesion molecules (IgCAM). CADM1 is expressed
at the lateral membrane in normal epithelial cells, and mediates cell-
cell attachment by binding with CADM1 expressed in adjacent cells.”
CADM1 expression is frequently lost or reduced in concordance
with tumor progression; lepidic growth components were positive
for CADM1 expression, while invasive components of the same tu-
mors were frequently negative for CADM1 in lung adenocarcinoma.®
Mao et al’ reported that high expression levels of CADM1 inhibited
cell proliferation and induced apoptosis in lung adenocarcinoma cell
lines. The cytoplasmic domain of CADM1 is an important region for
conserving the tumor suppressive function of CADM1.8 However,
the mechanisms underlying the anti-proliferative and pro-apoptotic
activities of CADM1 have not yet been elucidated in detail.

It has recently become increasingly apparent that abnormalities
in upstream and downstream members of the Hippo pathway, which
have been implicated in the cell contact inhibition of proliferation as
well as organ size control, play important roles in the tumorigenesis
of various human cancers.” YAP1 is the main downstream effector
of the Hippo pathway that promotes cell growth as a transcription
cofactor and may be inactivated through its phosphorylation by the
upstream kinases LATS1/2.%°

In Drosophila, Echinoid, an IgCAM member, was shown to func-
tion as an upstream regulator of the Hippo pathway. The loss of
Echinoid compromises the phosphorylation of Yorkie (YAP1 in
mammals), resulting in elevated Yorkie activity that drives tissue
overgrowth.*!

In the present study, we showed that CADM1 associates with
the Hippo pathway core kinases, MST1/2 and LATS1/2, and may in-
crease the phosphorylation of YAP1 through cell-cell contact. We
also demonstrated, through an immunohistochemical analysis, that
LATS2 was significantly co-expressed with CADM1 in the mem-
branes of primary lung adenocarcinomas, and that the membranous
co-expression of CADM1 and LATS2 correlated with a better prog-
nosis. This is the first study to show that CADM1 is involved in the

regulation of the Hippo signaling pathway through cell-cell contact.

2 | MATERIALS AND METHODS

2.1 | Celllines

The human lung adenocarcinoma cell line HCC827 was obtained
from the RIKEN BioResource Center (Tsukuba, Japan) and the NCI-
H292 and NCI-H1838 cell lines were from the ATCC (Manassas, VA,
USA). The mouse fibroblast cell line NIH3T3 was obtained from the
ATCC. The human embryonic kidney cell line 293FT was purchased
from Thermo Fisher Scientific (Waltham, MA, USA). The Plat-A ret-
roviral packaging cell line was a kind gift from Dr Toshio Kitamura
(Institute of Medical Science, University of Tokyo). HCC827, NCI-
H292 and NCI-H1838 cells were cultured in RPMI 1640 (Nacalai
Tesque, kyoto, Japan) supplemented with 10% FBS (Biowest, Nuaillé,
France), 100 units/mL penicillin and 100 pg/mL streptomycin (Sigma-
Aldrich, St. Louis, MO, USA). NIH3T3 and 293FT cells were cultured
in DMEM (Nacalai Tesque) supplemented with 10% FBS, 100 units/
mL penicillin and 100 pg/mL streptomycin. Plat-A cells were cul-
tured in DMEM with 4.5 g/L glucose supplemented with 10% FBS,
100 units/mL penicillin, 100 pg/mL streptomycin, 1 pg/mL puromy-
cin (Wako Pure Chemical Industries, Tokyo, Japan) and 10 pg/mL
blasticidin (Kaken Pharmaceutical, Tokyo, Japan). Cells were main-
tained at 37°C in a humidified 5% CO, incubator (Panasonic, Osaka,
Japan).

2.2 | Antibodies for Western blotting

Rabbit monoclonal anti-LATS1 (C66B5), anti-phospho-LATS1
(Thr1079) (D57D3), anti-phospho-YAP1 (Ser397) (D1E7Y) and anti-
YAP (D8H1X) antibodies and a rabbit polyclonal anti-phospho-YAP
(Ser127) antibody were purchased from Cell Signaling Technology
(Danvers, MA, USA). Rabbit polyclonal anti-LATS2 antibodies were
obtained from Novus Biologicals (Centennial, CO, USA) and Atlas
Antibodies (Bromma, Sweden). The rabbit polyclonal anti-CADM1
(C-18) antibody was previously described.'? Goat polyclonal anti-
GAPDH (V-18), rat monoclonal anti-HA (3F10) and mouse monoclo-
nal anti-V5 (E10/V4RR) antibodies were purchased from Santa Cruz
Biotechnology (Dallas, TX, USA), Roche (Basel, Switzerland) and

Thermo Fisher Scientific, respectively.

2.3 | Western blotting

Cell lysates were extracted using RIPA buffer (50 mmol/L Tris-HCI
[pH 7.5], 150 mmol/L NaCl, 1 mmol/L EDTA, .1% SDS and .5% sodium
deoxycholate) containing a protease inhibitor cocktail (200 pmol/L
AEBSF, 10 pmol/L leupeptin and 1 pmol/L pepstatin A) and phos-
phatase inhibitor cocktail (10 mmol/L NaF and 1 mmol/L NasVO,).

Protein samples were prepared by mixing lysates with 4 x sample
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buffer (.25 mol/L Tris-HCl [pH 6.8], 40% glycerol, 8% SDS, 20% 2-mer-
captoethanol and .02% bromophenol blue) and then boiling at 95°C
for 5 minutes. Equal amounts of total protein were fractionated in
5%-10% SDS-PAGE, transferred to a polyvinylidene difluoride mem-
brane (Merck Millipore, Burlington, VT, USA), and incubated with pri-
mary antibodies in Can Get Signal Immunoreaction Enhancer Solution
(Toyobo, Osaka, Japan). Primary antibody binding was detected using
the Pierce Western Blotting Substrate (Thermo Fisher Scientific) with
HRP-conjugated secondary antibodies (GE Healthcare, Chicago, IL,
USA). Signals were visualized using ImageQuant LAS 4000 Mini (GE
Healthcare) and quantified with ImageJ software.

2.4 | Retroviral gene transfer

The lgk secretion leader sequence followed by CADM1 lacking its
signal peptide sequence (45-442 a.a.) with an N-terminal HA tag
(HA-CADM1) was cloned into the EcoRI-Sall site of a pBABE-puro
vector, which was a gift from Drs Hartmut Land, Jay Morgenstern and
Bob Weinberg (Addgene plasmid #1764).5% YAP1 was cloned into the
EcoRI-Notl site of a pMX-IRES-GFP vector.* Retroviral vectors were
then transfected into Plat-A cells using Lipofectamine LTX (Thermo
Fisher Scientific). After 48 hours, NIH3T3 cells were infected with the
retrovirus by incubating with the culture supernatant of Plat-A cells.
CADM1-expressing cells were obtained by puromycin selection at a
concentration of 10 pg/mL. YAP1-expressing cells were obtained by
sorting GFP-positive cells with FACS Aria Il (BD Biosciences, Franklin
Lakes, NJ, USA).

2.5 | Lentiviral gene transfer

HA-CADM1 was cloned in a pENTR/D-TOPO vector (Thermo Fisher
Scientific). The lentiviral expression vector was then obtained by
Gateway recombination with plenti6-V5/DEST (Thermo Fisher
Scientific). The vector obtained and ViraPower Lentiviral Packaging Mix
(Thermo Fisher Scientific) were co-transfected into 293FT cells using
Polyethylenimine Max (Polysciences, Warrington, UK). After 48 hours,
HCCB827 cells were infected with the lentivirus by incubating with
the culture supernatant of 293FT cells containing 5 pg/mL Polybrene
(Nacalai Tesque). HCC827 cells expressing HA-CADM1 were selected
by 20 pg/mL blasticidin.

2.6 | Immunoprecipitation

The coding sequences of WWC1/KIBRA, LATS1, LATS2, MST1, MST2,
SAV1, YAP1 and YWHAH/14-3-3n without stop codons were cloned
into the pENTR/D-TOPO vector. The templates used for cloning are
listed in Table S1. Gateway Entry clones of the AMOT (100073116),
AMOTL1 (100002205) and NF2 (100009338) genes without stop
codons were purchased from DNAFORM (Yokohama, Japan).
Expression vectors were obtained by Gateway recombination with
a pHEK-V5 destination vector, which was generated by replacing the
human IgG2-Fc fragment of the pHEK-Fc vector'® with the V5 pep-
tide sequence. Expression vectors and a pHEK293 Enhancer Vector

(Takara Bio, Kusatsu, Japan) were transfected into 293FT cells using
Polyethylenimine Max in 10-cm dishes. After 24 hours, cells were
collected and lysed with lysis buffer (25 mmol/L Tris-HCI [pH 7.5],
150 mmol/L NaCl, 1% NP-40, 1 mmol/L EDTA and 5% glycerol) con-
taining protease and phosphatase inhibitor cocktails. Lysates were
centrifuged at 20,600 g at 4°C for 10 minutes, supernatants were
pre-cleared with normal rabbit IgG (R&D Systems) and protein A-se-
pharose (GE Healthcare) at 4°C for 1 hour, and then incubated with
the antibody against CADM1 or normal rabbit IgG at 4°C overnight.
After incubating with protein A-sepharose at 4°C for 2 hours, se-
pharose was washed 4 times with lysis buffer, suspended in a sam-
ple buffer, boiled at 95°C for 5 minutes, and then incubated on ice.
Samples were then subjected to SDS-PAGE followed by western
blotting.

2.7 | Real-time quantitative PCR

Total RNA was extracted using an RNeasy Mini Kit (Qiagen, Hilden,
Germany) from cells collected 3 days after seeding at 1 x 10° cells on
a 6-cm dish. First-strand cDNA was synthesized using the ReverTra
Ace gPCR RT Kit (Toyobo). Real-time PCR was performed using the
ABI 7300 Real-Time PCR System (Applied Biosystems, Waltham, MA,
USA) with the SYBR Green PCR Master Mix (Applied Biosystems).
Relative gene expression was calculated using the ddCt method. The
sequences of primers used to detect gene expression were as follows:
for ANKRD1, sense 5-AAGCAGGAGGATCTGAAGACACTT-3' andan-
tisense 5-GTTGTTTCTCGCTTTTCCACTGT-3'; for CYR61, sense 5'-G
CGTTTCCCTTCTACAGGCT-3' and antisense 5-TTCTCCAATCGTG
GCTGCAT-3';for GAPDH, sense 5-CAACGGATTTGGTCGTATTGG-3’
and antisense 5-GCAACAATATCCACTTTACCAGAGTTAA-3".

2.8 | Tissue microarrays

We used 7 different tissue microarrays (TMAs) that were produced to
accommodate primary lung adenocarcinoma tissue core sections col-
lected from patients (n = 166) who had undergone surgical resection at
the University of Tokyo Hospital between June 2005 and September
2008. Core sections were carefully selected from histologically pre-
dominant invasive components in the case of adenocarcinoma with
mixed subtypes by pathologists in the Department of Pathology,
the University of Tokyo. Informed consent was obtained from all pa-
tients, and the study was approved by the Institutional Ethics Review
Committee. Of 166 core sections, 12 were missing from TMA sec-
tions, and only 9 invasive adenocarcinoma cases (except minimally
invasive adenocarcinoma cases) showed lepidic growth components
without invasive lesions on TMA sections because of repeated slic-
ing; therefore, the immunohistochemical analysis was performed
using the data of 145 cases. Patients (n = 145) included 78 men and 67
women, ranging in age between 34 and 86 years (average 66.2 years).
Each case was reassigned for its TNM classification and pathological
stage based on the 7th Edition of the TNM Classification for Lung
Cancer®®: 18 were Stage 0, 89 Stage | (43 Stage IA, 46 Stage IB), 10
Stage Il (5 Stage IIA, 5 Stage 1IB), 22 Stage Ill (17 Stage IllIA, 5 Stage
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I1IB), and 4 Stage IV. The stages of 3 cases were unknown (2 were
more than Stage ). A total of 145 cases included 16 non-mucinous
adenocarcinomas in situ, 9 minimally invasive adenocarcinomas and
120 invasive adenocarcinomas. Each case was classified by 2 pathol-
ogists (D. M. and T. M.) based on the predominant histopathological
subtype in the invasive lesion on TMA sections, except for cases of
adenocarcinoma in situ and minimally invasive adenocarcinoma that
showed lepidic growth components without invasive lesions on TMA
sections, as follows: lepidic growth components (without an invasive
lesion) (n = 22), papillary adenocarcinoma (n = 60), acinar adenocar-
cinoma (n = 31), solid adenocarcinoma (n = 30) and invasive muci-
nous adenocarcinoma (n = 2). These cases were also classified into 3
grades: low-grade containing lepidic growth (n = 22), intermediate-
grade containing acinar and papillary adenocarcinomas (n = 91), and
high-grade containing solid and invasive mucinous adenocarcinomas
(n = 32), by referring to the histopathological grading described previ-

|17

ously by Yoshizawa et al™ with a slight modification.

2.9 | Immunohistochemistry

Tissue sections for CADM1, LATS2 and YAP1 were initially treated
with .3% hydrogen peroxide in methanol for 30 minutes to block
endogenous peroxidase activity, and then autoclaved in 10 mmol/L
citrate buffer (pH 6.0) at 120°C for 10 minutes. Sections were then
preincubated with 10% normal horse serum in PBS incubated with a
rabbit polyclonal anti-CADM1 (C-18) antibody at a dilution of 1:1000,
a mouse monoclonal anti-human LATS2 (HPA039191) antibody from
Atlas Antibodies at a dilution of 1:25, and a rabbit monoclonal anti-
human YAP1 (ab52771) antibody from Abcam at a dilution of 1:200 at
4°C overnight. The CADM1 antibody was detected with the DAKO
Envision System-HRP Anti-rabbit system, the LATS2 antibody was
detected with the DAKO LSAB2 streptavidin-peroxidase system, and
the YAP1 antibody was detected with the DAKO Envision™ + Dual
Link System, according to the manufacturer's instructions. 3,3-
Diaminobenzidine tetrahydrochloride (DAB) was used as a chromo-
gen, whereas hematoxylin was used as a light counterstain.

2.10 | Evaluation of immunohistochemistry

Immunohistochemical staining was evaluated independently by 2
pathologists (D. M. and T. M.) through light microscopic observations
and without knowledge of the clinical data of each patient. Cases
of disagreement were reviewed jointly to reach a consensus score.

CADML1.

Immunohistochemical results were subdivided into 2 categories,

Membranous  staining was  assessed  for
positive and negative, with cut-off values of 30% of tumor cells for
CADM1, by referring to a previous study.®

Membranous and cytoplasmic staining was assessed for LATS2.
Immunohistochemical results were subdivided into 2 categories,
positive and negative, with cut-off values of 30% of tumor cells for
LATS2. LATS2-positive cases were also divided into membrane-pos-
itive cases (with or without cytoplasmic expression) and cytoplasm-

positive cases (without membranous expression).

Cancer Science NuIia e

Cytoplasmic and nuclear staining was assessed for YAP1.
Immunoreactivity was evaluated semi-quantitatively based on
the intensity and estimated percentage of tumor cells that were
stained. Intensity was quantified as follows: 1+, weak staining
(detection required a high magnification); 2+, moderate staining
(readily detected at a medium magnification); 3+, strong stain-
ing (readily detected at a low magnification). The percentages of
positive cells were scored into 5 categories: 0, 0%; 1, 1%-25%; 2,
26%-50%; 3, 51%-75%; 4, 76%-100%. The product of the intensity
and percentage scores was used as the final staining score. Final
scores for nuclear/cytoplasmic YAP1 staining were defined as neg-
ative (final staining score <5) and positive (final staining score 25).

2.11 | Statistical analysis

The Xz-test was used to evaluate clinicopathological correlations,
except for histopathological grades. The Mann-Whitney U-test was
used to evaluate histopathological grades, with each grade being
scored as follows: low-grade 1, intermediate-grade 2, and high-grade
3. Survival curves were generated using the Kaplan-Meyer method
and differences in survival were analyzed using the Wilcoxon
method. Results were considered to be significant if the P-value was
<0.05. All statistical calculations were performed using the StatView
computer program (Abacus Concepts).

3 | RESULTS

3.1 | CADM1 repressed the saturation density
elevated by YAP1 overexpression in NIH3T3 cell lines

We compared cell growth among NIH3T3 cell lines transfected
with CADM1 and YAP1 together (+CADM1/YAP1), CADM1 and the
control vector pMX (+CADM1/vec), the control vector pBABE and
YAP1 (+vec/YAP1), and both control vectors (+vec/vec) (Figure 1).
As previously reported,® the overexpression of YAP1 promoted cell
growth and elevated the saturation density of NIH3T3 cell lines, and
the saturation density elevated by YAP1 was significantly repressed
by CADM1 (Figure 1B). These results suggested that CADM1 is in-
volved in cell density sensing through cell-cell adhesion, and that the
inactivation of CADM1 induces the loss of contact inhibition, leading
to cancer development.

3.2 | Involvement of CADML1 in the control of
contact inhibition through the Hippo pathway

We used the lung adenocarcinoma cell line HCC827 with low levels
of endogenous CADM1 expression. We established HCC827 cells
overexpressing CADM1 and examined the effects of CADM1 on: (i)
the phosphorylation of YAP1 on Ser 127 and Ser 397; and (ii) the
expression levels of YAP1 target genes.

YAP1 phosphorylation on Ser 127 correlated with its nuclear-
cytoplasmic translocation, while that on Ser 397 correlated with its
degradation.?
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FIGURE 1 CADM1 isinvolved in regulating the contact inhibition of growth and phosphorylation of YAP1 in confluent cells. A,
Generation of NIH3T3 cells overexpressing CADM1 and/or YAP1. The protein expression levels of CADM1, YAP1 and GAPDH in NIH3T3
cells transfected with either CADM1 or YAP1 (+CADM1/vec and +vec/YAP1), both (+CADM1/YAP1), or neither (+vec/vec) were confirmed
by western blotting. B, Saturation density of NIH3T3 cells transfected with either CADM1 or YAP1, both, or neither. Cells were seeded

at 2 x 10° cells on 6-cm dishes and the cell number was counted every day until day 7. Mean * SE of the cell number were shown (n = 4,

*P < 0.05, **P < 0.01, paired t test). C, The phosphorylation status of YAP1 (ser 127) in HCC827 cells transfected with an empty vector
(+vector) or CADM1 expression vector (+CADM1). Cells were seeded at 2 x 10° or 1 x 10° cells on 6-cm dishes and harvested after a

3-d culture. The signals of YAP1 and p-YAP1 obtained by western blotting (left) were quantified using ImageJ software. The ratio of
p-YAP1/YAP1 in each cell was shown as a bar graph (mean £ SD, n = 7, **P < 0.01, paired t test) (right). D, The mRNA expression levels of the
YAP1 target genes, ANKRD1 and CYR61, in HCC827 + vector and HCC827 + CADM1 cells were quantified by real-time PCR. Mean * SD of

the relative expression were shown (n = 4, *P < 0.05, paired t test)

Under a high cell density, CADM1 significantly promoted the
phosphorylation of YAP1 on Ser 127 (Figure 1C) and downregulated
YAP1 target gene expression (Figure 1D) from those in the control.
However, no significant difference was observed in the level of YAP1
phosphorylation on Ser 127 under a low cell density (Figure 1C). The
induction of YAP1 phosphorylation on Ser 127 by CADM1 at conflu-
ence was also confirmed in a different lung adenocarcinoma cell line,
NCI-H292 (Figure S1).

Figure S2 also shows no significant effect of CADM1 on the
phosphorylation of YAP1 on Ser 397 regardless of cell density,

suggesting that CADM1 is not involved in the degradation of
YAP1.

3.3 | Interaction between CADM1 and Hippo
pathway core molecules

The regulatory mechanisms of the Hippo pathway by CADM1 have not
yet been elucidated in detail; therefore, we performed immunoprecipi-
tation assays to examine the relationship between CADM1 and Hippo

pathway core molecules. The results obtained showed that CADM1
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with an anti-V5 antibody. Red arrows indicate positive signals. Co-precipitation experiments were performed at least twice

was coprecipitated with NF2, KIBRA, SAV1, MST1/2, LATS1/2,
AMOTL1 and 14-3-3n, but not with YAP1 or AMOT (Figure 2). These
results suggest that CADM1 forms complexes with Hippo pathway

3.4 | Immunohistochemical expression of
LATS2 and CADM1 in primary lung adenocarcinoma
tissues and their relationships with histological types,

core molecules at the cell membrane. We also confirmed that endog- . . . . .
clinicopathological factors, and disease-free survival

enous CADM1 and LATS2 interacted in the lung adenocarcinoma cell

line H1838 using an immunoprecipitation assay (Figure S3). We specu-
lated that CADM1 recruits the Hippo pathway core kinases MST1/2
and LATS1/2 to the cell membrane through scaffold protein complexes

containing NF2 and KIBRA, which activates a kinase cascade reaction.

The junctional localization of LATS1/2 plays an important role in
the regulation of the Hippo pathway. LATS1/2 has been shown to
directly phosphorylate YAP1,2%2! and the recruitment of LATS1/2
to the cell membrane is needed to promote the phosphorylation of
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FIGURE 3 A, Reactive type Il pneumocytes as an internal positive control for LATS2, showing membranous LATS2-positive staining. The
red arrow indicates a reactive type Il pneumocyte. B, Reactive type Il pneumocytes as an internal positive control for YAP1, showing nuclear
YAP1-positive staining. The red arrow indicates a reactive type Il pneumocyte. C, Fibroblasts as an internal positive control for YAP1,
showing nuclear and cytoplasmic YAP1-positive staining. A red circle surrounds fibroblasts
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LATS1/2.22 However, the membranous expression of LATS1/2 in pri-

mary lung tumors has not yet been investigated.

To confirm whether CADM1 forms a complex with Hippo path-
way core molecules in primary lung adenocarcinomas, we selected
LATS2 as a representative of Hippo pathway core kinases inter-
acting with CADM1, and examined the immunohistochemical ex-
pression of LATS2, particularly in the cell membrane, as well as its
relationships with: (i) CADM1 expression; (ii) histopathological sub-
types; (iii) clinicopathological factors; and (iv) disease-free survival
using the TMA sections of 145 primary lung adenocarcinoma cases.

Reactive type Il pneumocytes constantly stained positive in the
membrane for LATS2 (Figure 3A) and were weakly positive in the
membrane for CADM1, as previously reported,® and, thus, served as
excellent internal positive controls.

Among 145 cases, 66 (46%) were judged to show the membra-
FIGURE 4 Typical expression pattern of LATS2 in invasive lung

adenocarcinoma. LATS2 showed a heterogeneous staining pattern,
typically demonstrating strong membranous-positive staining in

lepidic growth (adenocarcinoma in situ) components (right side), negative expression of LATS2, while 92 cases (63%) were judged as
while losing membranous staining in invasive components (left side) showing the membranous expression of CADM1 and 53 (37%) the

nous expression of LATS2, 35 (24%) cytoplasmic expression, but no
membranous expression of LATS2, and 44 (30%) the completely

negative expression of membranous CADM1.

TABLE 1 Relationship between membranous CADM1 and LATS2 and CADM1 showed similar expression patterns: LATS2,

LATS2 expression levels in 145 cases . . .
P similar to CADM1 as reported in our previous study,6 showed a

Membranous CADM1 expression heterogeneous staining pattern, typically demonstrating strong

membranous positive staining in lepidic growth (adenocarcinoma in
Positive Negative P-value P J P & (

situ) components, while losing membranous staining in the invasive

Membranous LATS2 expression component (Figure 4). Table 1 shows that LATS2 was significantly

Positive 58 9 <0.0001 co-expressed with CADM1 in the membranes of primary lung ade-
Negative 36 42 nocarcinomas (P < 0.0001).
Low grade ‘ Intermediate grade High grade

Case 1l Case 2 Case 3 Case 4 Case 5 Case 6 Case 7
) Acinar Pa’pil!‘ary . Solid Solid

M | il it s
& - LATS2-negative

.

*f’LATSZ-rieéa‘ti\@ = | - LATS2-negative

r (éADM 1-negative

FIGURE 5 Staining of sections from 7 cases, including 2 representative cases of low-grade adenocarcinomas (2 non-mucinous
adenocarcinomas in situ [AIS]) (cases 1 and 2), 2 representative cases of intermediate-grade adenocarcinomas (1 acinar adenocarcinoma
and 1 papillary adenocarcinoma) (cases 3 and 4), and 3 representative cases of high-grade adenocarcinomas (2 solid adenocarcinomas and 1
invasive mucinous adenocarcinoma) (cases 5, 6 and 7) for LATS2, CADM1 and YAP1. mLATS2-positive mean membranous LATS2-positive,
cLATS2-positive; cytoplasmic LATS2-positive, mMCADM1-positive/negative; membranous CADM1-positive/negative, and nYAP1-positive/
negative; nuclear YAP1-positive/negative
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TABLE 2 Comparison of expression levels of (i) membranous
CADM1, (ii) membranous LATS2, (iii) nuclear YAP1 and (iv)
cytoplasmic YAP1 with histological grades among 145 cases

Histological grades

Low Intermediate High P-value
Membranous CADM1
Positive 20 61 13 <0.0001
Negative 2 30 19
Membranous LATS2
Positive 22 44 1 <0.0001
Negative 0 47 31
Nuclear YAP1
Positive 19 37 6 <0.0001
Negative S 54 26
Cytoplasmic YAP1
Positive 21 75 18 0.0023
Negative 1 16 14

Non-mucinous adenocarcinoma in situ (low-grade subtype) fre-
quently showed the strong co-expression of membranous LATS2 and
CADM1 (Figure 5 cases 1 and 2), while papillary or acinar adenocar-
cinomas, intermediate-grade subtypes, gradually showed the loss of
membranous LATS2 and CADM1 expression, sometimes retaining the
cytoplasmic expression of LATS2 (Figure 5 cases 3 and 4), and solid
adenocarcinoma and invasive mucinous adenocarcinoma, high-grade
subtypes, frequently showed completely negative staining for both
LATS2 and CADM1 (Figure 5 cases 5, 6 and 7). Table 2 shows that the
strong expression of membranous CADM1 and LATS2 correlated with
a lower histological grade (P < 0.0001, P < 0.0001, respectively).

Tables 3 and 4 show the relationships between membranous
LATS2 and CADM1 expression levels and clinicopathological fac-
tors, respectively. The loss of membranous CADM1 and LATS2 ex-
pression correlated with advanced pathological stages, advanced pT
stages, lymph node metastasis, lymphatic invasion, vessel invasion,
pleural invasion and tumor size (Tables 3 and 4). These results sup-
ported the roles of CADM1 and LATS2 as critical tumor suppressors
in lung adenocarcinomas.

Figure 6A,B shows disease-free survival curves based on
CADM1 and LATS2 expression patterns, respectively. Membranous
CADM1-positive cases (n = 92) showed a significantly better
prognosis than membranous CADM1-negative cases (n = 50) in
Figure 6A (P = 0.0040). In Figure 6B, membranous LATS2-positive
cases (n = 66) showed the best prognosis (5-year disease-free sur-
vival rate = 79.8%), whereas LATS2-negative cases (n = 41) had the
worst prognosis (5-year disease-free survival rate = 48.7%). The
5-year disease-free-survival rate of cytoplasmic LATS2-positive
cases (n = 35) was 67.0%.

Among membranous CADM1-positive cases (n = 92), membra-
nous LATS2-positive cases (n = 57) showed the best prognosis (5-
year disease-free survival rate = 83.8%), cytoplasmic LATS2-positive

cases (n = 23) an intermediate prognosis (5-year disease-free survival

Cancer Science NI e

TABLE 3 Relationships between membranous CADM1
expression levels and clinicopathological factors in 145 primary
lung adenocarcinoma cases

Membranous CADM1 expression

Positive Negative P-value

Age
65> 38 23 0.5863
65< 56 28

Sex
Male 44 34 0.0220
Female 50 17

Pathological stage?
Stage O-| 78 29 0.0011
Stage II-1V 16 21

T-stage
Tis, T1 55 13 0.0001
T2,T3, T4 39 38

Nodal involvement®
Positive 16 18 0.0084
Negative 76 30

Lymphatic invasion
Positive 14 19 0.0022
Negative 80 32

Vessel invasion
Positive 26 29 0.0005
Negative 68 22

Pleural invasion
Positive 32 B3] 0.0004
Negative 62 18

Tumor size
3cm> 77 28 0.0005
3cms 17 32

Pulmonary metastasis
Positive 4 7 0.0397
Negative 90 44

Smoking index®
500> 57 21 0.0271
500s< 88 27

EGFR mutations®
Positive 35 12 0.0045
Negative 31 34

*The stages of 3 cases were unknown (2 were more than Stage ).

®The presence or absence of nodal involvement was unknown in 5
cases.

‘The smoking index was unknown in 7 cases.

9The presence or absence of EGFR mutations was unknown in 33 cases.

rate = 68.1%) and LATS2-negative cases (n = 12) the worst progno-
sis (4-year disease-free survival rate = 48.5%) (in Figure 6C), while

among membranous CADM1-negative cases (n = 50), disease-free
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TABLE 4 Relationships between membranous LATS2 expression
levels and clinicopathological factors in 145 primary lung
adenocarcinoma cases

Membranous LATS2 expression

Positive Negative P-value

Age
65> 41 43 0.4607
65< 26 35

Sex
Male 28 50 0.0072
Female 39 28

Pathological stage®
Stage O-I 57 50 0.0058
Stage II-IV 10 27

T-stage
Tis, T1 44 24 <0.0001
T2,T3, T4 23 54

Nodal involvement®
Positive 10 24 0.0173
Negative 56 50

Lymphatic invasion
Positive 7 26 0.0010
Negative 60 52

Vessel invasion
Positive 10 45 <0.0001
Negative 57 33

Pleural invasion
Positive 20 45 0.0008
Negative 47 33

Tumor size
3 cm> 59 46 <0.0001
3cms 8 32

Pulmonary metastasis
Positive 6 5 0.5639
Negative 61 73

Smoking index®
500> 46 32 0.0014
500< 19 41

EGFR mutations®
Positive 30 17 0.0001
Negative 18 47

“The stages of 3 cases were unknown (2 were more than Stage ).

The presence or absence of nodal involvement was unknown in 5
cases.

“The smoking index was unknown in 7 cases.

9The presence or absence of EGFR mutations was unknown in 33 cases.

survival was similar for membranous LATS2-positive cases (n = 9),
cytoplasmic LATS2-positive cases (n = 12) and LATS2-negative cases
(n = 29) (5-year disease-free survival rate = 55.6%, 65.6% and 50.2%,

respectively) (in Figure 6D). These results suggest that LATS2 ex-
hibits tumor suppressor activity preferentially in the presence of
CADM1.

3.5 | Immunohistochemical expression of YAP1 in
primary lung adenocarcinoma tissues

YAP1 was positive in the nucleus and cytoplasm of fibroblasts, and also
positive in the nucleus of reactive type Il pneumocytes (Figure 3B,C),
and, thus, served as an excellent internal positive control.

Most low-grade and intermediate-grade lung adenocarcino-
mas showed high expression levels of nuclear and/or cytoplasmic
YAP1 (Figure 5 cases 1-4). Non-mucinous adenocarcinoma in situ
(low-grade subtype) frequently showed high expression levels of
nuclear YAP1 (Figure 5 cases 1 and 2), while solid adenocarcinoma
and invasive mucinous adenocarcinoma (high-grade subtypes) fre-
quently showed negative staining for nuclear and cytoplasmic YAP1
(Figure 5 cases 5 and 6). Table 2 shows that high expression levels of
nuclear and cytoplasmic YAP1 correlated with a lower histological
grade (P < 0.0001, P = 0.0023, respectively). These results were con-
sistent with previous findings showing that nuclear YAP1 expression
was typically observed in well-differentiated pulmonary adenocar-
cinoma.? However, a small number of solid adenocarcinoma cases
were positive for nuclear YAP1 (Figure 5 case 7).

3.6 | Disease-free survival curves based on
expression patterns of membranous CADM1,
membranous LATS2 and nuclear YAP1

Disease-free survival was similar for nuclear YAP1-positive cases
(n = 60) and nuclear YAP1-negative cases (n = 82) in the present
study (Figure 7A). We then subdivided lung adenocarcinoma cases
into 8 patterns depending on membranous CADM1 (mCADM1),
membranous LATS2 (mLATS2) and nuclear YAP1 (nYAP1) expres-
sion levels, and performed a disease-free survival analysis on the
8 patterns. The results obtained are shown in Figure 7B. The 8
patterns were classified into 3 groups: a favorable prognosis group
(mMCADM1+/mLATS2+/nYAP1+ and mCADM1+/mLATS2+/nYAP1-),
a poor prognosis group (NCADM1-/mLATS2-/nYAP1+) and an in-
termediate prognosis group (the other patterns) (Figure 7B).

Membranous CADM1-positive and LATS2-positive cases both
showed the best prognosis, regardless of whether nuclear YAP1
was present or absent (5-year disease-free survival rates = 83.7 and
83.1%, respectively). However, nuclear YAP1-positive cases with
the loss of membranous CADM1 and LATS2 expression showed the
worst prognosis (5-year disease-free-survival rate = 33.3%).

In the present study, non-mucinous adenocarcinoma in situ,
a representative of the terminal respiratory unit type (TRU type)
with thyroid transcription factor 1 (TTF1) expression and an ex-
tremely good prognosis, retained the same staining pattern of
CADM1, LATS2 and YAP1 as type Il pneumocytes; namely, mem-
branous CADM1 and LATS2 co-expression and nuclear YAP1
expression.
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FIGURE 6 A, Disease-free survival curves according to membranous CADM1 expression levels among 142 cases. Patients were
classified into 2 groups: a membranous CADM1-positive group (n = 92) and CADM1-negative group (n = 50). B, Disease-free survival curves
according to LATS2 expression patterns among 142 cases. Patients were classified into 3 groups: membranous LATS2-positive cases (n = 66),
cytoplasmic LATS2-positive cases (n = 35), and LATS2-negative cases (n = 41). C, Disease-free survival curves according to LATS2 expression
patterns among membranous CADM1-positive cases (n = 92). Patients were classified into 3 groups: membranous LATS2-positive cases

(n = 57), cytoplasmic LATS2-positive cases (n = 23) and LATS2-negative cases (n = 12). D, Disease-free survival curves according to LATS2
expression patterns among membranous CADM1-negative cases (n = 50). Patients were classified into 3 groups: membranous LATS2-
positive cases (n = 9), cytoplasmic LATS2-positive cases (n = 12), and LATS2-negative cases (n = 29)

Non-mucinous adenocarcinoma in situ showed the replace-
ment growth of alveolar-lining epithelial cells without invasion or
solid proliferation; therefore, we speculated that contact inhibition
through the Hippo pathway is not required in non-mucinous ade-
nocarcinoma in situ, even with the co-expression of CADM1 and
LATS2.

Based on these results, we focused on invasive adenocarcinoma
cases (n = 120) and performed a disease-free survival analysis de-
pending on the expression levels of: (i) CADM1 and nuclear YAP1;
and (ii) membranous LATS2 and nuclear YAP1. The results obtained
are shown in Figure S4. In invasive adenocarcinoma cases, the prog-
nosis of nuclear YAP1-positive cases with membranous LATS2/
CADM1 expression was significantly better than that of nuclear
YAP1-positive cases without membranous LATS2/CADM1 expres-
sion (Figure S4).

These results suggest that the oncogenic role of nuclear YAP1
was inhibited by the co-expression of membranous CADM1 and
LATS2.

4 | DISCUSSION

CADM1 was originally identified as a tumor suppressor that en-
codes an immunoglobulin superfamily cell adhesion molecule
(IgCAM). CADM1 suppresses the proliferation of the subcutane-
ous tumors of lung adenocarcinoma cell lines by inducing apopto-
sis>*8; however, the underlying molecular mechanisms have not
been elucidated in sufficient detail. The Hippo pathway is emerg-
ing as a tumor suppressor pathway in the contact inhibition of pro-

liferation, and to the best of our knowledge, this is the first study

to show that CADM1 is involved in the regulation of the Hippo
pathway through cell-cell contact.

In Drosophila, Echinoid, an IgCAM member, has been shown to
facilitate Hippo (MST1/2 in mammals) activation and subsequent
Yorkie (YAP1) phosphorylation by interacting with multiple compo-
nents of the Hippo pathway, including the scaffold proteins Salvador
(SAV1), Merlin (NF2), Expanded (FRMD6) and KIBRA.!! Salvador
(SAV1) is a key molecule among these scaffold proteins; SAV1 lo-
calizes to the cell membrane through an interaction with Echinoid,
and then recruits Hippo to the cell-cell junction,24 Merlin directly
binds and recruits Warts (LATS1/2) to the plasma membrane, while
membrane recruitment promotes Warts phosphorylation by the
Hippo-Salvador kinase complex.?? In the present study, we found
that CADM1 formed complexes with multiple Hippo pathway core
molecules: MST1/2, LATS1/2, SAV1, NF2 and KIBRA, similar to
Echinoid. Therefore, we speculate that CADM1 functions as the
human counterpart of Echinoid; it recruits the MST1/2 and LATS1/2
kinases to the cell membrane by forming scaffold protein complexes
through its binding with SAV1 in cell junctions upon cell-cell contact,
initiating an MST1/2-LATS1/2-YAP1 phosphorylation cascade. In
addition, our IP assay revealed that CADM1 did not associate with
YAP1, suggesting that YAP1 is not recruited to the cell membrane
by CADM1. We speculate that LATS1/2 moves to the cytosol or
nucleus, at which it directly phosphorylates YAP1 after being phos-
phorylated in the cell membrane.

The relationship between CADM1 and Hippo pathway core ki-
nases at the cell membrane, and its tumor suppressive role were
confirmed by immunohistochemical findings showing that the co-
expression of CADM1 and LATS2 in the cell membrane was signifi-

cantly frequent in the histologically low-grade cases with a better
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FIGURE 7 A, Disease-free survival curves according to nuclear YAP1 expression levels among 142 cases. Patients were classified

into 2 groups: a nuclear YAP1-positive group (n = 60) and YAP1-negative group (n = 50). B, Disease-free survival curves according to
membranous CADM1 (mCADM1), membranous LATS2 (mLATS2), and nuclear YAP1 (nYAP1) expression levels among 142 cases. Patients
were classified into 8 patterns and subdivided into 3 groups: a favorable prognosis group (NCADM1+/mLATS2+/nYAP1+ (n = 37), and
mCADM1+/mLATS2+/nYAP1- (n = 20)), intermediate prognosis group (nCADM1+/mLATS2-/nYAP1- (n = 23), mMCADM1-/mLATS2+/nYAP1+
(n = 3), n"CADM1-/mLATS2-/nYAP1- (n = 33), mMCADM1+/mLATS2-/nYAP1+ (n = 12), and mCADM1-/mLATS2+/nYAP1- (n = 6)), and poor

prognosis group (INCADM1-/mLATS2-/nYAP1+ (n = 8))

prognosis, and that nuclear YAP1-positive cases with the co-ex-
pression of CADM1 and LATS2 in the membrane showed a favor-
able prognosis, while nuclear YAP1-positive cases with negative
expression for CADM1 and LATS2 had the worst prognosis. These
results suggest that CADM1 suppresses the progression of lung ad-
enocarcinoma by inactivating YAP1 in combination with LATS2, as
observed in cell experiments.

However, the tumor suppressor activity of CADM1 does not
necessarily depend on YAP1 because the re-expression of CADM1
was shown to strongly induce apoptosis in the A549 lung adeno-
carcinoma cell line, which expresses a very low level of YAP1.”%?°
Further analyses are required to elucidate the molecular mecha-
nisms responsible for the YAP1-independent tumor suppressor ac-
tivity of CADM1.

Nuclear YAP1 was previously reported to correlate with a worse
prognosis in non-small cell lung cancer (non-SCLC).2> However,
nuclear YAP1 expression was frequently found in non-mucinous
adenocarcinoma in situ (low-grade subtype) and reactive type Il
pneumocytes in the present study. YAP1 has been shown to inhibit
the squamous differentiation of LKB1-deficient lung adenocarci-
nomas.?® We previously reported that the loss of YAP1 correlated

with the neuroendocrine differentiation of lung tumors,?” demon-
strating that SCLC with adenocarcinoma components frequently
showed the loss of YAP1 in the components of SCLC and strong
positivity in adenocarcinoma components.?” Otsubo et al?® re
ported the involvement of the MOB1-YAP1/TAZ-NKX2.1 signal in

bronchoalveolar cell differentiation. Based on these findings, we

speculate that YAP1 functions as a key regulator of differentia-
tion, and its oncogenic activities, even with nuclear-positive stain-
ing, may be controlled in the presence of CADM1 interacting with
Hippo pathway core kinases.

Our IP assay also revealed that CADM1 associated with
AMOTL1 and 14-3-3n, suggesting that the relationships between
CADM1, AMOTL1 and 14-3-3n are involved in the cytoplasmic re-
tention of YAP1. CADM1 may still form a complex with HER3,% sug-
gesting that CADM1 induces Hippo pathway signaling by inhibiting
HER3/HER2-RAS signaling; these may be the mechanisms by which
CADM1 regulates YAP1 and will be the focus of future research.

In summary, by associating with multiple components of the
Hippo pathway in membranes, CADM1 potentially functions as a
molecular scaffold to facilitate Hippo pathway activation and YAP1
phosphorylation.
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