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Abstract
The characterization of the MAPK signaling pathway has
led to the development of multiple promising targeted
therapy options for a subset of patients with metastatic
melanoma. The combination of BRAF and MEK inhibitors
represents an FDA-approved standard of care in patients
with metastatic and resected BRAF-mutated melanoma.
There are currently three FDA-approved BRAF/MEK
inhibitor combinations for the treatment of patients with

BRAF-mutated melanoma. Although there have been
signiﬁcant advances in the ﬁeld of targeted therapy, further
exploration of new targets within the MAPK pathway will
strengthen therapeutic options for patients. Important
clinical and translational research focuses on mechanisms of
resistance, predictive biomarkers, and challenging patient
populations such as those with brain metastases or resected
melanoma.

Introduction

MAPK Pathway Inhibition in Melanoma

Treatment options for patients with melanoma have
expanded dramatically over the past decade. Mutations in
MAPK signaling augment cell growth and proliferation in
melanoma and other solid tumors (1, 2). Both clinical and
translational research focuses on exploration of the MAPK
signaling pathway to detect predictors of resistance and
response. Simultaneously targeting more than one mediator
of the pathway, such as the inhibition of BRAF and MEK, has
become the foundation of therapeutic development. There are
currently three combinations of BRAF/MEK inhibitors FDA
approved for patients with BRAFV600E/K-mutated metastatic
melanoma and one combination approved in the adjuvant,
stage III, setting. Additionally, there are new targets in the
MAPK pathway in development.
The clinical beneﬁt of targeted therapies in metastatic
melanoma is not durable in the great majority of patients
due to several mechanisms of resistance that have been
described (3, 4). Clinical trials attempting to overcome resistance are focused on optimal dosing and alternative scheduling of BRAF/MEK inhibition, exploring the safety and efﬁcacy
of three and four drug combinatorial regimens, and determining optimal combination or sequencing with immunotherapy and/or other immune modulating therapies. Combined with translational efforts there has been an expansion of
therapeutic options for patients with mutations in the MAPK
pathway.

The MAPK pathway is primarily responsible for responses to
growth signals within cells. Aberrations of various steps along this
pathway occur with increased activity of receptor tyrosine kinases
(RTK), RAS, or RAF and result in constitutive activation of MEK
and ERK (1, 5). This leads to uncontrolled cellular proliferation
seen in melanoma and a number of other malignancies. BRAF
is mutated in up to 7% of all malignancies and 40% to 50%
of melanomas (6, 7). Activation of the BRAF kinase leads to
interaction of BRAF and MEK, which subsequently results in
phosphorylation of MEK and ERK. Although BRAF inhibitors
predictably inhibit MEK/ERK signaling in cells harboring BRAF
mutations, they paradoxically activate MEK/ERK signaling in cells
harboring RAS mutations by promoting BRAF-CRAF heterodimers
and homodimers. When this occurs, CRAF remains constitutively
activated, which leads to MEK/ERK activation (8–10).
The most common BRAF mutation, accounting for 70% to 88%
of all BRAF mutations, is a substitution of glutamic acid for
valine at amino acid 600 (V600E; ref. 7, 11). Other mutations
in BRAF occur less frequently and include V600K, V600R, V600M,
non-V600 alterations, and fusions. The three distinct classes of
BRAF mutations predict response to BRAF inhibitors (Table 1;
ref. 12). Class I (V600 mutations) signal as RAS-independent
monomers and respond well to ﬁrst-generation BRAF inhibitors
(vemurafenib, dabrafenib, encorafenib) as well as combined
BRAF/MEK inhibitor therapy. Class II (non-V600 mutations)
function independently of upstream RTK and RAS but signal as
activated dimers and are less activating than V600 mutations.
These mutations do not respond to ﬁrst-generation BRAF inhibitors but may respond to paradoxical blocking BRAF inhibitors
(e.g., PLX8394), as well as downstream inhibition of MEK or
ERK (13). Finally, class III mutations (N581, D594) have no
kinase activity, however facilitate RAS binding and CRAF activation (14). As class II and III mutants represent <5% of all BRAF
mutations in melanoma, there has been little clinical development of MEK, ERK, and newer BRAF inhibitors, however the
effectiveness of these agents in patients with any solid tumor
malignancy and one of these mutations is an area of active
investigation.
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Table 1. Classiﬁcation of BRAF mutations
BRAF class
BRAF mutation
Class I
V600
Class II
Non-V600
Class III
N581, D594

Kinase activity
RAS independent
RAS and RTK independent
No kinase activity, CRAF activation

Potential targets
BRAFi or BRAFi/MEKi combination
MEKi, ERKi, or paradoxical blocking BRAFi
MEKi þ RTKi

Abbreviations: BRAFi, BRAF inhibitor; ERKi, ERK inhibitor; MEKi, MEK inhibitor; RTKi, RTK inhibitor.

The majority of clinical trials to date have focused on patients
with BRAFV600E and BRAFV600K mutations and the safety,
efﬁcacy, and responses of BRAF inhibitors in combination with
MEK inhibitors has been in patients with tumors that harbor
these mutations. Interestingly, the V600E and V600K BRAF
mutations are subtypes with distinct clinical phenotypes,
mutational load proﬁles, and responses to therapy (15). In
fact, it has been known for over many years that the ratio of
BRAF mutations (V600E:V600K) in melanoma patients varies
by region. For example, patients from warmer climates with
higher UV exposure (e.g., Australia, Houston, Texas) have a
higher rate of V600K mutations than patients from cooler
climates with lower UV exposure areas. Additionally, V600Kmutant melanoma patients are more likely to involve chronic
sun damage areas of the skin than those with V600E mutations.
These features likely result from the fact that V600K mutations
require two nucleotide substitutions (GTG to AAG) versus
the one nucleotide substitution (GTG to GAG) for V600E
mutations. Furthermore, the most common substitutions in
BRAF V600K are C to T transitions, a classic UV signature
mutation, and not surprisingly, patients with V600K mutations
have a higher mutational load than those with V600E mutations. This likely explains the recent report that patients with
BRAFV600K mutations have higher response rates to immune
checkpoint inhibitor therapy. Finally, BRAF V600K mutations
tend to be associated with less activation of the ERK pathway,
which may explain the lower responses to targeted therapy and
higher responses to immunotherapy.
Mutations in RAS oncogene subtypes (K-, H-, N) are seen
in up to a quarter of patients with melanoma, are typically
mutually exclusive of BRAFV600 mutations, and are seen in all
subtypes of patients of melanoma except uveal. NRAS mutations represent the great majority of RAS mutations in patients
with cutaneous melanoma and are associated with a poor
prognosis and more aggressive clinical course than patients
without NRAS mutations (e.g., BRAF-mutant or BRAF/NRAS
wild-type (WT) patients; refs. 16–18). Initial studies suggested
that patients with NRAS-mutant, versus non-NRAS-mutant,
melanoma may have better outcomes with immunotherapy,
however, this has not been corroborated in other datasets.
Targeted therapy has also been studied in NRAS-mutated melanoma, however, inhibiting BRAF can paradoxically activate
MEK-ERK signaling. Therefore, the focus of targeted therapies
for patients with NRAS mutations has been MEK and, more
recently, ERK inhibitors. Importantly, RAS mutations and
speciﬁcally NRAS mutations can active alternative signaling
pathways, such as the PI3K pathway, which likely limits the
effectiveness of single-agent MAPK pathway inhibition. A convergent point of both MAPK and PI3K pathways is cell-cycle
regulation. A number of groups have demonstrated synergy of
dual MEK plus cyclin-dependent kinase 4/6 (CDK4/6) inhibition, although the clinical efforts to combine these types of
agents (described below) has proven tricky, as toxicity has
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limited the ability to give these inhibitors at doses with a
predicted efﬁcacious exposure level.

BRAF plus MEK Inhibition: Old and New
Developments
In 2002, Davies and colleagues described BRAF mutations in up
to 66% of patients with melanoma (19). This resulted in a surge
of research dedicated to the development of BRAF inhibitors
for the treatment of patients with BRAF-mutated melanoma.
Multiple pivotal phase III trials showed improved overall survival
(OS), progression-free survival (PFS), and overall response rate
(ORR) in patients who received BRAF inhibitor monotherapy
versus chemotherapy. In a short period of time, the combination
of BRAF and MEK inhibitors were tested and demonstrated
to be effective treatments for patients with tumors harboring
BRAFV600E/K mutations (20, 21). The initial studies included
vemurafenib plus cobimetinib and dabrafenib plus trametinib (20), COMBI-d (dabrafenib plus trametinib vs. dabrafenib
plus placebo), COMBI-v (dabrafenib plus trametinib vs. vemurafenib; refs. 22, 23), and coBRIM (vemurafenib plus cobimetinib
vs. vemurafenib; refs. 24, 25). These studies consistently demonstrated response rates of approximately 70% and median PFS of
12 months and paved the way for further development of targeted
combinations in the ﬁeld of BRAF-mutated melanoma and
other malignancies (24, 26). Most recently, the combination of
encorafenib plus binimetinib was FDA approved based on the
results from the COLUMBUS study (encorafenib plus binimetinib
vs. vemurafenib), which showed superior ORR and PFS of the
combination.
The differences between the three approved combinations lies
in the adverse effects and schedule of dosing (Table 2; ref. 27). The
combination of vemurafenib and cobimetinib is given orally, on
an empty stomach and a total of 11 pills are taken daily at full
doses (four pills of vemurafenib twice daily and three pills of
cobimetinib daily); of note, cobimetinib is taken for 3 weeks
followed by 1 week off of cobimetinib whereas vemurafenib is
given continuously. The most common toxicities in the trials were
diarrhea, nausea, vomiting, rash, fatigue, arthralgia, photosensitivity, and increased liver function tests. Dabrafenib and trametinib are also oral and taken on an empty stomach with a total of
ﬁve pills every day. Compared with monotherapy, the combination caused pyrexia, chills, fatigue, headache, nausea, diarrhea,
arthralgia, rash, and hypertension. MEK inhibitor toxicities
occurred at a higher frequency with the combination including
peripheral edema, decrease in cardiac ejection fraction, and acneiform dermatitis. Finally, the combination of encorafenib and
binimetinib requires 12 pills daily, however can be taken with
or without food. The most common AEs reported include nausea,
vomiting, diarrhea, fatigue, increased creatinine phosphokinase,
and headache. Importantly, the most characteristic and troublesome toxicities with vemurafenib/cobimetinib (photosensitivity)
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Table 2. Toxicity comparison between three FDA-approved BRAFi þ MEKi combinations
Combination
Most common toxicities
Less common toxicities
cuSCC, keratoacanthoma, and Bowen disease.
Vemurafenib þ cobimetinib Rash, diarrhea, nausea, arthralgia,
fatigue, photosensitivity, pyrexia,
vomiting, serous retinopathy,
alopecia, and hyperkeratosis.
Dabrafenib þ trametinib
Pyrexia, nausea, diarrhea, chills,
Rash, palmer-plantar erythrodysesthesia,
fatigue, headache, and vomiting.
photosensitivity, skin papillomas, cuSCC,
keratoacanthomas, and hyperkeratosis.
Pruritis, hyperkeratosis, rash, keratosis pilaris,
Encorafenib þ binimetinib
Diarrhea, constipation, vomiting,
palmoplantar keratoderma, palmer-plantar
abdominal pain, asymptomatic CPK
erythrodysesthesia, dry skin, skin papilloma,
increase, and blurred vision.
maculopapular rash, sunburn, alopecia,
photosensitivity, arthralgia, myalgia, extremity
pain, decreased appetite, musculoskeletal
pain, and decreased weight.

Dose schedule
Orally, with or without food.
Vemurafenib is twice daily every
day. Cobimetinib is once daily on
days 1 to 21.
Orally, on an empty stomach.
Dabrafenib is twice daily. Trametinib
is once daily.
Orally, with or without food.
Encorafenib is once daily, and
binimetinib is twice daily.

NOTE: Vemurafenib and combimetinib typically cause more skin toxicities. Dabrafenib and trametinib have more fevers. Encorafenib and binimetinib have more
gastrointestinal toxicities.
Abbreviations: BRAFi, BRAF inhibitor; CPK, creatine phosphokinase; cuSCC, cutaneous squamous cell carcinoma; MEKi, MEK inhibitor.

and dabrafenib/trametinib (febrile syndrome) were not regularly
seen in clinical trials. The full spectrum of toxicity of encorafenib
and binimetinib remains to be seen, given its recent FDA approval
and commercial availability.
Finally, in the adjuvant setting, the results of COMBI-AD lead
to the approval of dabrafenib and trametinib for patients with
resected BRAF-mutated melanoma (28). In this double blind,
placebo-controlled, phase III trial, patients with resected stage III
melanoma with BRAFV600E/K mutations were assigned to received
dabrafenib and trametinib versus matched placebos. The 3-year
rate of relapse-free survival and OS in the combination group was
superior compared with the placebo group. Furthermore, these
patients had an improved rate of distant metastasis-free survival
and freedom from relapse. The combination of dabrafenib and
trametinib, however, in the adjuvant setting appears to have
signiﬁcant toxicity with 97% of patients reporting at least one
adverse effect. Twenty-six percent of patients in the targeted
therapy arm required discontinuation of the drugs whereas
38% required dose reduction and 66% required dose interruption. Despite the toxicities in the adjuvant setting, data show that
quality of life is not negatively impacted (29).
Other MAPK targets and new combinations
Studies targeting NRAS mutations in patients with metastatic
melanoma have had limited success and there are currently no
RAS inhibitor therapies approved. Binimetinib compared with
chemotherapy in patients with NRAS-mutated melanoma (part
of the NEMO study) showed a favorable response rate and PFS,
however there was no difference in overall survival observed
(30). Building upon this single-agent data and based on the
previously discussed preclinical data showing that CDK4/6 inhibition combined with MEK inhibition was more efﬁcacious, two
clinical trials were launched with an aim to deﬁne the clinical
efﬁcacy of dual inhibitor therapy in patients with NRAS-mutated
melanoma. One of these studies (NCT01781572) combined
binimetinib with the CDK4/6 inhibitor ribociclib, which is FDA
approved for the treatment of breast cancer. Response rates
were slightly better than seen with single-agent MEK inhibitors
(ranging from 25% to 40%), however toxicity was the limiting
factor preventing more rapid clinical development of this
approach. In a second study (NCT02065063), the combination
of the MEK inhibitor trametinib and the CDK4/6 inhibitor
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palbociclib was studied in patients with solid tumor malignancies, with a focus on treated patients with aberrancies of the MAPK
pathway (e.g., mutant or ampliﬁed KRAS, NRAS, BRAF) and/or
cell cycle (e.g., CDK4 ampliﬁcation, cyclin D ampliﬁcation or
mutation, or loss of CDKN2A). Unfortunately, this combination
was toxic, with maximum tolerated doses of the combination less
than that of the individual agents. The combination was not
particularly active (responses seen in <10% of patients), likely
due to inadequate exposure levels and/or due to an enrollment
strategy that resulted in a paucity of patients with NRAS-mutant
melanoma treated.
Pan-RAF and ERK inhibitors represent additional therapeutic opportunities in the MAPK pathway. The mechanism of
pan-RAF inhibitors suggests that they would not have the same
paradoxical activation of MAPK as more speciﬁc RAF inhibitors.
Sorafenib is a multikinase inhibitor, blocking CRAF, BRAF
(WT and mutant), VEGFR1/2, FLT1, PDGFR, and KIT. Multiple
trials with sorafenib monotherapy failed to show efﬁcacy,
regardless of the presence of a BRAF mutation (31, 32). Another
pan-RAF inhibitor, RAF-265, had a disappointing response rate
and signiﬁcant toxicities (33, 34). Results from ongoing phase I
clinical trials with TAK580, BGB-283, and PLX8394 will provide insight into potential efﬁcacy in patients with BRAF or
NRAS mutations. ERK activation inhibits RAF, creating an ideal
negative feedback mechanism to target. A number of ERK
inhibitors are currently in development (CDC-0994, ulixertinib, SCH772984, MK-8353; refs. 35–38). There may be opportunities to combine these with BRAF/MEK inhibitors or as
monotherapy in patients with BRAF mutations.
Perhaps most promising is the combination of immunotherapy with BRAF/MEK inhibitors for patients with BRAF mutations.
The theoretical concept is to combine the rapid response with
BRAF/MEK inhibitors and the durability of response with immunotherapy. However, there is also a rationale beyond the ethereal
to justify such a combination. Speciﬁcally, serial biopsy studies
in patients with BRAF-mutant melanoma treated with BRAFtargeted therapy (performed at baseline and early on therapy)
show that BRAF-targeted therapy is associated with increased
tumor antigen expression, upregulation of antigen presentation
machinery, and enhanced CD8þ T-cell tumor inﬁltration (39–43)
Also, BRAF and MEK inhibitors are associated, in vitro, leading to
increased melanoma differentiation antigen expression and
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reactivity to antigen-speciﬁc T lymphocytes without causing signiﬁcant immunosuppression (40). Targeting BRAF and MEK
leads to a decrease in immunosuppressive proteins such as IL6
and IL8 and an increase in PD-1, PD1-L1, and TIM-3 (41) and an
inhibition of tumor-associated ﬁbroblasts, which results in inhibition of IL-1a and IL-1B transcription (44). Also, CCL2 is
decreased in the setting of BRAF inhibition, which may result in
decreased CCR2þ tumor-inﬁltrating lymphocytes (TIL). Finally, a
number of preclinical murine models of melanoma have demonstrated synergy of BRAF-targeted therapy with immune checkpoint therapy (45–47). Together, these data support the synergistic effect of combining targeted therapy with immune checkpoint inhibitors, adoptive cell therapy, or anticancer cytokine
therapies such as IL2 or IFN-a2b. The early data from phases I and
II trials of BRAF plus MEK plus anti-PD-1/PD-L1 therapy demonstrate high response rates, but not necessarily higher than that
of dual BRAF/MEK inhibitor therapy. Randomized phase III trials
(NCT02130466/NCT03149029, NCT02902029/NCT02908672/
NCT01656642, NCT02967692) will determine if the preliminary efﬁcacy of these combinations is superior to standard
therapy and whether this approach leads to more durable
responses (48–51).
Resistance mechanisms
Despite the signiﬁcant advances in developmental therapeutics
focused on MAPK pathway inhibition, resistance, both acquired
and intrinsic, remains a major obstruction to the durable success
of these therapies. Despite the initial rapid response rates with
BRAF/MEK inhibitor combinations in BRAF-mutated malignancy, acquired resistance typically develops within the ﬁrst two years
of therapy (52). Intrinsic resistance is unresponsiveness to therapy
from the outset. This phenomenon is rare, occurring in <10%
of BRAF-mutated melanomas and may be linked with PTEN and
mitogen-activated protein kinase kinase 1 (MAP2K1; ref. 53).
Acquired resistance is more common has been extensively
described and occurs through various mechanisms (54–60).
Patients who fail to respond to BRAF monotherapy also fail to
respond to MEK inhibitors, suggesting cross-resistant and heterogenous mechanisms (54, 61–63). In fact, the genetic analyses
of samples from patients, pretreatment and progressing on BRAF
inhibitor therapy, demonstrate separate resistance mechanisms
within tumors and between tumors in the same patient (64).
Similar data conﬁrmed these ﬁndings in 100 patients with disease
progression on BRAF inhibitor therapy (65). Identiﬁed mutations
included NRAS, KRAS, BRAF splice variants, BRAFV600E/K ampliﬁcations, MAP2K1 and MAP2K2, and non-MAPK pathway alterations. Resistance mechanisms did not correlate with clinical
outcome. Patients in whom MAPK signaling is restored may have
improved outcomes, suggesting activity of BRAF inhibitors
beyond progression (64, 66).
The majority of the time, however, resistance occurs through
reactivation of the MAPK pathway (3, 65, 67). Growth factors
are upregulated, leading to pathway reactivation through SRCfamily kinases signaling. Alternatively, activation of alternate
oncogenic signaling pathways, such as NRAS, which signals
through CRAF, can also lead to resistance. In fact, activation of
CRAF may lead to hyperactivation of MEK and ERK (8–10).
Similarly, alternative splicing of BRAF may also contribute to
driving resistance. Nevertheless, a proportion of BRAF inhibitor-resistant melanomas do not display MAPK reactivation,
typically through PI3K/AKT pathway activation through RTK
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activity or genetic changes, such as tumor suppressor gene
functional loss (e.g., PTEN) or mutation or activation of pathway mediators (e.g., AKT3; ref. 60).
Given the multiple pathways that mediate resistance, results of
second-line trials in BRAF/MEK-resistant patients will provide
insight into future directions in this ﬁeld. One potential solution
is to target the PI3K pathway, including targeting PI3K and mTOR.
Another possible approach includes intermittent dosing of
BRAF/MEK inhibitors, which has shown beneﬁt in a mouse
model (68, 69). Pan-RAF inhibitors, which also inhibit SFKs,
have been studied and show promise in preclinical models (70).
Finally, ERK inhibition is associated with responses in 15% to
20% of patients with BRAFV600E/K-mutant melanoma previously treated with and progressed on BRAF-targeted therapy (37, 38).
Of note, 25% to 40% of patients have unidentiﬁed mechanisms of
resistance, again emphasizing, the complexity of resistance to
targeted therapies (64).
A variety of mutations appear to arise within the context of
acquired resistance, and reignite MAPK signaling (or parallel
signaling networks) despite the presence of BRAF inhibition,
and include mutations in NRAS, PI3K/AKT pathway members,
and ampliﬁcation and alternative splicing of BRAF (57–59).
Unraveling intrinsic resistance has been a greater challenge,
although preexisting mutations in PTEN and MAP2K1 appear to
correlate with shorter responses (60, 61). These mutations, however, do not preclude therapeutic responses.

Unmet Needs
Brain metastases
Approximately 43% of patients with metastatic melanoma
have clinically or radiologically detected brain metastases and
up to 75% have brain metastases detected on autopsy (71).
The majority of clinical trials with targeted therapies for the
treatment of patients with metastatic melanoma excluded
patients with brain metastases or retrospectively studied this
cohort, however a number of prospective studies have more
recently been performed. There is evidence that molecularly
targeted therapies can effectively penetrate the blood–brain
barrier (BBB) and lead to improved intracranial responses in
this patient population (72–74). Vemurafenib monotherapy
showed intracranial responses in 16% of patients with symptomatic brain metastases who had prior central nervous system
(CNS)-directed therapy (75). In the BREAK-MB trial, dabrafenib monotherapy showed intracranial clinical activity in 39%
of patients without previous local therapy and 31% in patients
who had previous CNS-directed therapy (76). COMBI-MB was
the ﬁrst trial dedicated to assessing response to combination
BRAF/MEK inhibitors in patients with BRAF-mutated brain
metastases (77). In this study, patients receiving dabrafenib
and trametinib were enrolled in one of four cohorts depending
on their type of BRAF mutation, previous treatments, and
symptoms. In BRAFV600E-mutated patients with asymptomatic, untreated brain metastases, 58% [95% conﬁdence interval
(CI), 46–69] achieved intracranial response. Fifty-six percent
(95% CI, 30–80) of patients with BRAFV600E, asymptomatic yet
previously treated metastases had intracranial responses.
Patients with non-BRAFV600E (D/K/R) with or without prior
therapy were also included. This cohort had a 44% (95% CI,
20–70) intracranial response rate. Finally, 59% (95% CI,
33–82) of patients with symptomatic metastases with or
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without prior treatment and any BRAF mutation had intracranial responses. Although the median duration of response in
all patients was relatively short, the results of this study
deﬁnitively demonstrate clinical beneﬁt in patients with
BRAF-mutated brain metastases.
The reason for differential efﬁcacy in intracranial and extracranial metastases is not speciﬁcally known, but there are a
few possibilities that may provide a rationale for a new wave
of trials for patients with brain metastasis. In melanoma
speciﬁcally, brain metastases may have signiﬁcantly higher
activation-speciﬁc protein markers in the PI3K/AKT pathway
compared with matched extracranial metastases (78, 79).
Subsequently, whole-exome sequencing in 86 matched brain
metastases, primary tumors, and normal tissue (not melanoma speciﬁc) showed genetic alterations in brain metastases in
53% of cases, which were not detected in the matched primary
tumor (80). Conﬁrming earlier ﬁndings, distal extracranial
and regional lymph node metastases were highly divergent
from brain metastases harboring alterations in PI3K/AKT/
mTOR, CKD, HER2/EGFR. These results argue for an individualized and genomically targeted treatment approach for patients with brain metastases. Speciﬁcally, there is a focus on
improving intracranial responses to therapies targeting the
MAPK pathway by increasing the BBB penetration further
with intermittent scheduling of targeted therapy, pulsed
high-dose therapy, and combination of therapies (targeted,
immune checkpoint inhibitors, surgery, or radiotherapy; refs. 73,
80, 81). There are also ongoing trials addressing other targets
in the MAPK pathway. For example, Brastianos and colleagues
currently have a clinical trial in patients whose brain metastases
harbor CDKN2A mutations (NCT02896335). Additional genomically guided trials for patients with brain metastases are in
the pipeline.
Adjuvant
Treatment of adjuvant melanoma in patients with MAPK
aberrations also remains an area requiring improvement. The
FDA approval of adjuvant dabrafenib and trametinib was a
major breakthrough; however, many centers continue to give
adjuvant immunotherapy despite the data showing superior
recurrence free survival and distant metastasis-free survival. In
the absence of randomized data, clinical bias favors treating
patients with immune checkpoint inhibitors for several reasons. The adverse effects of adjuvant targeted therapy results in
dose reductions, dose interruptions, and early discontinuation,
not to mention a major decrease in the quality of life in patients
receiving this therapy (27). Immunotherapy, conversely,
appeals to patients, offering them an advertised "durable"
beneﬁt. Finally, there is a concern about the high-likelihood
of recurrence in setting of BRAF/MEK discontinuation, which is
valid in the metastatic setting and less likely to occur in the
adjuvant setting. Ultimately, targeted therapy and immune
checkpoint inhibitor sequencing needs to be reexamined now
that both BRAF/MEK inhibitors and anti-PD-1 are available for
this patient population.
Biomarkers
An important unmet need in the ﬁeld is the development of
tissue and blood-based biomarkers that will (i) improve frontline treatment selection, (ii) facilitate serial monitoring for
determination of response/progression in stage IV and no
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evidence of disease/disease recurrence in stage I to III, (iii)
determine mechanisms of resistance, (iv) aide in the detection
of minimal residual disease (MRD). Circulating tumor DNA
(ctDNA) is one such biomarker, which may provide clues as to
who will beneﬁt from adjuvant targeted therapy. In the AVASTM adjuvant trial of bevacizumab versus placebo, droplet digital
PCR (ddPCR) detected BRAF and NRAS mutations in the
baseline plasma of 161 patients with high-risk, pretreated,
stage II and stage III patients with melanoma (82). ctDNA
(1 copy of mutant ctDNA) was detected in 11% of BRAFmutant patient samples. Patients with detectable ctDNA
had decreased disease-free interval and distant metastasis-free
intervals versus those patients with undetectable ctDNA. Additionally, the 5-year OS rate for patients with detectable
ctDNA (BRAF and NRAS) was 33% (95% CI, 14–55%) versus
65% (95% CI, 56–72%) for those with undetectable ctDNA.
The study clearly demonstrates that ctDNA can predict for
relapse and survival in high-risk resected melanoma and it
will be critical to determine if patients with detection at
baseline are those most likely to beneﬁt from adjuvant
BRAF-targeted therapy (83–85).
In metastatic patients, residual ctDNA after starting treatment
predicts earlier progression of disease and conversion of positive
to negative ctDNA indicates a favorable response to treatment (86). Additionally, immune and cell-cycle gene signatures
may predict outcomes in patients with BRAFV600-mutated melanoma (87–89). Recently, an exploratory analysis compared
genomic features of baseline tumors in patients who had a
complete response versus those who had rapid progression on
treatment with BRAF  MEK inhibitors (89). Speciﬁcally, MITF
and TP53 alterations were expressed more frequently in patients
with rapid progression whereas NF1 alterations were expressed
more frequently in patients with complete responses. RNA proﬁling showed of the same population focused on immune
response-related genes. Results from the analysis showed tumors
with an immune proﬁle including signatures of CD8þ effector
T cells, cytolytic T cells, antigen-presenting cells, and natural killer
cells were associated with a complete response to therapy whereas
those with keratin signature (keratin and kallikrein gene expression) were associated with rapid progression of disease. In another analysis, patients on the COMBI-v study receiving dabrafenib
and trametinib, PD-L1 and CD8þ expression were analyzed and
results showed patients had clinical beneﬁt regardless of immune
phenotype (90). Also, Eskiocak and colleagues (91) identiﬁed
SOX10 addiction as a clue to predicting sensitivity to BRAF/MEK
inhibition. In an exploratory analysis, Corcoran and colleagues (92) showed that suppression of TORC1 activity in patients receiving BRAF/MEK inhibition predicts induction of cell
death. Therefore, in resistant BRAF-mutated melanomas, TORC1
activity is maintained after treatment with BRAF/MEK inhibitors.
Additionally, paired biopsies in patients pre- and on-treatment
with BRAF/MEK inhibition showed P-S6 (measuring TORC1
activity) suppression predicted improved PFS. As noted previously, Pires da Silva and colleagues (15) explored predictors of
response in patients with BRAFV600E versus BRAFV600K, noting
that higher mutation burden (TMB) in patients with BRAFV600K.
Therefore, TMB may be a marker of low response rates to targeted
therapy and may justify treatment upfront with immune checkpoint inhibitors. The impact of other secondary mutations as
biomarkers, such as PTEN/AKT or CDKN2A, has not yet been
explored fully.
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Conclusions
Despite major advances in the treatment of patients with
melanoma who harbor mutations in the MAPK signaling pathway, there are still many unanswered questions. Efforts focus
on the remaining critical questions including overcoming
mechanisms of resistance, new combinations that would allow
for higher and/or intermittent dosing, effectiveness in patients
with brain metastases, and predictive biomarkers. Ultimately, a
combination of clinical trials and aggressive translational and
correlative research will move the ﬁeld of targeted therapeutics
forward.

Disclosure of Potential Conﬂicts of Interest
J.V. Cohen is a consultant/advisory board member for Sanoﬁ-Genzyme.
R.J. Sullivan is a consultant/advisory board member for Array, Merck,
Novartis, Amgen, Replimmune, Compugen, and Genentech. No other
potential conﬂicts of interest were disclosed.

Acknowledgments
R.J. Sullivan is supported by 5R01CA193970-04 from the NCI.

Received October 1, 2018; revised January 28, 2019; accepted April 12, 2019;
published ﬁrst April 16, 2019.

References
1. Dhillon AS, Hagan S, Rath O, Kolch W. MAP kinase signalling pathways in
cancer. Oncogene 2007;26:3279–90.
2. Burotto M, Chiou VL, Lee JM, Kohn EC. The MAPK pathway across different
malignancies: a new perspective. Cancer 2014;120:3446–56.
3. Shi H, Hugo W, Kong X, Hong A, Koya RC, Moriceau G, et al. Acquired
resistance and clonal evolution in melanoma during BRAF inhibitor
therapy. Cancer Discov 2014;4:80–93.
4. Wagle N, Van Allen EM, Treacy DJ, Frederick DT, Cooper ZA, Taylor-Weiner
A, et al. MAP kinase pathway alterations in BRAF-mutant melanoma
patients with acquired resistance to combined RAF/MEK inhibition.
Cancer Discov 2014;4:61–8.
5. McCubrey JA, Steelman LS, Chappell WH, Abrams SL, Franklin RA,
Montalto G, et al. Ras/Raf/MEK/ERK and PI3K/PTEN/Akt/mTOR cascade inhibitors: how mutations can result in therapy resistance and how
to overcome resistance. Oncotarget 2012;3:1068–111.
6. Flaherty KT, McArthur G. BRAF, a target in melanoma: implications for
solid tumor drug development. Cancer 2010;116:4902–13.
7. Long GV, Menzies AM, Nagrial AM, Haydu LE, Hamilton AL, Mann GJ, et al.
Prognostic and clinicopathologic associations of oncogenic BRAF in metastatic melanoma. J Clin Oncol 2011;29:1239–46.
8. Poulikakos PI, Zhang C, Bollag G, Shokat KM, Rosen N. RAF inhibitors
transactivate RAF dimers and ERK signalling in cells with wild-type BRAF.
Nature 2010;464:427–30.
9. Hatzivassiliou G, Song K, Yen I, Brandhuber BJ, Anderson DJ, Alvarado R,
et al. RAF inhibitors prime wild-type RAF to activate the MAPK pathway and
enhance growth. Nature 2010;464:431–5.
10. Heidorn SJ, Milagre C, Whittaker S, Nourry A, Niculescu-Duvas I, Dhomen
N, et al. Kinase-dead BRAF and oncogenic RAS cooperate to drive tumor
progression through CRAF. Cell 2010;140:209–21.
11. Menzies AM, Haydu LE, Visintin L, Carlino MS, Howle JR, Thompson JF,
et al. Distinguishing clinicopathologic features of patients with V600E and
V600K BRAF-mutant metastatic melanoma. Clin Cancer Res 2012;18:
3242–9.
12. Yaz Z, Torres NM, Tao A, Gao Y, Luo L, Li Q, et al. BRAF mutants
evade ERK-dependent feedback by different mechanisms that determine their sensitivity to pharmacologic inhibition. Cancer Cell 2015;
28:370–83.
13. Janku F, Vaishampayan UN, Khemka V, Bhatty M, Sherman EJ, Tao J, et al.
Phase 1/2 precision medicine study of the next-generation BRAF inhibitor
PLX8394. J Clin Oncol 36, 2018 (suppl; abstr 2583).
14. Yao Z, Yaeger R, Rodrik-Outmezguine VS, Tao A, Torres NM, Chang MT,
et al. Tumours with class 3 BRAF mutants are sensitive to the inhibition of
activated RAS. Nature 2017;548:234–8.
15. Pires da Silva I, Wang KYX, Wilmott JS, Holst J, Carlino MS, Park JJ, et al.
Distinct molecular proﬁles and immunotherapy treatment outcomes of
V600E and V600K BRAF-Mutant melanoma. Clin Cancer Res 2019;25:
1272–9.
16. Curtin JA, Fridlyand J, Kageshita T, Patel HN, Busam KJ, Kutzner H, et al.
Distinct sets of genetic alterations in melanoma. N Engl J Med 2005;353:
2135–47.
17. Colombino M, Capone M, Lissia A, Cossu A, Rubino C, De Giorgi V, et al.
BRAF/NRAS mutation frequencies among primary tumors and metastases
in patients with melanoma. J Clin Oncol 2012;30:2522–9.

5740 Clin Cancer Res; 25(19) October 1, 2019

18. Jakob JA, Bassett RL Jr., Ng CS, Curry JL, Joseph RW, Alvarado GC, et al.
NRAS mutation status is an independent prognostic factor in metastatic
melanoma. Cancer 2012;118:4014–23.
19. Davies H, Bignell GR, Cox C, Stephens P, Edkins S, Clegg S, et al.
Mutations of the BRAF gene in human cancer. Nature 2002;417:
949–54.
20. Flaherty KT, Infante JR, Daud A, Gonzalez R, Kefford RF, Sosman J, et al.
Combined BRAF and MEK inhibition in melanoma with BRAF V600
mutations. N Engl J Med 2012;367:1694–703.
21. Flaherty KT, Robert C, Hersey P, Nathan P, Garbe C, Milhem M, et al.
Improved survival with MEK inhibition in BRAF-mutated melanoma.
N Engl J Med 2012;367:107–14.
22. Long GV, Stroyakovskiy D, Gogas H, Levchenko E, de Braud F, Larkin J, et al.
Combined BRAF and MEK inhibition versus BRAF inhibition alone in
melanoma. N Engl J Med 2014;371:1877–88.
23. Flaherty K, Davies MA, Grob JJ, Gogas H, Levchenko E, de Braud F,
et al. Genomic analysis and 3-y efﬁcacy and safety update of
COMBI-d: A phase 3 study of dabrafenib (D) þ trametinib (T) vs
D monotherapy in patients (pts) with unresectable or metastatic
BRAF V600E/K-mutant cutaneous melanoma. J Clin Oncol 34, 2016
(suppl; abstr 9502).
24. Ascierto PA, McArthur GA, Dreno B, Atkinson V, Liszkay G, Di Giacomo
AM, et al. Cobimetinib combined with vemurafenib in advanced BRAF
(V600)-mutant melanoma (coBRIM): updated efﬁcacy results from a
randomised, double-blind, phase 3 trial. Lancet Oncol 2016;17:1248–60.
25. Larkin J, Ascierto PA, Dreno B, Atkinson V, Liszkay G, Maio M, et al.
Combined vemurafenib and cobimetinib in BRAF-mutated melanoma.
N Engl J Med 2014;371:1867–76.
26. Long GV, Weber JS, Infante JR, Kim KB, Daud A, Gonzalez R, et al. Overall
survival and durable responses in patients with BRAF V600-mutant metastatic melanoma receiving dabrafenib combined with trametinib. J Clin
Oncol 2016;34:871–8.
27. Daud A, Tsai K. Management of treatment-related adverse events with
agents targeting the MAPK pathway in patients with metastatic melanoma.
Oncologist 2017;22:823–33.
28. Long GV, Hauschild A, Santinami M, Atkinson V, Mandala M,
Chiarion-Sileni V, et al. Adjuvant dabrafenib plus trametinib in stage
III BRAF-mutated melanoma. N Engl J Med 2017;377:1813–23.
29. Schadendorf D, Hauschild A, Santinami M, Atkinson V, Mandala M,
Chiarion-Sileni V, et al. Effect on health-related quality of life (HRQOL)
of adjuvant treatment (tx) with dabrafenib plus trametinib (D þ T) in
patients (pts) with resected stage III BRAF-mutant melanoma. J Clin Oncol
36, 2018 (suppl; abstr 9590).
30. Dummer R, Schadendorf D, Ascierto PA, Arance A, Dutriaux C, Di Giacomo
AM, et al. Binimetinib versus dacarbazine in patients with advanced NRASmutant melanoma (NEMO): a multicentre, open-label, randomised, phase
3 trial. Lancet Oncol 2017;18:435–45.
31. Eisen T, Ahmad T, Flaherty KT, Gore M, Kaye S, Marais R, et al. Sorafenib in
advanced melanoma: a phase II randomised discontinuation trial analysis.
Br J Cancer 2006;95:581–6.
32. Ott PA, Hamilton A, Min C, Safarzadeh-Amiri S, Goldberg L, Yoon J, et al.
A phase II trial of sorafenib in metastatic melanoma with tissue correlates.
PLoS One 2010;5:e15588.

Clinical Cancer Research

Downloaded from clincancerres.aacrjournals.org on November 29, 2020. © 2019 American Association for Cancer Research.

Published OnlineFirst April 16, 2019; DOI: 10.1158/1078-0432.CCR-18-0836

MAPK Inhibitors for BRAF-Mutant Melanoma

33. Izar B, Sharfman W, Hodi FS, Lawrence D, Flaherty KT, Amaravadi R, et al.
A ﬁrst-in-human phase I, multicenter, open-label, dose-escalation study of
the oral RAF/VEGFR-2 inhibitor (RAF265) in locally advanced or metastatic melanoma independent from BRAF mutation status. Cancer Med
2017;6:1904–14.
34. Su Y, Vilgelm AE, Kelley MC, Hawkins OE, Liu Y, Boyd KL, et al. RAF265
inhibits the growth of advanced human melanoma tumors. Clin Cancer
Res 2012;18:2184–98.
35. Morris EJ, Jha S, Restaino CR, Dayananth P, Zhu H, Cooper A, et al.
Discovery of a novel ERK inhibitor with activity in models of acquired
resistance to BRAF and MEK inhibitors. Cancer Discov 2013;3:
742–50.
36. Wong DJ, Robert L, Ateﬁ MS, Avarappatt G, Cerniglia M, Avramis E, et al.
Antitumor activity of the ERK inhibitor SCH772984 [corrected] against
BRAF mutant, NRAS mutant and wild-type melanoma. Mol Cancer 2014;
13:194.
37. Moschos SJ, Sullivan RJ, Hwu WJ, Ramanathan RK, Adjei AA, Fong PC, et al.
Development of MK-8353, an orally administered ERK1/2 inhibitor, in
patients with advanced solid tumors. JCI Insight 2018;3. pii: 92352.
38. Sullivan RJ, Infante JR, Janku F, Wong DJL, Sosman JA, Keedy V, et al. Firstin-Class ERK1/2 Inhibitor Ulixertinib (BVD-523) in patients with MAPK
mutant advanced solid tumors: results of a phase I dose-escalation and
expansion study. Cancer Discov 2018;8:184–95.
39. Reddy SM, Reuben A, Wargo JA. Inﬂuences of BRAF inhibitors on the
immune microenvironment and the rationale for combined molecular and
immune targeted therapy. Curr Oncol Rep 2016;18:42.
40. Boni A, Cogdill AP, Dang P, Udayakumar D, Njauw CN, Sloss CM, et al.
Selective BRAFV600E inhibition enhances T-cell recognition of melanoma
without affecting lymphocyte function. Cancer Res 2010;70:5213–9.
41. Frederick DT, Piris A, Cogdill AP, Cooper ZA, Lezcano C, Ferrone CR, et al.
BRAF inhibition is associated with enhanced melanoma antigen expression and a more favorable tumor microenvironment in patients with
metastatic melanoma. Clin Cancer Res 2013;19:1225–31.
42. Cooper ZA, Frederick DT, Ahmed Z, Wargo JA. Combining checkpoint
inhibitors and BRAF-targeted agents against metastatic melanoma.
Oncoimmunology 2013;2:e24320.
43. Cooper ZA, Juneja VR, Sage PT, Frederick DT, Piris A, Mitra D, et al.
Response to BRAF inhibition in melanoma is enhanced when combined
with immune checkpoint blockade. Cancer Immunol Res 2014;2:643–54.
44. Khalili JS, Liu S, Rodriguez-Cruz TG, Whittington M, Wardell S, Liu C, et al.
Oncogenic BRAF(V600E) promotes stromal cell-mediated immunosuppression via induction of interleukin-1 in melanoma. Clin Cancer Res
2012;18:5329–40.
45. Ngiow SF, Knight DA, Ribas A, McArthur GA, Smyth MJ. BRAF-targeted
therapy and immune responses to melanoma. Oncoimmunology 2013;2:
e24462.
46. Gunda V, Gigliotti B, Ndishabandi D, Ashry T, McCarthy M, Zhou Z,
et al. Combinations of BRAF inhibitor and anti-PD-1/PD-L1 antibody
improve survival and tumour immunity in an immunocompetent
model of orthotopic murine anaplastic thyroid cancer. Br J Cancer
2018;119:1223–32.
47. Liu L, Mayes PA, Eastman S, Shi H, Yadavilli S, Zhang T, et al. The
BRAF and MEK inhibitors dabrafenib and trametinib: effects on
immune function and in combination with immunomodulatory antibodies targeting PD-1, PD-L1, and CTLA-4. Clin Cancer Res 2015;21:
1639–51.
48. Ribas A, Hodi FS, Lawrence DP, Atkinson V, Starodub A, Carlino MS,
et al. Pembrolizumab (pembro) in combination with dabrafenib (D)
and trametinib (T) for BRAF-mutant advanced melanoma: phase 1
KEYNOTE-022 study. J Clin Oncol 34, 2016 (suppl; abstr 3014).
49. Sullivan RJ, Gonzalez R, Lewis KD, Hamid O, Infante JR, Patel MR, et al.
Atezolizumab (A) þ cobimetinib (C) þ vemurafenib (V) in BRAFV600mutant metastatic melanoma (mel): updated safety and clinical activity.
J Clin Oncol 35, 2017 (suppl; abstr 3063).
50. Miller WH, Kim TM, Lee CB, Flaherty KT, Reddy S, Jamal R, et al.
Atezolizumab (A) þ cobimetinib (C) in metastatic melanoma (mel):
updated safety and clinical activity. J Clin Oncol 35, 2017 (suppl;
abstr 3057).
51. Tawbi HA-H, Amaria RN, Glitza IC, Milton D, Hwu W-J, Patel SP, et al.
Safety and preliminary activity data from a single center phase II study of
triplet combination of nivolumab (N) with dabrafenib (D) and trametinib

www.aacrjournals.org

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

(T) [trident] in patients (Pts) with BRAF-mutated metastatic melanoma
(MM). J Clin Oncol 36, 2018 (suppl; abstr 9560).
Flaherty KT, Puzanov I, Kim KB, Ribas A, McArthur GA, Sosman JA, et al.
Inhibition of mutated, activated BRAF in metastatic melanoma. N Engl J
Med 2010;363:809–19.
Carlino MS, Fung C, Shahheydari H, Todd JR, Boyd SC, Irvine M, et al.
Preexisting MEK1P124 mutations diminish response to BRAF inhibitors in
metastatic melanoma patients. Clin Cancer Res 2015;21:98–105.
Nazarian R, Shi H, Wang Q, Kong X, Koya RC, Lee H, et al. Melanomas
acquire resistance to B-RAF(V600E) inhibition by RTK or N-RAS upregulation. Nature 2010;468:973–7.
Girotti MR, Pedersen M, Sanchez-Laorden B, Viros A, Turajlic S, NiculescuDuvaz D, et al. Inhibiting EGF receptor or SRC family kinase signaling
overcomes BRAF inhibitor resistance in melanoma. Cancer Discov 2013;3:
158–67.
Johannessen CM, Boehm JS, Kim SY, Thomas SR, Wardwell L, Johnson LA,
et al. COT drives resistance to RAF inhibition through MAP kinase pathway
reactivation. Nature 2010;468:968–72.
Shi H, Moriceau G, Kong X, Lee MK, Lee H, Koya RC, et al. Melanoma
whole-exome sequencing identiﬁes (V600E)B-RAF ampliﬁcationmediated acquired B-RAF inhibitor resistance. Nat Commun 2012;
3:724.
Straussman R, Morikawa T, Shee K, Barzily-Rokni M, Qian ZR, Du J, et al.
Tumour micro-environment elicits innate resistance to RAF inhibitors
through HGF secretion. Nature 2012;487:500–4.
Vergani E, Vallacchi V, Frigerio S, Deho P, Mondellini P, Perego P, et al.
Identiﬁcation of MET and SRC activation in melanoma cell lines showing
primary resistance to PLX4032. Neoplasia 2011;13:1132–42.
Villanueva J, Vultur A, Lee JT, Somasundaram R, Fukunaga-Kalabis M,
Cipolla AK, et al. Acquired resistance to BRAF inhibitors mediated by a
RAF kinase switch in melanoma can be overcome by cotargeting MEK and
IGF-1R/PI3K. Cancer Cell 2010;18:683–95.
Kim KB, Kefford R, Pavlick AC, Infante JR, Ribas A, Sosman JA, et al. Phase II
study of the MEK1/MEK2 inhibitor trametinib in patients with metastatic
BRAF-mutant cutaneous melanoma previously treated with or without a
BRAF inhibitor. J Clin Oncol 2013;31:482–9.
Romano E, Pradervand S, Paillusson A, Weber J, Harshman K, Muehlethaler K, et al. Identiﬁcation of multiple mechanisms of resistance
to vemurafenib in a patient with BRAFV600E-mutated cutaneous
melanoma successfully rechallenged after progression. Clin Cancer Res
2013;19:5749–57.
Wilmott JS, Tembe V, Howle JR, Sharma R, Thompson JF, Rizos H, et al.
Intratumoral molecular heterogeneity in a BRAF-mutant, BRAF inhibitorresistant melanoma: a case illustrating the challenges for personalized
medicine. Mol Cancer Ther 2012;11:2704–8.
Rizos H, Menzies AM, Pupo GM, Carlino MS, Fung C, Hyman J, et al. BRAF
inhibitor resistance mechanisms in metastatic melanoma: spectrum and
clinical impact. Clin Cancer Res 2014;20:1965–77.
Johnson DB, Menzies AM, Zimmer L, Eroglu Z, Ye F, Zhao S, et al. Acquired
BRAF inhibitor resistance: a multicenter meta-analysis of the spectrum and
frequencies, clinical behaviour, and phenotypic associations of resistance
mechanisms. Eur J Cancer 2015;51:2792–9.
Carlino MS, Gowrishankar K, Saunders CA, Pupo GM, Snoyman S,
Zhang XD, et al. Antiproliferative effects of continued mitogen-activated
protein kinase pathway inhibition following acquired resistance to
BRAF and/or MEK inhibition in melanoma. Mol Cancer Ther 2013;
12:1332–42.
Moriceau G, Hugo W, Hong A, Shi H, Kong X, Yu CC, et al. Tunablecombinatorial mechanisms of acquired resistance limit the efﬁcacy of
BRAF/MEK cotargeting but result in melanoma drug addiction.
Cancer Cell 2015;27:240–56.
Das Thakur M, Salangsang F, Landman AS, Sellers WR, Pryer NK, Levesque
MP, et al. Modelling vemurafenib resistance in melanoma reveals a strategy
to forestall drug resistance. Nature 2013;494:251–5.
Holderﬁeld M, Deuker MM, McCormick F, McMahon M. Targeting RAF
kinases for cancer therapy: BRAF-mutated melanoma and beyond. Nat Rev
Cancer 2014;14:455–67.
Girotti MR, Lopes F, Preece N, Niculescu-Duvaz D, Zambon A, Davies
L, et al. Paradox-breaking RAF inhibitors that also target SRC are
effective in drug-resistant BRAF mutant melanoma. Cancer Cell 2015;
27:85–96.

Clin Cancer Res; 25(19) October 1, 2019

Downloaded from clincancerres.aacrjournals.org on November 29, 2020. © 2019 American Association for Cancer Research.

5741

Published OnlineFirst April 16, 2019; DOI: 10.1158/1078-0432.CCR-18-0836

Cohen and Sullivan

71. Sampson JH, Carter JH Jr., Friedman AH, Seigler HF. Demographics,
prognosis, and therapy in 702 patients with brain metastases from malignant melanoma. J Neurosurg 1998;88:11–20.
72. Di Lorenzo R, Ahluwalia MS. Targeted therapy of brain metastases:
latest evidence and clinical implications. Ther Adv Med Oncol 2017;9:
781–96.
73. Han CH, Brastianos PK. Genetic characterization of brain metastases in the
era of targeted therapy. Front Oncol 2017;7:230.
74. Patel RR, Mehta MP. Targeted therapy for brain metastases: improving the
therapeutic ratio. Clin Cancer Res 2007;13:1675–83.
75. Dummer R, Goldinger SM, Turtschi CP, Eggmann NB, Michielin O,
Mitchell L, et al. Vemurafenib in patients with BRAF(V600) mutationpositive melanoma with symptomatic brain metastases: ﬁnal results of an
open-label pilot study. Eur J Cancer 2014;50:611–21.
76. Long GV, Trefzer U, Davies MA, Kefford RF, Ascierto PA, Chapman PB, et al.
Dabrafenib in patients with Val600Glu or Val600Lys BRAF-mutant melanoma metastatic to the brain (BREAK-MB): a multicentre, open-label,
phase 2 trial. Lancet Oncol 2012;13:1087–95.
77. Davies MA, Saiag P, Robert C, Grob JJ, Flaherty KT, Arance A, et al.
Dabrafenib plus trametinib in patients with BRAF(V600)-mutant melanoma brain metastases (COMBI-MB): a multicentre, multicohort, openlabel, phase 2 trial. Lancet Oncol 2017;18:863–73.
78. Davies MA, Stemke-Hale K, Lin E, Tellez C, Deng W, Gopal YN, et al.
Integrated molecular and clinical analysis of AKT activation in metastatic
melanoma. Clin Cancer Res 2009;15:7538–46.
79. Chen G, Chakravarti N, Aardalen K, Lazar AJ, Tetzlaff MT, Wubbenhorst B,
et al. Molecular proﬁling of patient-matched brain and extracranial melanoma metastases implicates the PI3K pathway as a therapeutic target.
Clin Cancer Res 2014;20:5537–46.
80. Brastianos PK, Carter SL, Santagata S, Cahill DP, Taylor-Weiner A, Jones RT,
et al. Genomic characterization of brain metastases reveals branched
evolution and potential therapeutic targets. Cancer Discov 2015;5:
1164–77.
81. Dagogo-Jack I, Gill CM, Cahill DP, Santagata S, Brastianos PK. Treatment of
brain metastases in the modern genomic era. Pharmacol Ther 2017;170:
64–72.
82. Lee RJ, Gremel G, Marshall A, Myers KA, Fisher N, Dunn JA, et al.
Circulating tumor DNA predicts survival in patients with resected highrisk stage II/III melanoma. Ann Oncol 2018;29:490–6.

5742 Clin Cancer Res; 25(19) October 1, 2019

83. Lee RJ, Gremel G, Marshall A, Myers KA, Fisher N, Dunn JA, et al.
Circulating tumor DNA predicts survival in patients with resected high
risk stage II/III melanoma. Ann Oncol 2018;29:490–6.
84. Corrie P, Marshall A, Lorigan P, Gore ME, Tahir S, Faust G, et al. Adjuvant
bevacizumab as treatment for melanoma patients at high risk of recurrence:
ﬁnal results for the AVAST-M trial. J Clin Oncol 35, 2017 (suppl; abstr
9501).
85. Corrie PG, Marshall A, Dunn JA, Middleton MR, Nathan PD, Gore PM, et al.
Adjuvant bevacizumab in patients with melanoma at high risk of recurrence (AVAST-M): preplanned interim results from a multicentre, openlabel, randomised controlled phase 3 study. Lancet Oncol 2014;15:
620–30.
86. Braune J, Bubnoff Dv, Follo M, Graf E, Philipp U, Glaser L, et al. Circulating
tumor DNA as a predictor for response to treatment in BRAF V600E mutant
malignant melanoma. J Clin Oncol 35, 2017 (suppl; abstr 9564).
87. Larkin JMG, Lewis KD, Ribas A, Flaherty K, Ascierto PA, Dreno B, et al.
Impact of gene expression proﬁles on clinical predictors of survival in
patients (pts) with BRAFV600-mutated metastatic melanoma (mM). J Clin
Oncol 35, 2017 (suppl; abstr 9556).
88. Wongchenko MJ, McArthur GA, Dreno B, Larkin J, Ascierto PA, Sosman
J, et al. Gene expression proﬁling in BRAF-mutated melanoma reveals
patient subgroups with poor outcomes to vemurafenib that may be
overcome by cobimetinib plus vemurafenib. Clin Cancer Res 2017;23:
5238–45.
89. Yan Y, Wongchenko MJ, Robert C, Larkin J, Ascierto PA, Dreno B, et al.
Genomic features of exceptional response in vemurafenib  cobimetinib-treated patients with BRAFV600-mutated metastatic melanoma.
Clin Cancer Res 2019 Mar 1 [Epub ahead of print].
90. Schadendorf D, Long GV, Grob JJ, Nathan PD, Ribas A, Davies MA, et al.
PD-L1 and CD8 expression and association with outcomes in patients (pts)
with BRAF V600E/K-mutant metastatic melanoma (MM) who received
dabrafenib þ trametinib (DþT) in the randomized phase 3 COMBI-v
study. J Clin Oncol 35, 2017 (suppl; abstr 9527).
91. Eskiocak B, McMillan EA, Mendiratta S, Kollipara RK, Zhang H, Humphries
CG, et al. Biomarker accessible and chemically addressable mechanistic
subtypes of BRAF melanoma. Cancer Discov 2017;7:832–51.
92. Corcoran RB, Rothenberg SM, Hata AN, Faber AC, Piris A, Nazarian RM,
et al. TORC1 suppression predicts responsiveness to RAF and MEK inhibition in BRAF-mutant melanoma. Sci Transl Med 2013;5:196ra98.

Clinical Cancer Research

Downloaded from clincancerres.aacrjournals.org on November 29, 2020. © 2019 American Association for Cancer Research.

Published OnlineFirst April 16, 2019; DOI: 10.1158/1078-0432.CCR-18-0836

Developments in the Space of New MAPK Pathway Inhibitors for
BRAF-Mutant Melanoma
Justine V. Cohen and Ryan J. Sullivan
Clin Cancer Res 2019;25:5735-5742. Published OnlineFirst April 16, 2019.

Updated version

Cited articles

E-mail alerts
Reprints and
Subscriptions
Permissions

Access the most recent version of this article at:
doi:10.1158/1078-0432.CCR-18-0836

This article cites 80 articles, 30 of which you can access for free at:
http://clincancerres.aacrjournals.org/content/25/19/5735.full#ref-list-1

Sign up to receive free email-alerts related to this article or journal.
To order reprints of this article or to subscribe to the journal, contact the AACR Publications Department at
pubs@aacr.org.
To request permission to re-use all or part of this article, use this link
http://clincancerres.aacrjournals.org/content/25/19/5735.
Click on "Request Permissions" which will take you to the Copyright Clearance Center's (CCC)
Rightslink site.

Downloaded from clincancerres.aacrjournals.org on November 29, 2020. © 2019 American Association for Cancer Research.

