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Abstract

Purpose: c-Met is a receptor tyrosine kinase involved in cell growth, invasion, metastases,
and angiogenesis. In this study, we investigated the role of c-Met in melanoma biology using a
novel small-molecule tyrosine kinase inhibitor SU11274 and small interfering (si) RNA against
the receptor.
Experimental Design: The effects of SU11274 and c-Met siRNA were studied on proliferation,
apoptosis, differentiation, reactive oxygen species, and intracellular signaling. c-Met mutations
were examined, and the expression of c-Met and activated c-Met was studied in nevi, primary,
and metastatic melanoma.
Results: c-Met was expressed in 6:7 melanoma cell lines by immunoblotting. SU11274 inhibited
cell growth in all melanoma cell lines by 85% to 98% with an IC50 between 1and 2.5 Amol/L and
caused apoptosis (12-58%) in five out of six cell lines. siRNA against c-Met inhibited proliferation
of melanoma cells by 60%. This is the first study that shows that SU11274 and siRNA induced
microphthalmia-associated transcription factor (MITF) and several other melanoma differentiation proteins and a morphologically differentiated phenotype. SU11274 also inhibited reactive
oxygen species formation and phosphorylation of c-Met receptor, AKT and S-6 kinase by the
hepatocyte growth factor. A new missense c-Met mutation N948S was identified in cell lines
and R988C in tumor tissue in the juxtamembrane domain of c-Met. It was found that c-Met was
expressed in 88% of melanomas and 15% of nevi, and that c-Met (pY1003) was activated in 21%
of human melanomas.
Conclusion: These results support the role of c-Met in proliferation, apoptosis, differentiation,
and tumor progression of melanoma. SU11274 could be used in the therapeutic inhibition of
melanoma.

The incidence of malignant melanoma has increased rapidly
during the past several decades. A study published in 2006
estimated there would be 62,190 new cases of melanoma and
7,910 deaths that year, making it the most common of all skin
malignancies (1). The majority of these deaths are due to
distant metastases from the primary site because melanoma is
notorious for its propensity to metastasize. Melanoma is poorly
responsive to cytotoxic chemotherapy (2), and the survival of
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patients is based on screening, early detection, and wide
resection of the primary lesion. The overall survival for patients
with metastatic melanoma ranges from only 4.7 to 11 months,
with a median survival of 8.5 months (3). c-Met is overexpressed (4) and associated with the metastatic potential of
melanoma and patient survival (5 – 7).
c-Met is a receptor tyrosine kinase (RTK) that has been
known to stimulate the invasive growth of cancer cells, increase
their metastatic potential, and is also known to be expressed
and mutated in a variety of solid tumors (8). The structure of
c-Met consists of a disulfide-linked a-h heterodimer with a
molecular weight of 190 kDa (9). The 140-kDa h chain spans
the membrane; however, the a chain is only located extracellularly, and both these forms are cleaved from a 170-kDa
precursor form. The intracellular part of the receptor can be
divided into (a) a juxtamembrane region, followed by (b) a
tyrosine kinase catalytic domain, and (c) a COOH-terminal
sequence, which is responsible for coupling the receptor to
intracellular cell signaling molecules (10). All of these three
domains contain tyrosine residues that are phosphorylated
upon ligand binding. The major phosphorylation site of
c-Met is in the catalytic domain, where three tyrosines
(Tyr1230/1234/1235) are located, and is the region in which ATP
is bound. The phosphorylated tyrosines in the COOH-terminal
sequence (Tyr1349 and Tyr1356) act as docking sites for
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downstream signaling molecules (10). The juxtamembrane
Tyr1003 of the cytoplasmic part of c-Met is required for
ubiquitination and degradation by the proteasome pathway,
making it a part of a negative feedback loop for c-Met signaling
(10). The natural ligand for c-Met is the hepatocyte growth
factor (HGF), which is also known as scatter factor. HGF is a
multifunctional cytokine acting as a mitogen, motogen, and
morphogen for many epithelial cells. HGF is physiologically
secreted by cells of mesenchymal origin and acts on neighboring epithelial cells through a paracrine loop (2). Many missense
mutations of c-Met have been reported in a variety of cancers,
with the majority of them identified in the cytoplasmic
activation loop tyrosine kinase domain (10). c-Met activating
point mutations in the kinase domain are implicated as the
cause of hereditary papillary renal carcinoma (11). In addition,
kinase domain mutations have been observed in sporadic
papillary renal carcinoma, ovarian cancer, childhood hepatocellular carcinoma, and gastric cancer (11 – 13). Juxtamembrane
domains of RTKs are thought to be key regulators of catalytic
functions. We identified unique activating mutations of c-Met
in the juxtamembrane domain (R988C and T1010I) and
semaphorin domain (E168D), as well as insertions and
alternative splice forms involving the juxtamembrane in small
cell lung cancer and non – small cell lung cancer (10, 14).
In normal skin, c-Met is present on epithelial cells and
melanocytes, whereas HGF is produced mainly by mesenchymal
cells and, consequently, interacts with its receptor in a paracrine
manner (15). HGF is a mitogen of human melanocytes, and
overexpression of c-Met correlates with the invasive growth
phase of melanoma cells (4). Recent studies by Herlyn’s group
have shown that most of melanoma cells, but not normal
melanocytes, produce HGF, which can induce sustained acti
vation of its receptor (2). Hence, an autocrine HGF/c-Met
signaling loop may be involved in the development of
melanomas. Consistent with this, prolonged HGF stimulation
induces the down-regulation of the intercellular adhesive
molecule E-cadherin that is implicated in the control of
melanocyte proliferation (2). Finally, in transgenic mice that
ubiquitously expressed HGF, ectopic localization of melanocytes
and hyperpigmentation in skin were observed, and melanoma
arose spontaneously. In these mice, UV radiation-induced
carcinogenesis was accelerated (16). It is suggested that c-Met
autocrine activation induced the development of malignant
melanoma and the acquisition of the metastatic phenotype (17).
Here, we show that a novel small-molecule tyrosine kinase
inhibitor of the c-Met inhibits growth of melanoma by causing
apoptosis and induces differentiation. We further show that
HGF induced signaling, and the generation of reactive oxygen
species (ROS) could be inhibited by this drug. We also illustrate
that c-Met can also be inhibited by using small interfering (si)
RNA, and siRNA also induces differentiation in melanoma
similar to SU11274. We also analyzed the functional expression
and activation of c-Met in melanoma tumor sections and finally
identified unique mutations in the juxtamembrane domain in
melanoma cell lines and tumor tissue.

Materials and Methods
Reagents and antibodies. SU11274: [(3Z)-N-(3-chlorophenyl)-3({3,5-dimethyl-4-[(4-methylpiperazin-1-yl)carbonyl]-1H -pyrrol-2-
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yl}methylene)-N-methyl-2-oxo-2,3-dihydro-1H-indole-5-sulfonamide]
(obtained from Pfizer Inc., San Diego, CA) was suspended in DMSO
and kept in small aliquots at 20jC. Phosphospecific antibody to
pY1230/1234/1235 (autophosphorylation site) was obtained from
Biosource International (Camarillo, CA). Phosphospecific antibodies
for pS473 on AKT and pT421/pS424 on p70 S-6-kinase were obtained
from Cell Signaling Technology (Beverly, MA). Total c-Met and BCLXL
antibodies were obtained from Santa Cruz Biotechnology (Santa Cruz,
CA) and h-actin from Sigma-Aldrich (St. Louis, MO). For detecting
melanoma differentiation proteins, the following antibodies were
used: anti-tyrosinase monoclonal antibody (clone T311; Nova-Castra,
Newcastle-upon-Tyne, United Kingdom), anti – gp-100 monoclonal antibody (MO 634, DAKO, Carpinteria, CA) and anti – MART-1/Melan-A
monoclonal antibody (clone M2-7C10, Signet, Dedham, MA).
Cell lines and cell culture and cell cycle analysis. MM-AN, MU, PMWK, MM-RU, MM-MC, MM-LH, and RPM-EP melanoma cells were
grown in MEM (Cellgro, Hernon, VA) with 10% fetal bovine serum
(Gemini Bioproducts, Woodland, CA). Triplicate melanoma cell
cultures were grown in MEM with 10% fetal bovine serum and treated
with a final concentration of 5 to 10 Amol/L of SU11274 or an equal
volume of diluent (DMSO) as a control for 96 h. Cells were collected,
stained with propidium iodide, and analyzed with a Becton Dickinson
(San Jose, CA) FACS Scan and Cell Quest software.
Preparation of cell lysates and immunoblotting. Cells were lysed in lysis
buffer containing 20 mmol/L Tris (pH, 8.0), 150 mmol/L NaCl, 10%
glycerol, 1% NP40, 0.42% NaF, 1 mmol/L phenylmethylsulfonyl fluoride,
1 mmol/L Na3VO4, and 10 AL/mL protease inhibitor cocktail (SigmaAldrich) as described previously (18). Cell lysates were separated by 7.5%
or 10% SDS-PAGE under reducing conditions. Proteins were transferred to
an immobilization membrane (Bio-Rad Laboratories, Hercules, CA) and
immunoblotted using the enhanced chemiluminescence technique
(PerkinElmer Life and Analytical Sciences, Torrence, CA).
Cell growth analysis. For measuring the effect of SU11274 on the
growth of melanoma cells, MM-AN, MU, PM-WK, MM-RU, MM-MC,
and RPM-EP cells were plated at 6  104 cells in 60-mm dishes in MEM
with 10% serum. After 24 h, different concentrations of SU11274 were
added, and after 96 h, cells were trypsinized and counted in a cell
counter (Beckman Coulter, Fullerton, CA). Each data point was
repeated in triplicate.
Specific phosphorylation of c-Met and other signaling molecules via
HGF and inhibition with SU11274. MU and MC cells that expressed
c-Met were deprived of growth factors by incubation in serumfree medium containing 0.5% bovine serum albumin for 24 h with
or without SU11274 (5 Amol/L). After treatment with or without
SU11274 in serum-free medium, cells were stimulated with or without HGF (EMD Biosciences, San Diego, CA) at 40 ng/mL for 7.5 min
at 37jC. After harvesting, the cells were subjected to the standard
procedures of immunoblotting. Antibodies specifically against phosphorylated c-Met and other proteins are as described above.
ROS measurement by immunofluorescence. About 5  104 MU
melanoma cells were plated in 35-mm Petri dishes. After 24 h, MU
melanoma cells were kept in serum-free media containing 0.5% bovine
serum albumin with and without 5 Amol/L SU11274 for 12 h. Cells
were treated with 40 ng/mL HGF for 7.5 min, then treated with
10 Amol/L dihydroethidine (Molecular Probes Inc., Eugene, OR) for
30 min, after which they were visualized under a fluorescent Olympus
microscope IX81, 20 objective, ND3 and rhodamine filter sets.
Fluorescence was then quantified using Image J and graphed as shown.
siRNA and transfection. siRNA against c-Met was obtained from
Dharmacon (Lafayette, CO). Briefly, four pooled siRNA duplexes were
transiently transfected into MU melanoma cells by the Dharmacon
protocol using OligofectAMINE obtained from Invitrogen (Carlsbad,
CA). Mock transfection was done in parallel using SignalSilence control
siRNA (Cell Signaling Technology) as negative control. For studies on
the effect of siRNA on differentiation proteins, MU melanoma cells
were transfected with siRNA as described above, cell lysates were
prepared after 12 h, and immunoblotting was done as described.
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Immunohistochemistry. For immunohistochemistry, we analyzed
paraffin-embedded, formalin-fixed tissues from patients with 20 nevi
(4 intradermal, 2 junctional, 14 compound), 16 primary melanomas
(5 superficial-spreading type, 9 nodular, 2 spindle), and 24 metastatic
melanomas. All cases have been retrieved from pathology archives at
the University of Chicago Hospital with institutional approved
Institutional Review Board protocol. Immunostaining procedures were
as described by Ma et al. (19). For total c-Met immunostaining, 3D4
mouse monoclonal antibody from Zymed was used, and phospho-Met
[pY1003] from Biosource was used. Appropriate negative controls for
the immunostaining were prepared by omitting the primary antibody
step and substituting it with nonimmune rabbit serum.
All of the slides were reviewed and scored by two pathologists
independently. For each case, the most representative tumor section
was examined at 200 magnification to identify the percentage of
tumor cells with c-Met expression.
Cell lines and DNA sequence analysis. Genomic DNA was isolated
from five melanoma cell lines using a QIAamp DNA mini kit (Qiagen,
Valencia, CA). Melanoma tumors were obtained from pathology

archives at the University of Chicago Hospital with institutional
approved Institutional Review Board protocol, and tumor DNA was
isolated using proteinase K (0.03 mAU) from Qiagen overnight
at 56jC. The semaphorin domain, juxtamembrane domain, and
tyrosine kinase domain in c-Met genomic DNA were sequenced
using standard PCR and sequencing techniques. Each PCR reaction
contained 50 ng/mL of DNA, 1 Platinum Taq buffer, 1 mmol/L
deoxynucleotide triphosphates, 2.5 mmol/L MgCl2, 0.5 U Platinum
Taq enzyme (Invitrogen), and 0.2 Amol/L forward and reverse primers
in a 20-AL reaction volume. The PCR primer sequences and PCR
conditions used for the c-Met mutational analyses (semaphorin
domain, juxtamembrane domain, and tyrosine kinase domain) are
available upon request. The resulting PCR products were purified using
a Qiaquick PCR purification kit (Qiagen). Sequencing fragments were
detected using ABI Prism DNA Analyzer 3730XL (Applied Biosystems,
Foster City, CA), and chemistry used was big dye version 3. The
nucleotide position numbering was relative to the first base of the
translational initiation codon according to full-length human c-Met
cDNA (14, 19).

Fig. 1. A, c-Met is expressed in six out of the seven melanoma cell lines as seen by immunoblotting. Cells were harvested, and Western blotting was done using c-Met
polyclonal antibody (C-12).The 170-kDa protein band represents the precursor form of the glycosylated c-Met, and the 140-kDa band is the biologically active transmembrane
h subunit of c-Met. h-Actin was used as an internal loading control. B, inhibition of c-Met with the specific small-molecule inhibitor SU11274 inhibits growth of melanoma
cells. Cells from six melanoma cell lines were plated in Petri dishes and allowed to adhere overnight followed by treatment with the indicated concentrations of SU11274. Cells
were counted in triplicate after 96 h. C, SU11274 induces apoptosis in melanoma cells. MU melanoma cells were treated with diluent, 5 or 10 Amol/L SU11274, both diluted in
media containing 10% fetal bovine serum. Cells were collected after 96 h and stained with propidium iodide and analyzed by FACS. About 19% to 58% of the cells were
apoptotic after treatment with 5 or 10 Amol/L SU11274 as indicated by the sub ^ G0-G1 population of the cells. D, Melanoma cells were cultured and treated as described
above. Apoptotic cells were determined by FACS scan, and it was found that SU11274 induced apoptosis in all cell lines except MM-AN cells. E, new juxtamembrane missense
heterozygous mutation of c-Met identified in melanoma cell line MM-MC. Point mutation 2843 A > G resulted in a missense substitution from asparagine to serine at codon
948 (N948S). F, new juxtamembrane missense mutation R988C identified in melanoma tumor tissue. Point mutation 2962 C > Tresulted in missense substitution from
arginine to cysteine.
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Fig. 2. A and B, MM-MC melanoma cells without
and with SU11274 showing a change of cell
morphology to that resembling normal human
melanocytes. Cells were treated for 72 h with
5 Amol/L SU11274, after which cells were
photographed. C-F, MU and MM-RU treated
without and with SU11274. Similar differentiation
changes were also seen in these cell lines.
G, c-Met inhibitor induced markers of melanocyte
differentiation. Cells were treated with different
concentrations of SU11274, and after 12 h, cells were
harvested, and immunoblotting was done. SU11274
induced up-regulation of tyrosinase, MITF, gp-100,
and Melan-A/MART-1. H, the immunoblot shows
the inhibition of c-Met expression by siRNA gene
silencing targeting c-Met mRNA. MU melanoma
cells were transfected with c-Met specific siRNA
duplexes or mock as described in Materials and
Methods for 72 h and analyzed using an
immunoblot. Down-regulation of c-Met protein
expression by c-Met siRNA can be clearly seen.
I, a comparison between the inhibition of c-Met
siRNA and that of SU11274 on the growth of MU
melanoma cells. MU melanoma cells were plated and
allowed to attach overnight. They were then
transfected with c-Met siRNA or mock, and the
number of cells were counted on a Coulter counter
at 72 and 96 h. Cells were also treated with 5 and
10 Amol/L SU11274, and cells were counted with a
Coulter counter after 96 h. As can be seen, SU11274
inhibited the growth of MU melanoma cells more
effectively at 5 and 10 Amol/L, and there was 72%
and 88% inhibition of growth in comparison to
56%, which was seen with c-Met siRNA. J, MU
melanoma cells untreated and (K) treated cells with
c-Met siRNA for 72 h and photographed. As can
be seen, transfection with c-Met siRNA induces a
melanocyte like phenotype, and melanoma cells
seem differentiated. L, MU melanoma cells were
plated and allowed to attach overnight. They were
then transfected with c-Met siRNA or mock.
After 12 h, cells were harvested, and immunoblotting
was done. Similar to SU11274, c-Met siRNA induced
up-regulation of tyrosinase, MITF, gp-100, and
Melan-A/MART-1.
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Fig. 3. SU11274 decreases ROS. A,
photograph of untreated MU melanoma
cells treated with dihydroethidine and
visualized by fluorescence microscopy.
B, MU melanoma cells treated with
40 ng/mL of HGF for 7.5 min and then
visualized by fluorescence microscopy
showed a significant increase in ROS and
fluorescence (47%). C, MU melanoma cells
treated with SU11274 5 Amol/L for 12 h
followed with HGF as described above
exhibited a decrease in the ROS response
to HGF (3%). These results are depicted
graphically (D). E, proteins modulated in
MU melanoma after treatment with
SU11274. MU melanoma cells were
prestarved and stimulated with 40 ng/mL
of HGF for 7.5 min. Cells were harvested and
immunoblotted using a phosphospecific
antibody against p-Met at the
phospho-epitopes (pY1230/1234/1235).
Immunoblots were also done using
antibodies against p-S6K (T421/S424),
p-AKT (S473), and BCLXL. h-Actin
served as a loading control.

Results
Expression of c-Met in melanoma cell lines. The expression of
c-Met RTK protein was studied in seven melanoma cell lines
(Fig. 1A). It was found that the 140-kDa h subunit of c-Met was
expressed in all seven melanoma cell lines, and MM-AN
melanoma cells expressed minimal levels of c-Met in comparison to other melanoma cell lines.
Effect of SU11274 on the proliferation and apoptosis of
melanoma cell lines. SU11274, which is a highly specific
inhibitor of c-Met, was tested on the six melanoma cell lines.
In all melanoma cell lines that expressed c-Met, the IC50 of
SU11274 was between 1 and 2.5 Amol/L (Fig. 1B). The IC50 of
MM-AN, which expresses minimal levels of c-Met, was found to
be 5 Amol/L, 2-fold higher than that of cells lines that expressed
abundant levels of c-Met (Fig. 1B). Apoptosis was seen in all
five melanoma cell lines that expressed c-Met. By 96 h, between
12% and 58% of cells in different melanoma cell lines appeared
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in the sub – G0-G1 region of the fluorescence-activated cell
sorting (FACS) profile indicating apoptosis (Fig. 1C and D). No
apoptosis could be detected in MM-AN cells (Fig. 1D).
Novel c-Met mutations in melanoma. We have recently
described c-Met mutations in lung cancer (14), and in this
study, we evaluated whether similar mutations could also be
found in melanoma. We analyzed melanoma cell lines MM-AN,
PM-WK, MM-RU, MM-MC, and RPM-EP for mutations in the
‘‘hotspots’’ of c-Met. A new missense heterozygous mutation
N948S was found in exon 13 in the juxtamembrane domain in
PM-WK, MM-RU, and MM-MC (Fig. 1E).
We analyzed 14 melanoma tumors and discovered a novel
mutation R988C in exon 14 in the juxtamembrane domain
(Fig. 1F). This mutation in the juxtamembrane domain has also
been seen in non – small cell and small cell lung cancer tumors
(14, 19); however, this is the first report of a mutation in c-Met
in human melanoma tumors. Clustering of mutations in the
juxtamembrane domain of c-Met has been linked to induced
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cytoskeletal changes and increase in tumorigenicity (14). There
were no mutations found in the semaphorin or catalytic
tyrosine kinase domain.
Effect of SU11274 on differentiation of melanoma cell
lines. After treatment of MM-RU, MU, and MM-MC melanoma cell lines for 72 h with 5 Amol/L SU11274, it was evident
that all three cell lines exhibited a marked change in
morphology, with a dendritic and differentiated appearance
(Fig. 2A-F) similar to normal human melanocytes (20). MU
melanoma cells, which are melanized, spindle-shaped, or
tripolar cells, became very dendritic and differentiated on
exposure to SU11274 (Fig. 2C and D). MM-RU and MM-MC,
which are less differentiated, amelanotic, round, or polygonal
cells, became bipolar, tripolar, or multipolar and phenotypically resembled the normal human melanocyte (Fig. 2A, B, E,
and F). Thus, SU11274 could induce a differentiated phenotype
in a wide variety of melanoma cells melanized, amelanotic, less
and more differentiated melanoma cells.
It was hypothesized that SU11274 could not only induce
a differentiated phenotype, but also the microphthalmiaassociated transcription factor (MITF), tyrosinase, and other
melanocyte-associated differentiation markers. By immunoblotting 12 h after treatment with SU11274, an increase in levels of
MITF (3-fold) was seen with a concomitant increase in the levels
of melanocyte-associated antigens tyrosinase (12-fold), gp-100
(6-fold), and MART-1 (2-fold; Fig. 2G). The increase in the level
of various differentiation proteins was determined by densitometric analysis after treatment with 10 Amol/L SU11274.
siRNA against c-Met inhibits growth and induces differentiation of melanoma cells. The effect of siRNA against c-Met was

also studied on the proliferation and differentiation of MU
melanoma cells. It was found that c-Met protein expression
was down-regulated (47%) 72 h after treatment with siRNA
(Fig. 2H). Furthermore, it was found that 72 and 96 h after
transfection with Oligofectamine, the proliferation of MU
melanoma cells was reduced by 60% and 56%, respectively
(Fig. 2I). SU11274 at 5 and 10 Amol/L inhibited the growth of
melanoma cells by 72% and 88%, respectively (Fig. 2I). The
inhibitory effect of SU11274 was more pronounced than siRNA
because SU11274 is a potent and selective inhibitor of c-Met
activity and function (21, 22). SU11274 also inhibits c-Met
signal transduction, particularly AKT, which is necessary for cell
survival and growth (21, 22). It was found that siRNA could
mimic the effect of SU11274 on differentiation and also induce
a differentiated and dendritic phenotype similar to normal
human melanocytes in MU melanoma cells (Fig. 2J and K).
Similar to SU11274, c-Met siRNA 12 h after transfection
induced an increase in MITF (4-fold) and several of the
melanocyte differentiation antigens, tyrosinase (4-fold), gp-100
(2-fold), and MART-1 (2-fold), which have been targets for
immunotherapy (Fig. 2L). The increase in the level of various
differentiation proteins was determined by densitometric
analysis after treatment with c-Met siRNA.
Stimulation by HGF leads to an increase in ROS; however,
treatment with SU11274 decreases ROS in MU melanoma
cells. We analyzed the endogenous levels of ROS in MU
melanoma cells with and without HGF treatment using
dihydroethidine by fluorescence microscopy. Dihydroethidine
is a redox-sensitive probe that has widely been used to detect
intracellular superoxide anion (23). The relative levels of ROS

Fig. 4. A, analysis of the frequency and
localization of c-Met expression by
immunohistochemical staining in nevi and
melanomas. c-Met was negative in 85% of
nevi, focally positive in three compound
nevi (15% of cases). In primary melanomas,
the vast majority of cases (87.5%) showed
cytoplasmic staining. In metastatic
melanomas, 29% cases exhibited
cytoplasmic positivity, and 58.5% exhibited
both cytoplasmic and membranous
staining. B, negative c-Met staining of
compound nevus, expression of c-Met
(C), and overexpression of c-Met (D) in
the invasive front of primary human
melanoma. E, metastatic melanoma
showing cytoplasmic c-Met expression.
F, metastatic melanoma in lymph node
showing cytoplasmic and membranous
c-Met expression. G, metastatic melanoma
showing expression of activated c-Met
as seen by staining with antibody against
phospho ^ c-Met epitope pY1003.
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were increased in response to HGF by 47%, and SU11274
decreased the ROS response to HGF to 3% (Fig. 3A-D). Because
a ROS response is necessary for the survival of cancer cells, these
results indicate that lowering ROS responses considerably by
SU11274 could be used as a potential chemotherapeutic agent.
SU11274 prevented tyrosine phosphorylation of c-Met in
MU melanoma cells and blocked c-Met – dependent signaling
events. The ability of SU11274 to inhibit activation of c-Met
was examined by immunoblotting. Treatment with HGF
increased the autophosphorylation of c-Met at the activation
loop site phospho-epitope (pY1230/1234/1235). SU11274
completely abolished the phosphorylation of the above
tyrosine residues at the activation site (Fig. 3E). HGF binding
to c-Met activated its tyrosine kinase, AKT (S-473), and S-6
kinase (T-421/S424; Fig. 3E). At 5 Amol/L, SU11274 completely
inhibited HGF-induced phosphorylation of c-Met, AKT, and
S-6 kinase (Fig. 3E). Additionally, SU11274 down-regulated
BCLXL, an inhibitor of apoptosis (Fig. 3E), indicating that
SU11274 stimulates apoptosis as was seen earlier (Fig. 1D).
As seen in Supplementary Fig. S1, we found no effect of
the c-Met mutation in MM-MC on the intrinsic c-Met kinase
activity or downstream signaling events in comparison to
MU, which does not have a c-Met mutation. In addition,
SU11274 inhibited phosphorylation of c-Met and AKT in
both MM-MC and MU (Fig. 3E and Supplementary Fig. S1),
indicating that c-Met inhibitors could also possibly be
therapeutically effective in individuals with melanoma with
c-Met mutations.
Expression of c-Met and activated phospho-Met in melanoma.
Finally, we analyzed paraffin-embedded, formalin-fixed tissues
from 20 patients with nevi and 40 with malignant melanomas. Both total c-Met and activated phospho-Met (pY1003)
were shown in paraffin-embedded, formalin-fixed melanoma
tissues using immunohistochemistry techniques (Fig. 4A-G).
The phosphospecific antibody against the phospho-epitope
(pY1230/1234/1235) reacted very weakly in paraffin sections
and, hence, was not used. c-Met was negative in 85% of nevi
(Fig. 4A and B) and positive in 88% of melanomas examined
(Fig. 4A and C). Primary melanomas exhibited cytoplasmic positivity (Fig. 4C and D), whereas metastatic melanomas showed
both cytoplasmic and membranous pattern of c-Met staining
(Fig. 4E and F). Interestingly, preferential expression of phosphoMet was located in the invasive front of the melanoma (Fig. 4D).
In addition to the expression of c-Met, expression of phosphoMet (pY1003) showed that c-Met was activated at the phosphoepitope (pY1003; Fig. 4G) in 21% of human melanoma,
indicating that the activation of c-Met can occur in melanoma.
Expression of activated c-Met at phospho-epitopes (pY1003) was
not detected in normal epidermis or nevi.

Discussion
The studies of RTKs in solid tumors have come to fruition as
molecularly targeted therapy (24). We show that the HGF/cMet pathway is functional in melanoma, and this may be a
useful target for therapeutic intervention. c-Met was functionally expressed in all melanoma cell lines, and most tumor
tissues had unique preferential expression at the tumor invasive
front. Targeted inhibition of c-Met either via SU11274 or
specific siRNA led to decreased cell growth and viability.
SU11274 inhibition of c-Met abrogated tyrosine phosphoryla-
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tion of cellular proteins, including c-Met itself, as well as its
downstream signaling proteins. SU11274 and c-Met siRNA
were also able to induce MITF, several melanoma differentiation proteins, and a phenotype similar to normal human
melanocytes. Stimulation of ROS by HGF led to increased ROS
formation, which was completely inhibited by SU11274. Lastly,
unique c-Met alterations in the juxtamembrane domain were
identified in melanoma cell lines and tumor tissue. It has been
shown that the juxtamembrane domain has a novel role in
c-Met signaling, motility, tumorigenicity, and migration (14).
The novel c-Met mutations reported in this study are the first to
be reported in melanoma.
This is the first report of the effect of a small-molecule
inhibitor SU11274 on human melanoma. Small-molecule
inhibitors specifically targeting c-Met represent an attractive
novel targeted therapeutic approach. Met kinase autophosphorylation was reduced on sites that have been shown to be
important for the activation of pathways involved in cell
growth and survival, especially the phosphoinositide-3-kinase
pathway, which is responsible for events such as proliferation,
reduced apoptosis, and anchorage independence (25, 26).
SU11274 decreases the phosphorylation of AKT, which is
downstream of phosphoinositide-3-kinase, and inhibits an
antiapoptotic protein BCLXL, which is downstream of AKT.
Other strategies to inhibit c-Met reported are NK4 HGF
(truncated form of HGF), peptide inhibition, antibody inhibition, siRNA, and ribozymes (27 – 31). Inhibition of c-Met by
siRNA represents a novel and powerful strategy. Here, we found
that treatment with siRNA lowered c-Met protein expression
and inhibited the viability of melanoma cells considerably.
Both c-Met siRNA and SU11274 caused differentiation of
melanoma cells and induced the transcription factor MITF,
which regulates the expression of major melanoma-associated
differentiation proteins, such as tyrosinase, TRP-1, and TRP-2
(32, 33). Melanoma differentiation is also associated with
slower cell proliferation (34). Induced differentiation might be
especially helpful in the immunotherapy of melanoma, when
SU11274- or siRNA-induced increase in the expression of
several differentiation antigens, such as tyrosinase, gp-100, and
MART-1, may potentially permit targeting of melanoma by
sensitized T lymphocytes (35 – 37).
In this study we also found that c-Met is expressed in cell
lines and tumor tissues. This is the first study where activated
c-Met has been detected in tumor tissue in melanoma. c-Met
activation could happen as a result of overexpression, activating
mutations, or gene amplification (10). Interestingly, a 2-fold
increase in the expression of phosphorylated c-Met was seen
in melanoma in comparison to nevi, indicating that perhaps
c-Met has an important potential role in the development of
melanoma. A new missense N948S mutation was identified in
melanoma cell lines, and a novel mutation R988C was detected
in melanoma tumor tissues in the juxtamembrane domain.
This is the first report of a mutation in c-Met in melanoma.
Mutations in the juxtamembrane domain in small cell lung
cancer are activating, influencing cell transformation, anchorage-dependent proliferation, cytoskeletal functions, and cell
motility and migration (14). More tumor specimens need to be
analyzed to detect further mutations in c-Met and their role in
melanoma tumorigenesis.
In summary, this study illustrates the potential of
targeting the c-Met receptor in melanoma. SU11274 and
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siRNA against c-Met are promising molecules toward this
end. Additionally, both siRNA and SU11274 can give us
important insights into the biological roles of c-Met and
HGF.
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