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Opinion statement

Melanoma is the most aggressive of the cutaneous malignancies, causing more than
9,000 deaths in the past year in the United States. Historically, systemic therapies have
been largely ineffective, because melanoma is usually resistant to cytotoxic chemother-
apy. However, during the past few years, several targeted therapies have proved effec-
tive in this challenging disease. These recent advances have been facilitated by an
improved understanding of the driving genetic aberrations of melanoma, particularly
mutations in the mitogen-activated protein kinase (MAPK) pathway. Vemurafenib, a
BRAF inhibitor, demonstrated an overall survival advantage in phase III trials and is
an appropriate option for first-line therapy in metastatic BRAF mutant melanoma. Dab-
rafenib, another BRAF inhibitor, and trametinib, a MEK inhibitor, also have been shown
to be effective in phase III trials for BRAF mutant melanoma and may be additional
treatment options as monotherapy or in combination pending regulatory approval. Ad-
ditionally, imatinib is a promising targeted therapy for patients whose tumors harbor a
KIT mutation in exons 11 and 13. Although these targeted agents cause objective
responses and clinical benefit in patients with metastatic melanoma, resistance inva-
riably develops. New targets and strategies to overcome acquired resistance are urgent-
ly needed. Furthermore, no effective targeted therapy has been developed for NRAS
mutant tumors or in melanomas with as yet unknown driver mutations. In this review,
we discuss current molecular targeted treatment options and promising ongoing re-
search to develop new strategies to treat melanoma.

Introduction

Melanoma is a common and aggressive cutaneous ma-  trast to many other types of cancer, the incidence and
lignancy, with more than 76,000 new cases and 9,000 mortality of melanoma has increased during the past
deaths in the United States in the past year [1]. In con- 10 years [2e]. Metastatic melanoma portends a poor
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prognosis, historically with a median survival of well
under 1 year. However, with the advent of effective ge-
notype directed therapy, as well as more effective
immunotherapy, outcomes have improved for
patients with metastatic disease. Although surgical re-
section remains the mainstay of therapy for localized
disease, molecular targeted therapy has an expanding
role in the recurrent and metastatic setting.
Historically, melanoma has been classified based
on clinical characteristics, such as primary tumor thick-
ness and ulceration. More recently, it has become clear
that particular driver mutations have important thera-
peutic implications, allowing for additional melano-
ma classification based on tumor genetics. The MAP
kinase pathway is constitutively activated in >90 %
of melanomas, driving unregulated cellular prolifera-
tion and unrestrained tumor growth. These aberra-
tions consist of activating mutations in the G-protein
NRAS (15-20 %), the serine-threonine kinase BRAF
(40-50 %), or the receptor tyrosine kinase KIT (2-

Treatment

3 %) [3-6]. Additionally, other melanomas lacking
these mutations have been found to rarely carry other
MAP kinase pathway mutations (i.e., NF1, H-RAS,
MAP2K1, MAP2K2) or demonstrate ERK phosphoryla-
tion without a known driver mutation [7-9]. Targeted
treatments now exist for BRAF and KIT mutant mela-
noma and are discussed below. These mutations also
appear to associate with the clinical presentation of
melanoma, as well as prognosis. BRAF mutant tumors
are especially common on skin without chronic sun
damage, whereas NRAS mutant melanoma is equally
common on skin with chronic or intermittent sun
damage [6]. KIT mutations occur more frequently in
two uncommon subtypes: acral and mucosal melano-
ma [5]. GNAQ and GNA11 mutations, both rarely
occurring, are nearly exclusively seen in uveal melano-
ma [10]. Additionally, both BRAF and NRAS muta-
tions appear to confer a worse prognosis in the
metastatic setting compared with tumors without
known driver mutations (WT) [3, 11].

+ Surgical resection is the principle therapy for localized disease. For
unresectable and metastatic melanoma, the primary two treatment
modalities are molecular targeted therapy and immune based ther-
apies. Cytotoxic chemotherapy has a limited role in the treatment of
advanced or metastatic disease. For the purpose of this review, we
will focus on targeted therapy.

Pharmacologic Treatment

BRAF Inhibitors

* Somatic mutations in BRAF, a serine-threonine kinase, are present in
40-50 % of metastatic melanoma [6, 12]. The vast majority of
mutations involve a substitution for valine at the 600th amino acid
position, to glutamine in 80 % of cases (V600E). BRAF V600K
mutations make up the majority of the remainder, with rare V60OR,
V600D, V600M, V600E’, L597, and K601E mutations [4, 13, 14].

Vemurafenib

» Vemurafenib (PLX4032 [Zelboraf], Roche) was developed as a spe-
cific BRAF inhibitor. Preclinical data showed specificity for the BRAF
kinase with the V60OE mutation and potent inhibition of cellular
proliferation in vitro [15].
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Dabrafenib

Phase I and II trials demonstrated that vemurafenib has significant
antitumor activity, with objective response rates of 53 % (confirmed)
to 81 % (including unconfirmed) [16, 17]. Tumor responses often
were rapid and dramatic, and the large majority of patients had at
least stabilization of their disease. Complete responses were seen in
less than 10 % of patients. Resistance to therapy and tumor pro-
gression developed within 2 years for nearly all patients, although
5-10 % of responders remain in remission at 24 months.

A phase III trial (BRIM-3) showed an objective response rate of 59 %
with vemurafenib in BRAF V600E mutant melanoma. Overall sur-
vival (OS) at 6 months was improved compared to dacarbazine
(84 % vs. 64 %), with a median overall survival of 9.7 months for
chemotherapy and 13.6 months for vemurafenib (hazard ratio
(HR)=0.7). Median progression-free survival (PFS) also was
improved (5.9 vs. 1.6 months) [18ee].

Vemurafenib has similar activity in patients with V600K mutations,
with preclinical data suggesting efficacy in other V600 and possibly
rare L597 mutations as well [14, 17, 19].

Although vemurafenib is well tolerated, adverse effects are not trivial,
and include fatigue, arthralgia, edema, nausea, and prolonged QT in-
terval. Secondary cutaneous squamous cell carcinomas and keratoa-
canthomas, often with RAS mutations, occur in approximately 20 % of
patients, usually in the first 2-3 months of therapy [18ee, 20e].

In nonmelanoma cells without mutant BRAF, the MAP kinase
pathway may be paradoxically activated by BRAF inhibitors through
a CRAF dependent mechanism [21]. This is likely the cause for sec-
ondary cutaneous squamous cell neoplasms. Additionally, there is
concern that heightened MAP kinase signaling may lead to
unmasking of other secondary malignancies. Notably, new primary
melanomas without BRAF mutations appear to occur at a higher rate
while on BRAF inhibitor therapy [22]. More recently, reports of co-
lonic adenomatous polyps and chronic myelomonocytic leukemia
have been seen following initiation of BRAF inhibitor therapy [23,
24]. In all of these cases, the BRAF inhibitor does not cause the
malignancies but acts to accelerate its clinical presence.
Recommended starting dose for vemurafenib is 960 mg twice daily,
which can be reduced to 720 mg twice daily or even to 480 mg twice
daily if intolerable side effects develop. Recently, preclinical work
seems to imply alternate scheduling of drug may delay the devel-
opment of resistance.

Dabrafenib (GSK2118436, GlaxoSmithKline) is another specific
BRAF V600 inhibitor found to have preclinical activity against mel-
anoma in cell lines and xenografts.

Early phase trials also showed that dabrafanib is a highly active drug
in BRAF mutant melanoma [25]. Objective responses were seen in
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53-69 % of patients with V60OE or V600K mutations. Timing of
responses and development of resistance were very similar to
vemurafenib.

A phase III trial (BREAK-3) compared dabrafenib with dacarba-
zine in BRAF V600E mutant metastatic melanoma. Response rates
(53 % vs. 19 %) and PFS (5.3 vs. 2.7 months) were improved,
although the trial allowed crossover and was not powered to
detect an overall survival benefit [26e]. Patients with either BRAF
V600E or V600K mutations and patients with brain metastases
were included in the trial and early responses were observed in
the brain parenchyma. This was confirmed in a recently pub-
lished article (BREAK-MB) where 29 of 74 (39.2 %, 95 % con-
fidence interval (CI) 28.0-51.2) newly diagnosed and untreated
brain metastases from V600E BRAF-mutant melanoma achieved
an overall intracranial response as did 20 of 65 (30.8 %, 19.9-
43.4) in progressive brain metastases following failure of local
treatment [27e].

Side-effect profile differs in several ways from vemurafenib. The
incidence of cutaneous squamous cell carcinomas or keratoacan-
thomas (6-19 %) appeared to be slightly lower than seen with
vemurafenib treatment. This might be explained by a higher affinity
to the mutant BRAF and less cross-reactivity to CRAF leading to en-
hanced MAP kinase inhibition. However, fevers and chills appeared
to be more common (25 %).

The initial starting dose for dabrafenib is 150 mg twice daily. Regu-
latory approval for dabrafenib is pending and is expected soon.

MEK Inhibitors

Trametinib

MEK inhibition blocks signaling in the MAP kinase pathway down-
stream from BRAF and mechanistically could have activity in both
melanoma with BRAF mutations and NRAS mutations. However,
although MEK inhibitors may have some activity in NRAS mutant
disease, preclinical data and clinical evidence is strongest that these
agents effectively inhibit cellular proliferation and tumor growth in
BRAF mutant melanoma [28ee]. Combination therapy with BRAF
inhibitors will be discussed in the combination section.

Trametinib (GSK1120212, GlaxoSmithKline) is a highly specific in-
hibitor of MEK1 and 2 and is the best evaluated MEK inhibitor in the
clinic. Early phase trials showed effective MAP kinase signaling in-
hibition and tolerable side effects [29].

In a phase III trial (METRIC), trametinib was compared with dacar-
bazine in patients with BRAF mutations [30e]. Overall survival was
improved at 6 months (81 % vs. 67 %) despite a high crossover rate
to trametinib at time of progression (47 %) in the dacarbazine arm.
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Other MEK Inhibitors

Progression-free survival also was increased (4.8 vs. 1.5 months),
with an objective response rate of 22 %.

Treatment was relatively well tolerated, although a drop in ejection
fraction was seen in 7 % of patients, causing treatment discontinuation
in two patients. An acneiform rash, peripheral edema, diarrhea, and
blurred vision were other side effects. Central serous retinopathy (CSR)
is an uncommon but well-known cause of blurred vision in patients on
MEK inhibitors, although was not seen in this trial [29]. All patients
with visual symptoms should be evaluated for both CSR and retinal
vein thrombosis. Notably, no squamous cell skin cancers were seen.

The role of trametinib in BRAF mutant melanoma requires further
clarification. It is unlikely to match the efficacy of the selective
BRAF inhibitors as a single agent. Furthermore, single-agent tra-
metinib is not effective when patients progress on a BRAF in-
hibitor (Kim K, et. al, in press, ] Clin Oncol). Combination
therapy with dabrafenib is likely the most appropriate setting to
use trametinib (see “Combination Therapy”).

The phase III dose of trametinib was 2-mg daily. Regulatory approval
is pending and is expected soon.

MEK162 (Novartis) is another selective MEK1 and MEK2 inhibitor in
early-phase trials, which appears to have modest activity in both
BRAF and NRAS mutant melanoma [31]. Eight of 35 (23 %) patients
with BRAF mutations had objective responses. In patients with NRAS
mutations, 6 of 28 (21 %) had objective responses. This is the
first molecularly targeted therapy showing activity in NRAS mu-
tant melanoma.

Selumetinib (AZD6244, AstraZeneca) also inhibits MEK1/2 and has
modest activity in melanoma. However, in unselected patients with
metastatic disease, it was not superior to temozolomide and in those
retrospectively found to have a BRAF V600E containing melanoma,
responses were observed in only 5 of 45 patients (11 %) [32]. Several
trials are ongoing to evaluate whether combination therapy with
other targeted agents is efficacious.

Resistance to BRAF Inhibition

The vast majority of patients with BRAF mutant melanoma will have
objective responses or temporary disease stabilization (by RECIST
1.1) when treated with a BRAF inhibitor, although approximately
15 % appear to have progressed by the time of the first tumor re-
evaluation (6-8 weeks) [18ee]. However, all patients inevitably re-
lapse, frequently in the first 1 to 2 years of therapy.

Most other tumors that develop resistance to targeted agents acquire
a secondary mutation in the site of binding to the inhibiting agent.
For example, in chronic myelogenous leukemia, resistance to imati-
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nib is derived from secondary BCR-ABL mutations, and 50 % of non-
small cell lung cancers develop a T790M secondary mutation in
EGFR in response to EGFR inhibitors. In contrast, no secondary BRAF
mutations have been described in melanoma. Resistance is derived
from a variety of mechanisms, including the following:

* Acquired alterations in the MAP kinase pathway may induce resis-
tance in the following ways (Figure 1):

* Secondary NRAS mutations may arise and bypass the inacti-
vated mutant BRAF protein, likely utilizing CRAF to activate
MAPK signaling [33].

*  MEKI mutations may constitutively activate the pathway down-
stream of the inhibited mutant BRAF [7].

» Elevated levels of CRAF have been described, allowing for heter-
odimerization with BRAF and renewed cell signaling [34].

» Enhanced expression and activation of COT, a serine/threonine
kinase, can reinduce MAP kinase signaling by activating MEK in a
BRAF independent manner [35].
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Figure 1. Reproduced with permission from Future Medicine Ltd. from Immunotherapy, December 2011;3(12):1461-1469.
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+ Alternate splicing of the BRAF V60OE kinase with enhanced di-
merization can restore MAP kinase pathway activity independent
of upstream RAS signaling [36].

Additionally, BRAF resistance can develop though alternate cell sig-

naling pathways independent of the MAP kinase pathway, including

the following:

* PDGFRPR and other tyrosine kinase overexpression (EGFR) may
lead to renewed proliferation and tumor growth [33, 37].

» Upregulation of insulin growth factor receptor 1 (IGFR1) and acti-
vation of the PI3K-AKT pathway leads to cellular proliferation [38].

* Hepatocyte growth factor (HGF) induces resistance by activating the
HGEF receptor MET, which restores cell signaling and tumor growth
through the PI3K-AKT and MAP kinase pathways [39, 40e]. This
mechanism also may cause primary resistance to BRAF inhibitors.

Overcoming resistance is a major problem that requires innovative

solutions given the diversity of mechanisms. Multiple strategies,

usually involving combination therapies, are being evaluated in
clinical and preclinical studies (see Combination Therapy and

Ongoing Research below).

Combination Therapy

Dabrafenib/Trametinib

Preclinical studies showed that combination therapy could poten-
tially prevent or delay the development of acquired resistance to
BRAF inhibitors by complete abrogation of MAP kinase signaling
[41]. Additionally, cutaneous toxicities appeared to be diminished
with combination therapy, likely due to inhibition of paradoxical
MAP kinase activation caused by BRAF inhibitors [20e].

A phase I/II open label trial evaluated in a 1:1:1 ratio combination
therapy at two different doses and dabrafenib monotherapy [42es9].
The median PFS for combination therapy (at the 150 mg/2 mg arm)
was 9.4 months compared with 5.8 months with monotherapy.
Objective response rate was 76 % for combination therapy and 54 %
in the monotherapy group. Median overall survival had not been
reached in either group at the time of publication.

Therapy was relatively well tolerated. Squamous cell carcinomas oc-
curred less frequently in the combination group (7 % and 2 % at 2
and 1 mg/kg of trametinib, respectively) compared with the mono-
therapy group (19 %). Other toxicities included those expected with
MEK inhibitors, such as acneiform dermatitis, pyrexia, peripheral
edema, ocular events, and rarely decreased cardiac ejection fraction.
Currently, a phase III trial is ongoing comparing combination ther-
apy with vemurafenib or dabrafenib monotherapy.
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Combination therapy appears to delay the development of resistance
to targeted therapy but still invariably develops. Mechanisms of re-
sistance to dual therapy are being elucidated.

KIT Inhibitors

Imatinib

Other KIT Inhibitors

Somatic mutations in KIT occur infrequently, with an incidence of 2-
3 % of unselected cases of metastatic melanoma [5, 43]. However,
they more often are present in primary tumors found on acral sur-
faces (soles of the feet, nailbeds) or mucosal melanoma (10-20 %)
[44, 45]. Most commonly, KIT mutations occur in the juxtamem-
brane domain (L576P, V559A, W557R), although they also may
occur in the kinase domain (K642E, D816H).

Efforts to target KIT with tyrosine kinase inhibitors have been
successful in gastrointestinal stromal tumor (GIST), generating
interest in exploiting this target in melanoma. Preclinical data in
melanoma and studies in GIST patients predict that mutations in
the juxtamembrane domain will be sensitive to imatinib,
whereas some mutations in the kinase domain may be resistant
(D816H).

Two phase II trials have been completed using imatinib in KIT mu-
tant melanoma. In a trial from Memorial Sloan Kettering, 28 patients
with KIT mutations or amplifications were treated with imatinib,
with a durable response rate of 16 % and a median progression-free
survival of 12 weeks [46¢]. The majority of patients (72 %) had at
least temporary disease stabilization.

In the second trial, 43 patients with KIT aberrations were treated with
imatinib, with an objective response rate of 23 %, temporary stabi-
lization of disease in an additional 30 %, and a median PFS of

3.5 months [47e].

In both trials, mutations in the juxtamembrane domain (L596,
V559), as well as K642E, appear to display enhanced sensitivity to
imatinib therapy. KIT amplified tumors without mutations also were
sensitive in some cases. Notably, dose escalation to 800 mg did not
restore disease control in responding patients. Therefore, the rec-
ommended dose of imatinib is 400 mg daily.

Dasatinib: Objective responses to dasatinib in KIT mutant
patients have been noted in case reports and as part of a phase II
trial [48, 49].

Sunitinib: This agent also appears to have activity, producing
objective responses in three of four patients with KIT mutations
(although only in one of six patients with KIT amplifications)
[50].
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Sorafenib: Cases of temporary responses to sorafenib also have been
reported [51, 52].

“Targeted” Immunotherapy

Immunotherapy is the other major class of therapy for metastatic
melanoma, and includes interleukin-2, anti-CTLA-4 (ipilimumab),
and promising new agents including anti-PD-1/PD-L1. Currently
these agents are being applied to melanoma patients regardless of
tumor mutational status.

Significant interest exists in developing a biomarker to predict re-
sponse to immunotherapy to enhance patient selection and develop
“targeted” immunotherapy. Candidates include host gene polymor-
phisms, tumor gene expression profiles, and tumor genotype, among
others.

PD-L1 (programmed death ligand 1) expression is a promising
candidate for predicting response to anti-PD-1 therapy. Forty-two
patients treated with anti-PD-1 (18 with melanoma) had tumor
specimens assayed for PD-L1 expression. Of 17 patients without li-
gand expression, no patients had objective responses, compared with
9 of 25 in patients with expression [53ee]. This biomarker is cur-
rently being assessed further in ongoing trials.

Additionally, one trial that evaluated nearly 100 patients treated with
IL-2 suggests that NRAS mutant melanoma may respond better to IL-
2 than melanoma without known driver mutations [54].

Emerging Therapies and Ongoing Areas of Investigation

BRAF Mutant

In patients with BRAF mutant tumors, it is unclear whether first-line
BRAF inhibition or immunotherapy is preferable. In our opinion,
when a rapid response is needed due to symptomatic metastases,
BRAF inhibitor therapy is the preferred first option. However, if
patients are relatively asymptomatic, immunotherapy should be
considered due to the possibility of durable benefit.

Combining BRAF inhibitors and immunotherapy is an intriguing
possibility. This approach is supported by preclinical rationale: BRAF
inhibitors increase tumor infiltrating lymphocytes and may enhance
the tumor-specific immune response [55]. Additionally, resistance to
BRAF inhibitors are associated with increased PD-L1 expression [56].
Trials are planned to assess vemurafenib or the combination of
dabrafenib/trametinib and ipilimumab or anti-PD1/PD-L1 based
combination therapy.

Acquired resistance to BRAF inhibition remains a major problem,
with intensive ongoing efforts to overcome this resistance. Pre-
clinical rationale exists for combinations with BRAF inhibitors,
including inhibitors of MET, and heat shock protein [39, 57].
These agents appear to prevent development of acquired resis-
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tance in cell lines. Trials of these agents are in various early
stages of planning or accrual.

NRAS Mutant

NRAS mutant melanoma currently has no effective targeted therapy.
Effective agents for this population (15-20 % of metastatic melano-
ma) are urgently needed. Targeting RAS has proved very difficult in
melanoma and other tumor types. BRAF and MEK inhibitors are
thought to be largely ineffective due to reliance on CRAF signaling
(bypassing BRAF) and RAS-activated PI3K-AKT pathway signaling
(bypassing MEK) [58]. Trials evaluating combination therapy with
MEK inhibitors and PI3 kinase or AKT inhibitors are ongoing.

In NRAS mutant melanoma, MEK inhibitor monotherapy appears to
activate apoptosis, but does not achieve cell cycle arrest. Intriguing
preclinical data shows that combination therapy with MEK inhibitors
and cyclin dependent kinase (CDK4) inhibitors achieves apoptosis
and cell cycle arrest, providing significant therapeutic synergy similar
to genetic knockdown of NRAS [59].

Other Areas of Investigation

Conflicts of Interest

Anti-angiogenic agents do not have a clear role in melanoma. Axiti-
nib monotherapy was associated with a 19 % objective response rate
and median PFS of 2.9 months; trials are ongoing to assess whether
this is an effective therapy in combination with other agents [60].
Additionally, bevacizumab has been combined with carboplatin and
paclitaxel in a phase II trial (BEAM), which showed a trend to im-
proved survival compared with chemotherapy alone (12.3 vs.

9.3 months; p=0.19) [61]. Phase III trials are being considered.

Inhibitors of ERK have generated interest. These agents are in very
early-stage development.

Currently, there are no direct targeted agents for GNAQ or
GNA11 mutant tumors, primarily found in uveal melanoma.
These tumors often are resistant to targeted therapies and
immunotherapy. Efforts are ongoing to develop targeted agents
for these patients. These trials have primarily evaluated down-
stream targets, such as MEK or epigenetic changes secondary to
the loss of the BAP1 function [62, 63].
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