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The neural cell adhesion molecule (NCAM) was recently
shown to be involved in the progression of various tumors with
diverse effects.We previously demonstrated that NCAMpoten-
tiates the cellular invasion andmetastasis ofmelanoma.Herewe
further report that the growth of melanoma is obviously
retarded when the expression of NCAM is silenced. We found
that the proliferation of murine B16F0 melanoma cells, their
colony formation on soft agar, and growth of transplanted mel-
anoma in vivo are clearly inhibited by the introduction of
NCAM siRNA. Interestingly, change of NCAM expression level
is shown to regulate the activity of Wnt signaling molecule,
�-catenin, markedly. This novel machinery requires the func-
tion of FGF receptor and glycogen synthase kinase-3� but is
independent of the Wnt receptors, MAPK-Erk and PI3K/Akt
pathways. In addition, NCAM is found to form a functional
complex with �-catenin, FGF receptor, and glycogen syn-
thase kinase-3�. Moreover, up-regulation of NCAM140 and
NCAM180 appearsmore potent thanNCAM120 in activation
of �-catenin, suggesting that the intracellular domain of
NCAM is required for facilitating the �-catenin signaling.
Furthermore, the melanoma cells also exhibit distinct differen-
tiation phenotypes with the NCAM silencing. Our findings
reveal a novel regulatory role of NCAM in the progression of
melanoma that might serve as a new therapeutic target for the
treatment of melanoma.

Melanoma arises from skin neural crest-derived pigmented
melanocytes and accounts for around 80% of mortality of skin
cancer (1) with less than 5% of a 5-year survival rate (2). The
rapid growth of melanoma cells by overriding senescence and
activation of pro-proliferating signal transduction were shown
to play a key role in the development of melanoma into meta-
static stage (3). Even though many cell growth promoting fac-
tors have been identified to be involved in the progression of
melanoma and targeted for therapeutic intervention, the treat-
ment efficacy of advanced melanoma with vertical growth and
metastasis has not been significantly improved over the past
few decades (1). Hence, further study to elucidate themolecular
mechanisms underlying the proliferation of melanoma cells is

required for the finding of novel potential intervention targets
to improve the treatment of melanoma.
It has been demonstrated that the adhesion molecules that

mediate intercellular and cell-matrix interactions extensively
participate in the progression ofmelanoma (4, 5) by altering the
adhesion status and signal transduction of the cells. Neural cell
adhesion molecule (NCAM),2 a member of the immunoglobu-
lin superfamily, has been well characterized in cell prolifera-
tion, differentiation, migration, neurite outgrowth, and synap-
tic plasticity in the nervous system (6–9). However, recent
studies have also revealed that the expression of NCAM drasti-
cally fluctuates in many tumors and affects tumor progression
and prognosis (10). In small cell lung cancer (11) and themajor-
ity of multiple myelomas (12), the up-regulation of NCAMwas
shown to associate with a more aggressive tumor phenotype
and poor prognosis. In contrast, the down-regulation ofNCAM
was observed in the development of colon cancer and some of
myeloma (12, 13) and all neuroblastoma (14), suggesting that
the role of NCAM on tumor progression is largely dependent
on tumor types. Inmelanoma, the earlier studies demonstrated
that melanoma from central nervous system (CNS) metastases
and non-CNS-derived metastases exhibit distinct levels of
NCAM (15) and high expression of NCAM was detected in
aggressive metastasizing uveal melanoma (16). In addition, we
also found that NCAM facilitates the cellular invasion and
metastasis in a recent study (17). However, whether NCAM
also promote melanoma growth is not known.
Besides mechanically mediating cell adhesion, NCAM also

induces diverse cell signaling cascades (8). It has been well
demonstrated that NCAM is able to co-activate FGFR-asso-
ciated signaling pathways (18, 19) such as mitogen-activated
protein kinases (MAPKs) (20, 21) and PKC (22). NCAM was
also shown to trigger the activation of cAMP-dependent
protein kinase (PKA) (23), phosphatidylinositide 3-kinase
(PI3K)/Akt (24), Src-family of nonreceptor-tyrosine kinases
Fyn, and focal adhesion kinase (25, 26). Interestingly, both
MAPK and PI3K/Akt pathways are shown to participate in
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the initiation and development of melanoma (27–30). How-
ever, up to date, which pathways might be employed by
NCAM to affect the progression of melanoma is completely
unknown.
The canonical Wnt pathway plays an important role in line-

age determination and proliferation of melanocytes (31, 32).
Through inactivation of GSK-3�, Wnt pathway can further
activate the �-catenin and downstream gene expression (33).
�-Catenin has been found remarkably accumulated in a large
number of human melanoma specimens (34). In cultured mel-
anoma cells, activation of Wnt/�-catenin signaling was shown
to promote cell proliferation (35–37), suggesting the important
role ofWnt/�-catenin pathway in tumorigenesis of melanoma.
Besides the Wnt pathway, the activity of �-catenin can also be
regulated by other molecules such as MAPK/ERK and PI3K/
Akt pathways (38, 39). In addition to the role of activation of
transcription, �-catenin is also involved in cell adhesion by
binding to cadherin family members (40, 41). Given that
NCAMplays important roles in cell adhesion and tumor devel-
opment, it would be very interesting to determine if there is any
level of cross-talk between NCAM and the Wnt/�-catenin
pathways and the contribution of this interaction in the pro-
gression of melanoma.
In the present study we demonstrated that the reduction of

NCAM expression can retard the proliferation of murine
B16F0 melanoma cells in vitro and in vivo that is attributed to
the impaired �-catenin pathway. Moreover, �-catenin was
shown to bind with NCAM in the complex containing FGFR
and GSK-3�, suggesting a novel mechanism by which NCAM
participates in the progression of melanoma.

EXPERIMENTAL PROCEDURES

Cell Culture and Reagents—Murine B16F0 melanoma cells
were obtained from American Type Culture Collection
(Manassas, VA) and routinely maintained in high glucose Dul-
becco’s modified Eagle’s medium (DMEM) with 4500 mg/liter
D-glucose, L-glutamine, and 110 mg/liter sodium pyruvate
(Invitrogen) supplemented with 10% fetal calf serum (FCS)
(Invitrogen), 20 mM sodium bicarbonate (Sigma), 5 mMHEPES
(Sigma), and 1%penicillin/streptomycinmix (Invitrogen). Cells
were kept at 37 °C in a 5% CO2 incubator. Specific inhibitors
for AKT (AKTI) and FGFR (SU5402) were purchased from
Calbiochem. Lipofectamine 2000, G418, and puromycin
were from Invitrogen.
Plasmids and DNA Constructs—Two sequences specific to

mouse ncamwere selected to generate siRNA fragments: target 1
(5�-CGA CTT CTT TGG CCA CTA TAC-3�) and target 2 (5�-
GGA CAT ACT CTA CCA GTG CAA-3�). All targets and
scrambled control oligonucleotides duplexes were cloned into
pSilencer3.1-U6 and pSilencer4.1-CMV vectors, respectively,
according to the manufacturer’s instructions (Ambion). The
cDNAs for full-length mouse NCAM120, NCAM140, and
NCAM180 and the intracellular domain of NCAM140 and
NCAM180were cloned into pcDNA4/myc-His A vector (Invit-
rogen). The primers used for amplification of NCAM inserts
include the following: NCAM extracellular forward (5�-CCC
AAG CTT GCC ACC ATG CTG CGA ACT AAG GAT CTC-
3�), NCAM extracellular reverse (5�-GCT CTA GAC GAG

AAAGCAGCCTTGCC-3�), NCAMintracellular forward (5�-
CCCAAG CTT GCC ACC ATG GCA GAG TAT GAA GTC
TAT GTG-3�), and NCAM intracellular reverse (5�-GCT CTA
GAT GCT TTG CTC TCA TTC TCT TTT G-3�). Plasmids of
wild type and dominant negative �-catenin have been
described previously (42). The dominant negative TCF4 (DN-
TCF4) was generously provided by Dr. Alman, University of
Toronto. The dominant negative Akt (43) was subcloned into
pIRES2-EGFP and tagged with c-Myc epitope (Clontech).
Transfection was conducted using Lipofectamine 2000 follow-
ing the manufacturer’s instructions. Stable cell lines expressing
plasmids ofNCAMsiRNAwere obtained by selecting the trans-
formed cells with 1�g/ml puromycin and 800�g/ml G418. For
transient transfection of other plasmids, cells were fed with
fresh medium containing 10% FCS 6 h post transfection and
further incubated for 24 h before further experiments.
�-Catenin (sc-29210) and the control (sc-37007) siRNAs were
purchased from Santa Cruz Biotechnology and transfected
according to the manufacturer’s instructions.
Cell Proliferation Study—Cells were plated into 96-well

plates at 2000 cells per well and grew in complete media for
96 h. Relative proliferation rate was determined with Cell Pro-
liferation Kit I (Roche Applied Science). Tominimize the inter-
ference with absorbance reading by secreted melanin, cells
were incubated with 3-{4,5-dimethylthiazol-2-yl]-2,5-diphe-
nyltetrazolium bromide (MTT) in fresh medium for 4 h fol-
lowed by further incubation in solubilization solution over-
night. Absorbance was measured at 570 nm with the reference
wavelength of 660 nm with Tecan GENios microplate reader
(Tecan Group Ltd). All results were from three independent
experiments.
Cell Cycle Analysis—For quantification of DNA content, the

isolated cells were permeabilized with 70% cold ethanol at 4 °C
for 1 h followed by incubation with 50 �g/ml RNase A at 37 °C
for 30 min. The cells were then labeled with 50 �g/ml pro-
pidium iodide (Sigma). DNA content was analyzed in a
FACSCalibur flow cytometer (BD Biosciences) with the use
of ModFIT software (Vantage Software, Topsham, ME). All
results were from three independent experiments.
Cell Growth in Soft Agar—2 � 104 cells were seeded in 0.3%

agar, 10% FCS in high glucose DMEM. Dishes were precoated
with 0.35% agar in DMEM to prevent cells from attaching the
plastic bottom. Cell colonies were stainedwith 0.5% crystal vio-
let for count at day 14, and the results were obtained from three
independent experiments.
Tumor Growth in Vivo—A total of 12 female C57BL/6 mice

6–8 weeks old (15–20 g) were used in this study. Dark/light
cycles of 12-h duration were maintained with food and water
available ad libitum. Animals were randomly selected for
experiment groups. The mice were injected at the back subcu-
taneously with 75� 104 B16F0 cells carrying control or NCAM
siRNA plasmids. Mice were sacrificed for tumor measurement
after 3 weeks.
Immunoblotting—Cells were lysed for 1 h on ice with lysis

buffer (50 mM Tris, 100 mM NaCl, 5 mM EDTA, 1 mM EGTA, 5
mM MgCl2, 1% Triton X-100, 1% glycerol, and 1� complete
protease inhibitor (Roche Applied Science)). Lysates were
cleared by centrifugation (15,000� g 15min, 4 °C), and protein
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concentration was quantified by the Bradford assay (Bio-Rad).
20–40 �g of lysate was resolved by SDS-PAGE and transferred
to a polyvinylidene fluoridemembrane (Millipore). After block-
ing with 5% skimmed milk for 1 h, membranes were incubated
with specific primary antibodies in either 5% skimmed milk or
5% bovine serum albumin (BSA) followed by incubation with
corresponding HRP-conjugated secondary antibodies. Detec-
tion was carried out with ImmobilonTM Western Chemilumi-
nescent HRP substrate system (Millipore). The primary anti-
bodies were purchased from Millipore (NCAM 5032), Cell
Signaling Technology (E-cadherin 4065, �-catenin 9562, phos-
pho-�-catenin (Ser-33/37) 2009, GSK-3� 9315, phospho-
GSK-3� (Ser-9) 9323, Akt 9272, phospho-Akt (Ser-473) 4051,
CREB 9197, phospho-CREB (Ser-133) 9191, phospho-p44/42
MAPK (Thr-202/Tyr-204) 9101, phospho-LRP5/6 (Ser-1490)
2568, cyclin D1 2926, Santa Cruz Biotechnology (ERK1 sc-93,
LRP5/6 sc-57354, Lamin B sc-6216), Upstate (myc tag, 06-549),
and Sigma (�-acin A5441, GAPDHG8795). All results were from
three independent experiments.
Immunofluorescence—Cells were fixed with 4% paraform-

aldehyde for 15 min and then permeabilized with 0.2% Tri-

ton X-100/PBS for 30 min. After blocking with 4% BSA, PBS
for 1 h, cells were incubated with primary antibodies against
NCAM, GSK-3�, �-catenin, or c-Myc tag in 1% BSA, Triton
X-100, PBS overnight at 4 °C. After washing, cells were incu-
bated for 3 h at room temperature with secondary antibodies
including Alexa Fluor 568 goat anti-rabbit IgG and Alexa
Fluor 488 goat anti-rabbit IgG (Invitrogen). The cell nuclei
were then stained with 4�6-diamidino-2-phenlylindole (0.1
�g/ml) (Invitrogen) in 4% BSA, PBS for 10 min followed and
mounted with FluorSaveTM reagent (Calbiochem). Next the
slides were scrutinized field by field with a confocal micro-
scope (LSM710, Carl Zeiss).
Quantitative PCR—The reactions of real-timePCRwere per-

formed with the KAPA SYBR� qPCR kit (KAPA Biosystems)
according to the manufacturer’s instructions with an initial
denaturation step at 95 °C for 20 s followed by 40 cycles with
denaturation at 95 °C for 3 s and annealing and elongation at
60 °C for 1 min. At the end of each cycle the fluorescence emit-
ted by SYBR Green was measured. The primers used were as
follows: E-cadherin (sense, 5�-CAGGTCTCCTCATGGCTT
TGC-3�; antisense, 5�-CTT CCG AAA AGA AGG CTG TCC-

FIGURE 1.NCAM silencing decreases the proliferation of B16F0 melanoma cells. A, pSilence3.1-U6 and pSilence4.1-CMV vectors carrying siNCAM or
siCTRL were co-transfected into B16F0 melanoma cells and generated stable cell lines by selection. NCAM expression was determined by immunoblot-
ting. �-Actin was used as loading control. B, both siNCAM- and siCTRL-transfected cells were plated in 96-well plates. An MTT assay was performed to
determine the proliferation of cells. *, p � 0.05; n � 6. C and D, siNCAM and siCTRL cells were seeded in agar dishes and incubated for 14 days. The
colonies were stained with crystal violet and counted in nine randomly chosen areas under the microscopy. *, p � 0.05; n � 9. Scale bar, 100 �m. E, cell
cycle analysis is shown. F, flow cytometry was used to measure apoptosis in siCTRL and siNCAM cells. Dotted lines indicate background staining.
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3�); tyrosinase (sense, 5�-CTC TGG GCT TAG CAG TAG
GC-3�; antisense, 5�-GCA AGC TGT GGT AGT CGT CT-3�);
Wnt3A (sense, 5�-CTC CTC TCG GAT ACC TCT TAG
TG-3�; antisense, 5�-GCA TGA TCT CCA CGT AGT TCC
TG-3�); �-catenin (sense, 5�-ATG GAG CCG GAC AGA AAA
GC-3�; antisense, 5�-CTT GCC ACT CAG GGA AGG A-3�);
LRP5 (sense, 5�-AAG GGT GCT GTG TAC TGG AC-3�; anti-
sense, 5�-AGA AGA GAA CCT TAC GGG ACG-3�); LRP6
(sense, 5�-TTG TTG CTT TAT GCA AAC AGA CG-3�; anti-
sense, 5�-GTT CGT TTA ATG GCT TCT TCG C-3�); Friz-
zled7 (sense, 5�-CGG GGC CTC AAG GAG AGA A-3�; anti-
sense, 5�-GTC CCC TAA ACC GAG CCA G-3�), Frizzled8
(sense, 5�-ATGGAGTGGGGTTACCTGTTG-3�; antisense,
5�-CAC CGT GAT CTC TTG GCA C-3�), microphthalmia-
associated transcription factor (MITF) (sense, 5�-ACT TTC
CCTTATCCCATCCACC-3�; antisense, 5�-TGAGATCCA
GAG TTG TCG TAC A-3�), Axin2 (sense, 5�-CAA TGA CAC
CACTCCAGATGAG-3�; antisense, 5�-GGCCAAAGAAGT
CGTTGCG-3�);�-actin (sense, 5�-GAGACCTTCAACACC
CCA GCC-3�; antisense, 5�-AAT GTC ACG CAC GAT TTC
CC-3�). Samples were obtained from three independent experi-
ments, and each sample was used for three reactions of real-time
PCR.
Co-immunoprecipitation—250 �g of cell lysate was incu-

bated with 3 �g of rabbit anti NCAM antibody (Millipore) on a
rollermixer overnight at 4 °C. After that, 20�l of proteinA�G-
agarose beads (Calbiochem) were added and incubated for 4 h
at 4 °C. Beads were pelleted by centrifugation at 12,000 � g for
30 s and boiled in 40 �l of 2� sample buffer for 5 min. Proteins
were collected by centrifugation at 12,000� g for 1min forWest-
ern blotting analysis. All results were from three independent
experiments.
Statistical Analyses—Results are reported as themean� S.D.

Statistical comparisons were performed using Student’s t test
or one-way analysis of variance. Significancewas set at p� 0.05.

RESULTS

NCAM Silencing Decreases the Proliferation and Promotes
Differentiation of B16F0 Melanoma Cells—To determine the
role of NCAM on the growth of melanoma, we tried to silence
the expression ofNCAM inmurinemelanomaB16F0 cells with
two siRNA-incorporated plasmids targeting different sites of
mouse ncam mRNA. As shown in Fig. 1A, the expression
levels of NCAM in cells stably transfected with siRNA plas-
mids (siNCAM) were drastically knocked down compared
with those in the cells transfected with scrambled siRNA
(siCTRL).We then compared the growth capacity of these cells
and found that NCAM silencing significantly reduced the
growth of melanoma cells (Fig. 1B). Consistently, results from
experiments of cell colony formation on soft agar also showed
that the siNCAM cells produced much fewer and smaller cell
colonies than the siCTRL cells (Fig. 1,C andD). In addition, cell
cycle analysis also revealed that NCAM silencing resulted in a
decrease of the S-phase fraction in siNCAM cells (Fig. 1E). To
exclude the possibility ofNCAMsilencing rendered cell vulner-
ability (44) thus affecting cell growth, wemeasured the cell apo-
ptosis by flow cytometry but did not detect obvious differences
of cell death between siCTRL and siNCAM cells (Fig. 1F).

These findings demonstrated that NCAM knockdown can
retard the growth of B16F0melanoma cells. Similar effectswere
also confirmed in NCAM-deficient mouse bone marrow stro-
mal cells (data not shown). Furthermore, we also observed that
NCAM siRNA caused a more flatten morphology of knock out
cells comparedwith the spindle shapedwild type cells (Fig. 2A).
With growth, the siNCAM cells exhibited as clusters or coloni-
zation, in contrast to the randomly distribution of the siCTRL
cells (Fig. 2A). Suchmorphological differencesmay indicate the
mesenchymal-epithelial transition (45) of melanoma cells by
NCAM silencing. Because the up-regulation of E-cadherin has
been considered as one of the markers for mesenchymal-endo-
thelial transition (45), we then compared the expression levels
of E-cadherin between these cells by real-time PCR and West-
ern blot. As expected, the expression of E-cadherin was found
to be significantly up-regulated after NCAM knockdown (Fig.
2, B and C).
Melanocytes are shown to be responsible for the production

of the dark pigment melanin of skin. The capacity of melanin
production was suggested to correlate with the differentiation
and maturation status of melanocytes (46). Thus, we examined

FIGURE 2. NCAM silencing promotes the differentiation of B16F0 cells.
A, morphology of siCTRL and siNCAM cells is shown. Scale bar, 25 �m.
Expression of E-cadherin was determined by immunoblotting (B) and by
real-time PCR (C). *, p � 0.05. D, pigmentation was seen in cells cultured for
3 days. E, quantitative analysis of pigment in medium is shown. *, p � 0.05;
n � 3. F, mRNA level of tyrosinase by real-time PCR is shown. *, p � 0.05.
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the levels of melanin in both cell types and found that NCAM
silencing increased the pigmentation of siNCAM cells, and the
production of melanin was also consistently increased in
medium (Fig. 2, D and E). To further confirm the change of
melanin synthesis, we applied real-time PCR to investigate
mRNA level of tyrosinase, a key enzyme to regulate the synthe-
sis of melanin (47). As expected, the mRNA level of tyrosinase
was also increased significantly after NCAM silencing (Fig. 2F).

The Growth of Melanoma in Mice Is Retarded by NCAM
Silencing—To further investigate the role of NCAM on the
growth of melanoma cells in vivo, siCTRL and siNCAM cells
were subcutaneously transplanted intomice respectively. After
1 week, some small tumor nodes were detected in the mice
transplanted with siCTRL cells but not in the ones with
siNCAM cells. At week 3, the size of melanoma in siNCAM
cell-grafted mice was increased but still much smaller than

FIGURE 3. The growth of melanoma in mice is retarded by NCAM silencing. siCTRL and siNCAM cells were transplanted subcutaneously into the back
of C57BL/6J mice respectively. A, representative mice were injected with siCTRL and siNCAM cells 3 weeks post-transplantation. Arrows indicate the
subcutaneous melanoma. B, specimen of melanoma tumors is shown. C, quantitative analysis of the weight of melanoma tumors is shown. *, p � 0.05; n � 6.
D, expression of NCAM in tumors determined by immunohistochemistry is shown. Scale bars: 25 �m; Hematoxylin and eosin staining scale bars, 50 �m.

FIGURE 4. �-Catenin is involved in the reduced proliferation of B16F0 cells. A, immunoblotting shows the reduced expression level of �-catenin and
phosphorylation of GSK-3� at Ser-9 as well as the elevated phosphorylation of �-catenin at Ser 33/37 in cells transfected with NCAM siRNA. �-Actin was
used as loading control. B, shown is expression of cytosol �-catenin and nuclear Cyclin D1 by immunoblotting. GAPDH and Lamin B were used as loading
control respectively. C, the expression levels of Axin2 and MITF by real-time PCR are shown. *, p � 0.05. D, expression of �-catenin in cells transiently
transfected with �-catenin siRNA and their proliferation are shown. *, p � 0.05. E, cell proliferation was examined in siNCAM cells overexpressing wild
type of �-catenin or the empty vehicle. *, p � 0.05. Representative pictures of three independent experiments are shown.
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those in siCTRL cell-grafted mice (Fig. 3, A and B). The differ-
ences of tumor mass were further confirmed by measuring the
weight of melanoma. The tumors from siNCAM cells were
much lighter than those from siCTRL cells (Fig. 3C), suggesting
that NCAM silencing indeed retarded the growth of melanoma
cells not only in vitrobut also in vivo.More convincingly, results
from immunohistochemical experiments confirmed that the
melanoma tumors from siNCAM cells expressed much less
NCAMthan those from siCTRL cells (Fig. 3D,upper panels, red
asterisks). Interestingly, the growth pattern of siNCAM cells in
tumor tissues also exhibited more compacted clusters (Fig. 3D,
lower panels, arrows) than the siCTRL cells as shown by hema-
toxylin and eosin staining (Fig. 3D, lower panels, arrowheads).

�-Catenin Is Involved in NCAM-facilitated Melanoma Growth
Yet Is Independent of Wnt and PI3K-Akt Pathways—As
revealed by previous studies, the �-catenin pathway partici-
pates in the progression ofmelanoma and cell adhesion by asso-
ciating with cadherin (48), and we therefore set to determine
the contribution of �-catenin in this scenario. As shown in Fig.
4A, the expression level of�-catenin was found to be drastically
decreased in siNCAMcells. Because�-catenin had been shown
to be phosphorylated by GSK-3� at serines 33 and 37 in the
absence of Wnt ligands, thus leading to its ubiquitin-depend-
ent degradation (49), we then determined the level of phos-
phorylated GSK-3� and �-catenin in siNCAM and siCTRL
cells and found that the level of the inactive form of phos-
phorylated GSK-3� is much lower in siNCAM cells compared
with siCTRL cells. Consistently, the level of phosphory-
lated �-catenin (Ser-33/37) is much higher in siNCAM cells
than siCTRL cells (Fig. 4A), implying that NCAM facilitates the
�-catenin pathway via inactivation of GSK-3�. �-Catenin is

also found to bind tightly to the cytoplasmic domain of cad-
herins and plays an essential role in the cell adhesion (48). Only
the free form of �-catenin co-activates gene transcription stim-
ulated byWnt pathway (50, 51). We thus further examined the
status of cytosol �-catenin (signaling �-catenin) by cell frac-
tionation experiment and found that cytosol �-catenin was sig-
nificantly reduced in siNCAM cells (Fig. 4B). Additionally,
cyclin D1, a key downstream effector in theWnt/�-catenin sig-
naling pathway, was also found decreased (Fig. 4B). Moreover,
results of real-time PCR demonstrated that Axin2 and MITF,
direct targets of signaling �-catenin (37, 52), were also down-
regulated byNCAMsilencing (Fig. 4C). These findings strongly
suggested that �-catenin-mediated signaling pathway is
retarded by NCAM knockdown in B16F0 cells. This function
was also observed in B16F10 cells (data not shown).
To verify the contribution of �-catenin to the growth of

B16F0 cells, we transfected the cells with �-catenin siRNA
duplex. As expected, �-catenin silencing significantly reduced
the proliferation of B16F0 cells (Fig. 4D). In addition, overex-
pression of wild type �-catenin was also transfected transiently
into the siNCAMcells and effectively rescued the decreased cell
proliferation byNCAMsilencing (Fig. 4E). To clarify themech-
anism underlying the NCAM facilitated �-catenin pathway, we
examined the activity of Wnt receptors and found no obvious
difference of the phosphorylation of low density protein 5/6
(p-LRP5/6) between these two cell lines (Fig. 5A). In addition,
results of real-time PCR did not reveal any significant changes
of mRNA levels of Wnt3A and its receptors Frizzle7, Frizzle8,
LRP5, and LRP6 (Fig. 5B), suggesting that the NCAM does not
affect the activity of Wnt receptors.

FIGURE 5. NCAM-silencing reduced �-catenin signaling is independent of canonical Wnt and PI3K-Akt pathways. A, immunoblotting showed the
phosphorylation of LRP5/6 in cells. �-Actin was used as loading control. B, mRNA levels of Wnt3A and its receptors Frizzle7, Frizzle8, LRP5, and LRP6 were
determined by real-time PCR. C, immunoblotting showed the levels of p-Akt and p-ERK in cells. D, the Myc-tagged DN-Akt and vehicle were transiently
transfected into B16F0 cells followed by detection of Myc, p-CREB, p-GSK-3�, and �-catenin by immunoblotting. E, B16F0 cells were treated with AKTI (AKT
inhibitor) at different concentrations for 12 h. The levels of p-AKT, p-GSK-3�, and �-catenin were determined by immunoblotting. Representative pictures of
three independent experiments are shown.

NCAM Potentiates Proliferation of Melanoma Cells via �-Catenin

26132 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 286 • NUMBER 29 • JULY 22, 2011



Previous studies had revealed that both PI3K-Akt and
MAPK-Erk pathways can be activated by NCAM (20, 24), and
interestingly, the PI3K-Akt pathway was shown to regulate the
activity of GSK-3� (53). In the present study we found that the
phosphorylation ofAkt (p-Akt)was decreased in siNCAMcells,
whereas phosphorylation of Erk (p-Erk) remained unchanged
(Fig. 5C). Thus, we set out to examine whether the down-regu-
lated PI3K-Akt pathway contributes to the reduction of
p-GSK-3� and �-catenin by NCAM knockdown. We found
that transfection of theDN-Akt plasmid drastically reduced the
phosphorylation of its target gene, CREB (Fig. 5D). However,
both p-GSK-3� and �-catenin remained unchanged in the cells
transfected with DN-AKT. Similar results were also obtained
from the cells treatedwith the AKT-specific inhibitor, AKTI, as
shown in Fig. 5E, suggesting that both MAPK and PI3K-Akt
pathways are not responsible for the decreased �-catenin by
NCAM silencing.
FGFR Facilitates the Activation of �-Catenin Induced by

NCAM—To further clarify themechanisms underlyingNCAM
induced activation of �-catenin, we first determined the effects
of differentmembers of NCAMon the cell growth by transfect-
ing the cells with three major NCAM isoforms, NCAM120,
NCAM140, and NCAM180 (Fig. 6A). MTT proliferation assay
revealed that overexpression of NCAM140 andNCAM180, but
not NCAM120, promoted cell proliferation (Fig. 6B). As
expected, only NCAM140 and NCAM180 significantly
increase the amount of p-GSK-3� and cytosol �-catenin (Fig.

6C). Notably, overexpression of various isoforms of NCAM
does not obviously increase the level of p-Akt (data not shown),
further demonstrating that NCAM does not rely on the Akt
pathway in activating�-catenin pathway. To further determine
the contribution of �-catenin in this scenario, the DN-�-
catenin was co-transfected into the cells with NCAM140 or
NCAM180. The function of DN-�-catenin was confirmed by
the down-regulation of �-catenin-targeted genes, Axin2 and
MITF (data not shown). The increased cell proliferation by
NCAM140/180 was repressed in DN-�-catenin-transfected
cells (Fig. 6D). Similar results were also obtained from the
experiments of transfection with dominant negative TCF4, the
�-catenin co-transcription factor (data not shown), suggesting
that �-catenin pathway participates in the NCAM-induced
proliferation of B16F0 cells.
ComparedwithNCAM120, bothNCAM140 andNCAM180

have intracellular domains that are likely to be responsible for
triggering the �-catenin pathway. In an attempt to verify this
hypothesis, we cloned and transfected the cells with the intra-
cellular domains of NCAM140 (140IC) andNCAM180 (180IC)
containing the transmembrane domain. As demonstrated by
Western blot and immunocytochemistry results, the intracel-
lular domains of NCAMwere successfully expressed and local-
ized on the cellular membrane (Fig. 7, A and B). Unexpectedly,
we did not observe any stimulation of �-catenin and p-GSK-3�
by the intracellular domains compared with the full-length
NCAM140/180 (Fig. 7C), suggesting that the coordination

FIGURE 6. NCAM140/180 facilitates the growth of B16F0 melanoma cells via increasing �-catenin levels. A, pcDNA4-NCAM/myc-His expression vector
encoding the full-length NCAM120, NCAM140, or NCAM180 was transiently transfected into B16F0 cells. The cells transfected with an empty vector were used
as control. Myc tag and NCAM expression were examined by immunoblotting. B, cell proliferation was measured by MTT assay. C, p-GSK-3� and cytosol
�-catenin were examined in B16F0 cells with overexpressing of NCAM120, NCAM140, or NCAM180. D, pcDNA4-NCAM140 or NCAM180 and DN-�-catenin were
transiently co-transfected into the B16F0 cells. The cells transfected with empty vectors were used as the control. An MTT assay was used to measure cell
proliferation. *, p � 0.05.
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between the intra- and extracellular domains of NCAM is
required for the activity of �-catenin pathway.

NCAM has been well documented to interact with FGFR
extracellularly to elicit downstream signaling (18, 19). To exam-
ine whether FGFR is involved in the NCAM-induced �-catenin
signaling, we pretreated cells with the FGFR-specific inhibitor
SU5402 for 4 h followed by transfection ofNCAM140/180 con-
structs. Intriguingly, as shown in Fig. 7D, SU5402 completely
abrogated the increased �-catenin and p-GSK-3� by
NCAM140/180 up-regulation, indicating that the NCAM-in-
duced�-catenin signaling is FGFR-dependent. BecauseNCAM
was demonstrated to regulate �-catenin activity in our study,
we wondered whether NCAM could bind with �-catenin
directly. As expected, co-immunoprecipitation experiments
show that NCAM is capable of interacting with �-catenin in
B16F0 cells (Fig. 8A). To verify this result, we also performed
co-immunoprecipitation experiments in NCAM140- and
NCAM180-overexpressing B16F0 cells and bone marrow stro-
mal cells. Notably, the co-immunoprecipitation data further
confirmed that NCAM is able to associate with �-catenin (Fig.
8A). Given the previous finding that the activity of GSK-3� can
be regulated by NCAM, we thus speculated whether NCAM
also binds withGSK-3� (Fig. 8B). As expected, such interaction
was confirmed by their co-localization by immunohistochem-
istry staining (Fig. 8D). Similarly, our co- immunoprecipitation
experiments also revealed the association of FGFR with the
complex of NCAM,�-catenin, andGSK-3� in B16 F0 cells (Fig.
8C). These findings clearly demonstrated that NCAM could
cooperate with FGFR for activation of �-catenin in promoting
the growth of melanoma cells.

DISCUSSION

NCAM has been well known for regulating cell adhesion,
proliferation, differentiation, migration, neurite outgrowth,
and synaptic plasticity in nervous system. Recent evidence
shows that NCAM also participates in the development of var-
ious cancers with different effects. In this report we demon-
strated that NCAM promotes the proliferation of B16F0 mela-
noma cells by activation of �-catenin signaling through FGFR
rather than the canonical Wnt pathway. Furthermore, NCAM
could interact with FGFR, �-catenin, and GSK-3�. These find-
ings may enrich our understanding of the role of NCAM-me-
diated pathways in the progression of melanoma and benefit
the improvement of melanoma treatment.
It has been well established that abnormal proliferation plays

a key role in melanocyte transformation (1), and the growth
capacity determines the progression and prognosis of mela-
noma in clinic (54). Previous studies revealed the important
role of cell surface molecules on the progression of melanoma
(55). NCAM was shown to participate in the progression of
various tumors with different effects (10). We pioneered the
study previously that NCAM potentiates the cellular invasion
and metastasis of melanoma (17). In the current work we fur-
ther reported that NCAM silencing reduced the progression of
murine melanoma including decreased cell proliferation,
clonogenicity, and tumor growth in vivo. Not only NCAM, but
its familymembers, the adhesionmolecule L1 (CD171) (56) and
cell adhesionmolecule (MCAM) (57), have been demonstrated
to promote the progression of melanoma, which strongly sup-
ports the notion of the adhesion molecules as the progression

FIGURE 7. FGFR contributes to the NCAM promoted the �-catenin signaling. A and B, pcDNA4/myc-His vector containing 140IC or 180IC was transiently
transfected into B16F0 cells. Western blot showed the expression of Myc tag and NCAM (A). Localization of expressed proteins was determined by immuno-
cytochemistry (B). Scale bar: 10 �m. C, p-GSK-3� and signaling �-catenin were examined by immunoblotting in cells transfected with NCAM140, NCAM180,
140IC, or 180IC. D, B16F0 cells were pretreated with FGFR inhibitor, SU5402, at 10 �M for 4 h before transfection of NCAM140 or -180. Western blot results
showed the levels of �-catenin and p-GSK-3� upon NCAM140/180 up-regulation. Veh, vehicle.
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marker of melanoma (58). In addition, we also found that
silencing of NCAMwas associated with the differentiation and
mesenchymal-epithelial transition of melanoma cells. Because
proliferation and differentiation are mutually exclusive events
and mesenchymal-epithelial transition correlated with the
reduction of tumor invasiveness, these findings suggest that
silencing of NCAM would drastically decrease the progression
of melanoma by changing various cell behaviors.
Through homo- or heterophilic binding,NCAM iswell dem-

onstrated to trigger multiple signaling cascades in neuronal
cells, of which aberrant activation of MAPK and PI3K/Akt has
been shown to associate with the development of melanoma
(27–30). However, in the present study both PI3K-Akt and
MAPK/Erk pathways are not shown to be significantly impli-
cated in the NCAM-mediated proliferation of B16F0 mela-
noma cells. Instead, we found that �-catenin played a crucial
role down-stream NCAM in melanoma cell proliferation. The
�-catenin pathway has been demonstrated to either promote
(37, 59–61) or decrease the progression of melanoma (62–65).
Chien et al. (66) recently found that the Wnt3 could increase
the level of�-catenin and reduce the proliferation ofmelanoma
cells. However, the role of �-catenin in this study seems not
conclusive because the application of �-catenin siRNA could
not rescue the Wnt3 decreased cell proliferation. This study
also indicated that the roles of Wnt and �-catenin pathways
may not consist in the context of melanoma. In present study

we applied gain or loss of function of signaling �-catenin and
indicated that �-catenin is indeed able to promote the prolifer-
ation of B16 F0 melanoma cells. These controversial reports
indicated that the role of �-catenin on the development of mel-
anoma is affected by various regulatory factors. As demon-
strated by previous study, the activity of �-catenin was seques-
tered by binding with E-cadherin (39). Here, we demonstrated
that NCAM could activate the �-catenin pathway to pro-
mote the progression of melanoma. �-Catenin is known as
an essential component in canonical Wnt signaling and is
phosphorylated by the serine/threonine kinases casein
kinase I and GSK-3� in a scaffolding destruction complex in
the absence of Wnt (67). Once Wnt binds to its receptors,
Frizzled and LRP5/6, the inhibitory GSK-3� is removed, and
�-catenin translocates into the nucleus for activation of
transcription factors (33). Notably, the inactivation of GSK3�
in the canonical Wnt pathway may be regulated by its interac-
tion with other proteins involving FRAT (68, 69) and LRP6 (70)
rather than by its phosphorylation at Ser-9 (71). However, in
the present study we found that phosphorylation of GSK3� at
Ser-9 is in parallel with the change of �-catenin upon NCAM
knockdown or overexpression, indicating a novel Wnt-inde-
pendent regulatory pathway.
NCAM is well established to cooperate with FGFR to evoke

various downstream signaling cascades, such as PLC-�, MAPK,
and PI3K/Akt pathways (20, 72–74). FGFR has recently been

FIGURE 8. NCAM is able to interact with FGFR, GSK-3�, and �-catenin. A, cell lysates were immunoprecipitated (IP) with anti-NCAM antibody or unrelated
isotype IgG and analyzed for the presence of NCAM and �-catenin by Western blot (IB). B, cell lysates were immunoprecipitated with anti-NCAM antibody or
IgG and analyzed for NCAM and GSK-3�. C, cell lysates were immunoprecipitated with anti-FGFR antibody or IgG and analyzed for the presence of FGFR, NCAM,
�-catenin and GSK-3�. D, immunocytochemistry results indicated the co-localization (yellow, arrows) of NCAM (red) with �-catenin (upper panel, green) and
GSK-3� (lower panel, green). Scale bars, 20 �m. Representative pictures of three independent experiments are shown.
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extensively documented to be involved in the activation of
�-catenin during tumor development (75–77). It has been
found that a variety of Erk-mediated signaling components
such asMAP kinase-activated protein kinase-1, p70 S6 kinases,
and p90RSK-1 (39, 78, 79) were shown to inactivate GSK-3�.
Akt was also shown to be able to phosphorylate GSK-3� and
facilitate the �-catenin signaling (38), suggesting that NCAM
might prime the FGFR-induced activation of �-catenin. More-
over, FGF signaling activation also leads to �-catenin released
from binding with E-cadherin, thus, increasing the pool of free
�-catenin (76). Interestingly, our experiments further revealed
that FGFR signaling is required for the NCAM-mediated acti-
vation of �-catenin in melanoma cells. The cooperative effects
of FGFR and NCAM on the activation of �-catenin could also
be supported by the finding that bFGF-induced inactivation of
GSK-3� was compromised by NCAM knocked down (data not
shown). However, among the signaling molecules downstream
of FGFR, we only detected that PI3K/Akt pathway could be
affected byNCAM in these cells, which is not shown to contrib-
ute to the regulation of �-catenin pathway. Obviously, some
other unidentified mechanisms might be involved in the
NCAM-FGFR-induced activity of �-catenin.
Although �-catenin is mainly located in cytosol, it is also

found in association with endothelial-specific cell adhesion
molecule (80) andN-cadherin (40). BecauseNCAMwas shown
to bind with N-cadherin, this motivates us to investigate
whether NCAM is also associated with �-catenin. As expected,
we found thatNCAM is able to interact with�-catenin and also
GSK-3�. Not surprisingly, FGFR is also found in this complex
with GSK-3� and �-catenin, as FGFR is an important NCAM
interaction partner and can directly bind to the extracellular
domain of NCAM (19). Thus, we proposed a novel model that
NCAMcould regulate the �-catenin pathway via FGFR-depen-
dent machinery in the progression of melanoma. Among the
three major members of NCAM, NCAM140 and 180 but not
NCAM120 were found to promote the �-catenin signaling,
suggesting the important role of the intracellular domain of
NCAM in the activation of �-catenin. However, our results
further showed that the intracellular domains of NCAM140
and NCAM180 alone are not sufficient to promote the activa-
tion of �-catenin, indicating that the extracellular domain of
NCAM is also indispensible for this machinery. Given that
overexpression of NCAM120 could activate the FGFR in previ-
ous studies (18), we proposed that the extracellular domain of
NCAM mainly activates FGFR, whereas the intracellular
domain could facilitate the activation of �-catenin by FGFR. A
similar scenario was also shown by the finding that the interac-
tion between NCAM and FGFR extracellularly leads to the
recruitment of intracellular PKC to NCAM-spectrin complex
(81), demonstrating the importance of the extracellular domain
of NCAM in the activation of its intracellular downstream fac-
tors (82). However, this notion is different from the model of
endothelial-specific cell adhesion molecule in which the intra-
cellular domain of endothelial-specific cell adhesion molecule
is oncogenic and is able to trigger�-catenin-mediated signaling
(80). Taken together, our study suggests a novel regulatory
effect of NCAM, largely via FGFR, on activation of �-catenin to
promote the melanoma progression. Because the NCAM- spe-

cific antibodies have been used in tumor therapy (83, 84) and
the antagonist peptides are also developed (85), our findings
regarding the role of NCAM on melanoma progression would
help for novel treatment development.
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Schomäcker, K., Heuckmann, J. M., Bochennek, K., and Jensen, M. (2009)
J. Immunother. 32, 442–451

84. Lutz, R. J., and Whiteman, K. R. (2009)MAbs 1, 548–551
85. Berezin, V., and Bock, E. (2010) Adv. Exp. Med. Biol. 663, 337–353

NCAM Potentiates Proliferation of Melanoma Cells via �-Catenin

JULY 22, 2011 • VOLUME 286 • NUMBER 29 JOURNAL OF BIOLOGICAL CHEMISTRY 26137


