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BRAF inhibitors were among the first systemic therapies to show clinical benefit in 
metastatic melanoma. Here, we review the spectrum of BRAF mutations in melanoma, 
their role in oncogenesis, clinicopathological associations and response to treatment. The 
differing biology and clinical features of V600E- and V600K-mutated melanoma are outlined. 
The molecular changes associated with BRAF fusion genes and their response to targeted 
therapies, as well as the role of immunotherapy in treatment sequencing with targeted 
therapies are discussed.
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Practice points

●● 	BRAF mutations are found in just under half of patients with metastatic melanoma.

●● 	The incidence of BRAF mutations decreases with age. Almost all patients <30 years with cutaneous melanoma have 
BRAF-mutant melanoma.

●● 	The V600E mutation occurs in between 70–90% of patients with BRAF-mutant melanoma. The V600K is the second 
most common (10–30%), occurring more frequently in older patients and those with chronic sun-damaged skin.

●● 	The disease-free interval between primary and metastatic disease is shorter in patients with V600K compared with 
V600E melanoma; however, the evidence on overall survival in established metastatic disease is conflicting.

●● 	Combination therapy with BRAF and MEK inhibitors improves response, survival and cutaneous toxicity compared 
with BRAF inhibitor monotherapy, and are now standard of care.

●● 	Immunotherapy with anti-PD-1 antibodies is effective regardless of BRAF mutation status, and data suggest response 
rates are lower with ipilimumab when used after BRAF inhibitor failure, suggesting upfront immunotherapy is the 
best approach at present.

●● 	BRAF fusion genes result from translocations involving intact BRAF kinase domains. These cause MAPK pathway 
activation in vitro and respond to MEK inhibition in vivo, showing promise as a novel molecular target in the 30% of 
patients without other identifiable driver mutations.

●● 	Future gains in therapeutic benefit will result from combining targeted therapy with immunotherapy as well as 
optimizing the sequencing of targeted therapy and immunotherapy.
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The MAPK & BRAF mutations in melanoma
The MAPK pathway is one of the mecha-
nisms by which basic cellular processes such as 
growth, proliferation and apoptosis are controlled 
(Figure 1)  [1]. In normal cells, this pathway acts 
via extracellular signal-regulated kinase cascades, 
which ultimately control both cytoplasmic and 
nuclear targets involved in cellular proliferation 
in a highly regulated fashion, with feedback 
regulation by downstream elements. RAF is an 
upstream element of the MAPK pathway, sitting 
below RAS, and exists as three isoforms, ARAF, 
BRAF and CRAF. These cytoplasmic protein 
kinases are regulated by their interaction with 
RAS [2]. Membrane-anchored RAS GTPases lead 
to homo- and heterodimerization and activation 
of the RAF family proteins, which subsequently 
activates MEK by phosphorylation. The PI3K 
pathway, which is another key cellular growth 
regulation pathway, is activated by RAS–GTP, 
representing a cross-talk mechanism between 
these two key pathways of cellular growth [3].

The MAPK pathway is overactive in the 
majority of melanomas, most often as a result 
of mutations in BRAF, NRAS and NF1 (a nega-
tive regulator of RAS) [4–7]. The most prevalent 
driver in melanoma is mutant BRAF, found in 
40–50% of patients with metastatic disease. 
BRAF mutations occur in other cancers such as 
colon cancer, papillary thyroid cancer and serous 
ovarian cancer, but at a frequency much lower 
than in melanoma [4,8–9].

In melanoma, most BRAF mutations occur 
in exon 15. Over 70–90% of mutations involve 
a missense mutation at position 600 (T1796A), 
resulting in a substitution from valine to glu-
tamic acid at amino acid 600 (termed V600E), 
creating a constitutively active protein that binds 
MEK [10]. V600K mutations are the second most 
common BRAF mutations, occurring in 10–30% 
of patients [8–9,11]. Other activating BRAF muta-
tions include substitutions of valine at position 
600 with other amino acids (V600M/D/R). Less 
common mutations include the double muta-
tion 1799>1800TG>AA, termed V600E2 and 
mutations at positions 601 (K601E) and 597 
(L597) [8–9,11]. Rare mutations such as D594A, 
D593V and K482M are associated with reduced 
BRAF activity, and these missense mutations 
promote enhanced MEK phosphorylation 
through BRAF/CRAF dimerization [12].

Most mutations in BRAF occur within the 
kinase domain, resulting in constitutive activity 
and increased MAPK signaling that can cause 

malignant transformation in vitro  [4,10]. BRAF 
mutations are common in nevi, primary and 
metastatic melanoma, suggesting that this is an 
early event in the oncogenesis of melanoma that is 
preserved throughout tumor progression [13]. The 
intrapatient homogeneity of BRAF status has 
been confirmed in a study of patients with meta-
static melanoma, where primary, regional nodal 
and distant metastatic tumors were assessed [13].

Clinicopathological associations of BRAF-
mutant melanoma
BRAF mutations are most common in cutaneous 
melanoma, arising in skin that has had intermit-
tent exposure to sunlight. Sites with less exposure 
to sunlight, such as acral and mucosal, have lower 
rates of BRAF mutation (10–15%) [14,15]. In con-
trast to cutaneous melanoma, uveal melanomas 
do not contain BRAF mutations [16].

Clinical features associated with a BRAF 
mutation include younger age, higher total 
body nevus count, truncal location, presence 
of mitoses, single or occult primary melanoma 
and histopathology (large epithelioid cytomor-
phology, heavy melanization, prominent upward 
epidermal scatter of melanocytes, nodular or 
superficial spreading subtypes) [8,15,17–20].

The interval between primary melanoma and 
the diagnosis of metastatic disease (the disease-
free interval [DFI]) is thought to be similar 
between patients with a BRAF mutant or BRAF 
wild-type genotype. In historical cohorts of 
patients diagnosed prior to widespread avail-
ability of BRAF inhibitors, the DFI is similar 
between BRAF wild-type and mutated geno-
types; however, retrospective studies are con-
flicting regarding measurement of the DFI, with 
some demonstrating no difference and others 
demonstrating a worse DFI in patients with a 
BRAF mutation [20–23].

Overall survival (OS) in established meta-
static disease is a challenging area to study as 
there are few prospective historical cohorts 
of patients with BRAF mutation status who 
have not been treated with BRAF inhibitors. 
Retrospective cohorts of patients are conflict-
ing due to confounding by treatment with 
BRAF inhibitors  [8,24]; however, one cohort 
of patients treated prior to the availability of 
BRAF inhibitors did not show any difference 
in OS between BRAF mutant and BRAF wild-
type melanoma [23]. The OS data for patients 
with stage III melanoma are similarly conflict-
ing. No correlation between BRAF status and 
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Figure 1. The MAPK pathway.
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OS was found in retrospective cohorts  [25]; 
however, one prospective study has demon-
strated a worse OS with BRAF mutant stage III 
disease [22].

Clinical characteristics associated with 
different BRAF mutation genotypes
V600E BRAF mutations are associated with a 
younger age at diagnosis of first distant metas-
tases compared with non-V600E mutations [26]. 
V600K melanoma is more likely to be associated 
with older age, male sex and head/neck primary 
tumor location compared with V600E mela-
noma [27], and V600K melanomas have higher 
levels of primary tumor site chronic sun damage 
than V600E melanomas  [26]. Consistent with 
this, the prevalence of the V600K melanoma 
genotype varies by geographic region, rang-
ing from <10% in Northern Europe [16,22,28] to 
20–30% in Australia, Texas and Florida [21,29–
30], reflecting differences in ambient UV expo-
sure. Because of their rarity, the clinical corre-
lates of other BRAF mutations, such as V600R 
and V600D remain to be determined. The 
difference in age-related incidence and cumula-
tive UV damage between V600E and V600K 
melanoma suggest a difference in etiology.

The disease-free interval from diagnosis of 
primary melanoma to the first occurrence of 
distant metastases is significantly shorter for 
patients with a V600K/R mutation compared 
with V600E  [23,26]; however, data on OS from 
the time of diagnosis of stage IV disease is con-
flicting, with some studies showing a shorter OS 
in V600K BRAF-mutant melanoma and others 
demonstrating similar OS in V600K and V600E 
BRAF-mutant melanoma [23,27].

BRAF mutation testing
Given the clinical importance of BRAF status 
for therapeutic decision making, BRAF muta-
tion testing is now routine and required for all 
patients with advanced melanoma. BRAF test-
ing is routinely performed on formalin-fixed 
paraffin embedded (FFPE) material. Although 
recent biopsies are preferable, the intrapatient 
homogeneity of BRAF mutation status means 
that in practice any tissue is satisfactory for 
testing, provided the clinical history is con-
sistent (i.e., where one can be confident that 
the primary melanoma is the culprit lesion 
responsible for metastatic disease) and the sam-
ple has adequate tumor content [13,31]. Several 
methods of testing are available, including 

immunohistochemistry (IHC), Sanger sequenc-
ing, PCR-based approaches and next-genera-
tion sequencing. Most platforms focus on exon 
15 mutations around codon 600, but different 
tests have the ability to detect different muta-
tions with varying sensitivity and specificity. 
Current molecular testing platforms have the 
advantage of often testing for several mutations 
that are potentially actionable, including NRAS 
and KIT.
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IHC using the VE1 antibody has been shown 
to be highly sensitive and specific for the V600E-
mutated protein (formed via V600E or V600E2 
mutation) [32,33]. This test does not detect non-
V600E mutations such as the V600K and V600D 
mutations. The low cost and rapid turnaround 
of this test make it an attractive screening tool; 
furthermore, IHC has several advantages over 
molecular techniques; the volume of tumor con-
tent required is minimal and results are rapidly 
available at the time of pathological diagnosis. 
It is particularly useful for patients requiring 
urgent treatment without a known BRAF status, 
and can be performed in laboratories without 
molecular diagnostic facilities.

One specific molecular technique of note is 
the Cobas 4800© test, a companion diagnostic 
for the BRAF inhibitor vemurafenib  [34]. This 
allele-specific PCR assay is highly sensitive for 
the 1799T>A V600E BRAF mutation, but less so 
for other V600 BRAF mutations such as V600K, 
V600R, V600D and V600E2 mutations  [29]. 
While this test has had high take-up in many 
centers around the world due to its low cost, ease 
of use and quick turnaround time, the sensitivity 
for detecting ‘druggable’ non-V600E BRAF muta-
tions (e.g., V600K/D/R/E2) is inadequate, and 
there is a lack of specificity in the result obtained 
(i.e., a positive or negative result is provided with 
no genotype details). As such, its use as a clinical 
diagnostic test to determine BRAF status in many 
patients is questionable given the prevalence of 
V600K BRAF mutations, and the potentially dif-
ferent outcomes that patients with different BRAF 
mutant genotypes may have with therapy.

To ensure the highest sensitivity and speci-
ficity of results, both IHC and molecular 

(DNA-based) BRAF mutation testing should 
be performed. IHC should be performed with 
appropriate controls. Certain samples (e.g., bone 
biopsies that require decalcification or cytology 
samples) may not provide reliable results for tech-
nical reasons. In these situations either molecular 
testing alone should be performed, or another 
tumor sample be tested. For molecular testing, all 
samples should be reviewed by an expert patholo-
gist to confirm that it contains tumor, and for 
assessment of tumor purity. For tumor enrich-
ment, the sample should be macrodissected and 
only samples with >10% tumor content should 
have DNA extracted and analyzed. Without such 
stringent quality control, false-negative results 
are likely to occur.

Targeted therapy for BRAF-mutant 
melanoma
BRAF inhibitors such as vemurafenib and dab-
rafenib, or MEK inhibitors such as trametinib, 
are used both alone and in combination as treat-
ment for patients with BRAF mutant metastatic 
melanoma. The majority of patients achieve a 
rapid response to these drugs, making them 
an essential part of therapy, however, acquired 
resistance is common [28].

In Phase III trials, vemurafenib and dab-
rafenib have objective response rates of approxi-
mately 50% (although most patients have some 
degree of tumor regression) [35–39] and a median 
progression-free survival (PFS) of 6.9 months, 
superior to dacarbazine chemotherapy  [38] 
(Table 1). OS with vemurafenib is 13.6 months 
compared with 9.7 months for dacarbazine, and 
dabrafenib has a median OS of 20.0 months [37]. 
The apparent superior survival with dabrafenib 

Table 1. Comparison of overall response rate, progression-free survival and overall survival rates for monotherapy and 
combination therapy.

Variable Vemurafenib monotherapy (BRIM-
3 [28,39])

Dabrafenib 
monotherapy 
(BREAK-3 [36–38])

Dabrafenib/
trametinib 
(Combi-D [44])

Dabrafenib/
trametinib 
(Combi-V [45])

Vemurafenib/
cobimetinib 
(CoBRIM [46])

Patients (n) 337†  187‡ 211§ 352¶ 247#

ORR (%) 48 50 67 64 68
PFS (months) 6.9 6.9 9.3 11.4 9.9
OS All genotypes: 13.6 months; BRAF V600E: 

13.3 months [39]; BRAF V600K: 14.5 months
V600E only 20.0 months 25.1 months 72% (at 12 months) 81% (at 9 months)

†Number of vemurafenib patients treated.
‡Number of dabrafenib patients treated.
§Number of dabrafenib/trametinib patients treated.
¶Number of dabrafenib/trametinib patients treated.
#Number of vemurafenib/cobimetinib patients treated.
ORR: Objective response rate; OS: Overall survival; PFS: Progression-free survival.
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is thought to be due to continuation of drug 
beyond disease progression and the increased 
availability active second-line immunotherapy 
treatments (see below), rather than a true dif-
ference in efficacy with vemurafenib [40]. Both 
drugs have activity in patients with brain 
metastases  [41,42]. Many toxicities with BRAF 
inhibitors are cutaneous, including squamous 
cell carcinoma (SCC), arising due to paradoxi-
cal activation of the MAPK pathway in BRAF 
wild-type cells [43].

Trametinib monotherapy improves both PFS 
and OS compared with chemotherapy in patients 
with V600E or V600K mutations [47]. The over-
all response rate with trametinib is lower than 
that seen with BRAF inhibitors, at approximately 
20%. Trametinib monotherapy is not associ-
ated with cutaneous toxicities such as SCC or 
hyperkeratosis despite commonly causing papu-
lopustular rashes; however, diarrhea and periph-
eral edema are frequently observed. The lower 
response rate and inferior survival compared 
with BRAF inhibitors means that trametinib 
monotherapy is not used commonly in clinical 
practice; however, combination therapy is now 
the standard of care.

Compared with BRAF inhibitors alone, the 
combination of BRAF and MEK inhibitors 
improves the objective response rate (ORR) 
and survival and also attenuates cutane-
ous toxicity, particularly hyperkeratosis and 
cutaneous SCC (Table 1)  [45,48–49]. The first 
Phase III trial, the COMBI-D trial, showed 
that the median OS was superior with dab-
rafenib/trametinib (25.1 months) compared 
with dabrafenib monotherapy (18.7 months; 
HR: 0.71; p = 0.0107). Similarly, median PFS 
was superior with dabrafenib/trametinib (11.0 
months) compared with dabrafenib monother-
apy (8.8 months, HR: 0.67, p = 0.0004) [44]. 
Almost every patient has a degree of tumor 
regression on dabrafenib/trametinib, and the 
ORR is between 64–67%  [44–45]. The dab-
rafenib/trametinib combination also improves 
response and survival when compared with 
vemurafenib monotherapy, as seen in the 
COMBI-V trial  [49], and the combination of 
vemurafenib and the MEK inhibitor, cobi-
metinib, also improved response and survival 
compared with vemurafenib in the coBRIM 
trial [46]. Other combinations of BRAF/MEK 
inhibitors such as encorafenib/binimetinib con-
tinue to be tested in clinical trials, but there 
is no doubt that combination BRAF/MEK 

inhibitors are now standard of care for V600 
BRAF-mutant melanoma [50].

BRAF and MEK inhibitors are active for both 
V600E and other V600 genotypes [36,51–52]. The 
Phase II trial of dabrafenib showed a higher 
ORR (59 vs 13%), longer median PFS (6.3 
vs 4.5 months) but similar OS (13.1 and 12.9 
months) for patients with V600E and V600K 
melanoma, respectively  [53]. Similarly, the 
Phase III trial of vemurafenib showed a higher 
ORR (59 and 45%), longer median PFS (6.9 
and 5.9 months), but similar median OS (13.3 
and 14.5 months) in patients with V600E and 
V600K mutant melanoma  [39]. Neither study 
formally compared efficacy between the geno-
types, but a retrospective multivariate statistical 
comparison confirmed this, demonstrating that 
V600K/R melanoma has a significantly lower 
ORR and shorter PFS than V600E melanoma, 
with similar OS  [54]. The mechanisms behind 
these differences in efficacy may relate to the 
increased mutational load in V600K melanoma 
and may have future implications on selection 
of subsequent lines of treatment and response 
monitoring [55].

Cases reports exist of BRAF and MEK inhibi-
tor activity in rarer V600 and non-V600 muta-
tions. A case series of six V600R patients reported 
an 86% response rate to either dabrafenib or 
vemurafenib [52]. Other V600 BRAF mutations 
(e.g., V600D/M) are predicted to be sensitive 
to BRAF inhibitors; however, to date there are 
no published data [56]. In the phase I BREAK-1 
study of dabrafenib, two patients with a K601E 
mutation had no objective tumor response and 
one patient with a V600-K601E mutation did 
not achieve a measurable tumor response  [57]. 
Despite resistance to BRAF inhibitors, these 
patients may benefit from MEK inhibition, and 
activity has been reported of trametinib in the 
patients with K601E as well as the L597Q/S/V 
mutations [58–60]. The L597R mutation has been 
shown to respond to BRAF and MEK inhibitors 
alike [61].

Therapeutic resistance with targeted 
therapy
Despite the initial response observed in most 
patients treated with targeted therapy, acquired 
resistance is almost inevitable and occurs in 
approximately half of all patients within the 
first year of therapy [56]. Patients with complete 
response to targeted therapy are in the minor-
ity, but have the best survival, and the strongest 
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predictor of long-term survival is the pretreatment 
lactate dehydrogenase level [54,62].

The spectrum of BRAF inhibitor resist-
ance mechanisms in BRAF-mutant melanoma 
is diverse. Acquired resistance occurs due to 
MAPK pathway reactivation in the vast major-
ity of tumors  [63,64]. Known resistance mecha-
nisms may be identified in most progressing 
tumors [51]. Although some mechanisms domi-
nate, heterogeneity of resistance mechanisms is 
noted both within patients and tumors alike [65].

BRAF-related resistance mechanisms include 
gains of copy number or aberrant splice iso-
forms [66,67]. NRAS mutations leading to aber-
rant MEK phosphorylation by CRAF may reac-
tivate the MAPK pathway and cause resistance 
to BRAF/MEK inhibitors [68]. MEK mutations 
may achieve a similar effect  [69]. MAPK path-
way independent resistance may occur via activa-
tion of the PI3K/AKT pathway or via paracrine 
secretion of growth factors from tumor stromal 
cells  [70,71]. This last mechanism has been 
observed in association with vemurafenib and 
leads to activation of multiple upstream receptor 
tyrosine kinases.

In patients treated with BRAF inhibitors, 
BRAF splice variants are the most common 
mutations detected, followed by NRAS muta-
tions, MEK1/2 mutations and BRAF amplifica-
tion [70]. MAPK pathway signaling demonstrates 
reactivation in the majority of cases. In order to 
overcome the resistance mechanisms that cause 
upstream reactivation of the MAPK pathway, 
pan-RAF inhibitors such as CCT196969 and 
CCT241161 have been developed, which inhibit 
MEK/ERK in BRAF and NRAS mutant mela-
noma [72]. These drugs will soon enter Phase I 
clinical trials.

Compared with BRAF inhibitors resistance 
to MEK inhibitors is less well-studied. In pre-
clinical studies, multiple mechanisms overlap 
including BRAF amplification, NRAS and 
MEK mutations. Consistent with these in vitro 
findings, no responses were seen when the MEK 
inhibitor, trametinib, was used in patients whom 
had failed a BRAF inhibitor [73]. Of note, at least 
in preclinical models, tumors that have devel-
oped a BRAF splice variant remain sensitive to 
MEK inhibitors [70].

The spectrum of acquired resistance mecha-
nisms with combined BRAF/MEK inhibitors 
occurs via MAPK activation mechanisms. 
However, in contrast to treatment with BRAF 
inhibitor monotherapy, the most common 

mechanisms are BRAF amplifications, MEK1/2 
mutations and NRAS mutations. MAPK path-
way signaling is reactivated in the vast majority 
of cases  [69]. BRAF splice variants appear less 
common in resistance to combined BRAF/MEK 
inhibitors; however, cases of resistance have been 
reported [64].

Immunotherapy for BRAF-mutant 
melanoma
Immunotherapy forms part of the standard of 
care for most patients with metastatic mela-
noma regardless of BRAF mutation status. 
Ipilimumab is a monoclonal antibody directed 
against CTLA-4, a T-cell inhibitory receptor 
whose normal function is to interrupt the cyto-
toxic T-cell-mediated reaction. Pembrolizumab 
and nivolumab are monoclonal antibodies that 
bind to the T-cell PD-1 receptor. PD-1 is stimu-
lated by upregulation of its ligand, PD-L1, in the 
tumor microenvironment, leading to inhibition 
of T-cell proliferation and cytokine production.

Ipilimumab was the first therapy in meta-
static melanoma to demonstrate an OS benefit. 
In the second-line setting, it has been shown to 
improve OS compared with a gp100 vaccine. 
While a small proportion of patients achieve an 
objective response to therapy, survival can be 
durable. The 2- and 3-year OS rates with ipili-
mumab was 20 and 16%, which is higher with 
gp100 vaccine [74]. In the first-line setting, the 
combination of ipilimumab, given at a higher 
dose than the currently accepted standard, and 
dacarbazine improves OS compared with dac-
arbazine alone; however, the high rate of adverse 
liver function test abnormalities has meant that 
this combination is not used in routine clini-
cal practice [75,76]. The ORR for ipilimumab is 
between 11 and 15%; however, despite this low 
rate, durable survival is observed in approxi-
mately 21% of all patients [75–77]. Patients who 
achieve durable benefit include patients from all 
Response Evaluation Criteria in Solid Tumors 
(RECIST) response categories, including those 
with complete response, partial response, stable 
disease or progressive disease, and the atypical 
or ‘immune’ patterns of responses seen with 
ipilimumab, whereby some tumors grow before 
regressing, have led to the development of the 
immune-related response criteria [78].

The anti-PD-1 antibodies, pembrolizumab 
and nivolumab, have both been shown to be supe-
rior to ipilimumab for both efficacy and toxicity 
in Phase III trials  [79–81]. Pembrolizumab and 
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nivolumab appear to have similar efficacy and 
toxicity, and both have activity after ipilimumab 
failure  [82,83]. Combination of nivolumab and 
ipilimumab appears to have greater efficacy than 
either of the drugs alone, but the Phase III trial 
was not powered to show an improvement in 
survival compared with nivolumab alone, and 
the toxicity with combination immunotherapy is 
significant [80]. This is likely to be an important 
factor in selecting treatment for individual 
patients in the future.

The rationale for combination immunother-
apy continues to be tested both for efficacy and 
tolerability and studies of combination pem-
brolizumab and ipilimumab are currently under-
way (NCT 02089685). Although long-term data 
are still awaited from the anti-PD-1 antibody 
trials, it is widely expected that a tail of sur-
vival will be observed, albeit with a higher rate 
of long-term survivors compared with targeted 
therapy or ipilimumab.

Trials of anti-PD-1 antibodies have included 
both BRAF wild-type and mutated patients  
[79–82,84], and a pooled analysis of 440 patients 
treated on four clinical trials of nivolumab 
showed that the response rate was similar in 
BRAF wild-type and mutant melanoma patients 
at 34.6 and 29.7%, respectively [85]. Similar data 
are not readily available for ipilimumab treat-
ment as trials were conducted prior to widespread 
BRAF testing  [74,75]; however, retrospective 
analyses have shown that the response rate is 
similar with V600E BRAF mutant and BRAF 
wild-type tumors [86].

Optimal sequencing of targeted therapy & 
immunotherapy
There is a paucity of data on the optimal sequence 
of targeted therapy and immunotherapy for 
BRAF mutant metastatic melanoma. Selected 
patients who have received ipilimumab will have 
a durable response regardless of whether they 
have residual disease or a complete response by 
RECIST [77]. Although it is clear that a subset 
of patients treated with targeted therapy have 
durable survival, confounding factors such as 
crossover to other therapies in clinical trials 
have meant that this effect is difficult to meas-
ure [62]. Long-term survival data for anti-PD-1 
antibodies are awaited; however, Phase I data 
for nivolumab have shown that the majority of 
patients have responses lasting at least 1 year [87].

The response rate to dabrafenib when used in 
first-line setting is 50%, whereas patients who 

crossed over to dabrafenib after disease progression 
(that is, second-line setting) had a response rate 
of 46% [35,37–38]. Furthermore, the response rates 
across the Phase I–III trials of both vemurafenib 
and dabrafenib are similar, regardless of line of 
therapy, further suggesting that BRAF inhibi-
tors have similar activity regardless of when they 
are used [35–36,53,57,88–89]. In contrast to targeted 
therapy, available data suggest that that anti-PD-1 
antibodies have the best activity in the first-line 
setting. Nivolumab monotherapy has an objec-
tive response rate of 40% in previously untreated 
patients, but following treatment with ipili-
mumab, the response rate is lower at 32% [79,83]. 
Similar data exist for pembrolizumab [81–82].

A single retrospective review demonstrated 
that patients who received BRAF inhibitors 
following immunotherapy agents (mainly 
ipilimumab) had a similar response rate when 
used in first-line setting when other variables 
were taken into account  [90]. However, when 
ipilimumab was given after BRAF inhibitors, 
only half of all patients were able to complete 
four cycles of ipilimumab. Despite the inher-
ent biases in this study due to the retrospective 
nature, the response rates observed were lower 
than that expected in first-line ipilimumab 
treatment, suggesting that ipilimumab is best 
given prior to targeted therapy, particularly in 
well patients. Survival with anti-PD-1 antibod-
ies in those failing BRAF inhibitors is similar 
to those that are BRAF inhibitor naive, but 
the best sequence is not yet clear [85]. The data 
should be interpreted in light of the highly 
selected patient population in clinical trials of 
anti-PD-1 antibodies as these patients may have 
different baseline characteristics compared with 
those included in the retrospective analysis of 
ipilimumab sequencing, therefore, prospective 
sequencing trials will be required to answer this 
question definitively.

In patients with asymptomatic and/or low vol-
ume disease, given the greater potential for dura-
ble response with immunotherapy than targeted 
therapy, upfront immunotherapy is generally 
preferred. The characteristics of targeted thera-
pies and their response rates after previous treat-
ment mean that they are useful as salvage ther-
apy regardless of treatment sequence or upfront 
therapy in those with symptomatic or rapidly 
progressing disease. A trial is currently underway 
comparing combination of dabrafenib/trametinib 
followed by ipilimumab/nivolumab compared 
with the reverse sequence (NCT02224781). 
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This trial will help to elucidate some of the con-
troversies surrounding retrospective analyses of 
treatment sequence regimens.

In order to improve treatment outcomes fur-
ther, combination immunotherapy and targeted 
therapy strategies are being pursued. The trans-
lational evidence underlying this approach sug-
gests that BRAF inhibition leads to tumor infil-
trating lymphocytes after initiation of treatment 
and thus modulate immune responses within the 
tumor microenvironment [91–93]. This may also 
occur by facilitating tumor clearance, release 
of antigenic debris and modulation of immune 
responses [94]. A clinical trial of the BRAF inhib-
itor, vemurafenib, combined with ipilimumab, 
was initiated but closed due to the severe hepa-
totoxicity [95]. A clinical trial of dabrafenib plus 
ipilimumab with or without trametinib was 
commenced (NCT01767454); however, the tri-
plet combination was ceased early due to two 
of the seven patients developed colon perfora-
tion soon after commencing ipilimumab  [96]. 
The doublet combination (dabrafenib plus 
ipilimumab) continued into the dose expansion 
phase and results are awaited.

Combination BRAF/MEK inhibitor and anti-
PD-1 antibody trials have already begun, such 
as the combination of dabrafenib, trametinib 
and the anti-PD-1 antibody pembrolizumab 
(NCT02130466). The ligand of the PD-1 recep-
tor, PD-L1, is also being investigated as a thera-
peutic target. Early phase trials of anti-PD-L1 
therapy combined with dabrafenib/trametinib 
have shown an acceptable safety profile and 
evidence of clinical activity [97].

BRAF fusion genes as a novel molecular 
target
The classification of melanoma based upon 
the molecular profile of a patient’s tumor has 
changed the way melanoma is treated. While 
BRAF and MEK inhibitors in combination 
have become standard care for BRAF-mutant 
melanoma [45,48]; MEK inhibitors have activity 
in patients with NRAS-mutant melanoma  [98]. 
Multikinase inhibitors such as imatinib or 
sunitinib may have activity in KIT mutant 
melanoma  [99–103]; however, the number of 
patients treated with these agents remains 
low, precluding detailed survival analysis. 
Preclinical data suggest that MEK inhibitors 
may be effective for patients with NF1 muta-
tions  [104]. Approximately 30% of melanomas 
do not have clear driver mutations, and for these 

patients, the only available current treatments 
are immunotherapy and chemotherapy [105,106].

BRAF kinase fusions, occurring as a result 
of rearrangements that fuse the BRAF kinase 
domain to 5’ partner genes, have been shown 
to activate the MAPK pathway in several can-
cers including pilocytic astrocytoma, and gas-
tric, thyroid and prostate cancers  [88,107–111]. In 
melanoma, BRAF fusions may occur in 4–8% 
of BRAF/NRAS/KIT wild-type patients [112,113]. 
Similar to tumors with wild-type BRAF, type 1 
RAF inhibitors (e.g., vemurafenib, dabrafenib) 
appear ineffective and may paradoxically activate 
the MAPK pathway; however, sensitivity to MEK 
inhibitors has been demonstrated in vitro [112–114].

Retrospective (posthumous) evidence of 
clinical activity of sorafenib, an nonselective 
RAF inhibitor that particularly inhibits CRAF, 
has been shown, in a patient with metastatic 
melanoma with an AGK–BRAF fusion  [112,115]. 
Recently, case reports of activity of trametinib in 
melanoma patients with BRAF fusions have been 
published [116]. A PPFIBP2-BRAF inframe fusion 
was reported in a patient with metastatic mela-
noma, who, following treatment with trametinib, 
had a measurable response in intracranial and 
extracranial sites. A previously reported fusion 
protein with constitutive kinase activity in pilo-
cytic astrocytoma, KIAA1549-BRAF, was found 
in another patient where treatment with an 
MEK inhibitor was found to slow down disease 
progression. These cases provide an important 
proof-of-concept for BRAF fusion proteins as a 
potential target, which may inform the design 
of future clinical trials. Other BRAF fusion pro-
teins have been characterized [38,42]; however, the 
optimal therapy for targeting individual gene 
fusion products remains to be studied.

Conclusion
BRAF mutations are found in almost half of 
all patients with metastatic disease. The most 
commonly found mutation, the V600E missense 
mutation, has been proven in clinical trials to 
respond to BRAF inhibitors such as vemurafenib 
and dabrafenib. Other V600 BRAF mutations 
such as V600K have been shown to respond 
to BRAF inhibitors, while a subset of non-
V600 mutations respond to MEK inhibitors. 
The choice of mutation testing is paramount 
as many current methods may not detect non-
V600E mutations, which may respond to BRAF 
inhibitors. In V600 BRAF-mutant melanoma, 
the combination of BRAF/MEK inhibitors is 
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now the standard of care, delaying resistance 
and abrogating many toxicities, which develop 
with monotherapy, but acquired drug resistance 
is common, complex and incompletely under-
stood. The optimal sequencing or combination 
of BRAF/MEK inhibitors with immunotherapy 
is poorly understood and several trials are under-
way to evaluate the best treatment approach for 
patients with BRAF-mutant melanoma, and 
efforts continue to target other aberrations for 
those with BRAF wild-type melanoma.

Future perspective
Therapies targeting the MAPK pathway in 
melanoma will remain an important therapeu-
tic option for the treatment of BRAF-mutated 
melanoma for the foreseeable future. Despite the 
advent of immunotherapy with ipilimumab and 
anti-PD-1 antibodies, which have shown signifi-
cant activity both alone and in combination, tar-
geted therapy has a role in patients who are una-
ble to tolerate the side effects of immunotherapy, 
where a rapid response to treatment is required, 
or where immunotherapy is unsuccessful.

The discovery of BRAF fusion proteins and 
their activation of the MAPK pathway demon-
strates that the full spectrum of cellular machin-
ery driving oncogenesis in melanoma is yet to be 
fully elucidated and may provide further thera-
peutic strategies in metastatic melanoma. Early 
phase clinical trials with agents that have shown 
preclinical activity in BRAF inhibitor refractory 
disease open the possibility to further research 
in this area, particularly for patients who have 
developed treatment resistance.

The combination of targeted therapy and 
immunotherapy may be an important mecha-
nism to increase the potential for immuno-
therapy to induce durable responses in a larger 

proportion of patients due to their modulation 
of immune responses. Future research on meth-
ods for potentiating the antitumor immune 
responses and facilitating tumor clearance by 
T cells will be the key to treatment of patients 
with BRAF mutations and acquired resistance 
to BRAF/MEK inhibitors.

Other combinations of targeted therapies such 
as cyclin-dependent kinase inhibitors together 
with BRAF and MEK inhibitors are being 
tested in early phase trials (NCT01820364) [117]. 
Combinations of targeted therapies against less 
common BRAF mutations together with immu-
notherapy may allow for effective treatment of 
patients with inherent or acquired resistance to 
immunotherapy agents. This will require appli-
cation of our evolving knowledge of the tumor 
microenvironment.

Both targeted therapy combinations and 
immunotherapy agents are currently being 
explored for use in the adjuvant setting, where 
the largest gains in efficacy are likely to be seen 
in the future. The ultimate goal of treatment, 
particularly in the age of immunotherapy, will 
be to manipulate and induce long-lasting antitu-
mor immune responses that ultimately prevent 
systemic disease relapse.
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