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Abstract
Since 2011, the treatment options for metastatic malignant
melanoma have significantly changed. In that year,
ipilimumab, an anti-CTLA4 monoclonal antibody, and
vemurafenib, a potent inhibitor of mutated-BRAF (V600E
and V600K), were approved by the FDA. In 2013, dabrafenib,
another inhibitor of mutated-BRAF, and trametinib, a
MEK inhibitor, were approved by the FDA. Most recently,
combination therapy with dabrafenib and trametinib was
approved. This article will describe a patient with metastatic
malignant melanoma with BRAFV600E who has responded
very well to vemurafenib monotherapy. We will then explore
the molecular basis, pharmacologic development and clinical
outcomes of inhibition of the mitogen-activated protein
(MAP) kinase pathway in patients with metastatic malignant
melanoma with oncogenic BRAF (V600E and V600K).
(J Patient-Centered Res Rev. 2014;1(1):21-26.)
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Clinical Case

CA is a 69-year-old woman who presented in September
2010 with a changing pigmented lesion on her right lower
extremity. A punch biopsy was positive for malignant
melanoma. The patient underwent a wide local excision and
sentinel lymph node biopsy on October 28, 2010. Pathology
demonstrated a stage IIA nodular malignant melanoma (pT3a
pN0sn M0). All margins were widely negative. The patient
was observed and did well until April 2011. At that time
she developed multiple in-transit metastases involving her
right lower extremity. Extensive staging studies showed no
evidence of regional adenopathy or extra regional metastatic
disease. Molecular studies showed mutated BRAF (V600E).
She underwent serial resection of in-transit metastases on a
weekly basis from April 7, 2011, to October 5, 2011. Each
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week multiple new in-transit metastases were identified and
resected. By mid-October there were more than 15 new intransit metastases. In addition, restaging studies showed
multiple new pulmonary nodules consistent with metastatic
disease. The patient started vemurafenib 960 mg orally twice
daily on October 26, 2011. Since starting vemurafenib, no
new in-transit metastases have been identified. She has had a
significant partial response to vemurafenib, with reduction in
the size and number of pulmonary metastases and regression
of all in-transit metastases. She has tolerated vemurafenib
well.

Introduction

The prognosis of patients diagnosed with metastatic
malignant melanoma is dismal. Up until recently, treatment
options consisted of high-dose interleukin-2 in a small
select group of patients, cytotoxic chemotherapy or
biochemotherapy with very limited clinical benefit or best
supportive care. Recently, immunotherapy with ipilimumab,
an anti-CTLA4 monoclonal antibody, and inhibition of
the mitogen-activated protein (MAP) kinase pathway in
patients whose tumors contain a BRAFV600 mutation have
shown significant clinical benefit. This article will focus
on the clinical features and molecularly targeted therapy
of metastatic malignant melanoma containing BRAFV600
mutations.
The MAP kinase signal transduction pathway regulates
a number of physiologic responses including cell
proliferation. In the absence of mutations the pathway is
activated by ligand binding to the extracellular domain of
a receptor tyrosine kinase (RTK). Ligand-bound RTK leads
to RTK dimerization and autophosphorylation. This leads to
activation of RAS protein through the exchange of GDP for
GTP. Activated RAS activates RAF proteins (ARAF, BRAF
and CRAF). Activated RAF phosphorylates and activates
MEK, which in turn phosphorylates and activates ERK.
Activated ERK activates transcription factors that lead to the
expression of many genes, resulting in a number of effects
including cell proliferation. The MAP kinase pathway is
deregulated in as many as one-third of human cancers, and
as such, components of this pathway (particularly RAS, RAF
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and MEK) have been identified as important therapeutic
targets.1 The RAS-RAF-MEK-ERK pathway is activated
in the majority of malignant melanoma cases.2 There has
been significant scientific effort to evaluate the various
components of this pathway and identify mechanisms of
MAP kinase pathway activation in human cancers in general
and in malignant melanoma specifically. In addition, recent
whole-exome sequencing studies have identified a number
of other driver mutations in malignant melanoma. Further
characterization of these mutations and their pathways may
lead to other therapeutic targets.3,4

Discovery of BRAFV600 Mutations

Because of the importance of the MAP kinase pathway in
human cancer, Davies et al. screened more than 500 cancer
cell lines for the presence of mutations in RAF genes. All
probable oncogenic mutations were found in BRAF in the
kinase domain in exons 11 and 15. These two exons were
then screened for mutations in genomic DNA from a wide
range of human cancers and short-term cultures derived
from human cancers. They demonstrated BRAF somatic
missense mutations in 66% of malignant melanomas and a
lower frequency of mutations in a number of other human
cancers. The mutation V600E accounted for 80% of the
mutations identified. The significance of these mutations
were underscored by the demonstration that mutated BRAF
proteins have elevated kinase activity, are transforming in
NIH 3T3 cells, and growth of cancer cell lines with the
V600E mutation is independent of RAS function. These
observations led the authors to postulate that inhibition of
BRAF activity may be an important therapeutic strategy in
the treatment of metastatic melanoma.5

Prevalence of BRAFV600 Mutations in Different
Melanoma Subtypes

A number of early small studies showed a high frequency of
BRAF mutations in malignant melanoma. BRAF mutations
were found in highest frequency in cutaneous melanoma.
Acral and mucosal melanomas have much lower frequency
BRAF mutations but have distinct alternate patterns of
genetic alterations.1,6,7 The largest study to date reported
clinical BRAF testing results in a retrospective analysis of
1,112 specimens of primary and metastatic melanoma at the
University of Texas MD Anderson Cancer Center obtained
from January 2008 through August 2011. Mutated BRAF
was identified in 499 specimens (45%). Nonacral cutaneous
melanoma comprised the largest subset (n=774), of which
51% contained a BRAF mutation with no difference between
primary and metastatic sites. BRAF mutations were found
in all cutaneous histological subtypes. Superficial spreading
22
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melanoma had the highest frequency of BRAF mutations
(66%). BRAF mutations also were found in nodular
melanoma (55%) and lentigo maligna melanoma (20%).
Acral cutaneous melanoma (n=111) had BRAF mutations in
16% of specimens. BRAF mutations were identified in 47%
of metastatic melanoma of unknown primary (n=177). There
were no BRAF mutations identified in mucosal (n=26),
uveal (n=23) or primary leptomeningeal (n=1) sites. The
BRAFV600E mutation accounted for 75% of BRAF mutations
(n=376). The BRAFV600K mutation (17%, n=86) and other
V600 mutations (5%, n=23) accounted for the majority of
the rest of the BRAF mutations.8

Nonselective BRAF Inhibition With Sorafenib

Sorafenib is a multikinase inhibitor that, among other actions,
inhibits the MAP kinase pathway at the level of RAF kinase.9
In early-phase single-agent clinical studies of sorafenib,
which included patients with advanced malignant melanoma,
sorafenib was well tolerated but associated with low response
rates.10,11 In a phase I trial of carboplatin and paclitaxel with
sorafenib conducted in patients with advanced solid tumors,
the majority of which were advanced refractory melanoma,
modest activity was observed.12 These results led to two large
randomized phase III trials to test the activity of sorafenib
in combination with carboplatin and paclitaxel in first- or
second-line therapy. Both studies showed no benefit from
the addition of sorafenib to combination chemotherapy.13,14
These studies were conducted with unselected patients with
no molecular inclusion criteria. In addition, there was no
attempt to demonstrate MAP kinase pathway inhibition.
It is possible there was some clinical activity in specific
molecularly defined subgroups. However, at present, no
clinically meaningful activity for sorafenib as a single agent
or in combination with chemotherapy in the treatment of
metastatic melanoma has been demonstrated.

Development of the Specific BRAF Inhibitor
Vemurafenib and Clinical Experience With
Vemurafenib and Dabrafenib
In 2008, Tsai et al. reported the design of a highly potent
and specific inhibitor of the BRAFV600E gene product. This
compound (PLX4720) was developed using a scaffold-and
structure-based rational drug design of a kinase inhibitor
specific to the BRAFV600E kinase. They demonstrated that
ERK phosphorylation was inhibited in tumor cell lines
containing the BRAFV600E but not in cells lacking oncogenic
BRAF mutations. In tumor xenograft models performed
with a BRAFV600E containing cell line in nude mice orally
dosed PLX4720 had significant antitumor activity without
evidence of toxicity.15 PLX4032 (vemurafenib), an analogue
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of PLX4720, also was shown to be a highly potent and specific
inhibitor of oncogenic BRAF kinase.16 This compound was
taken into clinical trials.
A multicenter phase I dose escalation trial of PLX4032
followed by an extension trial using the recommended phase
II dose demonstrated significant clinical activity in patients
with metastatic malignant melanoma with tumors that harbor
the BRAFV600E mutation. There were 32 patients in the
extension cohort, all of whom received the recommended
phase II dose of 960 mg twice daily. Among these patients,
24 had a partial response and 2 had a complete response.
At the time of the report the estimated median progressionfree survival among all patients was more than 7 months.17
A subsequent phase III randomized clinical trial compared
vemurafenib (PLX4032) with dacarbazine. All patients had
previously untreated metastatic melanoma with BRAFV600E
mutation. A total of 2,107 patients underwent screening,
yielding 675 eligible patients who were randomly assigned
in a 1:1 ratio to receive either vemurafenib (960 mg orally
twice daily) or dacarbazine (1,000 mg/m2 intravenously
every 3 weeks). The primary end points were rates of overall
and progression-free survival. Secondary end points were
response rate, response duration and safety. Vemurafenib
was associated with a statistically significant relative
reduction in the risk of death (hazard ratio [HR] 0.37, 95%
confidence interval [CI] 0.26-0.55; P<0.001) and the risk of
tumor progression (HR 0.26, 95% CI 0.20-0.33; P<0.001).
There was a significant difference in confirmed objective
responses in patients treated with vemurafenib compared
with those treated with dacarbazine (48% vs. 5%; P<0.001).
The estimated median progression-free survival was 5.3
months in the vemurafenib group and 1.6 months in the
dacarbazine group.18 On August 17, 2011, the U.S. Food
and Drug Administration (FDA) approved vemurafenib for
the treatment of advanced malignant melanoma harboring
the BRAFV600E mutation. Similar results were found in a
randomized controlled trial of dabrafenib, another inhibitor
of mutated BRAF, versus dacarbazine, leading to FDA drug
approval on May 29, 2013.19
Inhibition of oncogenic BRAF also has been shown to
have activity in patients with central nervous system (CNS)
metastases. Long et al. reported the results of an openlabel phase II trial of dabrafenib in patients with metastatic
melanoma with at least one asymptomatic brain metastasis.
All patients had histologically confirmed melanoma
containing mutated BRAF (V600E or V600K). There were
two groups of patients treated. Cohort A had not received
previous local CNS-directed therapy (n=89), and Cohort B
Reviews

had progressive brain metastases after previous local therapy
(n=83). Patients were treated with oral dabrafenib (150 mg
twice daily) until disease progression, death or unacceptable
adverse events. Of the 139 patients with BRAFV600E,
objective response was identified in 29 of 74 patients (39%)
in Cohort A and 20 of 65 patients (31%) in Cohort B. The
overall disease control rate (complete response + partial
response + stable disease) was 80% in Cohort A (95% CI:
68.8-88.2) and 83% in Cohort B (95% CI: 71.7-91.2). The
estimated 6-month survival was 61% in Cohort A (95% CI:
46.7-73.2) and 61% in Cohort B (95% CI: 46.3-72.7). There
were only 5 objective responses noted in the 33 patients
(15%) with BRAFV600K (1 of 15 in Cohort A and 4 of 18 in
Cohort B). In addition to an adverse event profile similar
to other studies involving mutant-BRAF inhibitors, there
were 10 (6%) episodes of intracranial hemorrhage, one of
which was treatment related.20 There are also case reports
of activity with vemurafenib in the treatment of malignant
melanoma with brain metastases.21 There are no studies
to date that directly compare mutant-BRAF inhibition to
radiation therapy. Nor are there any studies that evaluate
concurrent or sequential combined radiation therapy and
mutant-BRAF inhibition.
Although inhibition of mutant BRAF with vemurafenib
or dabrafenib results in significantly greater response
rates and improved progression-free and overall survival
in patients with metastatic malignant melanoma whose
tumors have a V600 mutation, virtually all patients will
progress. Patients progress after a median duration of just
7 months of therapy. Interestingly, identified mechanisms
of resistance do not include loss of the BRAFV600 mutation
or additional mutations within BRAF. In many patients at
progression, MAP kinase signaling is again upregulated,
bypassing mutant-BRAF inhibition.22 Several mechanisms
of resistance resulting in restoration of MEK activation have
been described. Examples include acquired mutations in
NRAS, which activates MEK via CRAF, RAF independent
activation of MEK via MAP3K8/COT, acquired activating
MEK mutations, BRAFV600E gene amplification, and BRAF
alternative gene splicing.23,24,25,26 Based on the known series
of activation events in the MAP kinase pathway and on
some of the mechanisms of acquired resistance identified
in mutant-BRAF inhibition, targeting downstream events
(MEK or ERK) or combination inhibition was hypothesized
to have a clinical benefit. There are MAP kinase-independent
mechanisms of resistance that have been identified as well.
New therapeutic strategies will be required to address these
resistance mechanisms.
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Single-Agent MEK Inhibition and Combination
MEK/Mutant-BRAF Inhibition

Trametinib is a potent selective inhibitor of MEK1/MEK2.
Significant clinical activity for trametinib was demonstrated
in patients with metastatic malignant melanoma with a
BRAFV600E or BRAFV600K mutation not previously treated
with a BRAF inhibitor when compared to chemotherapy
(either dacarbazine or paclitaxel). In a phase III openlabel trial, 322 such patients were randomly assigned to
receive either trametinib or chemotherapy in a 2:1 ratio.
Progression-free and overall survival were the primary and
secondary end points. Patients progressing on chemotherapy
were permitted to crossover to receive trametinib. Patients
receiving trametinib had improved progression-free survival
compared with chemotherapy (4.8 months vs. 1.5 months;
HR: 0.45; 95% CI: 0.33-0.63; P<0.001). Despite the crossover
design, patients receiving trametinib had improved overall
survival at 6 months compared with chemotherapy (81%
vs. 67%; HR: 0.54; 95% CI: 0.32-0.92; P=0.01).27 On May
29, 2013, the FDA approved trametinib for use in patients
with metastatic melanoma with BRAFV600E or BRAFV600K
mutations. The approval did not extend to patients previously
treated with a BRAF inhibitor.
To explore the hypothesis that the addition of MEK
inhibition to inhibition of mutated BRAF would result in
improved clinical activity in the treatment of patients with
metastatic melanoma with BRAFV600 mutations, Flaherty
and colleagues performed a four-part phase I/II openlabel trial of trametinib in combination with dabrafenib.
In part C of the trial, 162 patients were randomly assigned
in a 1:1:1 ratio to receive dabrafenib alone (150 mg
orally twice daily) or in combination with trametinib
(1 or 2 mg orally once daily). Patients who progressed on
dabrafenib monotherapy could crossover to the higher dose
combination therapy (150/2). Patients receiving the higher
dose combination therapy (150/2) had significantly better
median progression-free survival compared with dabrafenib
monotherapy (9.4 months vs. 5.8 months; HR: 0.39; 95% CI:
0.25-0.62; P<0.001). This difference was less pronounced,
although still statistically significant, after overview by an
independent review committee. Progression-free survival
at 1 year was significantly greater in the combination 150/2
group as compared to monotherapy (41% vs. 9%; P<0.001).
The overall response rate and duration of response were
greater in the combination 150/2 group as compared to
monotherapy (76% vs. 54% [P=0.03] and 10.5 months [95%
CI: 7.4-14.9] vs. 5.6 months [95% CI: 4.5-7.4]). The lower
dose combination therapy (150/1) was less effective than
the higher dose combination (150/2) but still significantly
24
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superior than dabrafenib monotherapy.28 Data presented in
abstract form at the 2013 European Cancer Congress showed
similar activity for the combination of vemurafenib and
cobimetinib (a MEK inhibitor).29 On January 9, 2014, the
FDA approved trametinib in combination with dabrafenib
for use in patients with metastatic melanoma with BRAFV600E
or BRAFV600K mutations.
Interestingly, single-agent MEK inhibition with trametinib
has no activity in patients with BRAF-mutated metastatic
melanoma progressing after treatment with a BRAF
inhibitor. It is likely that resistance mechanisms to inhibition
of mutated BRAF also confer resistance to MEK inhibition.30
In addition, combination mutant-BRAF and MEK inhibition
after progression on mutant-BRAF inhibitors has only
modest activity.29 Taken together, these data suggest that
patients with metastatic BRAF-mutant melanoma previously
untreated with BRAF inhibitors have an improved clinical
outcome when treated with concurrent combination mutantBRAF and MEK inhibition as compared to mutant-BRAF
inhibition alone or sequential use of mutant-BRAF and
MEK inhibitors. It appears likely that this improved activity
is superior to single-agent MEK inhibition as well. Phase III
trial data will be available soon to assess for improvement in
overall survival.

Cutaneous Squamous Cell Carcinoma Associated
With Mutant-BRAF Inhibition

Toxicities associated with single-agent or combination
mutant-BRAF/MEK inhibition are not reviewed here.
However, a well-described cutaneous adverse event of
mutant-BRAF inhibition is the development of cutaneous
squamous cell carcinoma and keratoacanthoma in 15-30% of
treated patients. Mutations in RAS are frequently identified
in these lesions. The mechanism of action is likely related to
paradoxical activation of the MAP kinase pathway through
CRAF in BRAF wild-type cells that have mutated RAS or
upregulated RTKs.31 In patients treated with combination
mutant-BRAF/MEK inhibition, the risk of squamous cell
carcinoma and keratoacanthoma is significantly reduced,
consistent with inhibition of paradoxical MAP kinase
activation in BRAF wild-type cells through the inhibition
of MEK. In the combination study reported by Flaherty,
patients receiving dabrafenib monotherapy had an incidence
of cutaneous squamous cell carcinoma and keratoacanthoma
of 19%. The incidence of these lesions was 7% in patients
treated with the higher dose combination dabrafenib and
trametinib therapy (150/2) and 2% in patients with the
lower dose combination therapy (150/1). These results were
statistically significant (P=0.004 and P=0.09, respectively).28
Reviews

Conclusions

The rapidly evolving understanding of malignant cell
proliferation has created an ever-expanding array of
therapeutic targets to exploit. The importance of oncogenic
BRAF in malignant melanoma was identified in the
landmark paper published in 2002 by Davies et al. In spite
of early negative studies with nonspecific BRAF inhibitors,
intense scientific study of the MAP kinase pathway in
malignant melanoma persisted. By 2008, specific potent
inhibitors of mutant BRAF were developed and taken to
clinical trials. The FDA approved mutant-BRAF inhibitors
for the treatment of unresectable or metastatic malignant
melanoma associated with BRAFV600 mutations in 2011
(vemurafenib) and 2013 (dabrafenib). In 2013, the FDA also
approved a MEK inhibitor for the treatment of these patients.
Monotherapy with mutant-BRAF or MEK inhibitors
represents a significant advance in the treatment of metastatic
melanoma. However, the majority of these patients develop
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resistance to monotherapy and progress within 1 year of
therapy initiation. While we wait for mature phase III data,
early reports from combination mutant-BRAF and MEK
inhibition show very promising results, which led the FDA
to approve combination therapy (dabrafenib and trametinib)
in January 2014. Unfortunately, even with these new agents,
the majority of patients with metastatic malignant melanoma
will eventually die of their disease. The roles of these agents
in earlier stages of melanoma are now being explored.
Additional evaluation of other targets in the MAP kinase
pathway (e.g. ERK) and further understanding and targeting
of alternative bypass pathways as well as exploration of
further therapeutic combinations (multiple inhibitors with or
without anti-CTLA4 therapy) will hopefully further improve
clinical results.
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