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ABSTRACT
The National Comprehensive Cancer Network guidelines for the
treatment of stage IV metastatic melanoma state that clinical
trials should be the preferred treatment option for these patients;
therefore, clinical trials for these patients are the ‘‘standard of
care.’’ Our greater understanding of the molecular biology
behind the development of melanoma has guided much of the
translational research in this disease and has led to the
development of novel targeted therapies. Specifically, advance-
ment in our knowledge of alterations in signal transduction
pathways in melanoma has led to the rapid development of a
number of pharmacologic agents that inhibit these pathways.
This review will discuss changes in signal transduction
pathways involved in melanoma, specifically, activated mito-
gen-activated protein kinase, activated PI3 kinase, and
inactivated p53/Rb pathways. This article will also review new
targeted therapy in the context of the molecular biology of
melanoma.

INTRODUCTION
Treatment of metastatic melanoma beyond the

regional lymph node basin with standard therapies
has not been shown to improve the median overall
survival of 9 months. The only therapies in current use
that are approved by the Food and Drug Administra-
tion are dacarbazine (DTIC) and high-dose interleukin-
2. DTIC’s low response rates on the order of 10% to
15% and virtually no complete responses make this
treatment far from ideal.1,2 The second approved
therapy, high-dose interleukin-2, also has extremely
low response rates and significant toxicity despite its

approximately 16% overall response rate and 6% to
8% complete response rate.3 Given these numbers, it
is clear that novel treatments are desperately needed,
and clinical trials exploring these new agents are the
new standard of care for the treatment of metastatic
melanoma.

Melanoma originates from melanocytes, and the
biology of these cells may give clues to the patho-
physiology of melanoma. Cutaneous melanocytes
originate from neural crest progenitors that migrate
to the basal layer of the epidermis during embryonic
development. Epidermal keratinocytes regulate mela-
nocyte homeostasis via secretion of factors that
regulate survival, differentiation, and proliferation.
Ultraviolet radiation stimulates the release of these
factors from keratinocytes, thus ultimately causing the
release of melanin from melanocytes.4 During the
evolution from benign melanocyte to malignant
melanoma, this tight-knit regulation from keratino-
cytes is lost.5 The lost communication can lead to a
benign nevus; however, with continued lack of
regulation a malignant melanoma can develop.

The 4 main clinical types of melanoma (superficial
spreading, lentigo maligna, nodular, and acral lentigi-
nous) may all have a unique and different pathophys-
iologic and molecular basis. One study used genome-
wide alteration in DNA copy number combined with
individual somatic mutations to distinguish between
types of melanoma, with 70% accuracy.6 As our
understanding of the molecular biology of melanoma
and its subtypes evolves, a more targeted approach
to the treatment of this disease develops. The Table
lists a number of novel agents classified by the
primary target of each agent.

MOLECULAR PATHWAYS
Cell Cycle

The cell cycle of growth and division is a carefully
coordinated process that is distinctly deregulated in
melanoma via deregulation of cyclins, cycle-depen-
dent kinases (CDKs), and cell-cycle inhibitors.7

Cyclins bind the CDKs, which lead to the phosphor-
ylation of downstream proteins that ultimately cause
cell-cycle progression.

The most common aberration to cell-cycle control
in melanoma affects the CDKN2A genetic locus.
Figure 1 demonstrates this gene, its products, and
how these products interact with the cell cycle. This
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locus controls the RB1 and p53 pathways.7 The
CDKN2A locus is located on chromosome 9, which is
also the chromosome that has been linked to familial
melanoma.8,9 It is estimated that CDKN2A mutations
increase susceptibility to melanoma as well as other
cancers such as pancreatic adenocarcinoma.
CDKN2A contributes to 10% to 40% of familial
melanoma cases.10,11

This gene codes for 2 tumor suppressor proteins,
p16INK4A and p14ARF. These proteins negatively
regulate the cell cycle via the RB1 pathway and the
p53 pathway, respectively (Figure 1). The RB1 path-
way controls the transition from G to S phase of the
cell cycle via E2F transcription factors that lead to the
transcription of S-phase genes. Whereas p53 regu-
lates senescence and cell-cycle arrest, the protein
p14ARF binds MDM2. MDM2 protein negatively
regulates p53 via targeting it for degradation. Loss
of function of either p16INK4A or p14ARF leads to
increased growth and proliferation.7

Approximately 50% of melanomas have CDKN2A
locus mutations, leading to loss of function of
p16INK4A. Both deletion of the gene and silencing
methylation can lead to lack of gene expression of
p16INK4A, with methylation occurring in 20% to 75% of
melanomas.12,13 Methylation of the promoter region
of the gene prevents transcription of the gene, leading
to lack of expression of the gene product. This leads
to loss of negative regulation of the cell cycle, thus
causing increase in proliferation.

Even though loss of function in p53 via p14ARF

leads to the same results as loss of RB1, it occurs in a
vastly different pathway. MDM2 negatively regulates
p53, and MDM2 function is regulated by p14ARF.
Direct mutations in p53 are infrequent in melanoma,
occurring in fewer than 10% of humans. Inactivation
of this pathway occurs more via CDKN2A and loss of
function of its product p14ARF.7,14

Therapeutic targets manipulating the cell cycle
have been a challenge to develop. Demethylation
agents such as 5-azacytidine and 5-aza-29-deoxycy-
tidine (decitabine) are being explored both alone and in
combination with high-dose interleukin-2. When de-
citabine was combined with interleukin-2, objective
responses occurred in 31% of melanoma patients.15

Restoring loss of tumor suppressor proteins like p16
and p14 has been difficult; therefore, most efforts are
directed at targeting CDK. Flavopiridol is an inhibitor of
CDK 1, 2, 4, and 6. UCN-01 inhibits both CDK2 and
protein kinase C. Both drugs have been in early clinical
trials for patients with melanoma but have not been
successful because of toxicities as well as limited
clinical efficacy as single agents. No objective clinical
responses were seen in metastatic melanoma patients
treated with flavopiridol in a phase II study.16 MDM2
inhibitors, such as nutlin, are also in phase I trials. More
specific CDK inhibitors are under development.

Mitogen-Activated Protein Kinase Pathway
The mitogen-activated protein kinase (MAPK)

pathway links growth factor receptors to intracellular
signaling pathways via activation of downstream
kinases (Figure 2). MAPK signaling is initiated via
binding of receptor tyrosine kinases. These lead to the
activation of RAS, a small G protein with 3 isoforms
(HRAS, KRAS, NRAS) located on the inner surface of
the plasma membrane of a cell. A number of receptor
tyrosine kinases interact with RAS, including epider-
mal growth factor receptor, c-KIT, platelet-derived
growth factor receptor, vascular endothelial growth
factor receptor, fibroblast growth factor receptor, and
FLT-3.17

RAS, when activated, can complex with another
protein kinase, RAF, that also has 3 isoforms ARAF,
BRAF, and CRAF. This activated complex leads to the

Table. Targeted Therapies in Melanoma

Target Drugs

Growth factors Bevacizumab
PI-88
ZK 3047009
IMC-1121

RAS Tipifarnib
Lonafarnib

RAF Sorafenib
RAF-265
PLX 4032
CHR-265
XL281

MEK PD0325901
AZD6244

PI3K SF1126
XL147

PDK UCN-01
AKT GSK690693

VQD-002
mTOR Temsirolimus

RAD-001
AP-23573
OSI-027

CDK PD032991
CYC202
BMS-387032
UNC-01

NFkB PS-341 (bortezomib)
HSP90 17-AAG

17-DAMG
BCL2 Oblimersen
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phosphorylation of MAPK (also known as ERK) via
activation of MEK. MAPK, when phosphorylated, can
directly enter the nucleus and effect translation of
genes. This ultimately leads to the control of cellular
proliferation (Figure 2).

Mutations in the pathway are abundant in mela-
noma. Activating mutations of BRAF are seen in 50%
to 60% of melanomas and are also frequently present
in benign nevi. However, most nevi do not transform
into malignant melanoma.6,18 This implies that BRAF
mutation may be necessary but not sufficient to
induce malignant transformation. The most common
mutation seen is the V600E mutation in which a
glutamine is substituted for a valine.18 This leads to
constituently stimulated MAPK pathway, thus leading
to increased survival and growth.

RAS mutations are also present in a number of
melanomas. Mutations in NRAS are most common and
involve approximately 15% to 30% of cases. This also
leads to a constitutively active MAPK pathway. NRAS
and BRAF mutations appear to be mutually exclusive,
suggesting redundancy in the pathway.18–20

Targeted drugs manipulating this pathway are an
intense area of clinical research. Sorafenib is a
multikinase inhibitor that targets BRAF as well as a
number of other kinases, including CRAF, vascular
endothelial growth factor receptor-2, vascular endo-
thelial growth factor receptor-3, and platelet-derived

growth factor receptor.16 Downstream targets of
BRAF are clearly decreased with the addition of
sorafenib in vitro, with studies showing decreased
MAPK phosphorylation.21 However, the in vivo stud-
ies thus far have been disappointing. Little or no
antimelanoma activity has been shown with sorafenib
alone in phase I/II clinical trials.22 Sorafenib in
combination with chemotherapy demonstrated high
response rates (89 of 135 patients with complete
response, partial response, or stable disease) in
clinical trials, but no definitive evidence of im-
proved overall survival or progression-free survival in
the second-line setting for stage IV melanoma
patients.23-25 Eastern Cooperative Oncology Group
(ECOG) 2603 evaluated the role of sorafenib in
combination with carboplatin and paclitaxel in the
front-line setting and did not meet the primary
endpoint of improved overall survival in 800 patients
with unresectable stage III or IV metastatic melano-
ma.26 However, a phase II study did find a significant
improvement in progression-free survival (but not
overall survival) when sorafenib was combined with
DTIC chemotherapy in chemo-naı̈ve patients.27

More specific BRAF inhibitors are under develop-
ment. RAF-265 is a drug that inhibits both RAF kinase
and vascular endothelial growth factor receptors. In
melanoma cell lines harboring either NRAS or BRAF
mutations, RAF-265 potently inhibits the MAPK

Figure 1. Cell cycle is controlled by the Rb pathway and p53 pathway. The CDK2NA gene encodes for p16 and p14. p16
inhibits the cyclins from phosphorylating Rb. Phosphorylated Rb cannot bind and inhibit E2F transcription factor. p14
controls MDM2. MDM2 cannot bind and negatively regulate the p53 when p14 is bound to it.
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pathway. Also in xenograft models, this drug showed
tumor regression whereas sorafenib only led to tumor
stabilization.27

PLX-4032 is another BRAF inhibitor with a high
affinity for mutated BRAF. Recently presented phase I
data on PLX-4032 showed that 9 of 16 patients
demonstrated tumor regression in stage IV BRAF-
mutant melanoma, with a median duration of response
of 8.5 months.28 These data are extremely promising
and there is much excitement over these results. The
phase II trial of this drug recently completed enroll-
ment, and the final results are eagerly awaited. A phase
III trial comparing PLX-4032 to DTIC is planned.

MEK inhibitors, such as AZD6244 and PD0325901,
are also in early-phase trials. PD0325901 is not being
moved forward secondary to unexpected toxicity and
poor pharmacologic properties.29 AZD6244 monother-
apy was compared in a phase II study with temozo-
lomide, and there was no significant difference in
progression-free survival between those arms. How-
ever, there were patients documented to have lasting
remissions to AZD6244, mainly those patients with
documented BRAF mutations.30 AZD6244 is currently
being evaluated in combination with chemotherapy.
Many trials also have correlative studies evaluating
tumor samples for target inhibition.

PI3K/AKT Pathway
Although the MAPK pathway leads to proliferation,

the PI3 kinase (PI3K) pathway is prosurvival via

antagonizing the intrinsic pathway of apoptosis (Fig-
ure 2).31 PI3K is activated by growth factor receptors,
which thus lead to the activation of AKT via PDK1. AKT
can then prolong survival by directly activating tran-
scription factors that lead to the transcription of
prosurvival genes.31 This process is antagonized by
PTEN when PTEN leads to apoptosis rather than
survival. PI3K pathway also regulates cell proliferation
via control of entry into the cell cycle at the G1-
checkpoint.32 FOXO is another antagonist of the AKT
pathway and FOXO proteins can be directly inactivated
by AKT.33 mTOR is another downstream effecter of
AKT that ultimately leads to enhanced cell growth.

Although no distinct mutations in PI3K and AKT
have been found in melanoma, the PI3K pathway is
constitutively active in melanoma.34 This pathway may
be activated in melanoma via paracrine or autocrine
activation of growth factor receptors. This has been
demonstrated with insulin-like growth factor-I, which is
shown to increase growth of early-stage melanoma
cells via the PI3K pathway.35,36 The other way that the
PI3K pathway is altered is through loss of negative
regulation. PTEN is the main negative regulator and is
lost in approximately 30% of melanoma cell lines and
10% of human melanoma tumors.37,38

A number of inhibitors of this pathway are in the
early stages of development, all targeting this path-
way from different angles. Perfosine inhibits AKT
phosphorylation and translocation of AKT to the cell
membrane. However, this drug produced no objective

Figure 2. The mitogen-activated protein kinase (MAPK) pathway and PI3K pathways. Drugs that inhibit specific components
of the pathways are noted.
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responses as a single agent in a phase II trial in
metastatic melanoma.39,40 Another route of inhibition
of this pathway comes from an inhibitor of PDK-1.
PDK-1 is critical in AKT activation and is inhibited by
UCN-01.18 Phase II trials in melanoma have been
completed with this drug, but results are pending.
Various mTOR inhibitors are also being evaluated in
patients with melanoma. A phase II study of temsir-
olimus had only one partial response lasting just
2 months.41 Another mTOR inhibitor, RAD-001,
demonstrated 7 patients with stable disease and is
now in the second stage of evaluation.42

c-KIT
Many other signaling pathways are altered in

melanoma. The c-KIT gene encodes a receptor
tyrosine kinase, which can be activated by stem cell
factor (also called KIT ligand). Interestingly, c-KIT
receptor is necessary for melanocyte survival but c-
KIT expression is lost in benign nevi.7 KIT deregulation
occurs preferentially in acral and mucosal melanomas
as well as melanomas that occur on chronically sun-
damaged skin.43

Curtin et al43 demonstrated that mutations or
amplification of KIT was seen in 39% of mucosal
membranes, 36% of acral skin, and 28% of
melanomas on chronically sun-damaged skin. None
were found in melanomas without chronic sun
damage. Of note, none of these melanomas har-
bored BRAF mutations. This study found that 11 of
the melanomas had KIT mutations that affected the
juxtamembrane domain of KIT, thus leading to
constitutive activation via dimerization even in the
absence of ligand.

Given this information, it is logical that imatinib
(Gleevec) should be evaluated in these subtypes of
melanoma. Imatinib is a small-molecule tyrosine
kinase inhibitor that potently inhibits the kinase
activity of BCR-ABL, mutated c-KIT, and platelet-
derived growth factor receptor.44 In a small pilot trial,
and in a number of anecdotal publications, blockade
of c-KIT with the oral inhibitor Gleevec induced rapid
and dramatic regression in patients with c-KIT
mutated mucosal melanoma. A phase II trial of
imatinib in metastatic melanoma patients demonstrat-
ed one patient with a partial response lasting
approximately 1 year. This patient had acral lentigi-
nous melanoma and had the highest c-KIT expression
of the 21 patients in this study.45 Studies are ongoing
evaluating the role of imatinib in patients with acral,
mucosal, and melanomas on chronically sun-dam-
aged skin. Studies are also evaluating whether wild-
type, mutant, or amplified c-KIT predicts response to
imatinib. Other inhibitors of c-KIT are also under
investigation.

ALTERNATIVE PATHWAYS
Several other pathways are also commonly altered

in melanoma. These include alterations in Bcl-2,
nuclear factor-kB (NF-kB), as well as dysregulation
of the b-catenin pathway.

NF-kB is a transcription factor that is composed of 2
subunits of the REL protein family, a 65 and 50 kDA
subunit. It is activated by cytokines such as tumor
necrosis factor-alpha and interleukin-1. NF-kB in normal
cells is suppressed in the cytoplasm by inhibitory
proteins called IkB. These cytokines allow for phos-
phorylation and degradation of the 26S proteosome.36

This allows NF-kB to enter the nucleus and activate
gene expression, thus permitting control over cell
survival and regulation of apoptosis. Increased activity
of this pathway can occur via upregulation of the p50
and Rel A subunits or via activation of the PI3/AKT or
MAPK pathways.46 Loss of E-cadherin expression is
linked to upregulation of NF-kB activity as well. This has
been directly implicated in melanoma development.
Loss of E-cadherin expression and upregulation of N-
cadherin is one of the events by which melanocytes
escape regulatory control from keratinocytes.5,47

Many of the signaling pathways discussed in this
article affect NF-kB, thus making this an ideal
therapeutic target. Bortezomib (PS-341) targets NF-
kB indirectly by inhibition of the 26S proteosome,
which leads to increased levels of the IkB inhibitory
subunit. In vitro studies have been promising, dem-
onstrating both reduced cell-line growth and syner-
gism with chemotherapy.48 No single-agent activity
has been seen with PS-341, but combination studies
with temozolomide are ongoing. Early studies with
temozolomide and PS-341 showed 4 of 19 patients
with some regression of tumor.49

Other targets in melanoma include Bcl-2 and
HSP90. Bcl-2 is important in normal melanocyte
development with melanoblasts and melanocytes ex-
pressing high levels of Bcl-2. Bcl-22null mice, in fact,
have loss of melanocyte numbers.50,51 Drug resistance
in melanoma has been at least partially attributed to Bcl-
2 by inhibiting apoptosis. Chemotherapy triggers cell
death by activating an apoptotic cascade that is
initiated by mitochondrial release of cytochrome C.
Cytochrome C release is inhibited by Bcl-2, thus
inhibiting apoptosis. Studies have demonstrated that
transfection of cells with Bcl-2 confers a multidrug
resistant phenotype. The converse has also been
shown to increase response to chemotherapy.52-54

Oblimersen, an antisense oligonucleotide directed
against Bcl-2, thus decreases expression of Bcl-2 by
blocking the translation from mRNA. More than 750
patients with metastatic melanoma were randomized to
receive dacarbazine or dacarbazine plus oblimersen.
Progression-free survival was improved by 1 month with
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the addition of the study drug, and overall survival,
although not statistically significant, was improved by
1.2 months. Of note, in patients with a normal lactate
dehydrogenase level, survival was statistically better in
the study group, 11.4 months versus 9.7 months.2 The
AGENDA trial was thus conducted comparing DTIC with
oblimersen versus DTIC alone in metastatic melanoma
patients with a normal lactate dehydrogenase. This trial
did not show a statistically significant difference
between the 2 groups regarding progression-free
survival. Although the study reported numerical differ-
ences in progression-free survival, overall response,
disease control, and durable response that favored the
group that received oblimersen, none of these differ-
ences were statically significant.55

Another area of investigation is targeting heat
shock protein 90 (HSP90). HSP90 is a ubiquitously
expressed chaperone that regulates posttranslational
folding and stability of proteins. Several oncogenic
proteins depend on HSP90, including BCR-ABL,
EGFR, RAF, and AKT.56 Thus, inhibiting HSP90 would
allow for inhibition of several different signal transduc-
tion pathways including the MAPK and PI3K pathways.
HSP90 expression is found to be associated with
adverse histologic features of melanoma and in
metastatic melanoma.57 Prolonged stable disease
has been seen in early clinical trials of HSP90 inhibition,
and trials with HSP90 inhibitors are ongoing.58

Elesclomol is an experimental agent that induces
oxidative stress and is a potent inducer of heat shock
proteins. A phase II randomized controlled trial of
weekly elesclomol plus paclitaxel versus paclitaxel
alone in 53 patients showed a doubling of the median
progression-free survival in the treatment arm (112 vs
56 days) and an improvement in median overall survival
as well (11.9 vs 7.8 months).59 A phase III clinical trial of
weekly paclitaxel plus or minus elesclomol in meta-
static melanoma patients was halted in February 2009
based on the recommendation of the Data Monitoring
Committee (DMC) to unblind the study after the DMC
observed increased deaths on the experimental
treatment arm; however, the DMC could not determine
whether the observed deaths were related to treat-
ment. The results of the 651 patients enrolled were
recently published and demonstrated a median pro-
gression-free survival of 3.5 months with elesclomol
and paclitaxel versus 1.9 months in the paclitaxel alone
arm (HR 0.88), which was not statistically significant.60

CONCLUSIONS
Melanoma biology is an extremely complex pro-

cess involving multiple mutations as well as activation
of multiple oncogenic pathways. Clearly, targeting one
pathway is not likely to be clinically effective in treating
patients with advanced melanoma. Studies are under-

way combining different targeted agents, as well as
with combinations of chemotherapy and/or biologic
therapy and signal transduction inhibitors. Clinical trials
with well-conducted correlative studies will contribute
to our understanding of the molecular biology of
melanoma. Improved understanding of melanoma
biology and its mechanisms of resistance to current
treatments may potentially lead to the development of
newer, more effective agents.

REFERENCES
1. Carbone PP, Costell W. Eastern Cooperative Oncology Group studies

with DTIC (NSC-45388). Cancer Treat Rep. 1976;60:193-198.

2. Bedikian AY, Millward M, Pehamberger H, et al. Bcl-2 antisense
(oblimersen sodium) plus dacarbazine in patients with advanced
melanoma: the Oblimersen Melanoma Study Group [published
online ahead of print September 11, 2006]. J Clin Oncol.
2006;24:4738-4745.

3. Atkins MB, Lotze MT, Dutcher JP, et al. High-dose recombinant
interleukin-2 therapy for patients with metastatic melanoma:
analysis of 270 patients treated between 1985 and 1993. J Clin
Oncol. 1999;17:2105-2116.

4. Slominski A, Tobin DJ, Shibahara S, Wortsman J. Melanin
pigmentation in mammalian skin and its hormonal regulation.
Physiol Rev. 2004;84:1155-1228.

5. Haass NK, Smalley KS, Herlyn M. The role of altered cell-cell communi-
cation in melanoma progression. J Mol Histol. 2004;35:309-318.

6. Curtin JA, Fridlyand J, Kageshita T, et al. Distinct sets of genetic
alternation in melanoma. N Engl J Med. 2005;353:2135-2147.

7. Sekulic A, Haluska P Jr, Miller AJ, et al. Malignant elanoma in the
21st century: the emerging molecular landscape. Mayo Clin Proc.
2008;83:825-846.

8. Meyer LJ, Zone JH. Genetics of cutaneous melanoma. J Invest
Dermatol. 1994;103(5 suppl):112-116.

9. Meyer LJ, Piepkorn M, Goldgar DE, et al. Penetrance and
expressivity of the chromosome 9p melanoma susceptibility locus
(MLM). Cancer Res. 1994;54:6041-6044.

10. Rulyak SJ, Brentnall TA, Lynch HT, Austin MA. Characterization of
the neoplastic phenotype in the familial atypical multiple-mole
melanoma-pancreatic carcinoma syndrome. Cancer. 2003;
98:798-804.

11. Goldstein AM, Chan M, Harland M, et al. Features associated with
germline CDKN2A mutations: a GenoMEL study of melanoma-prone
families from three continents [published online ahead of print
August 11, 2007]. J Med Genet. 2007;44:99-106.

12. Bennett DC. How to make a melanoma: what do we know of the
primary clonal events? Pigment Cell Melanoma Res. 2008;21:27-38.

13. Marini A, Mirmohammadsadegh A, Nambiar S, Gustrau A, Ruzicka
T, Hengge UR. Epigenetic inactivation of tumor suppressor genes in
serum of patients with cutaneous melanoma. J Invest Dermatol.
2006;136:422-431.

14. Petitjean A, Mathe E, Kato S, et al. Impact of mutant p53 functional
properties on TP53 mutation patterns and tumor phenotype:
lessons from recent developments in the IARC TP53 database.
Hum Mutat. 2007;28:622-629.

15. Gollob JA, Sciambi CJ, Peterson BL, et al. Phase I trial of sequential
low-dose 5-aza-29-deosycytidien plus high-dose intravenous bolus
interlekin-2 in patients with melanoma or renal cell carcinoma. Clin
Cancer Res. 2006;12:4619-4627.

Novel Targeted Therapies for the Treatment of Metastatic Melanoma

122 The Ochsner Journal



16. Burdette-Radoux S, Tozer RG, Lohmann RC, et al. Phase II trial of

flavopiridol, a cyclin dependent kinase inhibitor, in untreated

metastatic malignant melanoma. Invest New Drugs. 2004;

22:315-322.

17. Fecher L, Amaravadi RK, Flaherty KT. The MAPK pathway in

melanoma. Curr Opin Oncol. 2008;20:183-189.

18. Davies H, Bignell GR, Cox C, et al. Mutations of the BRAF gene in

human cancer [published online ahead of print June 9, 2002].

Nature. 2002;417:949-954.

19. Ball NJ, Yohn JJ, Morelli JG, Norris DA, Golitz LE, Hoeffler JP. Ras

mutation in human melanoma: a marker of malignant progression.

J Invest Dermatol. 1994;102:285-290.

20. Gray-Schopfer V, Wellbrock C, Marais R. Melanoma biology and

new targeted therapy. Nature. 2007;445:851-857.

21. Panka DJ, Wang W, Atkins MB, Mier JW. The Raf inhibitor BAY 43-

9006 (Sorafenib) induces caspase-independent apoptosis in

melanoma cells. Cancer Res. 2006;66:1611-1619.

22. Eisen T, Ahmad T, Flaherty KT, et al. Sorafenib in advanced

melanoma: a phase II randomized discontinuation trial analysis

[published online ahead of print August 1, 2006]. Br J Cancer.

2006;95:581-586.

23. Flaherty KT, Schiller J, Schuchter LM, et al. A phase I trial of the

oral, multikinase inhibitor sorafenib in combination with carboplatin

and paclitaxel. Clin Cancer Res. 2008;14:4836-4842.

24. Hauschild A, Agarwala SS, Trefzer U, et al. Results of a phase III,

randomized, placebo-controlled study of sorafenib in combination

with carboplatin and paclitaxel as second-line treatment in patients

with unresectable stage III or stage IV melanoma [published online

ahead of print April 6, 2009]. J Clin Oncol. 2009;27:2823-2830.

25. Pharmaprojects. Nexavar fails Phase III melanoma trial. Available

at: http://www.pharmaprojects.com/news/3004_1605.htm.

Accessed May 10, 2010.

26. McDermott DF, Sosman JA, Gonzalez R, et al. A double-blind

randomized phase II study of the combination of sorafenib and

dacarbazine in patients with advanced melanoma: a report from

the 11715 Study Group. J Clin Oncol. 2008;26:2178-2185.

27. Amiri P, Aikawa ME, Dove J. CHIR-265 is a potent selective

inhibitor of c-Raf/B-RAF/mutB-Raf that effectively inhibits

proliferation and survival of cancer cell lines with Ras/Raf pathway

mutations. In: Proceedings from the American Association for

Cancer Research; 2006;47: Abstract 4855.

28. Flaherty K, Puzanov I, Sosman J, et al. Phase I study of PLX4032:

proof of concept for V600E BRAF mutation as a therapeutic target

in human cancer. J Clin Oncol. 2009;27(15 suppl): Abstract 9000.

29. LoRusso PM, Krishnamurthi SS, Rinehart JJ, et al. Phase I

pharmacokinetic and pharmacodynamic study of the oral MAPK/

ERK kinase inhibitor PD-0325901 in patients with advanced

cancers [published online ahead of print March 9, 2010]. Clin

Cancer Res. 2010;16:1924-1937.

30. Dummer R, Robert C, Chapman PB, et al. AZD6244 (ARRY-142886)

vs temozolomide (TMZ) in patients wth advanced melanoma: an

open-label randomized, multicenter, phase II study. J Clin Oncol.

2008;26: Abstract 9033.

31. Stahl JM, Cheung M, Sharma A, Trivedi NR, Shanmugam S,

Robertson GP. Loss of PTEN promotes tumor development in

malignant melanoma. Cancer Res. 2003;63:2881-2890.

32. Sears R, Nuckolls F, Haura E, Taya Y, Tamai K, Nevins JR. Multiple

Ras-dependent phosphorylation pathways regulate Myc protein

stability. Genes Dev. 2000;14:2501-2514.

33. Bugering BM, Medema RH. Decisions of life and death: FOXO

Forkhead transcription factors are in command when PKB/AKT is

off duty. J Leukoc Biol. 2003;73:689-701.

34. Lou JJ, Manning BD, Cantley LC. Targeting the PI3K-AKT pathway

in human cancer: rationale and promise. Cancer Cell. 2003;

4:257-262.

35. Satyamoorthy K, Li G, Vaidya B, Patel D, Herlyn M. Insulin-like

growth factor-1 induces survival and growth of biologically early

melanoma cells through both the mitogen-activated protein kinase

and beta-catenin pathways. Cancer Res. 2001;61:7318-7324.

36. Smalley K, Herlyn M. Targeting intracellular signaling pathways as

a novel strategy in melanoma therapeutics. Ann NY Acad Sci.

2005;1059:16-25.

37. Tsao H, Zhang X, Fowlkes K, Haluska FG. Relative reciprocity of

NRAS and PTEN/MMAC1 alterations in cutaneous melanoma cell

lines. Cancer Res. 2000;60:1800-1804.

38. Stahl JM, Sharma A, Cheung M, et al. Deregulated AKT3 activity

promotes development of malignant melanoma. Cancer Res.

2004;64:7002-7010.

39. Kondapaka SB, Singh SS, Dasmahapatra GP, Sausville EA, Roy KK.

Perifosine, a novel alkylphospholipid, inhibits protein kinase B

activation. Mol Cancer Ther. 2003;2:1093-1103.

40. Ernst DS, Eisenhauer E, Wainman N, et al. Phase II study of

perifosine in previously untreated patients with metastatic

melanoma. Invest New Drugs. 2005;23:569-575.

41. Margolin K, Longmate J, Baratta T, et al. CCI-779 in metastatic

melanoma: a phase II trial of the California Cancer Consortium.

Cancer. 2005;104:1045-1048.

42. Rao RD, Windschitl HE, Allred JB, et al. Phase II trial of the mTOR

inhibitor everolimus (RAD-001) in metastatic melanoma. J Clin

Oncol. 2006;24(18s): Abstract 8043.

43. Curtin JA, Busam K, Pinkel D, et al. Somatic activation of KIT in

distinct subtypes of melanoma. J Clin Oncol. 2006;24(26):

4340-4347.

44. Buchdunger E, Cioffi CL, Law N, et al. Abl protein-tyrosine kinase

inhibitor STI571 inhibits in vitro signal transduction mediated by c-

kit and platelet-derived growth factor receptors. J Pharmacol Exp

Ther. 2000;295:139-145.

45. Kim KB, Eton O, Davis DW, et al. Phase II trial of imatinib mesylate

in patients with metastatic melanoma [published online ahead of

print August 19, 2008]. Br J Cancer. 2008;99:734-740.

46. McNulty SE, Tohidian NB, Meyskens FL. RelA, p50 and inhibitor of

kappa B alpha are elevated in human metastatic melanoma cells

and respond aberrantly to ultraviolet light B. Pigment Cell Res.

2001;14:456-465.

47. Kuphal S, Poser I, Jobin C, Hellerbrand C, Bosserhoff AK. Loss of e-

cadherin leads to upregulation of NFkappaB activity in malignant

melanoma. Oncogene. 2004;23:8509-8519.

48. Amiri KI, Horton LW, LaFleur BJ, Sosman JA, Richmond A.

Augmenting chemosensitivity of malignant melanoma tumors via

proteasome inhibition: implication for bortezomib as a therapeutic

agent for malignant melanoma. Cancer Res. 2004;64:4912-

4918.

49. Markovic SN, Geyer SM, Dawkins F, et al. A phase II study of

bortezomib in the treatment of metastatic melanoma. Cancer.

2005;103:2584-2589.

50. Sosman JA, Puzanov I. Molecular targets in melanoma from

angiogenesis to apoptosis. Clin Cancer Res. 2006;12:

2376s-2383s.

Kudchadkar, R

Volume 10, Number 2, Summer 2010 123



51. Bush JA, Li G. The role of Bcl-2 family members in the progression
of cutaneous melanoma. Clin Exp Metastasis. 2003;20:531-539.

52. Nishimura EK, Granter SR, Risher ED. Mechanism of hair graying:
incomplete melanocyte stem cell maintenance in the niche
[published online ahead of print December 23, 2004]. Science.
2005;307:720-724.

53. Schmitt CA, Rosenthal CT, Lowe SW. Genetic analysis of
chemoresistence in primary murine lymphomas. Nat Med.
2000;6:1029-1035.

54. Jansen B, Schlagbauer-Wadl H, Brown BD, et al. Bcl-2 antisense
therapy chemosensitizes human melanoma in SCID mice. Nat Med.
1998;2:232-234.

55. Genta Incorporated. Genta announces top-line results of AGENDA
phase 3 trial of GenasenseH in patients with advanced melanoma.
Available at: http://www.genta.com/Press_Releases/2009/Genta_
Announces_Top-Line_Results_of_AGENDA_Phase_3_Trial_of_
GenasenseH_in_Patients_with_Advanced_Melanoma.html. Accessed
May 10, 2010.

56. Welch WJ, Feramisco JR. Purification of the major mammalian
heat shock proteins. J Biol Chem. 1982;257:14949-14959.

57. McCarthy MM, Pick E, Kluger Y, et al. HSP90 as a marker of
progression in melanoma [published online ahead of print
November 23, 2007]. Ann Oncol. 2008;19:590-594.

58. Banerji U, O’Donnell A, Scurr M, et al. Phase I pharmacokinetic and
pharmacodynamic study of 17-allylamino, 17-
demethoxygeldanamycin in patients with advanced malignancies.
J Clin Oncol. 2005;23:4152-4161.

59. O’Day S, Gonzalez R, Lawson D, et al. Phase II, randomized,
controlled, double-blinded trial of weekly elesclomol plus paclitaxel
versus paclitaxel alone for stage IV metastatic melanoma
[published online ahead of print October 13, 2009]. J Clin Oncol.
2009;27:5452-5458.

60. Hauschild A, Eggermont AM, Jacobson E, O’Day SJ. Phase III,
randomized, double-blind study of elesclomol and paclitaxel versus
paclitaxel alone in stage IV metastatic melanoma (MM). J Clin
Oncol. 2009;27(18s): Abstract 9012.

Novel Targeted Therapies for the Treatment of Metastatic Melanoma

124 The Ochsner Journal


