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Commitment to the melanocyte lineage is characterized by the onset of expression of the microphthalmia-
associated transcription factor (Mitf). This transcription factor plays a fundamental role in melanocyte
development and maintenance and seems to be crucial for the survival of malignant melanocytes. Furthermore,
Mitf has been shown to be involved in cell cycle regulation and to play important functions in self-renewal and
maintenance of melanocyte stem cells. Although little is known about how Mitf regulates these various
processes, one possibility is that Mitf interacts with other regulators. Here we show that Mitf can interact
directly with �-catenin, the key mediator of the canonical Wnt signaling pathway. The Wnt signaling pathway
plays a critical role in melanocyte development and is intimately involved in triggering melanocyte stem cell
proliferation. Significantly, constitutive activation of this pathway is a feature of a number of cancers including
malignant melanoma. Here we show that Mitf can redirect �-catenin transcriptional activity away from
canonical Wnt signaling-regulated genes toward Mitf-specific target promoters to activate transcription. Thus,
by a feedback mechanism, Mitf can diversify the output of canonical Wnt signaling to enhance the repertoire
of genes regulated by �-catenin. Our results reveal a novel mechanism by which Wnt signaling and �-catenin
activate gene expression, with significant implications for our understanding of both melanocyte development
and melanoma.

Melanocytes provide an excellent system to study complex
regulatory networks. Their precursor cells, the melanoblasts,
originate from the neural crest and then migrate along char-
acteristic pathways to various destinations such as dermis and
epidermis, the inner ear, and the choroid of the eye and hair
follicles. The finding that the proliferation and migration of
melanoblasts during development is highly similar to the pro-
liferation and metastasis patterns of melanoma, a highly dan-
gerous and increasingly common cancer, highlights the value of
the melanocyte system as a model for addressing key issues of
general significance in both development and cancer (45).

The microphthalmia-associated transcription factor (Mitf)
protein is a key regulator of melanocyte development. Mitf is
a basic helix-loop-helix leucine zipper (bHLH-Zip) transcrip-
tion factor which plays an important role in the development of
various cell types, ranging from neural crest derived melano-
cytes, mast cells, and osteoclasts to cells of the retinal pigment
epithelia of the eye. The function of Mitf has been particularly
well-studied in melanocytes (reviewed in reference 40), and
recently it has been shown that Mitf is involved in the
maintenance and self-renewal of melanocyte stem cells (28,
30, 32). In addition, MITF is expressed in nearly all cuta-
neous melanomas, and the gene has been shown to be am-
plified in 10% of melanomas, suggesting that activation or

amplification of this important transcription factor contrib-
ute to tumorigenesis (14, 49).

Like other members of the bHLH-Zip family, Mitf can bind
a subset of the canonical E-box sequence 5�-CANNTG-3�,
either as a homodimer or as a heterodimer with one of its close
relatives Tfe3, Tfeb, and Tfec (21). Mitf controls melanocyte
development by regulating the expression of various different
genes, ranging from genes involved in commitment and differ-
entiation of the melanocyte lineage (summarized in reference
42) to genes important for regulation of cell cycle such as p21
(6), INK4a/ARF (30), and CDK2 (11). However, how Mitf
controls and regulates these different events is not fully under-
stood. One possibility is that Mitf recruits other key mediators
to its target gene promoters. To determine the potential of
Mitf to interact with other transcription factors and coregula-
tors we performed a yeast two-hybrid screen. One of the genes
found was �-catenin, the downstream mediator of the canon-
ical Wnt signaling pathway.

Like Mitf, the Wnt/�-catenin signaling pathway has been
implicated in both melanocyte development and in the forma-
tion of malignant melanoma. Signaling by this pathway is trig-
gered by the binding of secreted Wnt growth factor proteins to
Frizzled/low-density lipoprotein receptor-related protein re-
ceptor complexes. In the absence of Wnt signaling, �-catenin is
degraded by a multiprotein complex containing Dishevelled,
glycogen synthase kinase 3� (GSK-3�), axin or conductin, and
the adenomatous polyposis coli tumor suppressor protein (3).
In the presence of Wnt, the GSK-3�-dependent phosphoryla-
tion of �-catenin, which results in its degradation through the
proteasome, is blocked. This results in the stabilization of
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�-catenin and subsequent nuclear translocation, where it
can heterodimerize with one of the four members of the
T-cell factor (Tcf/Lef1) family of HMG-box transcription
factors (reviewed in references 31 and 5). Formation of
�-catenin/Tcf complexes leads to the activation of specific
target genes such as Ultrabithorax, siamois, or c-myc (sum-
marized in reference 5).

A link between Wnt signaling and melanocyte formation was
revealed by the finding that �-catenin and T-cell factors regu-
late Mitf expression positively at the transcriptional level (10).
Ectopic Wnt3a upregulates Mitf expression and recruits
�-catenin and Lef1 to the Lef1 binding sites of the Mitf pro-
moter (43, 50). Another hint for the importance of Wnt sig-
naling for melanocyte development and survival comes from
the finding that �-catenin is expressed throughout melanocyte
formation and in mature melanocytes (25). Deregulated activ-
ity of the Wnt/�-catenin pathway is observed in a significant
fraction of primary human melanomas and may contribute to
cancer formation by inducing Mitf expression (50).

Here, we report another level of cross talk between Wnt
signaling components and Mitf. We show not only that �-cate-
nin is involved in Lef1-dependent control of Mitf expression
but also that it functionally interacts with the Mitf protein
itself. Our findings indicate that Mitf can redirect �-catenin
transcriptional activity away from �-catenin/Lef1-regulated
genes toward Mitf-specific target promoters. The results unveil
a new mechanism of regulating Mitf activity with major impli-
cations for our understanding of both melanocyte development
and melanoma.

MATERIALS AND METHODS

Yeast two-hybrid screen. For the yeast two-hybrid screen, a bait construct was
generated using the bHLH-Zip part of mouse Mitf. Nucleotides 660 (amino acid
179) to 1125 (amino acid 332) from the mouse Mitf cDNA were PCR amplified
using primers BamHI 1-1 (5�-GTCGTACATGTCAGGGATCCCTGGTGCTG
TAC-3�) and EcoRI 1-18 (5�-CAGCAACTCCTGTCCAGAATTCCTTCCCAA
C-3�) and cloned into the EcoRI/BamHI sites (underlined) of the pBTM116
vector to form a bait construct where the bHLH-Zip domain of Mitf was fused
to the lexA DNA binding protein. The constructs were sequenced to confirm the
absence of PCR-generated mutations. The prey library was generously donated
by Stan Hollenberg. It was constructed from 9.5- to 10.5-day-old mouse CD1
embryos and consists of 350- to 700-bp-long fragments cloned into the NotI site
of the pVP16 vector, a common library vector, containing a VP16 transactivation
domain just N-terminal from the polylinker (22, 47). Once the bait was ready, it
was transformed into the L40 yeast strain that includes the prey, and double
selection was carried out by culturing in selective medium.

Plasmids: Mitf deletion constructs. For mapping the interaction domain of
Mitf with �-catenin, several mutant constructs were generated from a full-length
Mitf-1m cDNA clone. The primers used for generating the Mitf�28 and Mitf�69
dilution constructs were the following (restriction sites are underlined): 5�mi�69,
5�-TGAAAGCTTGCTATGCTGGAAATGCTA-3�; 3�mi�69, 5�-GGAGAATT
CACGCTGTGAGCTCCC 3�; 5�mi�28, 5�-ACAAGCTTATGCTGGAAATGC
TAGAGCTGGAGATGCAGGCTAGA-3�; and 3�mi�28, 5�-GGGAATTCCAC
ACGCATGCTCCGTTTCTTCTGC-3�. PCR products were digested with
EcoRI/HindIII and ligated into full-length Mitf in pcDNA3.1. The Mitf �helix1
construct and the Mitf D222/D236N and Mitf D222N mutant constructs were
generated using the megaprimer PCR amplification method, as described pre-
viously (36). The amplified products were digested with BamHI/PstI and ligated
into full-length Mitf inserted in pUC19 vector. The full-length mutant Mitf
constructs were digested with EcoRI/HindIII and subcloned into the pBK-CMV
vector. The resulting pBK-CMV constructs were cloned into pcDNA3 by EcoRI/
NotI digestion. All PCR-based constructs were verified by sequencing. To gen-
erate a mammalian expression vector for Mitf with six N-terminal copies of the
Myc-epitope tag, the Mitf cDNA was inserted in frame into the XbaI/SnaBI sites
of pCS2�MT (44).

Expression vectors for expressing the wild-type or constitutively active �-cate-

nin, �-catenin with a single hemagglutinin (HA) epitope tag, or glutathione
transferase (GST)-�-catenin fusions (amino acids 1 to 781, 1 to 284, 120 to 683,
and 536 to 781, respectively, of �-catenin), as well as the TOPFLASH reporter
have all been described previously (1, 2, 4, 18, 24, 46). To add two copies of the
HA epitope tag to �-catenin, a ClaI/NotI restriction fragment from
pCS2�LEF�N-HA2 (46) was transferred to pCS2��-catenin (24). Yeast shuttle
vectors for VP16 fusions with amino acids 108 to 683, 108 to 553, and 536 to 683
of �-catenin were obtained by transferring SmaI/NotI restriction fragments from
previously described �-catenin yeast expression constructs (18) to KpnI/NotI-
cleaved pVP16 (22, 47). The resulting plasmids were used as starting material to
construct VP16 fusions with �-catenin amino acid sequences 1 to 781, 1 to 683,
and 108 to 781 by adding suitable restriction fragments from other plasmids
containing �-catenin, as described above. Expression vectors for GST-�-catenin
fusions (amino acids 1 to 683, 120 to 781, 120 to 553, and 536 to 683 of �-catenin)
were made in an analogous manner by exchanging suitable restriction fragments
between constructs previously described (1, 4, 18).

Cell culture and luciferase assay. HEK293 (human embryonic kidney) cells
and COS7 cells were maintained in Dulbecco minimal essential medium (Gibco/
Brl), supplemented with 10% fetal bovine serum, 100 U of penicillin/ml, and 100
�g of streptomycin/ml and cultured in a humidified incubator at 37°C with 5%
CO2. Human melanoma cell line 501mel cells were maintained in RPMI-1640
medium (Cambrex), supplemented with 10% fetal bovine serum, 100 U of
penicillin/ml, and 100 �g of streptomycin/ml. For luciferase assays, 2 � 105

HEK293 cells were seeded in 12-well plates and transfected with EXGEN 500
(Fermentas Lifescience) or calcium phosphate. For each luciferase assay, cells
were transfected with 100 ng of reporter construct (either the tyrosinase pro-
moter element that consists of DNA sequences containing 200 bp upstream of
the transcription start site and 80 bp downstream [�200/�80 tyrosinase], four
copies of the M-box[4�M-box], or the Tyrp-1 construct), 500 ng of pcDNA-3
Mitf, and increasing amounts of �-catenin construct, at a concentration ranging
from 250 and 500 up to 750 ng of DNA. Total amounts of transfected DNA were
kept constant at 2 �g by the addition of empty pcDNA3 vector. Transfection of
2 ng of pRenilla served as a transfection control and was used to normalize
luciferase activity. At 24 h posttransfection, cells were lysed and assayed for
firefly and Renilla luciferase activity as specified by the manufacturer (Promega).
All transfection experiments were repeated at least twice and in triplicate each
time. The normalized values were divided by the firefly luciferase activity of the
empty vector alone, and the ratio was expressed as the relative induction (n-fold)
over pcDNA3. For Mitf interference analyses, HEK293 cells were transfected as
described previously (19) using 50 ng of activator plasmids and 1 ng, 5 ng, or 25
ng of Mitf expression construct. DNA amounts were kept constant by adding
empty pCS2� expression vector up to a final amount of transfected DNA of 360
ng. Firefly and Renilla luciferase activities were determined 40 h after transfec-
tion. Normalized values from at least three independent experiments were
averaged. For each activator construct, they are expressed as percent activity
relative to firefly luciferase expression in the absence of Mitf.

Colocalization studies. For colocalization studies, COS7 cells were seeded on
chamber slides and transfected with green fluorescent protein (GFP)-Mitf and
c-Myc-tagged �-catenin using EXGEN 500 (Fermentas Lifescience). At 24 h
posttransfection the cells were washed and fixed in 2% paraformaldehyde–
phosphate-buffered saline (PBS) for 20 min at room temperature. After prein-
cubation in PBS–0.1% Triton X-100, the cells were blocked in blocking buffer
(PBS–3% milk powder) for 20 min. Anti-cMyc (9E10; Abcam) antibodies were
used as primary antibodies at a concentration of 1:100 or 1:200 in blocking buffer
for 60 min. After being washed three times in PBS, cells were incubated in
anti-mouse Alexa 568 (Molecular Probes) antibodies at a dilution of 1:1,000 for
30 min, washed again three times with PBS, mounted in Fluormount-G (South-
ern Biotech), and sealed with nail polish. For nuclear staining, cells were incu-
bated once with TOPRO-3 (Molecular Probes) for 15 min in between the
washing steps. Fluorescence analysis was performed using a confocal Zeiss LSM
5 Pa microscope. The GFP-labeled Mitf was excited with an argon laser (488-nm
excitation line with 515-nm long pass filter), and the ALEXA 568-conjugated
anti-mouse antibody was simultaneously excited with an He-Ne laser (543-nm
excitation line with 570-nm long pass barrier filter). Nuclear staining was visu-
alized by excitation with an He-Ne laser at a 633-nm excitation line. For analysis
of the Mitf �helix1 deletion mutant and the Mitf D222/236N and Mitf D222N
(this mutation is known in mice as Mitfmi-vitilago or Mitfmi-vit) point mutations,
COS7 cells were transfected with the different plasmids indicated and HA-tagged
�-catenin and treated as described above. Localization of the Mitf mutants was
analyzed by use of a mouse anti-Mitf antibody (C5; kind gift from D. Fisher) and
the secondary anti-mouse Alexa 568 (Molecular Probes) antibody. Distribution
of �-catenin was analyzed by use of a goat anti-�-catenin antibody (Santa Cruz)
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and a secondary anti-goat Alexa 483 (Molecular Probes) antibody as described
above.

GST pull-down assays. For GST pull-down experiments, radiolabeled wild-
type or mutant Mitf cDNAs were transcribed and translated into proteins in vitro
using a T7-based TNT system (Promega). For each binding reaction, a 2-�l
aliquot of a 50-�l TNT reaction was used. GST pull-down assays, using 2 �g of
GST or the various GST-�-catenin fusion proteins immobilized on glutathione-
Sepharose beads, were performed as previously described (18). After preincu-
bation in binding buffer containing 0.5% bovine serum albumin for 30 min at 4°C,
[35S]methionine-labeled wild-type or mutant Mitf proteins were added, after
which binding proceeded for 2 h at 4°C. Following extensive washing with
binding buffer without bovine serum albumin, material retained on the glutathi-
one-Sepharose matrix was eluted in sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE) loading buffer, separated by SDS-PAGE on 8%
gels, and visualized by fluorography.

Western blotting and immunoprecipitation. For in vitro coimmunoprecipita-
tion of �-catenin and Mitf, 2 � 106 HEK293 cells were transfected by the calcium
phosphate coprecipitation technique with 15 �g of expression vectors. Trans-
fected cells were lysed 40 h after transfection in 1 ml of immunoprecipitation
buffer (50 mM Tris-HCl, pH 7.6, 5 mM MgCl2, 0.1% Nonidet P-40) containing
150 mM NaCl. From each lysate 500 �l was supplemented with 1 �g of anti-HA
antibody (3F10; Roche Applied Science), a 10-�l bed volume of protein G-
Sepharose (Amersham Biosciences), and 2.5 �l of [35S]methionine-labeled Mitf
protein synthesized in vitro as described above. Binding was allowed to occur for
4 h at 4°C before precipitates were recovered and washed once for 10 min with
1 ml of immunoprecipitation buffer with 120 mM NaCl and twice with immu-
noprecipitation buffer with 75 mM NaCl. Finally, precipitates were eluted from
the protein G-Sepharose, and one half of each sample was analyzed by electro-
phoresis on 8% SDS-polyacrylamide gels and fluorography while the other half
was analyzed by SDS-PAGE and Western blotting as previously described (20).

For coimmunoprecipitation of �-catenin and Mitf expressed in vivo, 2 � 106

HEK293 cells were transfected with 10 �g of each of the expression vectors for
activated HA-tagged �-catenin and myc-tagged Mitf. Cells were stimulated with
40 mM LiCl for 2 h prior to harvest at 40 h posttransfection. Cells were lysed in
1 ml of immunoprecipitation buffer (50 mM Tris-HCl, pH 7.6, 5 mM MgCl2,
0.1% Nonidet P-40) containing 75 mM KCl, 1 mM dithiothreitol, 0.1 mM sodium
orthovanadate, 10 mM NaF, and Complete protease inhibitor mix (Roche Ap-
plied Science). From each lysate 400 �l was supplemented with 1 �g of anti-myc
antibody (9E10; Roche Applied Science), and a 10-�l bed volume of protein
A-Sepharose (Amersham Biosciences). Binding was allowed to occur for 2.5 h at
4°C before precipitates were recovered and washed three times with 1 ml of
immunoprecipitation buffer with 75 mM KCl for 10 min each. Finally, precipi-
tates were eluted from the protein A-Sepharose and analyzed by electrophoresis
on 8% SDS-polyacrylamide gels and by Western blotting as described previously
(20), probing sequentially for Mitf-myc and �-catenin HA. For coimmunopre-
cipitation of endogenous proteins, 90% confluent 501mel cells were lysed in 1 ml
of immunoprecipitation buffer (as above) and precleared with a 20-�l bed vol-
ume of protein A-Sepharose (Amersham Bioscience) for 1 h at 4°C. A total of 50
�l was taken as input sample; the remaining lysate was incubated with either 1 �g
of anti-Mitf antibody (C5; Labvision) or 1 �g of anti-�-catenin (Santa Cruz) and
a 20-�l bed volume of protein A-Sepharose (Amersham Bioscience) overnight at
4°C. Precipitates were recovered and washed three times with 1 ml of immuno-
precipitation buffer for 10 min each. Material bound to the beads was eluted in
SDS loading buffer, resolved by SDS-PAGE on 10% gels, transferred onto
nitrocellulose, and analyzed by Western blotting, probing with monoclonal anti-
Mitf (C5) and polyclonal anti-�-catenin (Santa Cruz).

Electrophoretic mobility shift assay. For DNA binding studies, wild-type or
mutant Mitf cDNAs were transcribed and translated into proteins in vitro using
the T7-based TNT system (Promega). Equal volumes of the in vitro produced
Mitf constructs were incubated with a 32P-labeled DNA probe (AAAGTCAGT
CATGTGCTTTTCAGA) containing an E-box (underlined) in 20 �l of binding
buffer (10 mM Tris, pH 7.5, 100 mM NaCl, 1 mM dithiothreitol, 1 mM EDTA,
4% glycerol, 80 ng of salmon sperm/ml, 10% fetal calf serum, 2 mM MgCl2, and
2 mM spermidine). After a 20-min incubation on ice, the binding mix was loaded
on a 6% nondenaturating PAGE gel and run for 2 h at 150 mA. The gel was dried
and exposed to film overnight. Binding specificity was confirmed by supershift of
Mitf proteins with an Mitf-specific antibody (C5; kind gift from D. Fisher).

Chromatin immunoprecipitation. Chromatin immunoprecipitation assays
were performed as described previously (13) with mouse monoclonal anti-Mitf
antibody (C5), goat polyclonal anti-�-catenin antibody (C-18; Santa Cruz), rabbit
polyclonal anti-LEF1 antibody (Santa Cruz), or 10 �l of nonspecific immuno-
globulin G (Bio-Rad). After immunoprecipitation, samples were amplified by
quantitative PCR for 30 cycles, taking care that the PCR was in the log phase of

amplification, and analyzed by agarose gel electrophoresis. Primers used for
amplification were the following: 5� Brn-2, 5�-GAGGAGGGCTAGGAGGACT
CC-3�; 3� Brn-2, 5�-CGCGTAACTGTCAATGAAAAA-3�; 5� Tyrp-1, 5�-TTCT
CTTGCCTGGTTGCTCT-3�; 3� Tyrp-1, 5�-TGTGGATTGCTGCCTGATA
A-3�; 5� tyrosinase, 5�-AATATCCTCTGTCCAATGC-3�; 3� tyrosinase, 5�-ATA
GTGAAGTTTTCATCTCC-3�; 5� Hsp70 5�-CCTCCAGTGAATCCCAGAAG
ACTCT-3�; and 3� Hsp70, 5�-TGGGACAACGGGAGTCACTCTC-3�.

siRNA treatment. Small interfering RNA (siRNA)-mediated downregulation
of Mitf in 501mel cells was essentially performed as described previously (6). The
Mitf-specific sequences used were the following: 5�-r(AGCAGUACCUUUCU
ACCAC)d(TT)-3� and 5�-r(GUGGUAGAAAGGUACUGCU)d(TT)-3�. The
control siRNA sequences used were 5�-r(UUCUCCGAACGUGUCACGU)
d(TT)-3� and 5�-r(ACGUGACACGUUCGGAGAA)d(TT)-3�. After 3 days of
siRNA treatment, chromatin immunoprecipitation assays were performed as
described above.

RESULTS

Identification of �-catenin as an Mitf interacting partner.
To screen for novel Mitf interacting partners, we used the
bHLH-Zip region of Mitf as bait in a yeast two-hybrid screen
against a cDNA library prepared from 9.5- to 10.5-day-old
mouse embryos in the library vector pVP16 (22, 47). A total of
5 � 107 colonies were screened, 895 of which turned out to
grow in the absence of histidine. To further characterize the
positive colonies, the nonspecific LexA-lamin control was used
as a negative control against all His� �-Gal� colonies obtained
in the original yeast two-hybrid screen. Of the 231 clones
tested, 135 candidates did not turn blue in the �-Gal screen
with the LexA-lamin control, suggesting specific interactions
with the Mitf bait. Sequencing of these 135 clones revealed
that they represent multiple copies of 27 different genes (data
not shown). Among the clones identified were three copies
each of the Tfe3, Ubc9, and Pias3 genes previously shown to
interact with Mitf in vitro (21, 29, 51), confirming the robust-
ness of our screen.

Among the 27 different cDNAs isolated in the screen, one
clone harbored a fragment of mouse �-catenin, a well-known
downstream target of the canonical Wnt signaling pathway. To
confirm and to further characterize interactions between these
proteins, we performed GST pull-down experiments. GST and
GST-�-catenin fusions containing different portions of �-cate-
nin (Fig. 1A) were used as baits to bind radiolabeled Mitf in
vitro. Although GST fusions containing full-length �-catenin
and �-catenin residues 1 to 284 or 536 to 781 did not interact
with Mitf (Fig. 1B, compare lanes 4, 5, and 7 to lane 3), a
�-catenin fragment consisting of the central Armadillo repeat
region strongly interacted with Mitf (Fig. 1B, lane 6). These
results suggest that Mitf interacts with the Armadillo repeats of
�-catenin and that the N- and C-terminal extensions of �-cate-
nin flanking the Armadillo repeats interfere with this interac-
tion. These findings are in close agreement with previous re-
ports showing that the C-terminal part of �-catenin regulates
the binding affinity of �-catenin for diverse interacting partners
in response to extracellular signals (16, 40). To address this
issue in the context of the GST fusion proteins, we constructed
an additional set of �-catenin deletion mutants lacking either
the N-terminal or the C-terminal tail regions. In addition, the
Armadillo repeat region was split into two parts to further
define the interaction domain of Mitf. Indeed, removal of
either N or C tail alone allowed a weak interaction between
�-catenin and Mitf (Fig. 1C, compare lanes 5 and 6 to lane 4).
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Within the Armadillo repeats the interaction with Mitf appears
to be largely mediated by amino acids 120 to 553. In this assay,
amino acids 536 to 683 of �-catenin did not bind Mitf (Fig. 1C,
lane 9).

The results of these studies were confirmed by additional
interaction analyses using the yeast two-hybrid system based on
the original Gal4-Mitf bHLH-Zip bait and various �-catenin
portions fused to the VP16 transactivation domain (Fig. 1D).
Interactions were seen mainly with �-catenin mutants lacking
the N-terminal and C-terminal extensions. As in the GST pull-
down assay, the Armadillo repeat domain and its N-terminal

part displayed the strongest interactions. In contrast to the
GST binding experiments, however, the full-length �-catenin
fusion and the C-terminal part of the Armadillo repeats were
also able to interact with Mitf in the yeast system. Perhaps
the two-hybrid system offers greater sensitivity compared to
the GST pull-down to detect weak interactions. An alternative
explanation is that bacterially expressed proteins such as the
ones used in the GST assay are folded in a way unfavorable for
Mitf binding. This is further supported by results of a mam-
malian two-hybrid assay, where full-length �-catenin is also
able to interact with the bHLH-Zip domain of Mitf (data not

FIG. 1. Interactions between �-catenin and Mitf. (A) Schematic representation of the different �-catenin constructs used in the GST pull-down.
Armadillo repeats are shown as numbered boxes. The binding domains of known �-catenin interacting partners, members of the Tcf/Lef1
transcription factor family, p300, and the C-terminal part of �-catenin are indicated below the full-length �-catenin protein. NT/CT: N-terminal
and C-terminal tails of �-catenin, respectively. (B and C) Mapping the Mitf interaction domain in �-catenin. GST and GST-�-catenin fusion
proteins were immobilized on glutathione-Sepharose beads, as indicated, and incubated with [35S]methionine-labeled Mitf. After extensive
washing, material retained on the beads was analyzed by SDS-PAGE and fluorography, together with 10% of the input material. (D) Mapping the
MITF interaction domain in �-catenin using the yeast two-hybrid assay. The different �-catenin constructs were tested for interactions with Mitf
in a yeast two-hybrid assay. The different fragments used are outlined on the left, and their binding capacities are indicated on the right, as
monitored by �-galactosidase activity: ���, high binding capacity; ��, good binding capacity; �, weak binding capacity; �, no binding capacity.
�-cat, �-catenin; M, marker.
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FIG. 2. Coimmunoprecipitation of Mitf and �-catenin. Coimmunoprecipitation assays were performed to test the interaction between Mitf and
�-catenin. (A) Cell lysates from HEK293 cells, transfected with an HA-tagged �-catenin construct, were incubated with in vitro translated and
35S-labeled Mitf, precipitated with an HA-specific antibody, and analyzed for the presence of Mitf using SDS-PAGE and radiography. �-catenin
expression and immunoprecipitation were confirmed by Western blot analysis using a �-catenin-specific antibody. (B) HEK293 cells were
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shown). A third possibility is that modifications in vivo affect
protein folding with resulting effects on interactions. Regard-
less, both series of experiments confirm the interaction of
�-catenin and Mitf and localize the site of interaction to the
Armadillo repeat domain of �-catenin. As Lef1 and other Tcf
family members are not present in either assay, these experi-
ments clearly show that the Mitf–�-catenin interaction does
not take place through a scaffolding effect of Lef/Tcf.

Mitf and �-catenin coimmunoprecipitate from cell lysates.
We next used coimmunoprecipitations to examine the physical
interactions between Mitf and �-catenin. First, in vitro 35S-
labeled recombinant Mitf protein was incubated with cell ly-
sates of HEK293 cells transfected with �-catenin. A portion of
the Mitf protein was pulled down upon precipitation of �-cate-
nin, demonstrating that �-catenin and Mitf can interact in a
complex protein mixture (Fig. 2A). To further analyze this
interaction, HEK293 cells were transfected with expression
vectors for HA-tagged �-catenin and myc-tagged Mitf. Prior to
the preparation of cell lysates for immunoprecipitations, trans-
fected cells were treated with LiCl to inhibit GSK-3� and thus
alleviate its inhibitory influence on both Mitf and �-catenin
(52). Immunoprecipitations were performed with an antibody
directed against the myc epitope of Mitf. As shown, under
these conditions �-catenin and Mitf coimmunoprecipitate with
each other (Fig. 2B). To analyze this interaction with endog-
enously produced proteins, we repeated the assays in 501mel
cells, which express both Mitf and �-catenin (50). When mouse
monoclonal anti-Mitf antibodies were used, a fraction of
�-catenin was precipitated (Fig. 2C). Similarly, when anti-�-
catenin antibodies were used, a portion of the Mitf protein was
precipitated.

To provide additional evidence for the interaction of �-cate-
nin and Mitf in living cells, we studied the mutual influence of
both proteins on their intracellular and nuclear localization
patterns. First, COS7 cells were transfected with �-catenin or
a c-Myc-tagged form of �-catenin, and the cellular distribution
was analyzed by indirect immunofluorescence labeling. In un-
stimulated cells, �-catenin was located in the cytoplasm and in
the cell membrane and was only sporadically located in the
nucleus (Fig. 2D, upper panel). However, if transfected cells
were stimulated with LiCl, which inhibits GSK-3� and thereby
mimics Wnt signaling (26), �-catenin was withdrawn from the
cell membrane and accumulated mainly in the nucleus (Fig.
2D, lower panel). Immunofluorescence analysis of COS7 cells
transfected with an Mitf construct showed that Mitf localizes
mainly in the nucleus, independent of LiCl stimulation (data
not shown). Interestingly, immunofluorescence analysis of

COS7 cells cotransfected with �-catenin and Mitf revealed that
�-catenin accumulates in the nucleus where it colocalizes with
Mitf, even without prior LiCl treatment (Fig. 2E). Apparently,
Mitf can serve as a nuclear anchor for �-catenin, preventing
the export of �-catenin and its further degradation. Combined
with the binding studies described above, this result strongly
suggests that Mitf and �-catenin can bind to each other in vitro
and in vivo and identify �-catenin as a novel interaction part-
ner of Mitf.

The helix domain of Mitf interacts with �-catenin. In order
to map the region in Mitf which mediates its binding to �-cate-
nin, several Mitf deletion constructs were generated (Fig. 3A)
and used in GST pull-down experiments against GST fusions
containing full-length �-catenin sequences or the Armadillo
repeats only. As before, the Armadillo repeats were able to
pull down the full-length Mitf protein (Fig. 3B, lane 9). Dele-
tion of the basic domain of Mitf (�6ew) enabled full-length
�-catenin to bind Mitf, suggesting the presence of an interfer-
ing domain located in the DNA binding domain of Mitf (Fig.
3B, lane 10). A construct containing only the N-terminal part
of Mitf, up to the basic domain (�69), cannot be pulled down
by either full-length �-catenin or the GST construct containing
only the Armadillo repeats. Mitf �28, which lacks the basic
domain and the helix 1 domain but still contains the helix 2 and
the Zip domain cannot bind �-catenin either (Fig. 3B, compare
lanes 11 and 12 with 9 and 10). In summary, these results
indicate that the helix 1 domain is important for proper inter-
actions between Mitf and �-catenin and that the basic domain
somehow interferes with this association. To analyze the im-
portance of the helix 1 domain in more detail, we did a se-
quence comparison of the Mitf protein from different species
with known �-catenin interacting partners (Fig. 4A). The best-
characterized �-catenin binding partners are among the mem-
bers of the Tcf/Lef1 transcription factor family. Their binding
domains have been analyzed by crystal structure and muta-
tional analysis, and several amino acids important for the in-
teraction have been identified (17, 48). Of special interest are
two acidic residues, D16 and E29 (shown in Fig. 4A, numbered
with respect to the hTCF4 sequence), which are thought to
form salt bridges with the �-catenin protein (9). D16 is fol-
lowed by several aliphatic residues, where the position of the
first two residues is conserved between different members of
the Tcf/Lef1 family (Fig. 4A, lower panel). A similar arrange-
ment of amino acids is found in the �-catenin interaction
domains of different groups of binding partners of �-catenin,
including members of the cadherin and adenomatous polyposis
coli tumor suppressor protein family (23). Sequence compari-

cotransfected with HA-tagged �-catenin and c-Myc-tagged Mitf constructs. Forty-eight hours after transfection, cells were incubated with 40 mM
LiCl for 4 h and harvested. Cell lysates were precipitated with a c-myc-specific antibody and analyzed for the presence of Mitf and �-catenin using
SDS-PAGE and Western blot analysis. (C) Cell lysates of 501mel cells were precipitated with either �-catenin- or Mitf-specific antibodies and
analyzed for the presence of Mitf and �-catenin using SDS-PAGE and Western blot analysis. (D) Effects of LiCl stimulation on �-catenin
localization. COS7 cells were transfected with an expression vector for c-Myc-tagged �-catenin. Twenty-four hours posttransfection, the cells were
stimulated with either 40 mM LiCl or NaCl for 3 h, fixed in 2% paraformaldehyde, permeabilized with PBS-Triton X-100, and labeled for �-catenin
with a mouse anti-cMyc antibody (Abcam) and a secondary anti-mouse Alexa 568 antibody (Molecular Probes). (E) To analyze the nuclear
localization patterns of Mitf and �-catenin, COS7 cells were cotransfected with a c-Myc-tagged �-catenin construct and a GFP-tagged Mitf
construct. Twenty-four hours posttransfection, cells were fixed in 2% paraformaldehyde, permeabilized with PBS-Triton X-100, and labeled for
�-catenin with an anti-cMyc antibody (Abcam) and a secondary anti-mouse Alexa 568 antibody (Molecular Probes). IP, immunoprecipitation; IB,
immunoblotting; �-cat, �-catenin; WCE, whole-cell extract; IgG, immunoglobulin G; M, marker.
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son of this domain with the presumptive interaction domain of
the Mitf protein in different species revealed conservation of
these important amino acids in the Mitf protein (Fig. 4A,
upper panel). Amino acid residue D222 in helix 1 fulfills the
criteria as a binding site for �-catenin, followed by several
aliphatic amino residues in the correct spacing. Furthermore,
another acidic residue, D236, is in close proximity and may
build a salt bridge to �-catenin, as has been described for
previously characterized binding partners of �-catenin (9, 23).
When the Mitf sequence in question is projected as a helical
wheel (Fig. 4B), the amino acid residues important for �-cate-
nin contact are exposed on the same surface of the protein,
further supporting the suggestion that they indeed participate
in binding to �-catenin. In order to test the role of this domain
in interactions with �-catenin, we created several mutations in
this region including a complete deletion of helix 1 (Mitf �he-
lix1) and single amino acid substitutions where D222 and D236
were changed to asparagine (Mitf D222/236N and Mitf
D222N). In mice, the Mitf D222N mutation is known as
Mitfmi-vit and results in gradual loss of pigmentation with age
(reviewed in reference 40). We tested these mutant constructs in
our in vitro coimmunoprecipitation system. Cell lysates of
HEK293 cells transfected with �-catenin were incubated with the
different radiolabeled Mitf constructs and precipitated with a
�-catenin-specific antibody. Whereas the full-length Mitf pro-
tein precipitates efficiently with �-catenin (Fig. 4C), the Mitf

�helix1 mutant shows significantly reduced binding to �-cate-
nin. Interestingly, the Mitf D222/236N double mutant is unable
to bind to �-catenin, whereas the Mitfmi-vit mutant binds
�-catenin at similar levels as the Mitf �helix1 construct. Quan-
tification of the precipitated proteins using the Typhoon image
analyzer confirms reduced binding of Mitf �helix1 and Mitfmi-vit

and no binding of Mitf D222/236N (data not shown). To further
explore the importance of helix 1 and D222/236 for the interac-
tion with �-catenin, we analyzed the effect of the different muta-
tions on the nuclear localization pattern of �-catenin in COS7
cells (Fig. 4D). For these studies only the constructs Mitf D222/
236N and Mitfmi-vit were used, because Mitf �helix1 failed to be
expressed at sufficient levels and therefore could not be analyzed.
In contrast, Mitf D222/236N and Mitfmi-vit were expressed, and
both efficiently localized to the nucleus. Importantly, however,
these Mitf mutants showed a much reduced capability to anchor
�-catenin in the nucleus (Fig. 4D and data not shown). Taken
together, these results confirm helix 1 as the main interaction
domain of Mitf and emphasize the importance of amino acids
D222/236 for mediating the binding to �-catenin.

Functional effects of Mitf and �-catenin interactions. Mem-
bers of the Lef1/Tcf family, in addition to other transcription
factors such as Sox17, utilize �-catenin as a transcriptional
coactivator which can lead to a cross-inhibition of different
signaling pathways based on competitive interactions (12, 39,
41). Based on our findings that �-catenin and Mitf can interact,

FIG. 3. Mapping the �-catenin interaction domain in Mitf. (A) A schematic representation of the different Mitf deletion constructs used.
Numbers indicate exons in the Mitf gene. basic HLH-LZip, region of the basic HLH leucine zipper domains. (B) Results of the GST pull-down
assays. GST and GST-�-catenin fusion proteins were immobilized on glutathione-Sepharose beads as indicated and incubated with [35S]methi-
onine-labeled Mitf and Mitf deletion mutants. After extensive washing, material retained on the beads was analyzed by SDS-PAGE and
fluorography, together with 10% of the input material. WT, wild type.
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FIG. 4. Helix 1 of the Mitf bHLH domain provides critical contact points for the interaction with �-catenin. (A) Sequence comparison of the
�-catenin binding domain of different Mitf homologues with known �-catenin binding domains of members of the Tcf/Lef1 transcription factor family.
Protein alignments were carried out using ClustalW at the San Diego Supercomputer Center workbench (http://workbench.sdsc.edu/) and then further
adjusted by eye. (B) To better visualize their potential functional importance, the positions of the conserved amino acids, helix 1, and the loop were also
depicted in a helical wheel structure, using the sequence analysis program BIOEDIT. (C) To confirm the sequence analysis results, coimmunoprecipi-
tation assays were performed. Cell lysates from HEK293 cells, transfected with an HA-tagged �-catenin construct, were incubated with the different in
vitro translated and 35S-labeled Mitf deletion constructs, precipitated with an HA-specific antibody, and analyzed for the presence of the Mitf deletion
construct using SDS-PAGE and radiography. �-Catenin expression and immunoprecipitation were confirmed by Western blot analysis using a �-catenin-
specific antibody. (D) To analyze the importance of the D222 and D236 amino acids for the interaction with �-catenin, colocalization studies with the
different Mitf mutant constructs were performed. COS7 cells were treated as before, and �-catenin was labeled with a goat anti-�-catenin antibody (Santa
Cruz) and a secondary anti-goat Alexa 488 antibody (Molecular Probes). The nuclear localization of the different Mitf constructs was analyzed with a
mouse anti-Mitf antibody and a secondary anti-mouse Alexa 568 antibody. IP, immunoprecipitation; wt, wild type.
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FIG. 5. Functional cooperation of Mitf and �-catenin. To test the functional relevance of the interactions, Mitf and �-catenin were tested in
cotransfection assays in concert with �-catenin- or Mitf-specific reporter constructs. All the Mitf constructs contain the alternative 18-bp sequence
just upstream of the basic domain (41a). (A) Schematic representation of the different constructs used. TBE4c-fos, four copies of the TCF binding
element adjusted from the c-fos minimal promoter (gray box). (B) HEK293 cells were cotransfected with the TOPFLASH promoter construct and
different activators, as indicated. The luciferase activity was measured, and the activity of the different activators was set as 100%. The influence
of Mitf wild type (wt) and the Mitf �helix1 mutant construct on the activity of the different activators on the TOPFLASH promoter is shown as
percent decrease. (C) HEK293 cells were cotransfected with either the �200/�80 tyrosinase promoter construct, the Tyrp-1 promoter construct,
or a 4�M-box construct in concert with the different activators indicated. Mitf activity was measured as relative activity (n-fold) over pcDNA.
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we asked whether a similar scenario applies to Tcf-mediated
and Mitf-dependent transcriptional control. We first analyzed
whether concomitant expression of Mitf affected the activation
of the TOPFLASH reporter, a well-characterized reporter sys-
tem for �-catenin and Tcf-induced transcription (Fig. 5A) (27).
Expression of an activated form of �-catenin strongly activated
the TOPFLASH reporter in 293 cells (Fig. 5B). Increasing
amounts of Mitf reduced this activation to about 30% of its
maximum. To determine whether this inhibition is due to an
Mitf-mediated distraction of �-catenin from the TOPFLASH
promoter, we activated the reporter with chimeric fusion pro-
teins which consisted of the DNA-binding domain of Lef1 and
two different transactivation domains derived from either the
C terminus of �-catenin (Fig. 5A, LEF�N-�CTA) or the VP16
protein (Fig. 5A, LEF�N-VP16) (46). Because the LEF�N
portion lacks the �-catenin binding domain, both chimeras act
independently of �-catenin. Moreover, the LEF�N-�CTA fu-
sion does not contain �-catenin sequences which interact with
Mitf. We therefore expected that TOPFLASH activation by
LEF�N-�CTA and LEF�N-VP16 would not be affected by
Mitf coexpression, which turned out to be the case (Fig. 5B).
So far, the results of our competition assays are consistent with
the idea that Mitf affects �-catenin-dependent transactivation
by distracting �-catenin from the TOPFLASH reporter
through a direct interaction. If so, MITF mutants which are no
longer capable of interacting with �-catenin should behave
neutral in the competition test. The predicted behavior was
indeed observed when we analyzed MITF �helix1 (Fig. 5B),
further suggesting that MITF has the capacity to remove
�-catenin from cognate Wnt regulated promoters.

Based on our findings that Mitf and �-catenin can interact,
we next asked whether Mitf was able to recruit �-catenin to
Mitf-regulated promoters and employ �-catenin as transcrip-
tional coactivator. Therefore, we measured activation of a lu-
ciferase reporter gene driven by the Mitf regulated �200/�80
tyrosinase promoter after coexpression of Mitf and �-catenin.
As shown in Fig. 5C, while the �200/�80 tyrosinase promoter
activity was stimulated by about 12-fold in the presence of Mitf
only, coexpression of �-catenin enhanced reporter gene ex-
pression in a dose-dependent manner up to 45-fold. This effect
of �-catenin was strictly dependent on the presence of Mitf.
We also analyzed the activation patterns of Mitf and �-catenin
on the Tyrp-1 promoter, another Mitf target promoter. Again,
coexpression of Mitf and �-catenin resulted in an increased
activation of the Tyrp-1 luciferase construct. This increase was
less than what was observed with the short tyrosinase construct
yet dose dependent in a similar manner. To exclude the pos-
sibility that the effects of �-catenin are due to interactions with
other DNA binding factors, such as Lef1, we examined the
effects of �-catenin on the ability of Mitf to activate an artificial
promoter, where expression of luciferase is driven by four
serially arranged M-box sequences. Mitf is able to bind and

activate expression of this construct and, again, cotransfection
of �-catenin results in a dose-dependent increase of the tran-
scriptional activity of Mitf (Fig. 5C). Furthermore, cotransfec-
tion studies with a �-catenin construct unable to interact with
Lef1 (�-catenin S33A�19) on the �200/�80 tyrosinase pro-
moter and the artificial M-box promoter showed similar results
(data not shown). This suggests that the interactions between
Mitf and �-catenin are direct and do not need cofactors.

If Mitf indeed recruits �-catenin to enhance transcription
from Mitf target promoters, mutations which interfere with the
interaction of Mitf and �-catenin should abrogate the stimu-
latory effect of �-catenin coexpression. As dimerization is ab-
solutely required to be able to transactivate, we first tested the
ability of the different Mitf mutant proteins to homodimerize
and bind DNA in DNA band shift assays with an E-box con-
taining sequence as probe. Whereas Mitf wild-type, Mitf D222/
236N, and the Mitfmi-vit mutant proteins bound the probe
efficiently (Fig. 5D), the Mitf �helix1 mutant failed to do so.
This is not surprising, as the lack of helix 1 results in truncation
of the dimerization motif. We next analyzed the ability of
�-catenin to cooperate with Mitf D222/236N and Mitfmi-vit in
cotransfection assays. Both Mitf mutant constructs were able
to activate luciferase expression from either the 4�M-box pro-
moter (Fig. 5E, left panel) or the �200/�80 tyrosinase pro-
moter construct (Fig. 5E, right panel). However, cotransfec-
tion of �-catenin failed to enhance reporter gene activity in the
presence of the Mitf D222/236N and the Mitfmi-vit mutants.
Taken together, the results of our binding assays and the func-
tional analyses are fully consistent with the notion that MITF
competitively redirects �-catenin transcriptional activity away
from Wnt regulated genes to MITF target promoters.

ChIP analysis. To further analyze the possibility that �-cate-
nin activates Mitf target genes, we performed chromatin im-
munoprecipitation (ChIP) (8) analysis in 501mel cells with a
�-catenin-specific antibody. Precipitates were analyzed for dif-
ferent Mitf downstream targets by PCR amplifying previously
characterized Mitf binding sites including the E-box sequence
CATGTG in the promoter region. As shown in Fig. 6A, �-cate-
nin is able to precipitate the E-box sequences from the tyrosi-
nase and Tyrp-1 promoters. To demonstrate that this promoter
binding is Mitf dependent, we depleted Mitf from 501mel cells
using siRNA and repeated the ChIP assay. Figure 6B shows
that �-catenin clearly uses Mitf as a DNA binding partner;
depleting Mitf from the cells results in the absence of Mitf
target promoters when �-catenin is used in immunoprecipita-
tions. The effect is specific for Mitf as binding of �-catenin to
the known �-catenin target promoter Brn2 (15) through a Tcf
binding site is not impaired by Mitf siRNA depletion. To
further confirm that the observed effect is Mitf dependent and
not mediated through interaction with Lef1, a control immu-
noprecipitation with a Lef1-specific antibody was performed.
Figure 6C shows that Lef1 is not able to precipitate either the

(D) To determine whether the different Mitf mutant proteins are able to homodimerize and bind DNA, DNA band shift assays with in vitro
translated proteins were performed. Binding specificity was confirmed by supershift with an Mitf-specific antibody. Input of equal amounts of the
different proteins was confirmed by Western blotting. (E) To confirm the importance of the helix 1 region for the interaction with �-catenin,
cotransfection studies with the different Mitf mutant constructs were performed. HEK293 cells were cotransfected with either the 4�M-box
promoter construct or the �200/�80 tyrosinase construct and the different Mitf mutant constructs, with or without �-catenin.
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tyrosinase or the Tyrp-1 promoters. Amplifications with a
primer pair specific for the Hsp70 promoter served as a neg-
ative control in all assays. These observations, combined with
the results of our interference assays, lead us to conclude that
Mitf can redirect �-catenin toward Mitf-specific target promot-
ers, where it utilizes �-catenin as a coactivator and thereby
competes with Lef1 for �-catenin.

DISCUSSION

Mitf is a key regulator of melanocyte development and is
also important for melanocyte stem cell maintenance (32).
Recently, it has been shown that Mitf is involved in cell cycle
regulation (6, 30, 11) as well as in regulating the expression of
Tbx2, an important senescence repressor in melanoma (7, 45).
How Mitf controls these different events is, however, poorly
understood. It is likely that Mitf regulates different sets of
target genes at different stages of development. Clearly, be-
cause of its pivotal role in melanocytes, both the levels and
activity of Mitf itself need to be tightly controlled. We envision

that this occurs through the activity of different signaling path-
ways and through dynamic interactions with other factors in a
highly regulated and promoter-specific manner.

Several studies have shown that Mitf is a downstream target
of Wnt signaling in melanocyte development. The Mitf pro-
moter itself contains Tcf/Lef1 binding sites, and it has been
shown that ectopic Wnt3a upregulates Mitf expression and
recruits �-catenin and Lef1 to the Lef1 binding site of the Mitf
promoter (43). Lef1 not only activates Mitf expression but can
also interact with Mitf itself, in a positive feedback loop, to
maintain Mitf expression levels at important stages of melano-
cyte development (35). Here, we show that �-catenin is not
only involved in the transcriptional regulation of Mitf expres-
sion but can also interact directly with Mitf itself. As a func-
tional consequence, overexpression of Mitf reduces �-catenin/
Tcf-dependent gene expression. Conversely, overexpression of
�-catenin enhances Mitf-dependent gene expression. These
findings indicate that Mitf can redirect �-catenin transcrip-
tional activity away from �-catenin/Lef1-regulated genes to-
ward Mitf-specific target promoters. These results are further

FIG. 6. Mitf recruits �-catenin to specific target genes. (A) Association of �-catenin with Mitf-regulated genes was analyzed by ChIP assays.
501mel melanoma cells were fixed in paraformaldehyde and harvested, and DNA was sheared by sonication. Cell lysates were precipitated with
either a nonspecific antibody or a polyclonal �-catenin antibody. After precipitation, cross-links were reverted, and precipitated DNA was purified
and analyzed via PCR for known Mitf binding sequences or for control sequences. (B) To confirm that the presence of �-catenin at the tyrosinase
and Tyrp-1 promoters depends on Mitf–�-catenin interactions, Mitf was depleted using specific siRNAs prior to ChIP. (C) To confirm that the
observed results were not dependent on a scaffold effect of Lef1, control ChIP assays with an anti-Lef1 antibody were performed on both
control-depleted and Mitf-siRNA-depleted 501 cells. Cells were treated as above. IgG, immunoglobulin G; AB, antibody.
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supported by ChIP analysis of different Mitf downstream pro-
moters, showing that �-catenin is associated with E-box se-
quences which are the DNA-binding elements for Mitf.

Although other investigators (35, 51) have shown that Lef1,
a well-characterized binding partner of �-catenin, can bind to
Mitf through the bHLH-Zip domain, the interactions between
Mitf and �-catenin described here are not Lef1 dependent.
First, the interaction takes place in yeast and in the GST
system where Lef1 is not present, and, second, �-catenin af-
fects Mitf-mediated transcription from the artificial 4�M-box
promoter which does not contain Lef1 binding sites. In addi-
tion, a �-catenin construct unable to bind to Lef1 is still able to
interact with Mitf and increase its transcriptional activity. The
location of the Mitf interaction domain in the N-terminal
armadillo repeats of �-catenin additionally argues against an
indirect interaction between �-catenin and Mitf through Lef1.
Rather, these interactions suggest that Lef1 and Mitf may
compete for binding to �-catenin (Fig. 4).

Indeed, Wnt signaling activates Mitf expression early in me-
lanocyte development, which is a key event in melanocyte
differentiation and maintenance. Mitf then activates targets
further downstream according to the specific needs of the cell.
These needs are in part specified through convergence of dif-
ferent signaling pathways on Mitf which fine-tune Mitf activity
and protein level and thereby determine the fate of the cell. As
one example, Lang et al. (28) have shown that PAX3 activates
Mitf expression early in melanoblasts but at the same time
prevents Mitf from activating downstream targets, thus pre-
venting terminal differentiation. Mitf accumulates in the cell,
and once the PAX3-mediated repression is relieved through
external stimuli, Mitf drives the cell into further differentiation.

A considerable fraction of malignant melanomas possess a
constitutively active Wnt/�-catenin signaling pathway, and
�-catenin levels are elevated in a majority of melanomas (33,
34). Recent work has shown that Mitf is expressed in a majority
of melanomas (38) and that the Mitf gene is amplified in a
significant portion of melanomas (14). Thus, both Mitf and
�-catenin play important roles in melanoma. Based on our new
findings we present an extended model for how Wnt signaling,
�-catenin, and Mitf cooperate during melanocyte differentia-
tion and maintenance and possibly also in melanoma (Fig. 7).
At early stages of melanocyte differentiation, Wnt signaling,
e.g., through Wnt3a (43), results in accumulation of �-catenin,
which then translocates into the nucleus. �-Catenin converts
Lef1 from a repressor to an activator and activates Mitf ex-
pression from the Mitf-M promoter. Subsequently, Mitf up-
regulates its own expression through interaction with Lef1.
Depending on the availability of Lef1 and active �-catenin,
Mitf has at least three choices to activate transcription of
distinct sets of downstream target genes and to diversify cel-
lular behavior. First, Mitf can interact with Lef1 in the absence
of �-catenin to activate melanocyte-specific genes, such as Mitf
and DCT (37, 52). Second, Mitf can activate another set of
downstream targets in concert with Lef1 and �-catenin. Or,
third, Mitf can recruit �-catenin independently of Lef1 to Mitf-
regulated genes important for melanocyte development and
maintenance. Thus, Mitf may be able to integrate the output
from the Wnt signal transduction pathway in multiple ways to
determine the repertoire of genes regulated by Wnt and Mitf
under different circumstances. Interestingly, the finding that

the Mitfmi-vit mutant protein is able to bind to �-catenin but is
unable to utilize this cofactor for transcription activation sug-
gests that the interaction between the two proteins may be
particularly important in melanocyte stem cells. Nishimura et
al. (32) have recently shown that melanocyte stem cells are not
properly maintained in Mitfmi-vit mutant mice, and �-catenin
has also been shown to be important in melanocyte stem cells
(28). Clearly, the role of these two proteins in melanocyte stem
cell maintenance warrants further investigations. Olson et al.
(32a) have shown that �-catenin is recruited by a tissue-specific
homeodomain factor to promote cell lineage determination. In
contrast to the common Wnt signaling pathway, they showed
that in pituitary development �-catenin directly interacts with
the specific homeodomain factor Prop1 to activate expression
of the cell-lineage-determining transcription factor Pit1 and
simultaneously directs repression of the lineage-inhibiting
transcription factor Hesx1 through the TLE/Reptin/HDAC1

FIG. 7. Model for the dynamic interactions between �-catenin and
Mitf transcriptional activity. Mitf plays a key role at different stages of
melanoblast and melanocyte development, probably by regulating dif-
ferent sets of target genes. To achieve this diversity, the activity of Mitf
as a transcriptional activator is modulated either by regulating its
protein level or by its engagement in changing and dynamic interac-
tions with other factors in a highly regulated and promoter-specific
manner. Moreover, signaling through the canonical Wnt signaling
pathway provides several levels of regulation. Signaling through
�-catenin activates Mitf expression. Depending on the protein levels of
Mitf, Mitf can interact and cooperate either with Lef1 or �-catenin
alone or in a complex with both to activate downstream targets.
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corepressor complex. In melanocytes, a similar situation is
possible, where Mitf repression through PAX3 is withdrawn by
�-catenin, which is then followed by the interaction of Mitf and
�-catenin to activate genes important for melanocyte determi-
nation and development.

Our results provide an important step to improve our un-
derstanding of these transcriptional regulatory networks and
how they control cell identity. An important and interesting
future task will be to define the parameters which govern the
formation of the various possible complexes between Mitf,
�-catenin, and Lef1 and to determine the spectrum of target
genes regulated by each of the different combinations of these
important transcription regulators.
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