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Abstract
Cutaneous melanomas can be divided into three mutually exclusive genetic subsets: tumors with
mutated BRAF, tumors with mutated NRAS, and tumors wild type at both loci (wt/wt). Targeted
therapy for melanoma has been advancing with agents directed to mutated BRAF, accounting for
50% of melanoma patients. The c-Met pathway is known to play a role in melanoma
tumorigenesis and preliminary data from our laboratory suggested that this pathway is
preferentially activated in NRAS-mutated tumors. The objective of this study was to test the
hypothesis that melanomas carrying the mutated NRAS genotype are uniquely sensitively to c-
Met inhibition, thus providing rationale for therapeutic targeting of c-Met in this patient cohort.
Using primary human melanomas with known BRAF/NRAS genotypes, we observed greater
immunostaining for phosphorylated (activated) c-Met in NRAS-mutated and wt/wt tumors,
compared to BRAF-mutated tumors. NRAS-mutated and wt/wt cell lines also demonstrated more
robust c-Met activation in response to hepatocyte growth factor (HGF). Knock-down of mutated
N-Ras, but not wild type N-Ras, by RNA interference resulted in decreased c-Met
phosphorylation. Compared to BRAF mutants, NRAS-mutated melanoma cells were more
sensitive to pharmacologic c-Met inhibition in terms of c-Met activation, Akt phosphorylation,
tumor cell proliferation, migration, and apoptosis. This enhanced sensitivity was observed in wt/wt
cells as well, but was a less consistent finding. Based on these experimental results, we propose
that c-Met inhibition may be a useful therapeutic strategy for melanomas with NRAS mutations,
as well as some tumors with a wt/wt genotype.
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Introduction
The c-Met/HGF pathway is known to stimulate cancer cell growth and metastasis.1 c-Met
(cellular-mesenchymal to epithelial transition factor) is a plasma membrane tyrosine kinase
activated by auto-phosphorylation after ligand binding. Hepatocyte growth factor (HGF), the
only known ligand for c-Met, functions in a paracrine manner under normal physiologic
conditions.2 In contrast, some cancer cells produce both HGF and c-Met, leading to
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autocrine activation of the receptor. c-Met can also be constitutively active in cancer cells
due to expression of the fusion protein Tpr-met, the presence of a mutation in the c-Met
kinase domain, or c-Met protein overexpression.3–5 Activation of c-Met through these
various mechanisms drives multiple features of the malignant phenotype including cell
proliferation, motility, and some aspects of differentiation. Molecular analysis of the c-Met
pathway has identified a number of adaptor proteins that become phosphorylated and
contribute to c-Met signaling, including components of the phosphatidylinositol-3 kinase
(PI3K)/Akt and mitogen-activated protein kinase (MAPK) pathways. 6, 7 c-Met activation
also induces the activation and nuclear translocation of beta catenin, a key component of the
Wnt pathway.

Human cutaneous melanoma is one of the many malignancies that express activated c-Met
protein. c-Met has been shown to be up-regulated in the invading front of the tumor, and
over-expression of c-Met is associated with melanoma growth and metastatic spread.8–12

Furthermore, HGF transgenic mice spontaneously develop melanomas with a high invasive
and metastatic potential.13 These findings strongly implicate the c-Met pathway in
melanoma progression and suggest that c-Met inhibition might provide an effective
therapeutic approach.

Cutaneous melanoma is understood to represent at least three patient subsets based on the
presence or absence of two established somatic mutations.14 The major population with
mutated BRAF (~50%) is mutually exclusive of those with mutated NRAS, representing 15–
20% of tumors. A third patient subset carries neither mutation (hereafter referred to as “wt/
wt”). These three unique genotypes provide the opportunity for personalized, targeted
melanoma therapy. The past two decades have witnessed small improvements over
conventional chemotherapeutics, such as DTIC, which are palliative at best. A portion of
patients with advanced melanoma benefit from immune-stimulating drugs, such as
Interleukin-2 and Ipilimumab, but responders cannot be identified prior to treatment by any
molecular or genetic features of the tumor or the patient.15 More recently compounds
directed to mutated B-Raf have entered clinical trials and at least one of these drugs has
demonstrated improved rates of response and survival in patients whose tumors bear this
genotype.16 Although such responses are generally not durable, these compounds have
provided a basis for optimism in the treatment of this melanoma patient subset.17 In contrast,
the means to target mutant NRAS and wt/wt melanomas lag behind in development. Adding
to the critical nature of this issue is the general consensus that NRAS-mutated melanomas
are more aggressive than tumors bearing either of the other two genotypes.18 In the course
of preliminary immunohistochemistry (IHC) experiments examining c-Met phosphorylation
in human primary melanomas, we detected a trend for enhanced phospho-c-Met staining in
NRAS-mutated tumors. This finding was intriguing in view of the aggressive nature of
NRAS-mutated melanomas as well as other types of solid tumors which express aberrant c-
Met activation. This led us to form the hypothesis that melanomas with mutated NRAS carry
a unique dependence on c-Met signaling, making them vulnerable to c-Met inhibition. We
now report confirmatory data that c-Met is more likely to be activated in both NRAS-
mutated and wt/wt melanomas, and that melanoma cells with these genotypes, particularly
NRAS mutants, are more sensitive to pharmacologic c-Met inhibition.

Materials and Methods
Reagents

The small molecule c-Met inhibitor, PHA665752, (3Z)-5-[(2,6-dichlorobenzyl)sulfonyl]-3-
[(3,5-dimethyl-4-1H-pyrrol-2-yl)methylene]-1,3-dihydro-2H-indol-2-one, was obtained
under a material transfer agreement with Pfizer Inc. (La Jolla, CA). PHA665752 was
dissolved in dimethyl sulfoxide (DMSO) to prepare a stock solution of 30 mM, and diluted
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in fresh medium. In all experiments, the final concentration of DMSO was < 0.1%. HGF
was purchased from R& D Systems (Minneapolis, MN).

Cells and cell culture
Melanoma cells were grown in RPMI 1640 medium supplemented with 10% fetal bovine
serum. Primary cultured melanocytes (FMC15H) were derived and grown as previously
described.19 The A375, MeWo and SK-Mel-2 cell lines were purchased from American
Type Culture Collection (Manassas, VA). SB2 cells were provided by Dr. Michael Davies at
the M. D. Anderson Cancer Center, Houston, TX (MDACC). The WM852, 451Lu, and
WM1361A cell lines were obtained from Dr. Meenhard Herlyn (Wistar Institute,
Philadelphia, PA). The WM35 and WM793 cell lines were provided by Dr Robert Kerbel
(Sunnybrook Health Science Center, Toronto, ON, Canada).

Cell line validation was accomplished by short random repeat (STR) DNA fingerprinting
techniques and mutational analysis by MDACC Cancer Center Support Grant (CCSG)–
supported Characterized Cell Line Core. Cell lines were validated by STR DNA
fingerprinting using the AmpF_STR Identifier Kit (Applied Biosystems, Foster City, CA)
according to manufacturer’s instructions. The STR profiles were compared to known ATCC
fingerprints (ATCC.org), and to the Cell Line Integrated Molecular Authentication database
(CLIMA) version 0.1.200808 (http://bioinformatics.istge.it/clima/).20 The STR profiles
matched known DNA fingerprints or were unique.

Tissue sections and immunohistochemical staining
Use of patient materials was approved by the MDACC Institutional Review Board and
research was conducted in compliance with Health Insurance Portability and Accountability
Act. The melanoma tumor samples used in this study were formalin-fixed, paraffin-
embedded specimens of primary cutaneous melanomas provided by the MDACC Melanoma
Program Informatics, Tissue Resource, and Pathology Core. The tumors examined were
residual sections from a previous study of 223 consecutive tumor bank entries in which
clinical data were correlated with BRAF and NRAS genotypes.21 Tumor samples were
examined for c-Met and phospho-c-Met expression by IHC using anti-c-Met (Santa Cruz
Biotechnology, Santa Cruz, CA) and anti-phospho c-Met (Invitrogen, Camarillo, CA)
polyclonal antibodies. Pre-immune normal rabbit IgG (Vector Laboratories, Burlingame,
CA) and anti-vimentin antibody (BioGenex Laboratories, San Ramon, CA) were used as
negative and positive controls, respectively. The staining procedure has been previously
described.22 Immunostaining was scored by two independent observers (SE and VRG) on
the following scale: <5%, “0”; 5–25%, “1+”; 26–75%, “2+”; >75%,“3+”;. Stained tissues
were photographed using a Nikon Eclipse TE2000-U microscope using NIS Elements
software.

Western blotting and antibodies
Cells were lysed in a buffer containing 50 mM Tris (pH 7.9), 150 mM NaCl, 1% NP40, 1
mM EDTA, 10% glycerol, 1mM sodium vanadate, and protease inhibitor cocktail (Roche
Pharmaceuticals, Nutley, NJ). Proteins were separated by SDS-PAGE with 4–20% gradient
gels (Bio-Rad Laboratories, Hercules, CA), transferred to a Hybond-ECL nitrocellulose
membrane (GE Healthcare Biosciences, Piscataway, NJ), and blocked in 5% dry milk in
PBS. The membrane was then incubated with primary and secondary antibodies, and target
proteins were detected with ECL detection reagent (GE Healthcare Biosciences).

The c-Met (C-12), N-Ras, β-actin, and caspase-9 antibodies were obtained from Santa Cruz
Biotechnology. Phospho-ERK, phospho-Akt (Thr 308 and Ser 473), ERK, Akt, and
caspase-3 antibodies were purchased from Cell Signaling Technology (Beverly, MA).
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Immunoprecipitation
Cells were lysed on ice for 30 min, and the lysate incubated with protein-A-agarose (Sigma)
pre-conjugated with anti-phospho-tyrosine antibody (Millipore, Billerica, MA). For the
conjugation reaction, 10 uL of the resin was incubated with 4 ug antibody in a cold room
with gentle shaking in a total volume of 500 uL. The reaction proceeded for 2h, followed by
overnight incubation of the conjugated resin with the cell lysates (250 ug total protein).
Bound proteins were eluted with SDS PAGE loading buffer by boiling and loaded in a 4–
20% gradient gel for western blot analysis.

NRAS siRNA transfection
SMARTpool siRNA directed to wild type NRAS and non-targeting siRNA, as well as
custom designed siRNA specific for the Q61R NRAS mutation, were purchased from
Dharmacon (Thermo Fisher Scientific, Lafayette, CO). Melanoma cells were plated in six
well plates at a density of 1.5 × 105 cells/well and transfection of wild type or mutant NRAS
siRNA and control siRNA was performed the next day using Oligofectamine reagent
(Invitrogen, Carlsbad, CA). In each case 100 nM siRNA was transfected with 3 uL of
oligofectamine. Cell lysates were prepared on day 3 after a 7-min induction with 100 ng/mL
HGF, followed by western blotting.

Cell viability assays
Melanoma cells were plated at a density of 1 × 104 cells/well in triplicate in a 24-well plate
in RPMI 1640 growth medium supplemented with 100 ng/mL HGF, with or without
PHA665752 at a concentration range of 0 to 5 uM for 72 hours.. MTT reagent [3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide] (Sigma-Aldrich, St. Louis, MO),
dissolved in PBS, was added to a final concentration of 1 mg/mL. After 3 h, the precipitate
formed was dissolved in DMSO, and the color intensity estimated in a MRX Revelation
microplate absorbance reader (Dynex Technologies, Chantilly, VA) at 570 nm. IC50 values
of PHA665752 were calculated from the data obtained from the MTT assays using Curve
Expert 1.3 software (Microsoft Corporation, Redmond, WA).

Cell migration assay
Assays for melanoma cell migration were performed in Boyden chambers using uncoated
filters (BD Biocoat control inserts, BD Biocoat, San Jose, CA). 2.5 × 105 cells/well were
plated in serum-free medium, with or without a four hour treatment of 0.5 uM PHA665752,
and the migration assay performed as described in reference 23. Stained cells were
photographed with a Nikon Eclipse TE2000-U microscope at 20X magnification using NIS
Elements advanced research software. To quantify migration, the cells in each filter were
counted from five independent fields under the microscope at 40X magnification and the
mean cell number/field was calculated.

Cell Cycle Analysis
Cells expressing wild type or mutant NRAS were treated with 1 uM PHA665752 and
prepared as a suspension of 1 × 106 cells/mL of PBS. After fixation with 90% ethanol for 1
hour, the cells were centrifuged and stained with propidium iodide (PI) (Boehringer
Mannheim, Indianapolis, IN) at a final concentration of 5 mg/ml PI and 10 mg/ml RNAse.
DNA contents and cell cycle phases were analyzed using a FACScan flow cytometer
(Becton Dickinson, San Jose, CA).

Chattopadhyay et al. Page 4

Int J Cancer. Author manuscript; available in PMC 2013 July 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Results
Phosphorylation of c-Met in human melanoma varies with genotype

To determine the expression of c-Met and its activation status in vivo, thirty-seven formalin-
fixed paraffin-embedded human primary melanomas with known NRAS and BRAF
mutational status were examined by IHC for c-Met and phospho-c-Met (Figure 1). IHC
staining for phospho-c-Met was scored for percentage of positive cells as described in
Methods. The staining was cytoplasmic, and the percentage of involved tumor varied from
case to case, as indicated by the IHC scores. There was no particular predilection for
positive cells in the superficial vs. deep portions of the tumor. Fifty-four percent of NRAS
mutant tumors and 82% of wt/wt tumors were positive for phospho-c-Met, whereas only
29% of BRAF mutant tumors yielded positive results (p = 0.030, Chi square). The
distribution of IHC scores, a well as clinical data, are shown in Table 1. The clinical features
reflect those of the larger population from which this cohort was taken, including the higher
rate of ulceration in BRAF mutants and the preference of NRAS-mutated tumors to develop
on the extremities. 21 The only notable difference is the higher median Breslow depth for the
BRAF mutated-cases which were selected by chance for the current study (4.0 mm in this
study vs. 1.28 mm in the larger population). Clark levels, however, were similar among the
three genotypes. These findings confirm the activation of c-Met in melanoma and uniquely
suggest that this process may be influenced by the NRAS/BRAF mutational status.

To confirm the findings described above, the expression of c-Met and phospho-c-Met
protein were examined by western blotting in human melanoma cell lines with known
NRAS and BRAF genotypes. Nine of the ten melanoma cell lines expressed detectable
levels of c-Met, with highest levels found in the NRAS mutants (Figure 2a). c-Met was
absent in one BRAF mutant melanoma line and in cultured melanocytes which carry neither
mutation. To optimize detection of phospho-c-Met, immunoprecipitation with anti-phospho-
tyrosine antibody preceded western blotting. Constitutive c-Met phosphorylation was not
detected in any melanoma cell line grown under serum-free conditions, but was induced in
all cases by exogenous HGF, with NRAS mutants and wt/wt cells exhibiting a more robust
response than BRAF mutants. Representative experiments are shown in Figure 2b.

Effect of mutated NRAS knockdown on c-Met phosphorylation
The above results indicate higher c-Met levels and increased HGF responsiveness in NRAS
mutants and possibly wt/wt melanoma cells, in comparison to BRAF mutants. To further
examine the influence of NRAS on c-Met activation, we used RNA interference to knock
down levels of mutated or wild type N-Ras in cells carrying the one or the other genotype,
and compared the ensuing effects on c-Met phosphorylation. All cell lines used in this study
carry only mutated or wild type NRAS, i.e., none is heterozygous at that locus, facilitating
the interpretation of these experiments. SKMel2, WM852, and WM1361A cells, which carry
the Q61R NRAS mutation, were treated with siRNA designed specifically for that mutated
sequence. Untransfected and non-targeting siRNA-transfected cells served as controls.
Results showed successful reduction of N-Ras protein levels, confirming that the siRNA was
functional (Figure 3a). Levels of total c-Met protein remained unchanged with transfection.
However, mutant N-Ras knockdown reduced the level of HGF-induced c-Met
phosphorylation in all three lines. Transfection of wild type N-Ras-specific siRNA into
A375 cells and WM793 cells (BRAF mutants), or MeWo cells (wt/wt) reduced the amount
of N-Ras protein, but had only a minor effect on phospho-c-Met levels (Figure 3b).
Phospho-c-Met inhibition for each of the six cells lines is depicted in Figure 3c. Levels of
phospho-c-Met in cells treated with non-targeting siRNA vs. NRAS-specific siRNA differed
significantly between cell lines carrying mutant NRAS and those with wild type NRAS (p <
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0.001). These results suggest that c-Met phosphorylation is modulated by N-Ras, and that
this effect is greatly enhanced when the N-Ras protein is mutated.

Concentration-dependent effects of PHA665752 on c-Met phosphorylation, pathway
induction, and proliferation

We next wished to determine if the presence of an NRAS-mutation translated to enhanced
sensitivity of melanoma cells to c-Met inhibitors. Accordingly, we studied the highly
specific small molecule c-Met inhibitor, PHA665752, which functions by blocking c-Met
phosphorylation. PHA665752, applied to the melanoma cells at concentrations ranging from
1nM to 1uM was found to efficiently block c-Met phosphorylation in response to HGF in a
dose dependent manner. Phosphorylation was markedly diminished at concentrations of 25–
100 nM in all cell lines and was essentially undetectable at a concentration of 1 uM (Fig.
4a). Under the same conditions for induction of c-Met phosphorylation, HGF induced Akt
phosphorylation at Ser 473 (Fig. 4b). This process was similarly inhibited in a concentration
dependent manner by PHA665752. In NRAS mutants, inhibition of Akt activation was
complete or nearly complete at a concentration of 100 nM. In contrast, both BRAF mutants
and one of the two wt/wt cells showed only minor reduction in Akt phosphorylation at this
dose level. Phosphorylation of Akt at Thr 308 was not induced by HGF and was unaffected
by PHA665752 treatment (data not shown). The impact of c-Met activation on the MAPK
pathway, as evidenced by Erk1/2 phosphorylation, varied considerably among cell lines and
demonstrated no genotype-specific pattern (data not shown).

Cell growth inhibition required higher concentrations of PHA665752, as evidenced by the
IC50 values (Fig. 4c). A mean IC50 of 0.69 uM was determined for NRAS mutants (SB2,
SK- Mel-2 and WM82), 0.82 uM for wt/wt cells (MeWo and HS294T), and 1.31 uM for
BRAF mutants (A375 and WM35). The IC50 for NRAS mutants was significantly lower
than those of the other two genotypes, with p-values of < 0.001 for both (t-test).

Effects of PHA665752 on migration and apoptosis vary with genotype
The role of HGF in cell migration is well documented.1 Accordingly, in vitro cell migration
assays using modified Boyden chambers were used to test migration of melanoma cells in
response to HGF as a chemo-attractant. The assays were performed in the presence or
absence of PHA665752. To assure adequate c-Met inhibition, a PHA665752 concentration
of 500 nM was applied to these experiments. The NRAS mutant cell lines SB2 and SKMel-2
migrated briskly in response to HGF, whereas the wt/wt line MeWo showed moderate
migration and the BRAF mutant line A375 migrated poorly (Fig. 5a). PHA665752
dramatically reduced the migration of NRAS-mutated cells by an average of 88.2%
compared to 19.7% for the other two lines lacking an NRAS mutation (p < 0.001; Figs. 5a
and b).

Finally, we examined a differential effect of c-Met inhibition on apoptosis. Consistent with
data from other laboratories, preliminary experiments using PHA665752 at nanomolar
concentrations failed to yield an effect on any cell line 8; therefore a concentration of 1 uM
was applied to these experiments. Cells expressing mutant NRAS or BRAF were treated
with PHA665752 for different time intervals and stained with PI for cell cycle analysis (Fig
5c). Whereas the drug showed no effect on mutant BRAF cells, a significantly higher
fraction of NRAS mutant cells were found in sub-G0/G1 after 96 hours of treatment (p <
0.001). To confirm these findings, processing of caspase 9 and caspase 3 with PHA665752
treatment was examined by immunoblotting. NRAS-mutated cells showed detectable
cleavage of both caspases, whereas mutant BRAF cells failed to show similar processing

1Michael A. Davies declares a potential COI due to research support from Glaxo Smithkline, Astra Zeneca, Merck and Roche.
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(Fig. 5d). The wt/wt MeWo cells exhibited a low level of caspase 9 cleavage at baseline that
was not enhanced by PHA665752. Taken together, these functional assays demonstrate a
unique sensitivity of NRAS-mutated melanoma cells to c-Met inhibition.

DISCUSSION
Personalized cancer therapy based on unique molecular or genetic features of a given
individual’s tumor is the future of medical oncology. This approach is both rational and
humane, offering the greatest opportunity for response to those patients whose tumors carry
the therapeutic target, and sparing toxicity and expense for those with no chance of benefit.
In this context, our data support the novel concept that the majority of patients with NRAS-
mutated melanomas, and possibly a portion of those with wt/wt genotypes, are most likely to
benefit from new drugs targeting c-Met. Conversely, it would appear that patients with
BRAF-mutated tumors would be better served by other modalities directed to that oncogene.
Consistent with our findings are similar data from lung cancer cells which demonstrate
increased sensitivity of KRAS mutants with high phospho-c-Met levels to PHA665752.24 It
must be noted that much of our data are pre-clinical and conclusions from patient material
are based on a relatively small sample size. However, we believe that if these findings are
confirmed in a well-designed study incorporating a larger patient cohort, they will support
the application of NRAS and BRAF genotyping to stratification schemes for new clinical
trials of c-Met inhibitors as they emerge for the treatment of melanoma. In fact, many
approaches directed to c-Met pathways are now under development, including antibodies
targeting c-Met or HGF 25, 26; dominant negative forms of c-Met 27; c-Met siRNA 28; and
small molecule c-Met inhibitors, most of which target the ATP binding site of the c-Met
kinase.23, 29–32 Roughly half of the NRAS-mutated tumors examined in this study stained
positively for phospho-c-Met by IHC. It will be important to determine in future studies with
larger patient numbers if this finding defines c-Met-directed drug sensitivity in the NRAS-
mutated tumors or if the presence of an NRAS mutation is sufficient. Additionally, as some
BRAF-mutated tumors also have phosphorylated c-Met, it is imperative to determine if these
tumor are sensitive to c-Met inhibition, expanding the therapeutic options for patients whose
tumors carry this genotype.

The obvious question raised by our findings involves the mechanism whereby mutated
NRAS interacts with c-Met. It is widely accepted that the codon 61 mutation of N-Ras
stabilizes the GTP-bound state of this protein, leading to prolonged activation and
signaling.33 Our RNA interference experiments, in which knockdown of mutated NRAS, but
not wild type NRAS, resulted in diminished levels of phospho-c-Met place c-Met
phosphorylation downstream of activated NRAS. Supporting this pathway from a different
perspective are data from murine NIH3T3 and C127 cells which over-express c-Met when
transformed by the Ras oncogene.34 Other reports, however, suggest the opposite, i.e., that
binding of HGF to c-Met leads to activation of N-Ras and the MAPK pathway.35 An
attractive model that incorporates all of these findings places HGF expression, and in some
cell types, c-Met expression downstream of activated NRAS, providing for an autocrine
activation loop. Notably, our findings in cultured melanoma cells argue against this
hypothesis as c-Met activation in this system requires exogenous HGF, regardless of NRAS
mutational status. It is possible, however, that the NRAS-mutated melanoma cell lines
express HGF but do not secrete the protein as an artifact of tissue culture. There is
surprisingly little known about HGF expression by human cutaneous melanomas or its
association with NRAS and BRAF genotypes; this has become a new focus of research in
our laboratory. Interestingly, some wt/wt cells and tumors, while not identical to the NRAS
mutants, behaved similarly in several in vitro assays and demonstrated high levels of
phospho-c-Met by IHC. One obvious commonality between the wt/wt tumors and NRAS-
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mutated tumors is the absence of a BRAF mutation, raising the possibility that the BRAF
genotypic background also partially determines c-Met expression and activation.

Confounding the in vitro findings are the data in Table 1 showing a higher level of
invasiveness for BRAF-mutated tumors compared to those with NRAS mutations. This is
contrary to the expectation that BRAF-mutated tumors should be less aggressive as they are
less likely to carry activated c-MET. In keeping with the higher Breslow levels in the tumors
with BRAF mutations, this patient group also presented with higher AJCC stages.
Importantly, these findings differ from our larger, previously published study population in
which BRAF tumors were generally intermediate in depth and behavior to those with NRAS
mutations and wt/wt genotypes.21 Furthermore, they are contradictory to the general
consensus of aggressive behavior of c-MET activated tumors, and are inconsistent with our
in vitro data. We therefore suspect that the observed clinical differences between NRAS and
BRAF mutated tumors in this small study population are artifacts of sample size and
selection. Issues such as these can be better addressed in experiments in which activated c-
MET is expressed in melanomas of various genotypes. Clearly this issue must be clarified in
future studies with larger patient sample numbers.

Dissecting these proposed interactions between c-Met and mutated NRAS will require
precise and diligent molecular analyses. Unfortunately, such efforts are hampered by the
paucity of NRAS-mutated melanoma cell lines; wt/wt lines are rarer still. We believe that
future research may be better served by the use of primary cell cultures from patients with
tumors of known genotype, an approach that is becoming quite feasible as NRAS and BRAF
tumor genotyping assays are evolving as part of the standard clinical melanoma evaluation
in many research institutions. With both primary cultures and paraffin embedded tissue from
the same patient, we would be better enabled to move forward with mechanistic studies
exploring the interaction of genotype and c-Met activation with such processes as
angiogenesis, invasion, and apoptosis.

In conclusion, we have discovered an association of mutated NRAS with increased HGF-
dependent activation of c-Met and with enhanced sensitivity to c-Met inhibition. These data
suggest that progression of NRAS-mutated melanoma could be highly dependent on c-Met
signaling, and that blocking this pathway may represent an effective therapeutic approach
for this patient subset. Such benefits may extend to a portion of patients with wt/wt tumors,
as well. To date, the major therapeutic focus in advanced melanoma has been the BRAF
mutation. Our findings now uniquely offer the potential for mutation-directed treatment for
the remainder of melanoma patients who currently lack options for targeted therapy.
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MAPK mitogen-activated protein kinase
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NOVELTY and IMPACT

This study is the first to demonstrate a preferential utilization of the c-Met pathway by
NRAS-mutated melanomas and enhanced sensitivity of these tumors to pharmacologic c-
Met inhibition. These findings may translate to c-Met targeted therapy for the subset of
melanoma patients whose tumors carry this genotype.
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Figure 1.
Detection of c-Met and phospho-c-Met in melanoma tumor tissues. NRAS-mutated, wt/wt,
and BRAF-mutated cutaneous melanomas were examined by IHC for c-Met and phospho-c-
Met expression. NRAS mutants and wt/wt tumors show high expression of both. 20X, AEC.
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Figure 2.
c-Met and phospho-c-Met in melanoma cells. (a) c-Met expression is detected by
immunoblotting in all but one melanoma cell line. Melanocytes are negative. (b) HGF
induces phosphorylation of c-Met in the same melanoma cells. Cell lines were treated with
HGF at a concentration of 100 ng/mL for seven minutes prior to protein isolation and
detection of phospho-c-Met.
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Figure 3.
Effect of NRAS knockdown on c-Met phosphorylation. (a) Knockdown of mutated N-Ras
by RNA interference in three cell lines carrying the Q61R NRAS mutation leads to
diminished levels of phospho-c-Met. Cells were treated overnight with 100 nM siRNA
specific for the NRAS mutation. Total cellular protein was prepared 72 hours after
transfection, following a 7 minute exposure to HGF 100 ng/ml, and examined for N-Ras,
phospho-c-Met, total c-Met, and actin by western blotting. (b) Knockdown of wild type N-
Ras in cells lacking an NRAS mutation has minimal effect on c-Met phosphorylation.
Experiments were performed in an identical manner to those described in (a) with the
exception that the three cell lines carry wild type NRAS and the siRNA was therefore
specific for the wild type message. (c) Densitometry results for phospho-c-Met (normalized
to levels of total c-Met) in cells treated with non-targeting siRNA vs. NRAS-specific siRNA
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are shown. Quantitation of the above-described experimental results was performed with
Image J software (NIH) using the ‘gelplot1’ Macro software. Declines in levels of phospho-
c-Met in cells treated with non-targeting siRNA vs. NRAS-specific siRNA differed
significantly between cell lines carrying mutant NRAS and those with wild type NRAS (p<
0.001). Unt, untreated; NT, non-targeting.
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Figure 4.
Concentration-dependent effects of c-Met inhibition. (a) Treatment of melanoma cells with
PHA665752 results in a concentration-dependent inhibition of c-Met phosphorylation. Cells
were treated hours for four hours with PHA665752 at a concentration range of 0 to 1000 nM
in the absence or presence of HGF 100 nM. (b) Similar concentrations inhibit
phosphorylation of Akt, with the NRAS-mutated lines demonstrating the greatest sensitivity.
Cells were treated with PHA665752 for 4 hours at a concentration 0, 50 or 100 nM in the
presence or absence of HGF 100 nM. Cell lysates were subsequently examined for effects
on Akt phosphorylation by western blotting. (c) Growth inhibitory effects of PHA665752
also appear to be influenced by genotype as demonstrated in the charted IC50 values. Cells
were plated in triplicate and treated with PHA665752 at a concentration range of 0 to 5 uM
for 72 hours. Cell viability was determined by MTT assay and IC50 values were
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subsequently calculated. The mean IC50 for NRAS mutants was significantly lower than
those of the other two genotypes, with p-values of < 0.001.
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Figure 5.
Effects of c-Met inhibition on migration and apoptosis. (a) NRAS-mutated cell lines (SB2
and SK-Mel-2) migrate efficiently toward HGF; this process is completely inhibited by
PHA665752. BRAF mutated cells (A375) migrate poorly and are unaffected by
PHA665752. The wt/wt MeWo cells migrate well but are only slightly inhibited by the drug.
Cell were untreated or treated with PHA5652 0.5 uM for 4 hours and permitted to migrate
overnight in Boyden chambers using uncoated filters. The chemo-attractant in the lower
chamber was HGF 100 nM. Photographs are representative of three independent
experiments. (b) Charted data represent the mean and standard deviation of cell counts from
five independent fields. Inhibition of migration for the two NRAS mutants, SB2 and SK-
Mel-2 is significant (p < 0.001). Data shown are representative of three independent
experiments.

Chattopadhyay et al. Page 19

Int J Cancer. Author manuscript; available in PMC 2013 July 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



(c) The percentage of cells in sub-G0/G1 after treatment with PHA665752 is shown. Cells
were treated with 1 uM PHA665752 for 72 or 96 hours, stained with PI, and subsequently
examined for sub-G0/G1 arrest by flow cytometry. The (*) indicates a significant difference
from baseline values, which is limited to SB2 and SK-Mel-2 (p < 0.001). Data from the two
NRAS mutant and two NRAS wild type lines were combined for analysis. The figure is
representative of two independent experiments. (d) Western blotting for caspase-3 and
caspase-9 processing confirms the induction of apoptosis in NRAS mutant cells (SB2 and
SK-Mel-2) compared to wt/wt (MeWo) and BRAF mutant (A375) cells after c-Met inhibitor
treatment. Cells were untreated or treated with PHA665752 1 uM for 48 or 72 hours prior to
western blot analysis for caspase cleavage.
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Table 1

IHC scores for percentage of tumor cells staining positively for phospho-C-Met, and clinical data according to
genotype

NRAS Mutant
N (%)

Wt/Wt
N (%)

BRAF Mutant
N (%)

N 13 11 13

p-C-Met IHC score

 0 6 (46.2) 2 (18.2) 9 (69.2)

 1 1 (7.7) 1 (9.1) 2 (15.4)

 2 3 (23.1) 5 (45.5) 0 (0)

 3 3 (23.1) 3 (27.3) 2 (15.4)

Median age (yrs) 52 54 46

Gender

 Male 6 (46.1) 7 (63.3) 11 (84.6)

 Female 7 (53.8) 4 (36.4) 2 (15.4)

Histology

 SS 9 (69.2) 7 (63.6) 5 (38.5)

 Nodular 2 (15.4) 4 (36.4) 6 (46.2)

 Lentigo 1 (7.7) 0 (0) 0 (0)

 Unclassified 1 (7.7) 0 (0) 2 (15.4)

Median Breslow depth (mm) 1.18 1.75 4.00

Median Clark Level 3 4 4

Site (%)

 Extremity 12 (92.3) 6 (54.5) 3 (23.1)

 Trunk 1 (7.7) 5 (45.5) 8 (61.5)

 Head/Neck 0 (0) 0 (0) 2 (15.4)

Ulceration

 yes 1 (7.7) 1 (9.1) 6 (46.2)

 no 12 (92.3) 10 (90.9) 7 (53.8)

Solar Elastosis*

 yes 10 (76.9) 8 (72.7) 10 (83.3)

 no 3 (23.1) 3 (27.3) 2 (16.7)

Status

 Alive, NED 10 (76.9) 7 (63.6) 8 (61.5)

 Dead of disease 3 (23.1) 4 (36.4) 4 (30.8)

 Dead, cause unknown 0 (0) 0 (0) 1 (7.7)

AJCC Stage

 1 7 (53.8) 5 (45.5) 0 (0)

 2 4 (30.8) 1 (9.0) 3 (23.1)

 3 2 (15.4) 5(45.5) 10 (76.9)

SS, superficial spreading; NED, no evidence of disease

*
One BRAF-mutated tumor was not evaluable for solar elastosis.
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