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A constitutive complex of B-catenin and LEF-1 has
been detected in melanoma cell lines expressing either
mutant B-catenin or mutant APC (Rubinfeld et al.,
Science, 275, 1790-1792, 1997). However, it has been
recently reported that B-catenin mutations are rare in
primary malignant melanoma, but its nuclear and/or
cytoplasmic localization, a potential indicator of Wnt/
B-catenin pathway activation, is frequently observed
in melanoma (Rimm et al., Am. J. Pathol., 154, 325-329,
1999). In human malignant melanoma, the appearance
of the tumorigenic phase represents a capacity for
metastasis and is the significant phenotypic step in
disease progression. Cell motility in invasive mela-
noma is thought to play a crucial role in metastatic
behavior. In this work, we sought to determine which
transcription factor of the LEF/TCF family was pref-
erentially involved in human melanoma from different
stages of tumor progression. We show that LEF-1
MRNA expression is predominant in highly migrating
cells from metastatic melanomas. These actively mi-
grating melanoma cells showed nuclear and cytoplas-
mic accumulation of B-catenin and active transcrip-
tion from a reporter plasmid of the LEF/TCF binding
site. These results may provide a new insight into the
role of the Wnt/B-catenin signaling pathway in the
tumor progression of malignant melanoma. o 2001
Academic Press
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Signal transduction mediated by Wnt/B-catenin
plays diverse and important roles in the embryonic
development of Xenopus and Drosophila (1, 2). In
mammalian cells, several lines of evidence link dereg-
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ulated Wnt signaling to tumor progression. The wnt-1
proto-oncogene, which stabilizes B-catenin (3, 4), pro-
motes tumor formation when expressed in mouse
mammary tissue (5). In colon carcinoma, enhanced
B-catenin signaling may result from inactivation of the
APC tumor suppressor gene, the product of which
downregulates B-catenin in cultured cells (6). More-
over, missense mutations identified in the p-catenin
gene in cancer cells promote the stabilization of the
protein and prevent its suppression by the APC tumor
suppressor protein (7, 8). Thus, these findings suggest
that stabilized B-catenin contributes to the develop-
ment of human tumors.

The LEF-1 transcription factor was originally iden-
tified as a T cell-specific high mobility group DNA
binding protein that binds to a specific motif in the
minimal T cell receptor « enhancer region (9, 10). The
LEF-1 and a Xenopus homolog XTCF-3 were found to
bind to B-catenin at a site localized to the amino-
terminal region of LEF-1/XTCF-3 proteins (11, 12).
Both proteins have been shown to functionally interact
with B-catenin for axis duplication of Xenopus em-
bryos. A Drosophila homolog of the LEF-1 protein has
shown to act downstream of the B-catenin homolog
armadillo in the wingless signaling pathway (13, 14).
These observations suggest that deregulation of
B-catenin may result in its active interaction with a
LEF/TCF transcription factor and then activate spe-
cific target genes as an endpoint in carcinogenesis.

A constitutive complex of g-catenin and LEF-1 has
been detected in melanoma cell lines expressing either
mutant B-catenin or mutant APC (7). Recently, it has
been reported that B-catenin mutations are rare in
primary malignant melanoma, but its nuclear and/or
cytoplasmic localization, a potential indicator of Wnt/
B-catenin pathway activation, is frequently observed in
melanoma (15, 16). In human malignant melanoma,
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the appearance of the tumorigenic phase with the ca-
pacity for metastasis is a pathogenic or phenotypic step
in disease progression (17-19). In invasive malignant
melanoma, cell motility is thought to play a crucial role
in metastatic behavior.

In this study, we sought to determine which LEF/
TCF transcription factor of the family was preferen-
tially involved in human melanoma from different
stages of tumor progression. We show that LEF-1
MRNA expression is predominant in highly migrating
cells from metastatic melanomas. These highly migrat-
ing cells activated transcription from a reporter plas-
mid containing LEF/TCF binding site. Furthermore,
dominant negative LEF-1 inhibited the migration ac-
tivity of the most actively migrating MM-RU cells.
These results suggest that activation of B-catenin cou-
pled with LEF-1 expression may contribute to the mi-
gration activity of malignant melanoma with meta-
static potential.

MATERIALS AND METHODS

Cells, plasmids, and antibodies. Human melanoma cell lines,
RPM-MC, MM-LH, MM-AN, MM-BP, RPM-EP, and MM-RU were
isolated as described previously (20). Briefly, RPM-EP and RPM-MC
were established from a dermal nodule of a recurrent primary cuta-
neous malignant melanoma, representing the vertical growth phase
of primary cutaneous melanoma. MM-LH, MM-AN, MM-BP, and
MM-RU were derived from lymph node metastases. These cells were
maintained in minimal essential medium (MEM) supplemented with
10% fetal calf serum (FCS), penicillin G, and streptmycin sulfate.
Normal human melanocytes were purchased from Clonetics and
maintained in melanocyte growth media (Clonetics, San Diego, CA).
The Jurkat T cell leukemia cell line was maintained in RPMI 1640
supplemented with 10% FCS. The cultures were kept in a 5% CO,
and 95% air humidified atmosphere at 37°C.

The wild type LEF/TCF reporter plasmid (TOPFLASH) and mu-
tant binding reporter plasmid (FOPFLASH) were obtained from
Upstate biotechnology, NY. These contain three copies of the LEF/
TCF binding sequence (5'-AGATCAAAGGG-3’) or the mutant se-
quence (5’-AGGCCAAAGGG-3’) upstream of the herpes simplex vi-
rus thymidine kinase (TK) minimal promoter and luciferase open
reading frame. The pRL-TK vector contains the TK promoter up-
stream of the Renilla luciferase gene (Promega, Madison, WI1), that
serves for normalization to transfection efficiency.

Human LEF-1 cDNA was isolated by amplification of the entire
coding sequence by polymerase chain reaction (PCR) from cDNA of
Jurkat T cells. The cDNA was inserted into the Myc-taged pcDNA3.1
(Invitrogen, CA) expression vector carrying the cytomegalovirus pro-
moter. A deletion mutant, ANLEF-1, was prepared similarly by
using PCR, in which primers were designed by deleting the amino-
terminal lesion (1-68 amino acid) of LEF-1 cDNA. The nucleotide
sequences of the PCR products were determined using the BigDye
Terminator Cycle Sequencing Kit (Applied Biosystems, CA) followed
by electrophoresis on an ABI PRISM 310 DNA autosequencer (Ap-
plied Biosystems, CA).

Anti-p-catenin and anti-APC monoclonal antibodies were obtained
from Transduction Laboratories (KY) and Pharmingen (CA), respec-
tively. Anti-Myc monoclonal antibodies were provided by Medical &
Biological Laboratories (MBL) (Nagoya, Japan). Antibodies against
a-tubuline and 1-kB-a were purchased from Santa Cruz Biotechnol-
ogy, Inc. (Santa Cruz, CA).

Reverse transcription (RT)-PCR. Total RNA was extracted from
cells using Isogen (Nippon Gene, Toyama, Japan). The total RNA (1

BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS

ng) was used for a reverse transcriptional reaction. PCR was then
carried out in a final volume of 50 ul containing 2.5 U of Ex Taq
polymerase (Takara, Ohtsu, Japan) and 2 ul of the RT reaction in a
buffer as described in the instruction manual. The following primers
were used: LEF-1 sense, 5'-CCAGCTATTGTAACACCTCA-3'; LEF-1
antisense, 5'-TTCAGATGTAGGCAGCTGTC-3'; TCF-1 sense, 5'-
TGACCTCTCTGGCTTCTACT-3'; TCF-1 antisense, 5'-TTGATGGT-
TGGCTTCTTGGC-3'; TCF-3 sense, 5'-~AGGAAATCACCAGTCACC-
GT-3'; TCF-3 antisense, 5'-GTACTTGGCCTGTTCTTCTC-3'; TCF-4
sense, 5'-TTCAAAGACGACGGCGAACAG-3'; TCF-4 antisense, 5'-
TTGCTGTACGTGATAAGAGGCG-3'; glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) sense, 5'-GTATCGTGGAAGGACTCATG-
3’; and GAPDH antisense, 5'-AGTGGG-TGTCGCTGTTGAAG-3'.
The PCR conditions for each set of primers were 95°C for 5 min,
followed by 30 cycles at 95°C for 30 s, 56°C for 45 s, and 72°C for 1
min. The PCR products were analyzed on 2.0% agarose gel.

Northern blot analysis. The poly(A)” RNA was purified using
Oligotex-dT30 Super (Takara, Ohtsu Japan). Then, 3 ug poly(A)”©
RNA was denatured with 2.2 M formaldehyde and electrophoresed in
a formaldehyde-agarose gel. RNA was transferred to a nylon filter
and hybridized overnight with *P-labeled cDNA at 42°C in a mixture
containing 50% formamide, 4X SSC, 100 g sonicated and denatured
salmon sperm DNA, and 10 ug poly(A). The filter was washed in
0.1X SSC, 0.1% SDS at 68°C for 20 min.

Transfection, luciferase assay, and immunoblotting. Cells (1 X
10° cells per well) were seeded into 24-well plates. Reporter plasmids
were transfected by means of lipofection using Lipofectamine 2000
(GibcoBRL, Gaithersburg, MD) after 36 h, and the luciferase activity
was measured using the Dual-Luciferase Reporter assay system
(Promega, Madison, WI). Each assay was independently repeated
three times and its average value was indicated. The activity was
dependent on the incubation time and protein concentration used for
the assay.

For establishment of cells expressing ANLEF-1, plasmid DNA was
transfected into 5 X 10° cells in a 60-mm petri dish, and cells were
maintained with MEM supplemented with 10% FCS for 2 days and
followed by the medium containing G418 geneticine (GibcoBRL,
Gaithersburg, MD) (600 pg/ml) for 14 days. Fifteen geneticine-
resistant clones were isolated and used for further cell tracking
assays. Similarly, mock transfectants (vector plasmid alone) were
also isolated.

For preparation of cytoplasmic and nuclear extracts, cells were
lysed in hypotonic buffer (10 mM Hepes, pH 7.9, 1 mM MgCl,, 0.5
mM CacCl,, 2 mM PMSF, 0.5% NP-40) and separated into cytoplas-
mic and nuclear fractions (21). The isolated nuclear extracts were
prepared by suspending the pellet in a buffer consisting of 15 mM
Hepes, pH 7.9, 5 mM MgCl,, 0.1 mM EDTA, 1 mM DTT, and 0.4 M
NaCl and collecting the supernatant after centrifugation. For prep-
aration of total cell lysate, cells were disrupted by suspension in
RIPA buffer (21) followed by sonication and centrifuged for 10 min at
4°C, and then the supernatant was used for immunoblotting. Each
cell extract (10 pg of protein) was assayed for immunoblotting with
appropriate monoclonal antibodies, biotinylated antibody pairs, and
streptavidin-conjugated horseradish peroxidase (Amersham Phar-
macia Biotech, Buckinghamshire, UK). It should be noted that in the
comparison of the cytoplasmic and nuclear fractions, the same
amount of protein of each fraction was used; that is, the original cell
number for the nuclear fraction was 6 times that of the cytoplasmic
fraction.

Migration assays. Migration assays were performed as described
previously with slight modifications (20, 22, 23). Briefly, subconflu-
ent cultures of cells were seeded onto coverslips at a density between
0.4 and 1.0 cells per 10* wm?. After a minimum of 4 h of incubation
(37°C, 5% CO,, 95% air humidified atmosphere), cell migration was
studied over a 3-h period under a Nicon Diaphot inverted microscope
in a hermetically sealed Plexiglass Nicon NP-2 incubator at 37°C in
a 5% CO, and 95% air environment. Cell migration was recorded
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FIG. 1. Predominant expression of LEF-1 mRNA in highly mi-

grating melanoma cells. (A) LEF/TCF mRNA expression was evalu-
ated by RT-PCR analysis in melanoma cell lines. One microgram of
total RNA that was extracted from each melanoma cell line was used
for reverse transcription. PCR was then performed with the primers
as described in Materials and Methods. The PCR condition was 95°C
for 5 min, followed by 30 cycles at 95°C for 30 s, 56°C for 45 s, and
72°C for 1 min. Upper panel, LEF-1; upper middle panel, TCF-1;
middle panel, TCF-4; lower middle panel, TCF-3; lower panel, glyc-
eraldehyde 3-phosphate dehydrogenase (GAPDH). Lane 1, marker;
lane 2, RPM-MC; lane 3, MM-LH; lane 4, MM-AN; lane 5, MM-BP;
lane 6, RPM-EP; lane 7, MM-RU. (B) Random migration rate of the
human melanoma cell lines and normal human melanocytes. Cell-
migrating potentials have been analysed by time-lapse and image
analysis as described under Materials and Methods. *Significant
difference in migration rate (t test; P < 0.001) relative to normal
melanocytes, RPM-MC, and MM-LH. Lane 1, normal human mela-
nocyte; lane 2, RPM-MC; lane 3, MM-LH; lane 4, MM-AN; lane 5,
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using a video camera and a time-lapse videocassette recorder. Image
analysis was performed by playing back video images, digital saving
of images at hours 0, 1, 2, and 3, and tracing the migration paths of
individual cells on the video monitor. The migration rate was defined
by the algebraic sum of the hourly two-dimensional migration dis-
tances divided by 3 h, resulting in micrometers per hours. The
migration of 30 cells was analyzed for each experimental condition.
For cell tracking assay, coverslips were coated with colloidal gold
particles according to the procedure of Albrecht-Buehler (24) and
thoroughly rinsed with MEM. Four thousand cells were seeded on
these coverslips, which were then placed in 35-mm petri dishes and
cultured with MEM supplemented with 10% FCS for 8 h. To assess
cell migration, we employed computer analysis to monitor the mi-
croscopic image of the tracks made by cells and measured the dis-
tance of the tracks. Single cells in the field were chosen randomly for
assessment, and 30 cells were monitored in each migration assay.

Statistical analysis. Data were presented as mean = standard
deviation (SD). Statistical differences between the two groups were
evaluated using the unpaired Student’s t test. The calculations were
performed by means of the Statview software (Abacus Concepts,
Berkley, CA). P values of less than 0.05 were considered significant.

RESULTS

Predominant Expression of LEF-1 mRNA in
Migration-Active Melanoma Cell Lines

There are four known members of the LEF and TCF
family in mammals: the lymphoid-specific factors
LEF-1 and TCF-1, TCF-4 characterized in colon carci-
noma, and the less well characterized TCF-3 (25). To
determine which LEF/TCF transcription factor of the
family is involved in human melanoma from different
stages of tumor progression, expression of LEF-1,
TCF-1, TCF-3, and TCF-4 was surveyed among mela-
noma cell lines using reverse transcription-polymerase
chain reaction (RT-PCR). Although all of the mela-
noma cell lines expressed more than one of the LEF/
TCF genes, only LEF-1 mRNA was expressed in essen-
tially highly migrating melanoma cell lines (Fig. 1A).
Their cell-migrating potentials have also been con-
firmed by time-lapse and image analysis (Fig. 1B), and
well characterized by Byers et al. (20). Northern blot
analysis showed that LEF-1 mRNA was predomi-
nantly expressed in highly migrating cell lines (Fig.
1C, lanes 4-7), but neither in normal melanocytes
(lane 1) nor in low migrating melanoma cells (lane 2
and 3). The results demonstrate that the expression of
LEF-1 transcription factor was augmented in actively
migrating melanoma cells.

MM-BP; lane 6, RPM-EP; lane 7, MM-RU. Error bar, SD (n = 30)
(C) Analysis of LEF-1 mRNA level by Northern blotting. Poly(A)*
RNA was extracted from melanoma cell lines and normal human
melanocytes. Northern blot analysis was then performed on 3 pg
poly(A)” RNA using **P-labeled cDNA probes described in the text.
Upper panel, LEF-1; lower panel, GAPDH. Lane 1, normal human
melanocyte; lane 2, RPM-MC; lane 3, MM-LH; lane 4, MM-AN; lane
5, MM-BP; lane 6, RPM-EP; lane 7, MM-RU.
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FIG. 2. Nuclear accumulation of p-catenin in actively migrating
melanoma cells. (A) Abundant expression of B-catenin protein in
actively migrating melanoma cells. Cells were disrupted by suspen-
sion in RIPA buffer, followed by sonication. The samples then were
centrifuged for 10 min at 4°C, and the supernatant (10 ug of protein)
was used for the Western blot analysis using anti-g-catenin (upper
panel), and anti-a-tubulin (lower panel) antibodies. Lane 1, MM-RU;
lane 2, MM-AN; lane 3, MM-BP; lane 4, MM-LH; lane 5, RPM-MC.
Notably, level of B-catenin was increased in the actively migrating
melanoma cells (lanes 1-3). (B) Nuclear accumulation of B-catenin in
actively migrating melanoma cells. The cytoplasmic (C) and nuclear
(N) fractions of the cells were analyzed by Western blotting using
anti-B-catenin (upper panel), and anti-1-kBa (lower panel) antibod-
ies. Lanes 1 and 2, MM-RU; lanes 3 and 4, RPM-MC. Notably, level
of B-catenin in the nucleus was increased in the actively migrating
melanoma MM-RU cells.

Nuclear Accumulation of B-Catenin in Highly
Migrating Melanoma Cells

Previous studies have shown that activation of the
Wnt/B-catenin pathway results in the free cytoplasmic
pool of B-catenin and its nuclear translocation. Muta-
tions in the APC tumor suppressor gene or the amino
terminus of B-catenin itself have also been shown to
result in increased levels of B-catenin, its nuclear
translocation, and transcriptional activation of the
LEF/TCF recognition site (7, 8, 26). We then tested the
abundance and subcellular localization of B-catenin in
the melanoma cell lines. Whole cell extracts from the
melanoma cells were analyzed by Western blotting em-
ploying anti-B-catenin monoclonal antibodies. Figure
2A shows that the level of B-catenin was increased in
the most actively migrating melanoma cells (lanes
1-3), compared to the less actively migrating cells
(lanes 4 and 5). Furthermore, cytoplasmic and nuclear
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extracts were prepared from the cells, and then ana-
lyzed by immunoblotting using the anti-B-catenin
monoclonal antibodies. As shown in Fig. 2B, B-catenin
was accumulated in the nuclear fraction of the actively
migrating melanoma MM-RU cells (lane 2), but not the
less actively migrating RPM-MC cells (lane 4). Levels
of cytoplasmic protein I-kBa (27) between MM-RU and
RPM-MC cells were almost equal in each fraction.
These results suggest that the Wnt/B-catenin signaling
pathway be activated in actively migrating melanoma
cells.

To assess the prevalence of mutations in 3-catenin to
the melanoma cell lines, we carried out sequencing
studies on the amino terminus of B-catenin. However,
we did not find any mutations in these cell lines (data
not shown). Surveying the expression of APC tumor
suppressor protein in the cell lines, neither large dele-
tion nor truncation was observed (data not shown).

The LEF/TCF Reporter Plasmid Was Activated
in Highly Migrating Melanoma Cells

In the present study, actively migrating melanoma
cells showed nuclear accumulation of B-catenin. In or-
der to investigate whether there was a correlation be-
tween LEF-1 expression and nuclear B-catenin accu-
mulation in these more actively migrating melanoma
cells, we employed a set of reporter plasmids in a
B-catenin/LEF-1 reporter gene assay (28, 29). It con-
tained three copies of the optimal LEF/TCF binding
motif, or three copies of the mutant motif, upstream of
a minimal herpes virus thymidine kinase promoter
driving luciferase expression (TOPFLASH and FOP-
FLASH, respectively). Transient transfection was per-
formed in those melanoma cell lines. The TOPFLASH
reporter was significantly transcribed on actively mi-
grating melanoma cells in which level of B-catenin was
increased, but no enhancement of transcription was
detected in cells transfected with the negative control
plasmid FOPFLASH (Fig. 3A). These results suggest a
functional correlation between LEF-1 expression and
accumulation of B-catenin in the more actively migrat-
ing melanoma cells.

To evaluate whether this activation of LEF/TCF
binding site is evoked via the transcription factor
LEF-1, a dominant negative-type Lef-1 mutant
(ANLEF-1) was expressed into the actively migrating
MM-RU cells. The mutant ANLEF-1 deleted the 1-67
amino-terminus residues (amino acid 68—-399) and was
not able to bind to B-catenin (Fig. 3B) (30). The higher
transcription of LEF/TCF binding site was reduced by
enforced expression of ANLEF-1 in a dose-dependent
fashion (Fig. 3C). This suggests that the enhanced
transcription of the LEF/TCF site in migration-active
MM-RU melanoma cells be via the transcription factor
LEF-1 and B-catenin.
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FIG. 3. The LEF/TCF reporter plasmid was activated in actively
migrating melanoma cells. (A) Functional correlation between LEF-1
expression and accumulation of B-catenin. The luciferase reporter
plasmid containing the three optimal LEF/TCF binding sites (TOP-
FLASF) was transiently transfected into the melanoma cell lines
(RPM-MC and MM-LH, low migrating cells; MM-BP and MM-RU,
highly migrating cells), and the luciferase activity was measured at
36 h posttransfection. Closed bar, TOPFLASF reporter plasmid;
open bar, FOPFLASF mutant binding site. *Significant difference in
the luciferase activity (t test; P < 0.05) relative to RPM-MC and
MM-LH. Error bar, SD (n = 3). (B) Schematic representation of
dominant negative LEF-1 mutant (ANLEF-1). ANLEF-1 (amino acid
68-399) is missing the B-catenin binding domain. (C) Dominant
negative LEF-1 mutant inhibited the transcription of the LEF/TCF
binding site in the actively migrating MM-RU cells. MM-RU cell
were transfected with the reporter plasmid (TOPFLASH or FOP-
FLASF) and ANLEF-1 expression plasmid. The higher transcription
of the TOPFLASH reporter plasmid was reduced by enforced expres-
sion of ANLEF-1 in a dose-dependent manner.

Dominant Negative LEF-1 Mutant Suppressed
Migration Activity of MM-RU Cells

To examine whether ANLEF-1 can suppress the mi-
gration activity of MM-RU cells, we established the
stable transformants expressing ANLEF-1, and then
evaluated the random migration activity of the trans-
formants by analyzing the cell-tracking image. Figure
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4A shows representative results of cell tracking on gold
particle-coated glass. The protein expression of
ANLEF-1 was confirmed by immunoblotting (Fig. 4B).
The TOPFLASH reporter was also inhibited in the
cells expressing ANLEF-1 (data not shown). The dis-
tance showed by cell tracking was significantly reduced
in ANLEF-1 transformants, compared to control trans-
formants. The time-lapse and image analysis showed
that the relative migration rate in the cells expressing
ANLEF-1 was reduced to about a third of that of the
control transfectants (Fig. 4C). These results indicate
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FIG. 4. Dominant negative LEF-1 mutant suppressed migration
activity of MM-RU cells. ANLEF-1 that was fused by Myc-tag was
constitutively expressed in MM-RU cells. The migration rate was
assayed as described under Materials and Methods. (A) Representa-
tive results of cell tracking on gold particle-coated glass. Vector,
mock transfectant of MM-RU cell; ANLEF-1, ANLEF-1-expressing
MM-RU cell. (B) The stable expression of ANLEF-1 in MM-RU cells.
The stable transformants were disrupted by RIPA buffer, and 10 pg
of protein was analyzed by Western blotting anti-Myc antibodies.
Lane 1, mock; lane 2, ANLEF-1 transformant. (C) Mean random
migration rate was measured by time-lapse and image analysis.
ANLEF-1 transformants suppressed mean random migration rate (t
test; P < 0.001). Error bar, SD (n = 30).
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that ANLEF-1 has the ability to inhibit the migration
activity of MM-RU cells.

DISCUSSION

Invasive melanoma is proposed to involve at least
three steps: (i) the capacity to bind the basement mem-
brane; (ii) the ability to digest the basement mem-
brane; and (iii) the capacity for cell migration (31-33).
Especially, cell motility in the latter step is thought to
play a crucial role in the metastatic behavior of mela-
noma. We have shown that LEF-1 in the TCF family
was preferentially expressed in more actively migrat-
ing melanoma cells, compared to less actively migrat-
ing melanoma cells and normal melanocytes. The ini-
tial involvement of LEF-1 coupled with mutant
B-catenin or mutant APC has been previously reported
in melanoma cell lines (7), but its significance in the
tumor progression had not been determined. On the
other hand, activation of the target genes via LEF-1
has been shown to result in neoplastic transformation
of chicken embryo fibroblasts (34), suggesting that
LEF-1 has an oncogenic potential. Recently Hovanes et
al. has reported that LEF-1, which is normally not
expressed in intestinal epithelium, is a potent target
gene ectopically activated in colon cancer (30), leading
to inappropriate activation of Wnt/g-catenin signaling
pathway. As LEF-1 is not expressed in normal mela-
nocytes and in less actively migrating melanoma cells,
it is likely that expression of LEF-1 during the devel-
opment of melanoma may be involved in an increase of
the migration activity as a step in tumor progression.

In the study of B-catenin mutations in melanoma cell
lines by Rubinfeld et al. (7), 22% of the cell lines had
mutations affecting the amino-terminal region of the
protein, which is a region essential for the targeted
degradation of B-catenin. However, based on immuno-
histochemical and DNA sequencing studies in 65 mel-
anoma specimens, Rimm et al. (15) has reported that
B-catenin mutations are rare in primary melanoma
(2%: one of 50 melanomas). Nonetheless, nuclear
and/or cytoplasmic localization of B-catenin, a potential
indicator of the activation, was frequently observed in
primary melanomas. Similar activation of B-catenin
without mutations has been reported in prostate can-
cer (35). The discrimination between cell lines and
clinical specimens might be explained by the possibil-
ity that B-catenin mutations may have arisen during in
vitro culture, or that melanomas with B-catenin muta-
tions may be more easily adapted to in vitro culture
than melanomas lacking B-catenin mutations. In the
present study, the more actively migrating melanoma
cell lines showed that B-catenin without mutation was
accumulated in the cytoplasm and nucleus: this was in
sharp contrast to the low cell-motility cell lines.
B-catenin activation has been suggested to be a focal
and a subclonal alteration in the majority of tumor

13

BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS

specimen (15). From this point of view, the cell lines
used in this study appear to mimic the in vivo status of
melanoma without B-catenin mutations. Taken to-
gether with these observations, a subclone with
B-catenin activation may possess an active migrating
activity, although its molecular mechanism remains be
elucidated.

In the majority of colorectal cancers, mutations in
the APC gene are responsible for g-catenin activation.
Rubinfeld et al. (7) previously found evidence of
B-catenin activation as a result of APC inactivation in
two of the 27 melanomas. In the melanoma that we
have studied, we did not observe large deletion in the
APC protein (data not shown). Therefore, APC inacti-
vation is unlikely to underlie B-catenin activation in
the actively migrating melanoma cell lines. Rather
than by APC inactivation, glycogen synthase kinase-3f3
(36-39), axin (37—42), or other elements in the Wnt
signaling pathway may contribute to B-catenin activa-
tion in melanoma.

The neural crest is a multipotent population of
ectoderm-derived cells that originate around the site
and at the time of dorsal neural tube closure, migrate
over defined pathways in the embryos, and differenti-
ate into numerous cell types (43, 44). The process of cell
lineage restriction and the path of cell migration are
determined by a combination of environmental influ-
ences, intercellular interactions, and intrinsic factors
(45). Melanocytes are specialized cells that produce
melanin-based pigment and are responsible for colora-
tion of the eye, skin, and hair. Vertebrate melanocytes
are derived from the neural crest, and the Wnt signal-
ing is important in many developmental processes in-
cluding neural crest-derived melanocytes development
(46). Dunn et al. (47) have reported that Wnt1 signal-
ing is involved in both expansion and differentiation of
migrating neural crest-derived melanocytes in the de-
veloping mouse embryo. Similarly, it is also likely that
B-catenin activation coupled with LEF-1 expression is
involved in cell-migration activity in transformed me-
lanocytes.

In the present study, the dominant negative LEF-1
mutant could suppress the migrating activity of the
actively migrating MM-RU cells, but its inhibitory ef-
fect on the cell line appears incomplete, compared to
control normal melanocytes or less actively migrating
cell lines. This suggests that the migrating activity of
melanoma may not be simply regulated by activation of
LEF-1 and B-catenin. Since multiple genetical alter-
ations are thought to be accumulated during the devel-
opment of melanoma, genes associated with cell adhe-
sion and motility also may be disintegrated to the
aberrant cell migration. Nonetheless, it appears that
B-catenin and LEF-1 expression in melanoma cells con-
tributes to their cell migration, and this would provide
a new insight into the role of the Wnt signaling path-
way in the tumor progression of malignant melanoma.



Vol. 288, No. 1, 2001 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS

ACKNOWLEDGMENTS

We greatly appreciate the skillful technical assistance of Ms.
Kyoko Okamaoto, Ms. Noriko Hayashi, and Ms. 1zumi Nozawa. This
work was supported by a grant from the Ministry of Education,
Culture, Sports, Science, and Technology of Japan.

REFERENCES

1. Gumbiner, B. M. (1998) Propagation and localization of Wnt
signaling. Curr. Opin. Genet. Dev. 8, 430—-435.

2. Peifer, M., and Polakis, P. (2000) Wnt signaling in oncogenesis
and embryogenesis—A look outside the nucleus. Science 287,
1606-1609.

3. Bradley, R. S., Cowin, P., and Brown, A. M. (1993) Expression of
Wnt-1 in PC12 cells results in modulation of plakoglobin and
E-cadherin and increased cellular adhesion. J. Cell Biol. 123,
1857-1865.

4. Hinck, L., Nelson, W. J., and Papkoff, J. (1994) Wnt-1 modulates
cell-cell adhesion in mammalian cells by stabilizing beta-
catenin binding to the cell adhesion protein cadherin. J. Cell
Biol. 124, 729-741.

5. Tsukamoto, A. S., Grosschedl, R., Guzman, R. C., Parslow, T.,
and Varmus, H. E. (1988) Expression of the int-1 gene in trans-
genic mice is associated with mammary gland hyperplasia and
adenocarcinomas in male and female mice. Cell 55, 619-625.

6. Munemitsu, S., Albert, I., Souza, B., Rubinfeld, B., and Polakis,
P. (1995) Regulation of intracellular beta-catenin levels by the
adenomatous polyposis coli (APC) tumor-suppressor protein.
Proc. Natl. Acad. Sci. USA 92, 3046-3050.

7. Rubinfeld, B., Robbins, P., EI-Gamil, M., Albert, 1., Porfiri, E.,
and Polakis, P. (1997) Stabilization of beta-catenin by genetic
defects in melanoma cell lines. Science 275, 1790-1792.

8. Morin, P. J., Sparks, A. B., Korinek, V., Barker, N., Clevers, H.,
Vogelstein, B., and Kinzler, K. W. (1997) Activation of beta-
catenin-Tcf signaling in colon cancer by mutations in beta-
catenin or APC. Science 275, 1787-1790.

9. Travis, A., Amsterdam, A., Belanger, C., and Grosschedl, R.
(1991) LEF-1, a gene encoding a lymphoid-specific protein with
an HMG domain, regulates T-cell receptor alpha enhancer func-
tion. Genes Dev. 5, 880—894.

10. Waterman, M. L., Fischer, W. H., and Jones, K. A. (1991) A
thymus-specific member of the HMG protein family regulates
the human T cell receptor C alpha enhancer. Genes Dev. 5,
656—669.

11. Behrens, J., von Kries, J. P., Kuhl, M., Bruhn, L., Wedlich, D.,
Grosschedl, R., and Birchmeier, W. (1996) Functional interac-
tion of beta-catenin with the transcription factor LEF-1. Nature
382, 638-642.

12. Molenaar, M., van de Wetering, M., Oosterwegel, M., Peterson-
Maduro, J., Godsave, S., Korinek, V., Roose, J., Destree, O., and
Clevers, H. (1996) XTcf-3 transcription factor mediates beta-
catenin-induced axis formation in Xenopus embryos. Cell 86,
391-399.

13. van de Wetering, M., Cavallo, R., Dooijes, D., van Beest, M., van
Es, J., Loureiro, J., Ypma, A., Hursh, D., Jones, T., Bejsovec, A.,
Peifer, M., Mortin, M., and Clevers, H. (1997) Armadillo coacti-
vates transcription driven by the product of the Drosophila seg-
ment polarity gene dTCF. Cell 88, 789-799.

14. Brunner, E., Peter, O., Schweizer, L., and Basler, K. (1997)
Pangolin encodes a Lef-1 homologue that acts downstream of
Armadillo to transduce the Wingless signal in Drosophila. Na-
ture 385, 829-833.

15. Rimm, D. L., Caca, K., Hu, G., Harrison, F. B., and Fearon, E. R.
(1999) Frequent nuclear/cytoplasmic localization of beta-catenin

14

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32

without exon 3 mutations in malignant melanoma. Am. J.
Pathol. 154, 325-329.

Ombholt, K., Platz, A., Ringborg, U., and Hansson, J. (2001)
Cytoplasmic and nuclear accumulation of beta-catenin is rarely
caused by CTNNB1 exon 3 mutations in cutaneous malignant
melanoma. Int. J. Cancer 92, 839-842.

Clark, W. H., Jr., Elder, D. E., Guerry, D., 4th, Epstein, M. N.,
Greene, M. H., and Van Horn, M. (1984) A study of tumor
progression: The precursor lesions of superficial spreading and
nodular melanoma. Hum. Pathol. 15, 1147-1165.

Clark, W. H., Jr., Elder, D. E., and Van Horn, M. (1986) The
biologic forms of malignant melanoma. Hum. Pathol. 17, 443—
450.

Clark, W. H., Jr., Elder, D. E., Guerry, D., 4th, Braitman, L. E.,
Trock, B. J., Schultz, D., Synnestvedt, M., and Halpern, A. C.
(1989) Model predicting survival in stage | melanoma based on
tumor progression. J. Natl. Cancer Inst. 81, 1893-1904.

Byers, H. R., Etoh, T., Doherty, J. R., Sober, A. J., and Mihm,
M. C., Jr. (1991) Cell migration and actin organization in cul-
tured human primary, recurrent cutaneous and metastatic mel-
anoma. Time-lapse and image analysis. Am. J. Pathol. 139,
423-435.

Murakami, T., Hirai, H., Suzuki, T., Fujisawa, J., and Yoshida,
M. (1995) HTLV-1 Tax enhances NF-kappa B2 expression and
binds to the products p52 and p100, but does not suppress the
inhibitory function of p100. Virology 206, 1066—-1074.

Thomas, L., Etoh, T., Stamenkovic, I., Mihm, M. C., Jr., and
Byers, H. R. (1993) Migration of human melanoma cells on
hyaluronate is related to CD44 expression. J. Invest. Dermatol.
100, 115-120.

Etoh, T., Thomas, L., Pastel-Levy, C., Colvin, R. B., Mihm, M. C.,
Jr., and Byers, H. R. (1993) Role of integrin alpha 2 beta 1
(VLA-2) in the migration of human melanoma cells on laminin
and type 1V collagen. J. Invest. Dermatol. 100, 640—-647.
Albrecht-Buehler, G. (1977) The phagokinetic tracks of 3T3 cells.
Cell 11, 395-404.

Polakis, P. (2000) Wnt signaling and cancer. Genes Dev. 14,
1837-1851.

Korinek, V., Barker, N., Morin, P. J., van Wichen, D., de Weger,
R., Kinzler, K. W., Vogelstein, B., and Clevers, H. (1997) Consti-
tutive transcriptional activation by a beta-catenin-Tcf complex
in APC—/— colon carcinoma. Science 275, 1784-1787.

Beg, A. A., and Baldwin, A. S., Jr. (1993) The | kappa B proteins:
Multifunctional regulators of Rel/NF-kappa B transcription fac-
tors. Genes Dev. 7, 2064—-2070.

Ishitani, T., Ninomiya-Tsuji, J., Nagai, S., Nishita, M., Me-
neghini, M., Barker, N., Waterman, M., Bowerman, B., Clevers,
H., Shibuya, H., and Matsumoto, K. (1999) The TAK1-NLK-
MAPK-related pathway antagonizes signalling between beta-
catenin and transcription factor TCF. Nature 399, 798-802.

Korinek, V., Barker, N., Willert, K., Molenaar, M., Roose, J.,
Wagenaar, G., Markman, M., Lamers, W., Destree, O., and Clev-
ers, H. (1998) Two members of the Tcf family implicated in
Whnt/beta-catenin signaling during embryogenesis in the mouse.
Mol. Cell. Biol. 18, 1248-1256.

Hovanes, K., Li, T. W., Munguia, J. E., Truong, T., Milovanovic,
T., Lawrence Marsh, J., Holcombe, R. F., and Waterman, M. L.
(2001) Beta-catenin-sensitive isoforms of lymphoid enhancer
factor-1 are selectively expressed in colon cancer. Nat. Genet. 28,
53-57.

Liotta, L. A., Wewer, U., Rao, N. C., Schiffmann, E., Stracke, M.,
Guirguis, R., Thorgeirsson, U., Muschel, R., and Sobel, M. (1988)
Biochemical mechanisms of tumor invasion and metastases.
Adv. Exp. Med. Biol. 233, 161-169.

. Liotta, L. A., Stracke, M. L., Aznavoorian, S. A., Beckner, M. E.,



Vol. 288, No. 1, 2001

33.

34.

35.

36.

37.

38.

39.

and Schiffmann, E. (1991) Tumor cell motility. Semin. Cancer
Biol. 2, 111-114.

Liotta, L. A., and Kohn, E. C. (2001) The microenvironment of
the tumour-host interface. Nature 411, 375-359.

Aoki, M., Hecht, A., Kruse, U., Kemler, R., and Vogt, P. K. (1999)
Nuclear endpoint of Wnt signaling: Neoplastic transformation
induced by transactivating lymphoid-enhancing factor 1. Proc.
Natl. Acad. Sci. USA 96, 139-144.

Voeller, H. J., Truica, C. I., and Gelmann, E. P. (1998) Beta-
catenin mutations in human prostate cancer. Cancer Res. 58,
2520-2523.

Rubinfeld, B., Albert, I., Porfiri, E., Fiol, C., Munemitsu, S., and
Polakis, P. (1996) Binding of GSK3beta to the APC-beta-catenin
complex and regulation of complex assembly. Science 272, 1023—
1026.

lkeda, S., Kishida, S., Yamamoto, H., Murai, H., Koyama, S., and
Kikuchi, A. (1998) Axin, a negative regulator of the Wnt signal-
ing pathway, forms a complex with GSK-3beta and beta-catenin
and promotes GSK-3beta-dependent phosphorylation of beta-
catenin. EMBO J. 17, 1371-1384.

Nakamura, T., Hamada, F., Ishidate, T., Anai, K., Kawahara, K.,
Toyoshima, K., and Akiyama, T. (1998) Axin, an inhibitor of the
Whnt signalling pathway, interacts with beta-catenin, GSK-3beta
and APC and reduces the beta-catenin level. Genes Cells 3,
395-403.

Yamamoto, H., Kishida, S., Kishida, M., lkeda, S., Takada, S.,
and Kikuchi, A. (1999) Phosphorylation of axin, a Wnt signal
negative regulator, by glycogen synthase kinase-3beta regulates
its stability. J. Biol. Chem. 274, 10681-10684.

15

40.

41.

42.

43.

44,

45.

46.

47.

BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS

Zeng, L., Fagotto, F., Zhang, T., Hsu, W., Vasicek, T. J., Perry,
W. L., 3rd, Lee, J. J., Tilghman, S. M., Gumbiner, B. M., and
Costantini, F. (1997) The mouse Fused locus encodes Axin, an
inhibitor of the Wnt signaling pathway that regulates embryonic
axis formation. Cell 90, 181-192.

Behrens, J., Jerchow, B. A., Wurtele, M., Grimm, J., Asbrand, C.,
Wirtz, R., Kuhl, M., Wedlich, D., and Birchmeier, W. (1998)
Functional interaction of an axin homolog, conductin, with beta-
catenin, APC, and GSK3beta. Science 280, 596-599.

Satoh, S., Daigo, Y., Furukawa, Y., Kato, T., Miwa, N., Nishi-
waki, T., Kawasoe, T., Ishiguro, H., Fujita, M., Tokino, T.,
Sasaki, Y., Imaoka, S., Murata, M., Shimano, T., Yamaoka, Y.,
and Nakamura, Y. (2000) AXIN1 mutations in hepatocellular
carcinomas, and growth suppression in cancer cells by virus-
mediated transfer of AXIN1. Nat. Genet. 24, 245-250.
Erickson, C. A., and Reedy, M. V. (1998) Neural crest develop-
ment: The interplay between morphogenesis and cell differenti-
ation. Curr. Topics Dev. Biol. 40, 177-209.

Groves, A. K., and Bronner-Fraser, M. (1999) Neural crest di-
versification. Curr. Topics Dev. Biol. 43, 221-258.

Hirobe, T., and Abe, H. (1999) Genetic and epigenetic control of
the proliferation and differentiation of mouse epidermal mela-
nocytes in culture. Pigment. Cell Res. 12, 147-163.

Cadigan, K. M., and Nusse, R. (1997) Wnt signaling: A common
theme in animal development. Genes Dev. 11, 3286—-3305.
Dunn, K. J., Williams, B. O., Li, Y., and Pavan, W. J. (2000)
Neural crest-directed gene transfer demonstrates Wntl role in
melanocyte expansion and differentiation during mouse devel-
opment. Proc. Natl. Acad. Sci. USA 97, 10050-10055.



	MATERIALS AND METHODS
	FIG. 1

	RESULTS
	FIG. 2
	FIG. 3
	FIG. 4

	DISCUSSION
	ACKNOWLEDGMENTS
	REFERENCES

