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Introduction

Melanoma has the highest mutation rate of all common 
cancers (1,2). Over time, this discovery has led to a 
dramatic increase in the understanding of the molecular 
features, drivers, and heterogeneity of this disease. The 
management of melanoma is now evolving rapidly due 
to the expanded availability and use of high-throughput 
sequencing technologies that provide broad genetic 
assessment of tumors (3). The identification of the 
many somatic events that occur in melanomas has been 
complemented by functional studies which have helped to 
illuminate the critical pathways and processes affected by 
these changes. Most importantly, research has validated the 
clinical significance of many of these genetic events, both as 
prognostic markers and as therapeutic targets (4).

While the field of melanoma has been advanced 
significantly by genomic research, this new information 
also comes with challenges (5). Physicians are now faced 
with a growing number of options to genotype melanoma 

patients (6). Based on these tests, and increasingly by 
testing requested and/or procured by patients themselves, 
physicians are being asked about the clinical implications 
of a growing number of molecular alterations. This review 
will summarize the current understanding of the genetic 
landscape of mutations in melanoma, their associations 
with clinicopathological features, and their implications for 
testing and treatment.

The RAS-RAF-MEK-ERK pathway

The RAS-RAF-MEK-ERK signaling pathway is an 
important regulator of cellular proliferation and survival 
that has been implicated in multiple tumors types (7). 
Initial focused studies, and more recently whole exome 
sequencing, support that this pathway is affected by 
activating events more frequently than any other pathway 
in cutaneous melanomas (8,9). A number of these mutations 
have been shown to correlate with patient and tumor 
features. Most importantly, several of the mutated genes 
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have been validated in patients as therapeutic targets.

BRAFV600 mutations

Like the other members of the RAF family of kinases 
(ARAF, CRAF), BRAF is a serine/threonine protein 
kinase. One of the sentinel events in understanding the 
molecular pathogenesis of melanoma was the discovery 
of mutations in the BRAF gene that result in substitutions 
at the V600 residue of the protein (BRAFV600 mutations). 
In the initial cohort examined, BRAFV600 mutations were 
identified in ~15% of tumors from various human cancers, 
and strikingly in ~60% of melanomas (10). Subsequent 
studies have demonstrated that BRAFV600 mutations are 
present in almost 80% of human melanoma cell lines 
derived from cutaneous melanomas (11). Large single-
center studies and meta-analyses have reported BRAFV600 
mutation rates of 40-45% in clinical specimens (11-13).  
This difference between clinical samples and cell lines 
likely reflects a selective advantage for in vitro growth and 
survival for melanomas with BRAFV600 mutations. There are 
a number of different BRAFV600 mutations observed. The 
most common mutation results in the substitution of valine 
with glutamic acid (BRAFV600E), which represents ~70% of 
detected BRAF mutations (12,14). Mutations that result in 
substitution with lysine (BRAFV600K) are the second most 
common (~20%), while other rare substitutions include 
BRAFV600Dand BRAFV600R. In vitro studies demonstrated that 
all of the BRAFV600 mutations result in markedly increased 
kinase activity of the BRAF protein (>200-500 fold) and 
lead to constitutive activation of downstream components 
of the RAS-RAF-MEK-ERK pathway (15,16).

The presence of BRAFV600 mutations is significantly 
associated with both molecular and clinical features. 
BRAFV600 mutations and mutations in NRAS, which are 
detected in ~20% of cutaneous melanomas and also 
activate the RAS-RAF-MEK-ERK pathway, are essentially 
mutually exclusive in treatment-naïve patients (17,18). In 
one study of 677 melanomas with molecular testing for 
BRAFV600 and NRAS mutations, only four tumors (0.6%) 
had both mutations present (12). BRAFV600 mutations are 
present in 40-50% of cutaneous melanomas arising in areas 
intermittently exposed to the sun (19). However, their 
prevalence is lower in cutaneous melanomas that occur on 
skin that is chronically exposed to the sun (5-20%) (20-22).  
BRAFV600 mutations are also relatively rare (10-15%) in 
acral melanomas, which occur on palms, soles, or nail 
beds, and in mucosal melanomas (~5%), and are virtually 

never found in uveal melanomas (23-25). Interestingly, 
BRAFV600 mutations are also found in up to 82% of benign 
nevi (26,27). Consistent with this likely early role in tumor 
development, studies in which BRAFV600 mutation status has 
been examined in multiple tumors from individual patients 
have demonstrated concordance rates of ≥90% (28).

Retrospective analyses of cutaneous melanomas have 
generally shown that the presence of a BRAFV600 mutation 
is associated with younger age at diagnosis, a lack of 
evidence of chronic sun-damage, and superficial spreading 
or nodular histology in the antecedent primary melanoma 
(29,30). BRAFV600 mutations are not significantly associated 
with shorter time to distant metastasis or overall survival 
(OS) from primary tumor diagnosis (31,32). Two studies 
did identify significant associations with OS from stage IV. 
In one study in which only the BRAFV600 mutation status 
was determined, patients with a mutation had significantly 
shorter OS from stage IV compared to all patients without 
a BRAFV600 mutation (30). In another study in which NRAS 
mutations were also assessed, the presence of a BRAFV600 
mutation was associated with shorter OS after stage IV 
diagnosis compared to patients who had neither BRAF 
nor NRAS mutations (29). However, the OS of patients 
with NRAS and BRAFV600 mutations were very similar. 
More recently, these cohorts of stage IV patients have 
been interrogated for significant associations with specific 
BRAFV600 mutations. Both analyses demonstrated that 
metastatic melanoma patients with BRAFV600K mutations 
were older at diagnosis and were more likely to have a 
primary tumor that had evidence of, or arose in areas 
associated with, chronic sun damage (CSD) compared to 
patients with BRAFV600E mutations (33,34). The presence 
of a BRAFV600K mutation was also associated with shorter 
time from initial diagnosis to stage IV disease, and shorter 
OS after stage IV diagnosis, compared to BRAFV600E. While 
these findings are intriguing, these associations need to 
be evaluated in series of primary melanomas that include 
patients who did not go on to develop stage IV disease to 
fully understand their clinical associations and prognostic 
significance.

Three targeted therapies have been approved to date 
for the treatment of patients with stage IV or unresectable 
melanoma with BRAFV600 mutations. Vemurafenib and 
dabrafenib are potent and selective small molecule 
inhibitors of BRAFV600 mutant proteins. Preclinical studies 
demonstrated that both of these agents blocked growth, 
survival, and MAPK pathway activation in vitro and in vivo 
in human melanoma cell lines with BRAFV600 mutations (35-
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37). In contrast, both agents cause activation of the MAPK 
pathway and they increased growth in vitro and in vivo 
when they were tested in cell lines with a wild-type BRAF 
gene (38-40). Thus, testing for the presence of a BRAFV600 
mutation is essential for any patient in which these agents 
are considered. Vemurafenib and dabrafenib both achieved 
significant improvements in overall response rates (ORR, 
~50%), disease control rate (DCR, ~90%), and progression 
free survival (PFS, median ~6 months) compared to 
chemotherapy in randomized phase III trials in metastatic 
melanoma patients with BRAFV600 mutations (41,42). 
While most patients in these clinical trials had BRAFV600E 
mutations, the clinical testing of dabrafenib also included 
patients with known BRAFV600K mutations. Although the 
patients with BRAFV600K mutations gained clinical benefit 
from treatment with the selective BRAF inhibitor, the ORR 
and PFS in these patients was lower than was observed in 
the patients with BRAFV600E mutations (43-45). Other small 
case series have reported potentially increased efficacy of 
BRAF inhibition in patients with BRAFV600R mutations (46-
48). Trametinib, the third oral targeted therapy approved 
for the treatment of metastatic melanoma patients with 
BRAFV600 mutations, is a selective inhibitor of MEK1 and 
MEK2. The ORR (22%), PFS (median 4.8 months), and 
OS [hazard ratio (HR) 0.54] observed with trametinib 
were superior to chemotherapy in a randomized phase 
III trial (49). While these outcomes appear to be less 
impressive than those achieved with BRAFV600 inhibitors, 
the combination of dabrafenib and trametinib significantly 
increased response rates (76% vs. 54%) and PFS (median 
9.4 vs. 5.8 months), and decreased the rate of cutaneous 
squamous cell carcinomas (7% vs. 19%), compared to 
treatment with dabrafenib alone in a randomized phase II 
trial (50). The combination of dabrafenib and trametinib 
was approved for the treatment of BRAFV600 mutant 
metastatic melanoma in 2014.

Other BRAF alterations

To date more than 30 mutations in the BRAF gene have 
been identified in cancer (51). The majority of these 
mutations have been identified in exon 15, which includes 
the region encoding the V600 residue, and in exon 11. In 
vitro testing of a spectrum of mutations affecting sites in 
BRAF other than V600 (BRAFNon-V600) demonstrated that the 
resulting mutant proteins are markedly heterogeneous in 
their catalytic activity (51). Some of the mutations markedly 
increase the kinase activity of the BRAF protein, and thus 

directly lead to increased activation of MEK and ERK. 
Some BRAFNon-V600 mutations cause very little increase in 
kinase activity, while others actually decrease the catalytic 
activity of the BRAF protein. These mutations still appear 
to cause increased RAS-RAF-MEK-ERK signaling, 
however, due to increased heterodimer formation by the 
mutant BRAF proteins with other RAF kinases (i.e., CRAF) 
(51,52). In contrast to BRAFV600 mutations, it has been 
noted that melanomas with BRAFNon-V600 mutations often 
have concurrent activating NRAS mutations (18,29).

Initial in vitro testing of melanoma cells with BRAFNon-V600 
mutations demonstrated that such cells were sensitive to 
growth inhibition by sorafenib, which is a potent inhibitor 
of CRAF (53). Other studies have shown that melanoma 
cell lines with BRAFNon-V600 mutations are sensitive to 
MEK inhibitors (54). Dramatic and durable responses to 
MEK inhibitors have been reported in two patients with 
BRAFL597 mutations in early phase clinical trials of the 
MEK inhibitors TAK-733 and trametinib (54,55). A second 
patient in the phase I trial of trametinib with a BRAFNon-V600 
mutation (BRAFG469A) achieved a minor response (55). A 
durable (>4 years) complete response to dasatinib treatment 
has also been reported in a non-small cell lung cancer 
patient with an inactivating BRAFY472C mutation, with in 
vitro data mechanistically supporting that inactivating 
BRAFNon-V600 mutations confer sensitivity to that agent (56).

In addition to mutations, recent studies have identified 
gene fusions involving BRAF in cancer. BRAF fusions 
were initially identified as rare events in prostate cancer, 
pilocytic astrocytomas, gastric adenocarcinomas, and thyroid  
cancer (57). Examination of 131 melanocytic lesions 
identified one congenital melanocytic nevus with a BRAF 
fusion. A subsequent melanoma-specific study identified two 
additional BRAF fusions. Both were detected in tumors that 
lacked BRAFV600 and NRAS mutations; overall, 2 of 24 (8%) 
such “wild-type” tumors harbored BRAF rearrangements. 
Analysis of the publicly available melanoma TCGA data 
for 49 tumors with wild-type BRAFV600 and NRAS status 
identified 2 additional fusions (4.1%) (58). Expression of one 
of the BRAF fusions resulted in increased activation of the 
MAPK pathway which was sensitive to trametinib (MEKi), 
but not vemurafenib (BRAFi). A third study of comparative 
genome hybridization (CGH) data from 848 melanocytic 
lesions identified BRAF fusions in ten samples (59). For the 
six cases with sufficient DNA available for extended analysis, 
the fusion events were confirmed in each tumor, and no 
BRAFV600 or NRAS mutations were present concurrently. 
The fusions did not affect the kinase domain of BRAF, but 
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instead interrupted an inhibitory domain. One fusion event 
was found in a cell line that showed increased sensitivity to 
sorafenib and decreased sensitivity to vemurafenib compared 
to two human melanoma cell lines with BRAFV600 mutations. 
Interestingly, the patient from whom the cell line was 
derived had a prolonged clinical response to sorafenib (59).

NRAS

The RAS genes (HRAS, KRAS and NRAS) encode small 
GTPases that generally trigger the activation of the RAS-
RAF-MEK-ERK cascade (60). While activating KRAS 
mutations have been found in many different cancers, 
they are extremely rare in melanoma. NRAS mutations 
are found in about 20% of cutaneous melanomas, 10% 
of acral melanomas, and 5-13% of mucosal melanomas 
(21,25,61,62). Similar to BRAFV600 mutations, NRAS 
mutations are not found in uveal melanomas, but they 
have been detected in cutaneous nevi (25,62,63). The 
overwhelming majority of NRAS mutations affect the 
nucleotides encoding the G12, G13, and Q61 residues 
of the protein (11,29). While these are identical to the 
sites most commonly affected in KRAS in other cancers, 
in melanoma the majority (~80%) of the mutations affect 
Q61, whereas KRAS mutations generally affect G12/13 
(29,64). A recent analysis of 136 advanced-stage melanoma 
patients with NRAS mutations did not find any significant 
differences in the patient demographics, primary tumor 
characteristics, or clinical outcomes between patients with 
NRAS exon 1 (G12/13) and exon 2 (Q61) mutations (34).  
As noted previously, NRAS mutations and BRAFV600 

mutations are mutually exclusive in newly diagnosed 
melanomas (18). Thus, molecular testing for NRAS can 
increase the confidence of a negative clinical test for a 
BRAFV600 mutation clinically.

Retrospective analyses have reported that the presence of 
a NRAS mutation is associated with older age at diagnosis, 
primary tumor location on the extremities, and nodular 
histology (29,65,66). In contrast to BRAFV600 mutations, the 
presence of a NRAS hotspot mutation has been associated 
with shorter time to distant metastasis and shorter OS after 
initial diagnosis (31). The presence of NRAS mutation 
was also significantly associated with shorter OS after the 
diagnosis of stage IV in a cohort of advanced melanoma 
patients (29). Thus, the development of effective therapeutic 
strategies for NRAS-mutant melanomas is a high priority 
and critical unmet need.

Preclinical studies have demonstrated that treatment 

of human tumor cells with activating RAS mutations 
with mutant-selective BRAF inhibitors (vemurafenib, 
dabrafenib) paradoxically accelerates their growth in vitro 
and in vivo (38-40,67). In contrast, MEK inhibitors have 
shown some promise in this molecularly defined melanoma 
subtype. A phase II study of the MEK inhibitor MEK162 
in 30 metastatic melanoma patients with activating NRAS 
mutations reported an ORR of 20% and a DCR of 63% (68). 
However, the majority of the clinical responses were quite 
short, and the median PFS was only 3.7 months in these 
patients. In the phase I trial of trametinib, 0 of 7 melanoma 
patients with NRAS mutations responded (55). Preclinical 
studies support that effective targeted therapy for 
melanomas with NRAS mutations will likely require MAPK 
pathway inhibitors to be combined with other agents 
(69,70). Experiments in genetically engineered mouse 
models (GEMMs) of NRAS-mutant melanoma suggest that 
combined inhibition of MEK and the cyclin-dependent 
kinase 4 (CDK4) can produce complete regressions in 
~1/3 of these tumors (71,72). Multiple clinical trials testing 
CDK4 inhibitors as single agent and in combination with 
MEK inhibitors in NRAS-mutant melanoma have been 
initiated (NCT01781572, NCT01037790, NCT01820364, 
www.clinicaltrials.gov) (72).

MEK1/2 mutations

The serine-threonine kinases MEK1 and MEK2 transmit 
signals downstream from the RAF proteins. Recent broad 
sequencing studies have identified mutations in MEK1/2 
in ~6% of cutaneous melanomas (8,9,63,73). Some of the 
mutations in MEK1 that have been characterized are highly 
activating and can mediate resistance to both BRAF and 
MEK inhibitors (74). However, other mutations have been 
detected in melanomas with concurrent BRAFV600 mutations 
in patients that have responded to vemurafenib (75,76). 
Thus, the functional significance of MEK1/2 mutations is 
likely heterogeneous, similar to the existing data regarding 
BRAFNon-V600 mutations. Due to their relative recent 
discovery and low prevalence, at this time there is very little 
information about the demographics, tumor features, and 
clinical outcomes associated with these mutations.

NF1

The NF1 gene encodes neurofibromin 1. NF1 is a RAS-
GTPase-activating protein (RAS-GAP) which negatively 
regulates the activity of the RAS proteins (77). Loss of 
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NF1 causes neurofibromatosis type 1, a familial disorder 
associated with abnormalities in the nervous system, skin, 
and bones (78). Whole exome sequencing of 121 melanomas 
identified loss of function NF1 mutations in 7 tumors 
(5.7%) (9). While overall this incidence is relatively low, 
the mutations were detected in 25% of the melanoma with 
wild-type BRAF and NRAS genes, which was significantly 
higher than the rate (2%) in tumors with mutations in 
either of those genes. Thus, NF1 mutations appear to be a 
common genetic mechanism to activate the MAPK pathway 
in melanomas without BRAFV600 or NRAS mutations, and 
thus may define a new molecular subset of this disease. In 
addition to this suggestive data from sequencing studies, 
functional studies in a BRAFV600 GEMM demonstrated 
that loss of NF1 reduces BRAF-induced senescence and 
enhances melanoma formation (79). This study and another 
independent report also showed that the loss of NF1 
expression can confer resistance to selective BRAF inhibitors 
in melanomas with BRAFV600 mutations (80).

KIT mutations and amplifications

The c-KIT gene encodes a receptor tyrosine kinase 
(RTK) that can activate multiple downstream signaling 
pathways, including the RAS-RAF-MEK-ERK and PI3K-
AKT cascades (81). During development, KIT activity 
supports developing melanocytes and their migration, and 
several studies demonstrated that melanoma progression 
is generally associated with loss of KIT expression and 
function (82,83). Thus, early data suggested that KIT 
does little to contribute actively to the pathogenesis of 
melanoma. However, recent studies now support that in fact 
KIT frequently plays an important role in the pathogenesis 
of non-cutaneous melanomas.

The first study to demonstrate that acral melanomas, 
mucosal melanomas, and cutaneous melanomas with CSD 
have relatively low rates of BRAFV600 and NRAS mutations 
identified several chromosomal regions with frequent 
copy number gain in these melanoma subtypes (21,84). 
Subsequent focused analysis of the 4q12 chromosomal 
region, which harbors several candidate oncogenes, 
identified both focal amplifications and somatic mutations 
in the c-KIT gene (84). These and subsequent studies 
have gone on to show that somatic mutations in c-KIT 
are present mainly in mucosal melanoma, but they can 
also be found in CSD cutaneous and acral, melanomas 
(22,85-89). Mutations in c-KIT appear to be quite rare (1-
2%) in cutaneous melanomas without CSD, but they have 

been reported. The most common mutations identified 
in melanoma are involve KITL576P (exon 11) and KITK642E 
(exon 13), but many other mutations have been identified, 
often only in individual patients (90). Gene amplification of 
both wild-type and mutant alleles of c-KIT have also been 
identified in the same melanoma subtypes in which the 
mutations are frequently found.

KIT inhibitors are the standard of care in other diseases 
with frequent c-KIT mutations, such as gastrointestinal 
stromal tumors (GIST). Notably, the mutations that are 
detected in melanomas predominantly affect the same exons 
that are frequently mutated in GISTs. c-KIT mutation status 
has not been identified as an independent predictor of time 
to metastases or survival in patients with metastases (91). A 
number of case reports have demonstrated that metastatic 
melanoma patients with c-KIT mutations can have dramatic 
and durable clinical responses to KIT inhibitors (83). 
The results of three phase II clinical trials of the KIT 
inhibitor imatinib in patients with c-KIT mutations and/
or amplifications have been reported to date. Clinical 
response rates of 16-30% have been reported in these 
trials (92-94). These response rates are much higher than 
those observed in three previous phase II trials that did not 
include molecular inclusion criteria and predominantly 
enrolled cutaneous melanoma patients. However, it remains 
unclear why the response rate has been much lower than 
is observed in c-KIT-mutant GIST patients. Thus, while 
molecular testing for c-KIT mutations can identify patients 
with an increased chance of responding to KIT inhibitors, 
additional work in ongoing to refine testing strategies to 
optimize this testing and treatment strategy.

Cell cycle regulators

A significant role in melanoma for genes that regulate cell cycle 
progression was initially identified based on the molecular 
characterization of familial melanomas (95). The most common 
germline aberrations found in such families are loss of function 
mutations in the CDKN2A gene (96). Through different 
transcriptional initiation sites the CDKN2A gene encodes two 
proteins, p16INK4A and P14ARF (72). p14ARF regulates the DNA 
damage response and apoptosis by inhibiting MDM2, which 
normally inhibits p53 function. p16INK4A normally functions by 
binding to CDK4 (97). This interaction inhibits the activity 
of the CDK4-CyclinD1 complex, which normally promotes 
cell cycle progression by phosphorylating RB1. Underscoring 
the importance of this pathway, germline mutations in CDK4 
that abolish the site that mediates binding to p16INK4A are 
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the most common germline aberration in families without 
CDKN2A mutations (98). In addition to these germline 
events, melanomas have been found to harbor somatic 
CDKN2A deletions, CDK4 amplifications, and CCND1  
amplifications (99). p16INK4A expression and function can also 
be lost due by methylation of CDKN2A (100,101). Overall, 
DNA alterations that result in dysregulation of this pathway 
are detected in over 90% of melanoma cases (72,99). As such, 
they are detected in melanomas with and without BRAFV600 or 
NRAS mutations (102).

The alterations of this pathway in familial melanoma 
strongly supported a role for the pathway in early 
melanoma development. This hypothesis is also supported 
by experiments in animal models (103). More recently, 
analysis of pre-treatment clinical specimens of patients with 
BRAFV600 mutations who had been treated with dabrafenib 
found that the presence of low gene copy number of 
CDKN2A or high copy number of CCND1 were associated 
with shorter PFS (104). Based on these findings, there is a 
strong rationale to evaluate agents that target this pathway 
clinically. A variety of CDK inhibitors are now undergoing 
clinical testing. Preclinical studies in human melanoma 
cell lines have shown that the presence of a detectable 
alteration in CDKN2A, CDK4, or CCND1 correlates with 
increased sensitivity to single-agent treatment with CDK4 
inhibitors (100). As described above, the combination 
of MEK inhibitors and CDK4 inhibitors are currently 
being investigated in melanomas with activating NRAS 
mutations, as are combinations with BRAF inhibitors in 
melanomas with BRAFV600 mutations. The high prevalence 
of aberrations in other MAPK pathway genes and cell 
cycle regulators suggest that this combination may also be 
rational to explore in patients with BRAF/NRAS-‘wild-
type’ melanoma.

The PI3K-AKT pathway

The PI3K-AKT pathway is an important regulator of cell 
growth, proliferation, differentiation, metabolism, motility, and 
survival (70,105). Studies have demonstrated that this pathway 
can be activated genetically multiple ways in cancer (106). 
However, the prevalence of these alterations varies markedly 
by tumor type.

While mutations in NRAS and c-KIT may mediate their 
oncogenic effects at least in part through the PI3K-AKT 
pathway, hotspot activating mutations in the core pathway 
components appear to be relatively rare in melanoma. 
PIK3CA, which encodes the catalytic subunit of PI3K and is 

frequently affected by driver mutations in breast and colon 
cancer, is mutated in 2-4% of melanomas, often at sites of 
unknown functional significance (107). Mutations that cause 
an E17K substitution in AKT1, which were previously 
identified as rare activating events in other tumor types, 
have been identified in ~1% of melanomas (108). Mutations 
at this same locus in AKT3 have also been identified in 
~1% of melanomas. This finding adds to previous studies 
implicating AKT3 in melanoma progression and metastasis. 

PTEN is a lipid phosphatase that dephosphorylates the 
residue on lipids that is phosphorylated by PI3K. Loss of 
PTEN causes increased and constitutive activation of the 
PI3K-AKT pathway (109). PTEN loss of function has been 
detected in 10-30% of melanomas, due to microdeletions, 
frameshift mutations, and/or epigenetic mechanisms (110-
112). PTEN loss is largely mutually exclusive with NRAS 
mutations, but it has been detected in BRAFV600 mutated 
and in BRAF/NRAS-‘wild-type’ melanomas (113-115). The 
functional and clinical significance of the co-occurrence 
with BRAFV600 mutations is supported by multiple studies. 
GEMMs in which the BRAFV600 protein is expressed in 
melanocytes develop melanocyte hyperplasia but not 
melanomas. However, concurrent loss of PTEN in that 
GEMM results in 100% incidence of invasive melanomas 
that spontaneously metastasize (116). Multiple studies have 
shown that loss of PTEN also reduces the sensitivity of 
human melanoma cell lines to growth inhibition by both 
BRAF and MEK inhibitors, largely due to inhibition of 
apoptosis induction (104,112,117-119). The presence of a 
deletion or decreased copy number of the PTEN gene was 
associated with shorter PFS (median 4.5 vs. 8.0 months) 
in patients treated with dabrafenib, and lower PTEN 
protein expression was observed in non-responders than in 
responders to vemurafenib (76,104).

In addition to these genetic aberrations, the PI3K-AKT 
pathway appears to be critical to resistance mediated by 
RTKs to RAS-RAF-MEK-ERK pathway inhibitors (37,117). 
Notably, the activation of these RTKs in tumors and cell 
lines with acquired resistance is not mediated by mutations 
or amplifications of the genes that encode them, and 
therefore likely reflects epigenetic resistance mechanisms. 
Thus, there is a strong rationale to determine the clinical 
benefit of targeting this pathway in melanoma. There are 
multiple groups of inhibitors that target various effectors in 
the pathway (120-125). Preclinical studies have demonstrated 
that different genetic alterations in the pathway may correlate 
to sensitivity to specific classes of agents. For example, loss of 
PTEN has been associated with sensitivity to AKT inhibitors 
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and isoform-specific PI3K inhibitors (70).

Additional molecular candidates from exome 
sequencing studies

The first complete genome sequencing of a human 
melanoma was reported in 2009 (126). This initial study 
identified 32,325 somatic base substitutions in a single 
patient, the majority of which likely resulted from the 
DNA-damaging effects of ultraviolet radiation. This 
daunting finding highlighted the critical need for exome 
sequencing studies of large numbers of melanomas in order 
to start to recognize recurrent events that are most likely to 
be meaningful. While the results of the melanoma TCGA 
effort are expected to be reported in 2014, initial whole 
exome studies have identify potentially significant events. 
A recurrent hotspot mutation in RAC1 was independently 
identified by two different groups by whole exome 
sequencing (8,9). The mutation was detected in 4-9% of 
melanomas. Expression of the resulting protein (RAC1P29S) 
demonstrated that the mutation increased MAPK activation, 
cell migration, and cell proliferation (8). New, statistically 
significant mutations in the coding regions of PPP6C, 
SNX31, TACC1, ARID2 and STK19 were also identified but 
their functional significance has not been reported (9).

TERT encodes the enzyme telomerase, which promotes cell 
survival by preventing DNA loss at the end of chromosome 
during cell division. Whole exome sequencing analysis did 
not detect any significant mutations in the coding region of 
the TERT gene. However, two recurrent hotspot mutations 
(C228T and C250T) were identified in the promoter region 
upstream of the gene (127-129). These mutations did not affect 
the sequence of the TERT protein, but they created a new 
binding site for transcription factors that can lead to increased 
TERT expression. These two mutations were mutually 
exclusive, and overall were detected in ~85% of cutaneous 
melanomas. The clinical associations and therapeutic 
significance of these mutations is currently unknown (Table 1).

Molecular markers and resistance to BRAF 
inhibitors

The regulatory approval of vemurafenib [2011], dabrafenib 
[2013], and trametinib [2013] for metastatic melanoma 
patients with BRAFV600 mutations reflects the rapidly 
changing clinical landscape of melanoma. While these 
agents represent a clear advance compared to the only 
previously-approved cytotoxic agent (dacarbazine), their 

clinical benefit is limited markedly by resistance. As 
noted above, a number of pre-treatment factors have 
been associated with inferior outcomes with these agents, 
including: BRAFV600K mutations (versus BRAFV600E); loss 
of PTEN and CDKN2A; and amplification and/or gain 
of function mutations in CDK4 and CCND1. These 
associations support the rationale to develop combinatorial 
approaches that target these genes or their associated 
pathways (120,123,130,131).

In addition to pre-existing alterations that cause de novo 
resistance, a number of new alterations that are present at 
the time of disease progression have also been identified 
(Table 2). Notably, to date all progressing tumors and cell 
lines selected in vitro for resistance have demonstrated the 
continued presence of the same BRAFV600 mutation that 
was present prior to treatment (132). While no mutations 
in the BRAF gene have been identified, increased copy 
number of the BRAFV600 mutant allele has been identified 
in ~20% of patients at the time of progression on BRAF 
inhibitors (133,134). Testing of BRAF inhibitor (BRAFi)-
resistant cell lines with this alteration demonstrated that 
growth inhibition could be achieved by simply using 
higher concentrations of BRAFi (135). Alternative splicing 
that causes expression of a smaller BRAFV600 protein has 
been detected in 15-20% of progressing patients (136). 
In contrast to the effects of BRAF amplification, the 
truncated BRAF proteins form dimers so efficiently that 
their effects cannot be overcome by increased dosing of 
BRAFi. However, this mechanism of resistance (MOR) does 
retain sensitivity to MEK or ERK inhibition. MEK and/or 
ERK inhibition are also predicted to overcome resistance 
mediated by the presence of a new activating mutation in 
NRAS or other RAS family members (132). In contrast to 
the mutual exclusivity observed in treatment-naïve patients, 
multiple studies have detected acquired NRAS hotspot 
mutations in 20-25% in progressing tumors after BRAFi 
treatment (132). Mutations in MEK1 and MEK2 that 
mediate resistance have also been identified in progressing 
lesions (134). Some of these mutations are predicted to also 
cause resistance to MEK inhibitors, but they appear to be 
sensitive to ERK inhibition.

Overall, 50-70% of melanomas with acquired resistance 
to BRAF inhibitors have been found to harbor alterations 
that are predicted to re-activate signaling through the RAS-
RAF-MEK-ERK pathway (133,134). Despite this, combined 
treatment with BRAF and MEK inhibitors has achieved 
clinical responses in only ~15% of patients who had previously 
progressed on single-agent BRAF inhibitor therapy (70,137). 
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Table 1 Molecular aberrations in cutaneous melanoma

Gene Aberration Clinical significance

MAPK-pathway 

BRAFV600 Point mutation Correlates with clinical benefit from treatment with BRAFi 

+/– MEKi

BRAFnon V600 Point mutation May correlate with sensitivity to MEKi

NRAS Mutation Candidate prognostic factor

NF1 Mutation, loss of expression Significantly enriched in cutaneous melanomas without 

BRAFV600 or NRAS mutation

RAC1 Point mutation

MAP2K1, MAP2K2 Mutation 

PI3K-pathway

AKT1/3 Mutation

PTEN Point mutation, loss of function May correlate with sensitivity to AKTi or PI3Kβ-selective 

inhibitors

KIT Point mutation, amplification 16-30% clinical response rate with imatinib

Cell cycle regulators

CDKN2A (p16INK4a, p14ARF) Mutation, deletion Germline mutations associated with familial melanoma; 

presence may correlate with sensitivity to CDK4i

CCND1 Amplification Presence may correlate with sensitivity to CDK4i; Germline 

mutations associated with familial melanoma; presence may 

correlate with sensitivity to CDK4i
CDK4 Amplification, mutation

Other

TERT Mutation 

BRAFi, BRAF inhibitor; MEKi, MEK inhibitor; AKTi, AKT inhibitor; CDK4i, CDK4 inhibitor.

Table 2 Mechanism of resistance to BRAF inhibitors

Gene Alteration(s) De novo/acquired

BRAF Amplification Acquired

Alternative splicing Acquired

NRAS Mutation Acquired

MEK1/2 Mutation Acquired

PIK3CA Mutation Acquired

PTEN Deletion, mutation De novo and acquired

NF1 Mutation Acquired

RAC1 Mutation De novo

Cyclin D1 Increased copy number De novo

CDKN2A Decreased copy number, mutation De novo and acquired

IGF1R Increased expression and activation Acquired

PDGFRB Increased expression and activation Acquired
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This lack of efficacy may be due in part to the presence of 
molecular events that cause concurrent activation of other 
signaling pathways. Both focused and whole exome sequencing 
studies have demonstrated that alterations predicted to activate 
the PI3K-AKT pathway are frequently detected in progressing 
lesions, often in the presence of concurrent acquired RAS-
RAF-MEK-ERK alterations (133,134). In addition to genetic 
mutations (i.e., PTEN, PIK3CA, PIK3R1), increased expression 
of RTKs by epigenetic mechanisms has also been detected 
in these lesions (122,132). Preclinical studies support that 
combined inhibition of the PI3K pathway with MEK/ERK 
inhibitors may be required to achieve significant inhibition of 
tumor growth and survival in melanomas with such events. 
The detection of acquired mutations in CDKN2A and RAC1 
also support the rationale for exploring inhibitors against those 
targets (133,134).

Another factor that may contribute to the refractoriness 
of BRAFi-resistant melanomas is the heterogeneity of 
these lesions (138,139). Isolated reports have demonstrated 
that different NRAS mutations may be present in different 
tumors from single patients, or may be present in only a 
portion of progressing lesions (76,132,140). A more recent 
study that performed whole exome sequencing on more 
than one progressing tumor in 16 patients found that 75% 
of the patients had evidence of different MORs in their 
different progressing tumors (141). Such findings suggest 
that broad and/or combinatorial treatment strategies may 
be required in the majority of BRAFi-resistant patients in 
order to overcome the multitude of resistance mechanisms 
that may be present.

Molecular testing and immunotherapy

High dose bolus interleukin-2 (HD IL-2) immunotherapy 
was approved for the treatment of patients with metastatic 
melanoma in 1998. This approval was not preceded by any 
randomized trials that demonstrated superior outcomes 
to other therapies. Instead, it was largely based upon the 
demonstration that ~5% of patients treated with HD IL-2 
achieved durable (>5 year) disease control and survival, 
which no other therapies at that time had achieved (142,143). 
Over time, several breakthroughs in the understanding of 
the regulation of anti-tumor immune response have led 
to several new immunotherapy approaches for melanoma. 
Ipilimumab, an antibody that blocks the inhibitor CTLA-4  
receptor on the surface of T-cells, was approved for the 
treatment of patients with metastatic melanoma in 2011 
based on randomized trials that demonstrated significant 

improvements in PFS and OS (144,145). A recent pooled 
analysis of over 4,000 patients that had been enrolled on 
trials with ipilimumab found a 3-year OS rate of 21%, 
with a similar survival rate among patients with 5 and 10 
year follow-up (146). More recently, antibodies against the 
inhibitory PD-1 receptor and its ligand PD-L1 have shown 
clinical response rates of 30-60% in early phase clinical 
trials (147-149). Other immunotherapies, such as adoptive 
cell transfer (ACT) of tumor infiltrating lymphocytes (TIL), 
have similarly demonstrated clinical responses in patients, 
many of which are very durable (>10 years) (150-152).

While these advances are impressive, the clinical use of 
immunotherapy for melanoma would be strengthened by 
the development of predictive biomarkers for these agents. 
There is growing evidence that mutational analysis may 
have utility in this area (153,154). Two different groups 
have reported that the presence of an activating NRAS 
mutation is associated with increased responsiveness to 
immunotherapies (155,156). Analysis of both preclinical 
specimens and patient biopsies have also demonstrated 
that BRAF inhibitor treatment increases the expression 
of melanocytic antigens on the surface of melanoma cells, 
resulting in improved recognition by T cells (157,158). A 
recent analysis has also demonstrated that loss of PTEN 
function results in the production of cytokines that dampen 
the antitumor response (159). Together these findings 
support the rationale to integrate analysis of immunological 
effects in targeted therapy trials, and the analysis of 
oncogenes in immunotherapy trials.

In addition to studies of functional mutations, it is also 
possible that somatic mutations may result in neoantigens 
that can be exploited for anti-tumor immune response. Initial 
studies of tumors from patients who have responded to TIL 
therapy have implicated immune recognition of antigens 
generated by somatic mutations in the clinical responses 
(160,161). Additional studies are warranted to improve our 
understanding of how often such mutations are relevant to 
responses to other immunotherapies, and perhaps to immune 
surveillance in early-stage melanoma patients. 

Summary

The ability and need to genotype melanoma is now a clinical 
reality. At this time, the indication for molecular testing 
in cutaneous melanoma patients is clearest for tests for 
BRAFV600 mutations due to the availability of FDA-approved 
agents for patients with these mutations. However, as 
available data supports that most patients treated with single-



Glitza and Davies. Genotyping of cutaneous melanoma

© Chinese Clinical Oncology. All rights reserved. Chin Clin Oncol 2014;3(3):27www.thecco.net

Page 10 of 16

agent BRAF inhibitor therapy will progress within one year, 
there is a strong rationale to expand the genotyping of these 
patients to identify and prioritize combinatorial clinical 
trials/approaches for patients. Similarly, the identification 
of multiple mechanisms of acquired resistance to BRAF 
inhibitors, and the specific therapeutic strategies that 
overcome each of them, suggests that molecular testing 
after disease progression may have clinical benefit. Testing 
for NRAS mutations in treatment-naïve patients adds 
confidence to negative test results for BRAFV600 mutations, 
and is also relevant as multiple new clinical trials open 
targeting this gene specifically. Impressive clinical responses 
have also been observed with FDA-approved agents in 
metastatic melanoma patients with BRAFNon-V600 (trametinib) 
and c-KIT (imatinib) mutations, although these agents have 
not gained specific regulatory approval for these indications 
to date. Finally, investigations are ongoing to determine if 
mutational testing will help to identify patients most likely 
to benefit from immunotherapies.

These findings demonstrate the marked advances 
that have been made in the understanding and treatment 
of melanoma in the last decade. However, a number of 
challenges and opportunities remain. Notably, while 
DNA-based testing has been clinically validated, at this 
time RNA- and protein-based molecular assays remain in 
developmental and/or testing phases. The recent studies of 
tumors that have progressed on BRAF inhibitor treatment 
highlight that effective therapies may affect both the 
nature and patterns of molecular events in this disease 
(i.e., co-occurrence of BRAFV600 and NRAS mutations). 
The identification of heterogeneous patterns of molecular 
changes between different tumors in individual patients, 
and even within individual tumors, will also need to be 
evaluated in the development of new markers. Despite these 
challenges, the progress that has been made already in a 
short period of time supports the enthusiasm for continued 
development of molecular testing approaches to further 
improve the management, survival, and quality of life for 
patients with this highly aggressive disease.
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