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CD82 inhibits canonical Wnt signalling by controlling the
cellular distribution of p-catenin in carcinoma cells
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Abstract. We have recently unravelled a novel function for
CD82 in E-cadherin-mediated cellular adhesion. CD82 inhibits
[3-catenin tyrosine phosphorylation and stabilizes E-cadherin-f3-
catenin complexes at the cell membrane. This function inhibits
cancer cell dissociation from the primary cancer nest and limits
metastasis. In this study, we focused on the effect of CD82 on the
‘Wnt/B-catenin (canonical) pathway, which controls the cellular
distribution of (3-catenin. CD82 had no effect on the expres-
sion of Wnt proteins but led to significant downregulation of
Frizzled (Fzd) 2, 3,5, 7 and 9, suggesting downregulation of the
‘Wnt/B-catenin pathway. CD82 also inhibited phosphorylation of
[-catenin at Serd5, Ser33, Ser37 and Thr4l by downregulation
of glycogen synthase kinase-3 (GSK-3p) and kinase casein
kinase la (CKla). Downregulation of GSK-3p and CKla also
led to accumulation of 3-catenin in the cytoplasm or at the cell
membrane. CD82 translocated [3-catenin to the cell membrane,
suggesting that CD82 strengthens the interaction between
E-cadherin and B-catenin. We concluded that CD82 attenuates
Wnat signalling by controlling 3-catenin cellular distribution at
multiple levels: i) inhibition of (-catenin nuclear translocation
by downregulation of Fzd receptor proteins; ii) accumulation of
[-catenin at the cell membrane by downregulation of GSK-33
and CKla; and iii) stabilization of the E-cadherin-f3-catenin
complex.

Introduction

Metastasis is a multi-step cascade involving the migration of
tumour cells from their site of origin, evasion from host defence
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systems, subsequent seeding at distant organs and growth of
secondary tumours. The first step of metastasis is migration
of the tumour cells from the primary tumour nest. In this
process, tumour cells are required to loosen their homophilic
cell adhesion, enabling tumour cells to escape from the tumour
nest. Classic cadherins interact homophilically with cadherins
of neighbouring cells to form adherens junctions, which serve
both as mechanical linkages between cells and signalling
hubs that relay information from the extracellular environ-
ment (1-5). Epithelial cadherin, or E-cadherin, is thought to be
a tumour-suppressor molecule largely because it is frequently
downregulated in carcinomas (6-8). Loss of E-cadherin has
also been shown to be a hallmark of epithelial-mesenchymal
transition (EMT) in cancer cells and to directly correlate with
malignant phenotype and poor prognosis (9-11).

The cellular distribution of 3-catenin has a major influence
on the control of the malignant phenotype of cancer cells.
Accumulation of $-catenin in the nucleus correlates with poor
prognosis in many types of cancer. Upon translocation into
the nucleus, 3-catenin forms complexes with members of the
T cell factor (TCF)/lymphoid enhancer factor (LEF) family
of transcription factors (12-14), leading to the activation of
responsive genes involved in cell proliferation, differentiation
and other malignant phenotypes (15,16). Cytosolic f-catenin is
the principal mediator of canonical Wnt signalling (17,18). In
the absence of an extracellular Wnt ligand, cytosolic $-catenin
is phosphorylated at Ser45 by the priming kinase casein
kinase la (CKla) and incorporated into a cytosolic protein
complex containing Axin, the adenomatous polyposis coli gene
product (APC) and glycogen synthase kinase-3p (GSK-3f)
(19). Axin and APC serve as scaffolding proteins that enable
GSK-3p to phosphorylate 3-catenin at residues Ser33, Ser37
and Thr4l (20), thereby targeting it for ubiquitination by
B-TrCP (B-transducin repeat-containing homologue protein)
and subsequent degradation in the proteasome. Cytosolic
B-catenin protein levels are thus kept low in the absence
of Wnt ligand stimulation. Binding of a Wnt ligand to its
co-receptors Frizzled (Fzd) and low-density lipoprotein (LDL)
receptor-related protein (LRP) 5/6 results in the activation of
the Dishevelled (Dvl) protein, which then inhibits GSK-3[3-
mediated phosphorylation of B-catenin. Cytosolic [3-catenin
is thus stabilized and is able to accumulate. This pool of
[-catenin translocates to the nucleus and promotes malignancy
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by binding to TCF/LEF (18,19). In addition to its function in
Wnat signalling, 3-catenin is a component of the cadherin-based
adherens junction complexes formed at cell-cell adhesion sites.
[-catenin binds the cytoplasmic domain of cadherin and acts as
a structural protein by linking cell-surface cadherins to the actin
cytoskeleton (21). By sequestering [3-catenin at the membrane,
cadherins modulate the signalling properties of cytosolic
[-catenin, creating a finely tuned balance between Wnt signal-
ling and cell-cell adhesion (22-24).

Tetraspanins, or TM4SF (transmembrane 4 superfamily)
proteins, compose a large group of cell-surface transmembrane
proteins, some of which can form complexes with integrins.
Several tetraspanins appear to be particularly relevant to tumour
cell metastasis (25,26). CD82 (CD82/KAI-1), a member of the
tetraspanin superfamily, was originally identified as an acces-
sory molecule in T cell activation (27). The role played by CD82
in cancer progression was discovered during a genetic screen
to identify metastasis-suppressor genes (28). Ample evidence
suggests that CDS82 acts as a broad-spectrum suppressor of
invasion and metastasis during the progression of various solid
tumours. In malignant solid tumours, the detection of CD82
expression indicates a better prognosis for cancer patients,
whereas the downregulation or loss of CD82 expression is
commonly associated with clinically advanced cancers (29,30).
Our previous studies indicate that CD82 negatively controls
cancer cell migration and proteinase secretion by regulating
cell signalling events, particularly those mediated by receptor
tyrosine kinase (RTK) and phosphoinositide 3-kinase (PI3K)
(25,31,32). These results suggest that the chief function of CD82
involves the normalization of uncontrolled malignant pheno-
types in cancer cells by regulating the expression of cell-surface
molecules. Recently, we have unravelled a novel function for
CDS82 in E-cadherin-mediated cellular adhesion (33). CD82
inhibits -catenin tyrosine phosphorylation and stabilizes
E-cadherin-f3-catenin complexes at the cell membrane. CD82
favours homocellular adhesion and controls the cellular distribu-
tion of B-catenin. This function inhibits cancer cell dissociation
from the primary cancer nest and limits metastasis (33).

In this study, we investigated the effect of CD82 on the
canonical Wnt pathway (also important in the control of
[-catenin cellular distribution) and showed that CD82 inhibits
Wht signalling in a multifunctional way.

Materials and methods

Antibodies. Mouse monoclonal antibodies against KAI-1 (G-2),
E-cadherin (H-106) and rabbit polyclonal antibodies against
KAI-1 (C-16) were purchased from Santa Cruz Biotechnology
(Santa Cruz, CA, USA). Rabbit polyclonal and mouse mono-
clonal antibodies against -catenin were purchased from
Upstate Laboratories (Temecula, CA, USA). The rabbit mono-
clonal antibody against phospho-p-catenin (pSer33/pSer37)
was purchased from Upstate Laboratories. Mouse monoclonal
antibodies against phospho-f-catenin (pThr4l and pSer45)
were purchased from Sigma-Aldrich (St. Louis, MO, USA).
The sheep polyclonal antibody against CK1a was purchased
from R&D Systems (Minneapolis, MN, USA) and the rabbit
monoclonal antibody against GSK-3p, from Cell Signalling
Technology (Danvers, MA, USA).
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The anti-Wnt protein antibodies used in this study were as
follows: anti-Wntl (rabbit polyclonal; GeneTex, Inc., Irvine, CA,
USA), anti-Wnt?2 (rabbit polyclonal; ProteinTech Group, Chicago,
IL, USA), anti-Wnt2B (rabbit polyclonal; AVIVA Systems
Biology, San Diego, CA, USA), anti-Wnt3 (mouse monoclonal;
LifeSpan Biosciences, Seattle, WA, USA), anti-Wnt3a (rabbit
polyclonal; Acris Antibodies, Herford, Germany), anti-Wnt4 (rat
monoclonal; Acris Antibodies), anti-Wnt5a (rabbit polyclonal;
LifeSpan Biosciences), anti-Wnt5b (rabbit polyclonal; Novus
Biologicals, Littleton, CO, USA), anti-Wnt6 (rabbit polyclonal;
Novus Biologicals), anti-Wnt7a and anti-Wnt7b (goat poly-
clonal; R&D Systems), anti-Wnt8a (rabbit polyclonal; Novus
Biologicals), anti-Wnt8b (rat monoclonal; Acris Antibodies),
anti-Wnt9a (goat polyclonal; R&D Systems), anti-Wnt9b (rabbit
polyclonal; GeneWay Biotech, Inc., San Diego, CA, USA), anti-
WntlOa (rabbit polyclonal; Novus Biologicals) and anti-Wnt10b
(Wntl2) (rabbit polyclonal; LifeSpan Biosciences).

The anti-Fzd protein antibodies used in this study were as
follows: rabbit polyclonal antibodies against Fzd1, Fzd3, Fzd4,
Fzd6, Fzd7, Fzd8, Fzd9 and Fzd10 (GenWay Biotech, Inc.) and
rabbit polyclonal antibodies against Fzd2 and Fzd5 (GeneTex,
Inc.).

Cell cultures. The human cell line h1299 (non-small-cell lung
carcinoma) and its transfectant derivatives (h1299/zeo and
h1299/CD82) were established in our laboratory by transfection
of a control vector or CD82 cDNA and cell sorting-based clone
selection, as described previously (50). Further, h1299/zeo is a
mock transfectant with weak CD82 expression and h1299/CD82
overexpresses CD82. The protein levels of CD82 in h1299/
CD82 cells, as assayed by immunoblotting, are 20 times higher
but its cell surface expression, as assessed by flow cytometry, is
only ~9-fold higher than that in the wild-type or h1299/zeo cells.
The cell lines used in this study were maintained in Dulbecco's
modified Eagle's medium (DMEM,; Sigma) supplemented with
10% fetal bovine serum (FBS; ICN Biomedicals, Aurora, OH,
USA) and 2 mM L-glutamine at 37°C and in an atmosphere of
5% CO,.

Transfection of short hairpin RNA (shRNA). The h1299/
CD82-sh.control and h1299/CD82-sh.CD82 cell lines were
generated by Lipofectamine (Invitrogen Life Technologies,
Carlsbad, CA, USA) transfection of h1299/CD82 cells with
pLKO.1-puro Control Vector (Sigma) and pLKO.l-puro/
sh.CD82 (NM_002231; Sigma), respectively. Colonies that
showed resistance to puromycin (Sigma) were pooled from
the individual transfection experiments. The expression levels
of CD82 in shRNA-transfected h1299 cells were monitored
by reverse transcriptase-polymerase chain reaction (RT-PCR)
and immunoblotting. The h1299/CD82-sh.control and h1299/
CD82-sh.CDS2 cells were maintained in DMEM containing
10% FBS and 2 pg/ml puromycin.

Immunoblot analysis. Cell lysates for immunoblotting were
prepared in cell lysis buffer [1% Triton X-100, 2 mM sodium
orthovanadate, 500 mM NaCl, 10 mM MgCl,, 10 ug/ml
leupeptin, 10 gg/ml aprotinin, I mM PMSF, 50 mM Tris-HCI
(pH 7.2)]. Subcellular fractionation was performed using the
ProteoExtract® Subcellular Proteome Extraction kit from Merck



INTERNATIONAL JOURNAL OF ONCOLOGY 41: 2021-2028, 2012

(Darmstadt, Germany) according to the manufacturer's instruc-
tions.

The samples were resolved by sodium dodecyl sulphate-
polyacrylamide gel electrophoresis (SDS-PAGE), transferred to
a nitrocellulose membrane (Bio-Rad, Hercules, CA, USA) and
incubated with specific primary antibodies. Protein bands were
visualized using horseradish peroxidise (HRP)-conjugated
secondary antibodies and Enhanced Chemiluminescence
Reagent (Amersham Pharmacia Biotech, Piscataway, NJ, USA).
The bands were scanned by computer-assisted densitometry
(ChemiDoc XRS-J; Bio-Rad) and analysed using the Quantity
One software (Bio-Rad).

Real-time RT-PCR. Total RNA was extracted from h1299 cells
by using TRIzol (Invitrogen, Carlsbad, CA, USA) and used for
first-strand cDNA synthesis. The mRNA levels were measured
in triplicate using a real-time PCR system with the Brilliant
SYBR Green gPCR kit (Stratagene, La Jolla, CA, USA). Specific
primers for GSK-3f3 and CK1a were as follows: GSK-3f (F: 5-GG
TCTATCTTAATCTGGTGCTGG-3' and R: 5-AGGTTCTGC
GGTTTAATATCCC-3") and CK1a (F: 5-F:-GGAAAAGAAGC
ATGACTGTTAG-3'andR: 5"TCTGTATGGTATGTGTTGCC
TT-3"). PCR cycling conditions were 10 min at 95°C for 1 cycle
followed by 45 cycles at 95°C for 30 sec, 60°C for 30 sec and
72°C for 60 sec. Dissociation curve analyses confirmed that
signals corresponded to unique amplicons. Expression levels
were normalized to the glyceraldehyde-3-phosphate dehydro-
genase (GAPDH) mRNA level of each sample, obtained from
parallel assays.

Results

CD82 does not influence Wnt protein expression. The cellular
distribution of (-catenin is regulated by the Wnt/f-catenin
(canonical) signalling pathway. This pathway is initiated by
binding of Wnt ligands to their Fzd receptor proteins. To evaluate
the effect of CD82 on Wnt signalling, we first analysed the protein
expression levels of Wnt ligands on h1299 cells by immunoblot-
ting. As shown in Fig. 1, h1299 cells expressed all classes of Wnt
ligands (1, 2, 2b, 3a, 5a, 5b, 6, 7a, 7b, 8a, 8b, 9a, 9b, 10a and 10b).
The expression of Wnt ligands was not significantly altered after
ectopic expression of CD82 at the protein level.

CD&82 inhibits the expression of specific Fzd proteins. Next,
we examined the expression of Fzd proteins, which are the
transmembrane receptors for Wnt ligands (34). Binding of Wnt
proteins to their Fzd receptors transduces Wnt signalling via
inactivation of GSK-3p and consequent nuclear translocation
of unphosphorylated 3-catenin.

Fzd1-Fzd10 were expressed on h1299 cells. In our model,
the expression of Fzdl, Fzd4, Fzd6, Fzd8 and Fzd10 was not
markedly affected by CD82. In contrast, CD82 significantly
downregulated the expressions of Fzd2, Fzd3, Fzd5, Fzd7 and
Fzd9. Knocking down of CD82 mRNA expression by shRNA in
h1299/CD82 cells resulted in recovery of the expression of those
downregulated Fzd proteins, suggesting a specific effect of
CDS82 on Fzd2, Fzd3, Fzd5, Fzd7 and Fzd9 expression (Fig. 2).

This result suggests that CD82 reduces receptor binding
of Wnt ligands by inhibiting Fzd expression, thereby reducing
Wnat signalling and B-catenin translocation to the nucleus.
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Figure 1. Effect of CD82 on the expression of Wnt proteins. Whole cell lysates
(200 pg) of h1299 cells [h1299/zeo (zeo), h1299/CD82 (CD82) h1299/CD82-sh.
control (sh.cont) and h1299/CD82-sh.CD82 (sh.CD82)] were resolved by
10% SDS-PAGE and analysed by immunoblotting with the anti-Wnt antibodies
indicated in the figure. The same blots were re-blotted with an anti-CD82 anti-
body and an anti-f3-actin as loading control. Experiments were performed in
triplicate and the most representative data are shown.
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Figure 2. Effect of CD82 on the expression of Frizzled (Fzd) proteins. Whole
cell lysates (200 pg) of h1299 cells [h1299/zeo (zeo), h1299/CD82 (CD82),
h1299/CD82-sh.control (sh.cont), h1299/CD82-sh.CD82 (sh.CD82)] were
resolved by 7.5% SDS-PAGE and analysed by immunoblotting with the anti-
Fzd antibodies indicated in the figure. The same blots were re-blotted with
an anti-CD82 antibody and an anti-B-actin as loading control. Experiments
were performed in triplicate and the most representative data are shown.



2024

CHIGITA et al: CD82 INHIBITS CANONICAL Wnt SIGNALLING

A C
_ 03
h1299 [ membrane
zeo cDs2 o~ -
EDTA(-) EDTA(+)! EDTA(-) EDTA(+) c =
R
‘® ¢ 02
(LR
- B-catenin oS
o e
o
@ . - e | — o "q',' -
° E-cadherin | ®% .® " 0§ 01
=4 2 [
S =
B-actin &
0
o B-catenin - - _ ois
e o cytoplasm
o : - —_—
£ E-cadherin — - ﬁ =
£ 28 01 A
B-actin @ ch
EE
£ B-catenln — —— — é 5
E o © 005 1
= 29
g E-cadherin 2
® g
B-actin
> _ 0.2
© - — - - 5] i
] B-catenin - - e nuclei
- c
c 3= 0.15
B 23
02
h1299 §§ 0.1 1
@
zeo cDs2 3 ‘g
EDTA(-) EDTA(+); EDTA(-) EDTA(+)| = X 0.05
M —
3 T
8 B-catenin | e— o4
('] 0 -
g
E B-actin
05
c| serss. a7 [ whole cell
g| € o 5= 04
ol £ 5
218 Thral | w— - - 28 .,
D | o W Y-
E| ¢ o3
(=N 5 £
Ser45 | = =— % S 02 -
- 28
c| Ser33, 37 g 011
H B °
o 2 m
al ® Thr.41 0 -
gla S T T .3
1 -~ < - =< o < oy <<
& o aFE SF ®F ©F
Ser45 §2 &8 88 68

Figure 3. Effect of CD82 on f-catenin cellular distribution and phosphorylation. h1299 cells (4.5x10°) were cultured in serum-free medium containing 5% BSA
(EDTA") or in Ca**- and serum-free medium containing 5% BSA with 0.5 mM EDTA (EDTA?) for 12 h, followed by subcellular fractionation. Extracted cellular
fractions of h1299 cells were resolved by SDS-PAGE and analysed by immunoblotting with anti-3-catenin (A) and anti-phospho-f-catenin (Ser33, Ser37, Thr41
and Ser45) (B) antibodies. A densitometric analysis was performed on (A), followed by normalization to the densitometric value of (3-actin and indicated as
‘relative expression value (-catenin/p3-actin)’ (C). Experiments were performed in triplicate and the most representative data are shown.

CDS82 controls B-catenin cellular distribution and inhibits
p-catenin phosphorylation. In the absence of Wnt ligands or
in the event of impaired Wnt signalling, cytosolic B-catenin is
phosphorylated at Ser45 by CK1a. Consequently, GSK-3f phos-
phorylates f-catenin at Thr41, Ser37 and Ser33 (20). Ser33/Ser37
double-phosphorylated (3-catenin is specifically recognized by
B-TrCP (35) and rapidly degraded.

Therefore, we next examined the effect of CD82 on the
cellular distribution and phosphorylation of f-catenin. We
performed subcellular fractionation and determined the
amount of total and phosphorylated 3-catenin in h1299 cells
by immunoblotting.

Fig. 3A shows the cellular distribution of $-catenin in h1299
cells. The quantitated data are shown in Fig. 3C. We found
significant accumulation of B-catenin at the cell membrane
of h1299/CD82 cells. From our previous studies that showed
increase of the E-cadherin-f-catenin complex in h1299/
CDS82 cells (33), we used EDTA in serum-free medium in
order to destabilize E-cadherin. Low Ca?* treatment enhances
E-cadherin internalization (which is independent of tyrosine
phosphorylation and ubiquitination) and E-cadherin is recycled
back to the plasma membrane (36). EDTA treatment reduced
[-catenin at the cell membrane in both h1299/zeo and h1299/
CD82 cells. The amount of cytosolic 3-catenin in h1299/
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Figure 4. Effect of CD82 on the expression of GSK-3p and CK1la protein and mRNA. (A) Whole cell lysates (200 pg) of h1299 cells [h1299/zeo (zeo), h1299/
CD82 (CD82), h1299/CD82-sh.control (sh.cont), h1299/CD82-sh.CD82 (sh.CD82)] were resolved by 7.5% SDS-PAGE and analysed by immunoblotting with
anti-GSK-3f and anti-CKla antibodies. The same blots were re-blotted with an anti-CD82 antibody and an anti-B-actin as loading control. Experiments were
performed in triplicate and the most representative data are shown. (B) Total RNA was isolated from h1299 cells and analysed by real-time RT-PCR. mRNA
levels of GSK-3f were corrected relative to GAPDH mRNA. The asterisks in the figure indicate statistically significant difference (p<0.01) between the 2 values.
Data are presented as the means + SEM. (C) Total RNA was isolated from h1299 cells and analysed by real-time RT-PCR. mRNA levels of CK1a were corrected

relative to GAPDH mRNA. Data are presented as the means = SEM.
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Figure 5. CD82 attenuates Wnt signalling at multiple levels (working hypothesis). CD82 attenuates Wnt signalling in multiple ways: i) inhibition of $-catenin

nuclear translocation by downregulation of Fzd receptors or other mechanism; ii)

accumulation of $-catenin in the cytoplasm is accelerated by downregulation

of GSK-3f and CKla; iii) recruitment of B-catenin to the cell membrane by stabilization of the E-cadherin-f-catenin complex by inhibition of RTK and
downregulation of CK1a; and iv) CD82 induces exosomal (3-catenin release as described by Chairoungdua et al (41).

zeo cells was only mildly increased by EDTA treatment,
whereas that in h1299/CD82 cells was remarkably increased.
Nuclear -catenin was basically decreased in h1299/CD82
cells. Interestingly, EDTA treatment significantly increased
[3-catenin levels in h1299/zeo cells but not significantly so in
h1299/CD82 cells (Fig. 3A and C). These results support our
previously reported results (33) and suggest that CD82 controls
the distribution of cytoplasmic -catenin to the membrane
rather than into the nucleus.

Fig. 3B shows the levels of phosphorylated p-catenin in
h1299 cells. The amount of phosphorylated [-catenin (Ser33,
Ser37, Thr4l and Ser45) at the cell membrane was reduced by
overexpression of CD82. In addition, EDTA treatment inhibited
[-catenin phosphorylation (at Ser33, Ser37, Thr41 and Ser45) in
both cell lines.

These data suggest that CDS82 inhibits the cytoplasmic trans-
location and phosphorylation of f-catenin (Ser33, Ser37, Thr4l
and Ser45) at the cell membrane. Moreover, CD82 reduces

nuclear translocation of B-catenin even when E-cadherin is
destabilized.

CDS82 inhibits GSK-3f and CKla expression. Inhibition of
[-catenin phosphorylation (Ser33, Ser37, Thr41l and Serd5) by
CD82 also suggests that $-catenin may be differently phos-
phorylated by GSK-3f and CKla.

In a first step, we examined the protein expression levels of
GSK-3p and CKla by immunoblotting. The protein levels of
GSK-3f and CK1a were downregulated by CD82 and this effect
was reverted by knocking down CD82. These results indicate a
specific effect of CD82 on GSK-3f and CKla (Fig. 4A).

Next, we examined the mRNA levels of GSK-3p and CKla
by real-time RT-PCR. GSK-33 mRNA levels were significantly
downregulated by CD82 and this downregulation reverted by
knocking down CD82 (Fig. 4B). In contrast, CK1a mRNA levels
were not significantly downregulated by CD82, but the slight
downregulation was still reverted after knocking down CD82
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(Fig. 4C). This result suggests that CK1a protein levels are
inhibited by CDS82 post-transcriptionally; however, the under-
lying mechanisms remain unknown.

Discussion

In our previous research, we showed that CD82 inhibits
tyrosine phosphorylation of $-catenin and stabilizes E-cadherin-
[-catenin complexes at the cell membrane (33). CD82 induces
homocellular adhesion and controls cellular distribution of
[-catenin to the cell membrane rather than to the nucleus. It
has been shown that cellular -catenin levels are regulated
at 3 different levels: the first is regulation by RTK (37,38); the
second, regulation by the Wnt/p-catenin (canonical) pathway
(18); and the last, control by endosomes and exosomes (39-41).
We have also shown that CD82 inhibits $-catenin phosphoryla-
tion via the epidermal growth factor receptor (EGFR) and c-Met
(33). This is a novel function of CD82 in E-cadherin-mediated
homocellular adhesion and one of the most important functions
of CD82 in inhibiting cancer metastasis. In this study, we further
found evidence that CD82 regulates 3-catenin cell distribution
by inhibiting Wnt signalling at multiple molecular levels.

All members of the Wnt protein family are extracellular
secreted proteins. Binding of a Wnt ligand to its co-receptors
Fzd and LRP5/6 results in the activation of Dvl, which in turn
inhibits GSK-3pB-mediated phosphorylation of f3-catenin (19).
We could not find any differences in the protein expression
of Wnt proteins after ectopic expression of CD82. On the
other hand, we found significant downregulation of Fzd2,
Fzd3, FzdS5, Fzd7 and Fzd9 after CD82 ectopic expression.
This effect was reverted by shRNA knock-down of CDS§2,
suggesting the specific effect of CD82. Although the speci-
ficity of the Wnt signalling is determined by the interaction of
specific pairs of Wnt and Fzd proteins, the mechanisms remain
to be elucidated. However, in various types of cancer cells,
it has been reported that particular Wnt-Fzd interactions are
important in tumour progression (18). In particular, binding of
Whnt5a to Fzd2 or Fzd7 controls metalloproteinase production
(42,43) and focal adhesion dynamics via the Wnt signalling
pathway (44). It has also been reported that Wnt5a expression
is of clinical relevance in prostate cancer (42). These reports
support the idea that Fzd2, Fzd3, Fzd5, Fzd7 and Fzd9 (down-
regulated by overexpression of CD82) are key players in many
types of cancer cells. Therefore, specific downregulation of
Fzd receptors by CD82 may reduce Wnt/B-catenin signalling.
Furthermore, Wnt target genes (Wnt3a, Fzd7, Axin, TCF/LEF,
among others) are all molecules related to Wnt signalling itself
(45-49). Inhibition of Wnt signalling pathway leads to further
negative regulation of the pathway. This results in inhibition of
[-catenin nuclear translocation and consequent accumulation
in the cytoplasm.

Accumulated cytoplasmic B-catenin is phosphorylated
at Ser45 by CKla and incorporated into a cytosolic protein
complex containing Axin, APC and GSK-3f. GSK-3f phosphor-
ylates B-catenin at residues Ser33, Ser37 and Thr41 (20), thereby
targeting it for ubiquitination by B-TrCP and subsequent degra-
dation in the proteasome. Ectopic expression of CD82 inhibits
phosphorylation of $-catenin at Serd5, Ser33, Ser37 and Thr4l
by downregulation of GSK-3f3 and CKla, thereby favouring
the escape of (-catenin from the ubiquitination and degrada-
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tion process. Therefore, downregulation of GSK-3p and CKla
by CD82 ultimately leads to accumulation of -catenin in the
cytoplasm. Contradictorily, we found a decrease in cytoplasmic
[-catenin and a significant increase in $-catenin accumulation at
the cell membrane of CD82-transfected cells (Fig. 3A). We also
found that EDTA-destabilized E-cadherin inhibits the translo-
cation of f-catenin to the cell membrane (Fig. 3A). This result
suggests that §-catenin, when at the cell membrane, is associated
with E-cadherin. We have already shown that overexpression of
CD82 induces interaction between E-cadherin and f-catenin
and one possible mechanism is the inhibition of RTK signalling
pathway by CD82. CD82 inhibits EGFR tyrosine phosphoryla-
tion (32) and Ras- and PI3K-dependent c-Met signalling (50).
Direct association of CD82 with these growth factor recep-
tors inhibits receptor signal transduction, which will result in
inhibition of B-catenin tyrosine phosphorylation (50). Several
studies have shown that either increased kinase activity through
stimulation with EGF or decreased phosphatase activity using
pervanadate or phosphatase mutants leads to decreased interac-
tion between cadherin-catenin complexes and the cytoskeleton.
CKla also destabilizes E-cadherin by phosphorylation of the
cytoplasmic domain of E-cadherin. Downregulation of CK1a by
CD82 overexpression will result in E-cadherin stabilization (51).
Therefore, CD82 strengthens the interaction between E-cadherin
and B-catenin by multiple pathways and results in translocation
of accumulated cytoplasmic [3-catenin to the membrane.

Furthermore, this result also serves as evidence to show
that CD82 inhibits the nuclear translocation of (3-catenin.
Accumulation of 3-catenin in the cytoplasm will result in nuclear
translocation of -catenin, as observed in the EDTA-treated
h1299/zeo cells (Fig. 3A). In contrast, EDTA treatment actually
increased [3-catenin in the cytoplasm while impairing its trans-
location to the nucleus. These findings highlight an important
function of CDS82 in inhibiting -catenin translocation to the
nucleus. However, the mechanism remains to be elucidated.

Recently, a novel inhibitory mechanism of Wnt signalling
by CDS82 was described. CD82 and other tetraspanins are orga-
nized in a signalling complex with E-cadherin at the plasma
membrane. This signalling complex, including tetraspanins,
E-cadherin and -catenin, is internalized and delivered to early
endosomes (41). Exosome biogenesis begins with outward
vesicle budding at the limiting membrane of endosomes, gener-
ating intraluminal vesicles (ILVs). These exosome-containing
endosomes eventually mature into late endosomes, also known
as multivesicular bodies (MVBs). These MVBs then fuse with
the plasma membrane and release their intraluminal vesicles,
referred to as exosomes, which contain f3-catenin. Exosomal
targeting of [3-catenin causes a reduction in the intracellular
pool of B-catenin and therefore reduces Wnt/p3-catenin signal-
ling. This mechanism is thought to occur after CD82-induced
[(-catenin membrane translocation, as shown in this study.
Therefore, CD82 recruits -catenin and E-cadherin to the
plasma membrane, thereby contributing to the formation of
large signalling complexes, which are in turn incorporated into
[-catenin-containing exosomes, whose contents are released
outside the cells.

Altogether, CD82 attenuates Wnt signalling in multiple
ways (Fig. 5): i) inhibition of 3-catenin nuclear translocation by
downregulation of Fzd receptors or other mechanism; ii) accu-
mulation of f-catenin at the cell membrane by downregulation
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of GSK-3f and CKla; iii) stabilization of the E-cadherin-f3-
catenin complex by inhibition of RTK and downregulation of
CKla; and iv) induction of exosomal release of 3-catenin. In
the first step, (i) and (ii) will increase the cytoplasmic pool of
[-catenin, whereas in the second step, (iii) and (iv) will reduce the
cytoplasmic pool of -catenin. Inhibition of Wnt signalling by
[-catenin translocation but not by [3-catenin degradation leads
to E-cadherin stabilization at the cell surface and strengthens
homophilic adhesions between cancer cells.

In conlusion, CD82 suppresses cancer metastasis through
the canonical Wnt pathway via multifunctional ways. Down-
regulation of Fzd receptors also suggests inhibition of the
non-canonical Wnt pathway. However, this mechanism remains
to be elucidated. Overall, accumulating evidence of the anti-
metastatic effect of CD82 suggests CDS82 as a novel therapeutic
target for anti-metastasis cancer therapy.

Acknowledgements

This study was supported by Grants-in-Aid (no. 20390517 to K.S.
and T.S., no. 23390465 to T.S.) from the Ministry of Education,
Culture, Sports, Science and Technology of Japan.

References

1. Takeichi M: Cadherins: a molecular family important in selective
cell-cell adhesion. Annu Rev Biochem 59: 237-252, 1990.

2. Kemler R: From cadherins to catenins: cytoplasmic protein inter-
actions and regulation of cell adhesion. Trends Genet 9: 317-321,
1993.

3. Piepenhagen PA and Nelson WJ: Defining E-cadherin-associated
protein complexes in epithelial cells: plakoglobin, beta- and
gamma-catenin are distinct components. J Cell Sci 104: 751-762,
1993.

4. Nagafuchi A, Tsukita S and Takeichi M: Transmembrane control
of cadherin-mediated cell-cell adhesion. Semin Cell Biol 4:
175-181, 1993.

5. Takeichi M: The cadherin cell adhesion receptor family: roles in
multicellular organization and neurogenesis. Prog Clin Biol Res
390: 145-153, 1994.

6. Semb H and Christofori G: The tumor-suppressor function of
E-cadherin. Am J Hum Genet 63: 1588-1593, 1998.

7. Doki Y, Shiozaki H, Tahara H, et al: Correlation between E-cadherin
expression and invasiveness in vitro in a human esophageal cancer
cell line. Cancer Res 53: 3421-3426, 1993.

8. Oka H, Shiozaki H, Kobayashi K, e al: Expression of E-cadherin
cell adhesion molecules in human breast cancer tissues and its
relationship to metastasis. Cancer Res 53: 1696-1701, 1993.

9. Yang MH, Chen CL, Chau GY, et al: Comprehensive analysis of
the independent effect of twist and snail in promoting metastasis
of hepatocellular carcinoma. Hepatology 50: 1464-1474, 2009.

10. Bellovin DI, Bates RC, Muzikansky A, Rimm DL and
Mercurio AM: Altered localization of p120 catenin during epithe-
lial to mesenchymal transition of colon carcinoma is prognostic
for aggressive disease. Cancer Res 65: 10938-10945, 2005.

11. Han G, Lu SL, Li AG, He W, Corless CL, Kulesz-Martin M
and Wang XJ: Distinct mechanisms of TGF-betal-mediated
epithelial-to-mesenchymal transition and metastasis during skin
carcinogenesis. J Clin Invest 115: 1714-1723, 2005.

12. Behrens J, von Kries JP, Kuhl M, Bruhn L, Wedlich D, Grosschedl R
and Birchmeier W: Functional interaction of beta-catenin with the
transcription factor LEF-1. Nature 382: 638-642, 1996.

13. Huber O, Korn R, McLaughlin J, Ohsugi M, Herrmann BG and
Kemler R: Nuclear localization of beta-catenin by interaction with
transcription factor LEF-1. Mech Dev 59: 3-10, 1996.

14. Molenaar M, van de Wetering M, Oosterwegel M, et al:
XTcf-3 transcription factor mediates beta-catenin-induced axis
formation in Xenopus embryos. Cell 86: 391-399, 1996.

15. He TC, Sparks AB, Rago C, et al: Identification of c-MYC as a
target of the APC pathway. Science 281: 1509-1512, 1998.

16. Tetsu O and McCormick F: Beta-catenin regulates expression of
cyclin D1 in colon carcinoma cells. Nature 398: 422-426, 1999.

2027

17. Morin PJ: beta-catenin signaling and cancer. Bioessays 21:
1021-1030, 1999.

18. Polakis P: Wnt signaling and cancer. Genes Dev 14: 1837-1851,
2000.

19. Wu D and Pan W: GSK3: a multifaceted kinase in Wnt signaling.
Trends Biochem Sci 35: 161-168, 2010.

20. Liu C, Li Y, Semenov M, et al: Control of beta-catenin phos-
phorylation/degradation by a dual-kinase mechanism. Cell 108:
837-847,2002.

21. Daugherty RL and Gottardi CJ: Phospho-regulation of Beta-
catenin adhesion and signaling functions. Physiology 22: 303-309,
2007.

22. Heasman J, Crawford A, Goldstone K, et al: Overexpression of
cadherins and underexpression of beta-catenin inhibit dorsal
mesoderm induction in early Xenopus embryos. Cell 79: 791-803,
1994.

23. Cox RT, Kirkpatrick C and Peifer M: Armadillo is required for
adherens junction assembly, cell polarity, and morphogenesis
during Drosophila embryogenesis. J Cell Biol 134: 133-148, 1996.

24. Fagotto F, Funayama N, Gluck U and Gumbiner BM: Binding
to cadherins antagonizes the signaling activity of beta-catenin
during axis formation in Xenopus. J Cell Biol 132: 1105-1114,
1996.

25. Sugiura T and Berditchevski F: Function of alpha3betal-tetraspanin
protein complexes in tumor cell invasion. Evidence for the role
of the complexes in production of matrix metalloproteinase 2
(MMP-2). J Cell Biol 146: 1375-1389, 1996.

26. Berditchevski F and Odintsova E: Characterization of integrin-
tetraspanin adhesion complexes: role of tetraspanins in integrin
signaling. J Cell Biol 146: 477-492, 1999.

27. Lebel-Binay S, Gil ML, Lagaudriere C, et al: Further characteriza-
tion of CD82/1A4 antigen (type III surface protein): an activation/
differentiation marker of mononuclear cells. Cell Immunol 154:
468-483, 1994.

28. Dong JT, Lamb PW, Rinker-Schaeffer CW, Vukanovic J,
Ichikawa T, Isaacs JT and Barrett JC: KAIl, a metastasis suppressor
gene for prostate cancer on human chromosome 11p11.2. Science
268: 884-886, 1995.

29. Adachi M, Taki T, Konishi T, Huang CI, Higashiyama M and
Miyake M: Novel staging protocol for non-small-cell lung cancers
according to MRP-1/CD9 and KAI1/CD82 gene expression. J Clin
Oncol 16: 1397-1406, 1998.

30. Guo X, Friess H, Graber HU, Kashiwagi M, Zimmermann A,
Korc M and Buchler MW: KAIl expression is up-regulated in
early pancreatic cancer and decreased in the presence of metas-
tases. Cancer Res 56: 4876-4880, 1996.

31. Takahashi M, Sugiura T and Shirasuna K: Tetraspanin CD82/
KAI-1 regulates growth factor induced cancer cell migration
by forming complexes with growth factor receptors. Int J Oral
Maxillofac Surg 34: 146, 2005.

32. Odintsova E, Sugiura T and Berditchevski F: Attenuation of EGF
receptor signaling by a metastasis suppressor, the tetraspanin
CD82/KAI-1. Curr Biol 10: 1009-1012, 2000.

33. Abe M, Sugiura T, Takahashi M, Ishii K, Shimoda M and
Shirasuna K: A novel function of CD82/KAI-1 on E-cadherin-
mediated homophilic cellular adhesion of cancer cells. Cancer
Lett 266: 163-170, 2008.

34. Bhanot P, Brink M, Samos CH, et al: A new member of the frizzled
family from Drosophila functions as a Wingless receptor. Nature
382: 225-230, 1996.

35. Winston JT, Strack P, Beer-Romero P, Chu CY, Elledge SJ
and Harper JW: The SCFbeta-TRCP-ubiquitin ligase complex
associates specifically with phosphorylated destruction motifs
in IkappaBalpha and beta-catenin and stimulates IkappaBalpha
ubiquitination in vitro. Genes Dev 13: 270-283, 1999.

36. Palacios F, Tushir JS, Fujita Y and D'Souza-Schorey C: Lysosomal
targeting of E-cadherin: a unique mechanism for the down-
regulation of cell-cell adhesion during epithelial to mesenchymal
transitions. Mol Cell Biol 25: 389-402, 2005.

37. Lee CH, Hung HW, Hung PH and Shieh YS: Epidermal growth
factor receptor regulates beta-catenin location, stability, and
transcriptional activity in oral cancer. Mol Cancer 9: 64, 2010.

38. Verkaar F and Zaman GJ: A model for signaling specificity of
Wnt/Frizzled combinations through co-receptor recruitment.
FEBS Lett 584: 3850-3854, 2010.

39. Le TL, Yap AS and Stow JL: Recycling of E-cadherin: a potential
mechanism for regulating cadherin dynamics. J Cell Biol 146:
219-232, 1999.

40. Ivanov AI, Nusrat A and Parkos CA: Endocytosis of epithelial
apical junctional proteins by a clathrin-mediated pathway into a
unique storage compartment. Mol Biol Cell 15: 176-188, 2004.



2028

41.

42.

43.

44.

45.

46.

Chairoungdua A, Smith DL, Pochard P, Hull M and Caplan MJ:
Exosome release of beta-catenin: a novel mechanism that antago-
nizes Wnt signaling. J Cell Biol 190: 1079-1091, 2010.
Yamamoto H, Oue N, Sato A, er al: Wnt5a signaling is involved
in the aggressiveness of prostate cancer and expression of metal-
loproteinase. Oncogene 29: 2036-2046, 2010.

Sato A, Yamamoto H, Sakane H, Koyama H and Kikuchi A: Wnt5a
regulates distinct signalling pathways by binding to Frizzled2.
EMBO J 29: 41-54, 2010.

Matsumoto S, Fumoto K, Okamoto T, Kaibuchi K and Kikuchi A:
Binding of APC and dishevelled mediates Wnt5a-regulated focal
adhesion dynamics in migrating cells. EMBO J 29: 1192-1204,
2010.

Zhang YW, Miao YF, YiJ, Geng J, Wang R and Chen LB: Trans-
criptional inactivation of secreted frizzled-related protein 1 by
promoter hypermethylation as a potential biomarker for non-small
cell lung cancer. Neoplasma 57: 228-233, 2010.

Willert J, Epping M, Pollack JR, Brown PO and Nusse R: A
transcriptional response to Wnt protein in human embryonic
carcinoma cells. BMC Dev Biol 2: 8, 2002.

47.

48.

49.

50.

51.

CHIGITA et al: CD82 INHIBITS CANONICAL Wnt SIGNALLING

Lustig B, Jerchow B, Sachs M, er al: Negative feedback loop
of Wnt signaling through upregulation of conductin/axin2 in
colorectal and liver tumors. Mol Cell Biol 22: 1184-1193, 2002.
Roose J, Huls G, van Beest M, et al: Synergy between tumor
suppressor APC and the beta-catenin-Tcf4 target Tcfl. Science
285: 1923-1926, 1999.

Filali M, Cheng N, Abbott D, Leontiev V and Engelhardt JF:
Wnt-3A/beta-catenin signaling induces transcription from the
LEF-1 promoter. J Biol Chem 277: 33398-33410, 2002.
Takahashi M, Sugiura T, Abe M, Ishii K and Shirasuna K:
Regulation of c-Met signaling by the tetraspanin KAI-1/CD82
affects cancer cell migration. Int J Cancer 121: 1919-1929,
2007.

Dupre-Crochet S, Figueroa A, Hogan C, et al: Casein kinase 1 is
a novel negative regulator of E-cadherin-based cell-cell contacts.
Mol Cell Biol 27: 3804-3816, 2007.



