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A B S T R A C T

The discovery of activating BRAF V600E mutations in 50% of all cutaneous melanomas has revolutionized

the understanding of melanoma biology and provided new strategies for the therapeutic management of

this deadly disease. Highly potent small molecule inhibitors of BRAF are now showing great promise as a

novel therapeutic strategy for melanomas harboring activating BRAF V600E mutations and are

associated with high levels of response. This commentary article discusses the latest data on the role of

mutated BRAF in the development and progression of melanoma as the basis for understanding the

mechanism of action of BRAF inhibitors in the preclinical and clinical settings. We further address the

issue of BRAF inhibitor resistance and outline the latest insights into the mechanisms of therapeutic

escape as well as describing approaches to prevent and abrogate the onset of both intrinsic and acquired

drug resistance. It is likely that our evolving understanding of melanoma genetics and signaling will

allow for the further personalization of melanoma therapy with the goal of improving clinical responses.

� 2011 Elsevier Inc. All rights reserved.
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1. Introduction

Melanoma is the most devastating form of skin cancer.
Approximately 68,130 new cases of melanoma and 46,770 cases
of melanoma in situ, resulting in 8700 deaths are estimated for the
United States in 2010 [1]. Whereas overall rates of cancer death
continue to decrease, risk of death from melanoma continues to
rise year on year and showed a 7% increase during the period 1990–
2006 [1]. For many years disseminated melanoma was assumed to
be resistant to all forms of therapeutic intervention. Recent
advances in molecular profiling and genome sequencing have
shown melanoma to be a heterogeneous group of malignancies
whose progression is driven by distinct patterns of oncogenic
mutation. Following the successes of targeted therapy agents, such
as imatinib in chronic myeloid leukemia (CML) and gastrointesti-
nal stromal (GIST) tumors, there are now hopes that similar
advances can be made in melanoma. In this commentary we will
review the latest advances in the targeted therapy of melanoma
with a special emphasis upon the development of small molecule
BRAF inhibitors. As our focus, we will discuss the role of mutant
BRAF in the initiation and progression of melanoma and will
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delineate the mechanisms by which melanoma cells respond to
and escape from BRAF inhibitor therapy.

2. The role of mutated BRAF in melanoma development and
progression

The identification of activating mutations in BRAF in �50% of all
cutaneous melanomas in 2002 was a landmark event in the
understanding of melanoma biology [2]. Raf (RApidly growing
Fibrosarcoma) proteins constitute a 3 member family of Serine/
Threonine kinases (ARAF, BRAF and CRAF) with closely overlapping
functions that constitute part of the Ras/Raf/MEK/ERK mitogen
activated protein kinase (MAPK) signal transduction cascade.
Although >50 mutations in BRAF have now been described, the
most common BRAF mutation in melanoma, accounting for 80% of
all of the BRAF mutations, is a valine to glutamic acid (V600E)
substitution [2,3]. Acquisition of a V600E mutation in BRAF

destabilizes the inactive kinase conformation switching the
equilibrium towards the active form, leading to constitutive
activity [3]. Other BRAF mutations identified from melanoma
specimens are the V600K and V600D/V600R variants, which
account for 16% and 3% of all BRAF mutations, respectively [4]. A
minor sub-group of melanomas were also identified with BRAF

mutations in positions other than 600 [5]. These non-V600 position
BRAF mutants differ from the position-600 mutants, show
impaired intrinsic BRAF kinase activity and require the presence
of CRAF to transactivate their MAPK signaling [3]. Analysis of a
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large panel of melanoma cell lines and tissues revealed that �1% of
melanoma cell lines had either D594G or G469E mutation in BRAF,
respectively and that 1% of melanoma specimens harbored a
G469A mutation in BRAF [5]. Of the 50% of melanomas that are not
BRAF mutant, 15–20% harbor activating Ras mutations and a small
percentage are c-KIT mutant. The initiating oncogenic event in the
remaining 30–35% of BRAF wild-type melanoma is currently
unknown.

There is now a wealth of evidence demonstrating that mutated
BRAF is a bona fide melanoma oncogene. Mechanistically, mutated
BRAF exerts most of its oncogenic effects through the activation of
the MAPK pathway [6]. MAPK activity drives the uncontrolled
growth of melanoma cells by upregulating the expression of cyclin
D1 and through the suppression of the cyclin dependent kinase
inhibitor p27KIP1. Pre-clinical studies have shown that introduction
of mutated BRAF into immortalized melanocytes leads to anchor-
age independent growth and tumor formation in immunocompro-
mised mice [6]. Conversely, downregulation of mutated BRAF using
RNAi causes cell cycle arrest and apoptosis in both in vitro and in

vivo BRAF V600E mutant melanoma models [6]. Although it has
been suggested that the acquisition of the BRAF V600E mutation is
an early event in melanoma development, with 80% of all benign
nevi shown to be BRAF mutant, the available evidence indicates
that mutant BRAF alone cannot initiate melanoma [7,8]. The
introduction of V600E mutated BRAF into primary human
melanocytes does not lead to oncogenic transformation and is
instead associated with the onset of senescence [8]. Likewise, an
immunohistochemical analysis of a large cohort of melanocytic
nevi revealed positive staining for senescence associated beta
galactosidase as well as histological markers of growth arrest [8].

Instead, melanoma development seems to require both BRAF/
MAPK and phospho-inositide 3-kinase (PI3K)/AKT pathway
activity. In BRAF mutant melanoma cells this can arise through
the loss of expression or functional inactivation of the tumor
suppressor phosphatase and tensin homolog (PTEN) which is lost
in 10–30% of melanoma cell lines and 10% of human tumor
material [9,10]. Activation of AKT signaling in BRAF mutant
melanoma also occurs as the result of increased AKT3 expression
and also rarely through the acquisition of activating E17K
Fig. 1. Role of mutant BRAF in preventing apoptosis in melanoma cells. The

inhibition of BRAF decreases the phosphorylation of BIM through the MEK/ERK

pathway, preventing its proteasomal degradation. Once stabilized, BIM antagonizes

the anti-apoptotic proteins Bcl-2 and Bcl-XL and leads to apoptosis induction. In

PTEN-null melanoma cells, BRAF inhibition leads to the increased PI3K/AKT-

mediated phosphorylation of FOXO3a resulting in reduced BIM transcription.

Inhibition of BRAF in PTEN null melanoma cells also impairs apoptosis through the

AKT-mediated phosphorylation and inactivation of BAD. The phosphorylation of

BAD prevents its binding to Bax and relieves the antagonism of Bax on Bcl-2 and Bcl-

XL. Intrinsic BRAF inhibitor resistance in the PTEN-null cells can be overcome

through dual inhibition of BRAF and PI3K.
mutations in AKT3 [6]. The requirement for both mutant BRAF

and activation of the PI3K/AKT signaling pathway in melanoma
initiation and progression is supported by transgenic mouse
studies showing that introduction of the BRAF-V600E mutation in
concert with the suppression of PTEN expression is required for full
melanoma development [11].

In addition to its well-characterized effects upon growth, there
is emerging evidence that aberrant BRAF signaling also regulates
the survival of melanoma cells (Fig. 1). A number of studies have
shown that siRNA knockdown of BRAF and small molecule BRAF
inhibitors induce apoptosis in BRAF V600E mutant melanoma cells
through the regulation of the pro-apoptotic proteins BIM, BMF,
BAD and Mcl-1 [12–15]. The best studied of these molecules is the
BH3-only protein BIM which exerts its cytotoxic activity by
binding to and antagonizing the anti-apoptotic proteins Bcl-2, Bcl-
w, Bcl-XL and Mcl-1 [16,17] (Fig. 1). Expression of BIM is regulated
both transcriptionally and post-transcriptionally by a number of
signaling pathways, including BRAF/MEK/ERK, JNK, p38 MAPK and
PI3K/AKT [18]. BIM exists as three isoforms BIM-EL (extra long),
BIM-L (long) and BIM-S (short) that are generated by alternate
splicing. Of the three splice forms BIM-S is thought to be the most
important for apoptosis induction. It is known that the BRAF V600E
mutation regulates BIM expression through the MEK/ERK path-
way-mediated phosphorylation of the extra-long form of BIM
(BIM-EL) at Serine 69, leading to its subsequent degradation by the
proteasome [12,19]. Inhibition of BRAF also regulates BIM splicing
and leads to the selective upregulation of BIM-S expression [20].
The essential role of the BIM-S splice form for BRAF inhibitor
mediated apoptosis was demonstrated by the siRNA knockdown of
BIM-S and the fact that the introduction of BRAF V600E into BRAF

wild-type melanoma cells and melanocytes downregulated basal
levels of BIM-S expression [20]. In these instances, the increase in
BIM-S expression observed was associated with an upregulation of
the splicing factor SRp55 [20].

Malignantly transformed cells are highly invasive and there is
good evidence that oncogenic BRAF plays a key role in this process.
Early studies, that predated the discovery of BRAF mutations,
showed constitutive MAPK signaling activity to drive the invasion
of melanoma cells through the increased expression of the pro-
migratory b3 integrin receptor and the upregulation of matrix
metalloproteinase (MMP) expression [21]. It has since been shown
that activation of the BRAF/MEK/ERK pathway aids the motile
phenotype of melanoma through reorganization of the cytoskele-
ton. Two recent studies demonstrated a role for mutant BRAF in
regulating the expression of RND3/RhoE/Rho8, a regulator of the
crosstalk between the BRAF/MEK/ERK and Rho/Rock/LIM kinase/
Cofilin pathways [22] (Fig. 2). Silencing of BRAF using siRNA or
inhibition of MEK downregulated RND3 expression, which in turn
increased stress fiber formation and enhanced focal adhesion
stability. Depletion of RND3 by siRNA was found to prevent the
invasion of melanoma cells in a 3D collagen implanted spheroid
cell culture model [22].

Other recent work showed mutated BRAF to induce the invasion
of melanoma cells through a novel pathway involving the release
of cytosolic calcium [23]. This discovery came from a microarray
screen that identified the cyclic GMP phosphodiesterase PDE5A as
a novel gene that was downregulated by oncogenic BRAF. Although
the re-introduction of PDE5A did not confer a growth advantage to
BRAF V600E melanoma cells it did significantly suppress cell
invasion [23]. A mechanistic analysis showed that downregulation
of PDE5A by mutant BRAF increased levels of intracellular cGMP
leading to cytosolic calcium release. The increased intracellular
calcium then led to phosphorylation of myosin light chain 2
(MLC2), which enhanced cell contractility and led to an increase in
the invasive capacity (Fig. 2). Of clinical relevance, the authors
observed that a number of commonly used PDE inhibitors such as



Fig. 2. Mutated BRAF drives the invasion of melanoma cells. Mutant BRAF regulates

melanoma cell invasion through MEK/ERK-mediated signaling to RND3 and Rho/

ROCK/LIM-mediated Cofilin phosphorylation. It is also known that ERK can

upregulate BRN2 expression leading to the downregulation of PDE5A and

cytoplasmic accumulation of cGMP and Ca2+. Increased intracellular calcium in

turn leads to increased MLC2 phosphorylation, contractility, and invasion.
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sildenafil (more commonly known as Viagra) and tadalafil blocked
the activity of PDE5A and enhanced the contractility and invasion
of the melanoma cells [23]. It was suggested that the use of these
PDE inhibitors could be deleterious in patients with BRAF mutant
melanoma.

In addition to the direct effects upon melanoma cell behavior
described above, the presence of a BRAF mutation also regulates
the interaction of melanoma cells and the host microenvironment,
in particular by allowing the tumor cells to escape immune
surveillance. Inhibition of BRAF/MAPK signaling in BRAF V600E
mutant melanoma cells is known to reduce the release of
immunosuppressive cytokines and reverses the suppressive effects
of melanoma cell culture supernatants upon dendritic cell
activation [24]. There is also evidence that the presence of a BRAF

mutation allows melanoma cells to escape T-cell recognition. Two
recent studies have shown that increased BRAF/MEK/ERK signaling
suppresses the expression of highly immunogenic differentiation
antigens from melanoma cell lines [25,26]. These effects were
noted to be dependent upon continuous BRAF/MAPK signaling and
the expression of the pigmentation antigens could be restored
following the inhibition of either BRAF or MEK. There seemed to be
some benefit of inhibiting the MAPK pathway using BRAF rather
than MEK inhibitors, with BRAF inhibition shown to restore the
antigen specific function of T-cells, whereas MEK inhibition
actually suppressed T-cell activity [26]. Given the current interest
in combining BRAF and MEK inhibitors with immunotherapies
such as ipilimumab, these results may also be of clinical relevance.

3. The epidemiological, pathological and prognostic
characteristics of BRAF mutant melanoma

Although mutations in BRAF are not classic ultraviolet (UV)
radiation signature mutations, UV exposure does seem to play a
role in their acquisition. BRAF V600E mutant melanomas tend to
occur on sun exposed skin and their incidence correlates well with
skin phenotypes that have poor UV protection (such as pale skin,
poor tanning response, red hair coloration, freckling) [27,28]. There
is also good epidemiological evidence that individuals with a poor
tanning response associated with polymorphisms in the melano-
cortin receptor 1 (MC1R) have an increased risk of developing
melanomas that harbor BRAF V600E mutations [29]. The duration
of sun exposure also seems to predict for the incidence of BRAF

V600E mutant melanoma. Younger melanoma patients (<55 yrs),
with a lower cumulative UV exposure are more likely to develop
melanomas that are BRAF V600E mutant [30]. In contrast, NRAS

mutant melanomas are more often observed in older patients with
a more sustained history of sun exposure. The presence of a BRAF

mutation may also dictate the biological behavior of the
melanoma. Careful pathological examination of large numbers
of BRAF, NRAS and c-KIT mutant melanoma specimens showed
BRAF-mutated melanoma cells to have an increased upward
migration into the epidermis and a greater propensity for nest
formation [30]. BRAF mutant melanoma cells also tended to be
larger, rounded and more pigmented than those harboring
activating mutations in NRAS [30]. New data also suggests that
the presence of the BRAF mutation has prognostic influence for
melanoma patients. A prospective analysis of a large cohort of
Australian melanoma patients (n = 197) revealed that although
there were no associations between BRAF mutation status, the site
of metastatic disease, serum LDH levels and ECOG performance
status, there was a strong association between the presence of a
BRAF mutation and inferior survival in the metastatic setting (8.5
months in BRAF wild-type patients vs 5.7 months for BRAF mutant
patients) [4].

4. In vitro targeting of BRAF

The identification of BRAF mutations in melanoma led to the
development of a number of small molecule BRAF kinase inhibitors
that are now undergoing intensive preclinical and clinical
investigation. The first putative BRAF inhibitor to be thoroughly
investigated in melanoma was the multi-kinase inhibitor sorafenib
(BAY43-9006, Nexxavar) [31]. Although sorafenib was originally
developed as a CRAF inhibitor, it also had some activity against
BRAF and was the first kinase inhibitor available for evaluation in
BRAF mutant melanoma [32]. In animal xenograft studies,
sorafenib treatment led to minor levels of regression in BRAF

V600E mutated melanoma and induced limited levels of apoptosis
[5,32]. Subsequent pre-clinical investigations showed sorafenib to
be a relatively weak inhibitor of BRAF, with many off-target effects
(including inhibition of VEGFR, PDGFR, FLT-3 and p38 MAP kinase
[31,33]), it was therefore concluded that any anti-melanoma
activity seen to sorafenib was independent of its effects upon BRAF
inhibition [34]. Following the evaluation of sorafenib, a new
generation of highly specific and potent BRAF inhibitors has been
developed. These drugs show a greater selectivity for mutant BRAF

and have fewer off-target effects; the list of those currently under
pre-clinical investigation includes: SB590885, GSK2118436,
PLX4032 (RG704, vemurafenib), AZ628, XL281 and GDC-0879.
Of these, the two that have been most comprehensively
investigated are vemurafenib and its analogue PLX4720 [35–37].

Consistent with the role of BRAF/MAPK signaling in the
regulation of cell growth, treatment of BRAF V600E mutated
melanoma cell lines with pharmacological inhibitors of BRAF leads
to a profound G1 phase cell cycle arrest. Indeed, the BRAF inhibitors
SB590885 [38], AZ628 [39] and PLX4720 [35] all have cytostatic
effects upon melanoma cell lines harboring the BRAF V600E
mutation. Significantly, the more potent BRAF inhibitors, such as
vemurafenib/PLX4720, are also pro-apoptotic in a large proportion
of BRAF mutant melanoma cell lines – an effect that was well
correlated with the ability of the drug to induce BIM expression
[10,20]. The effects of vemurafenib were noted to be BRAF mutation
specific, and equivalent responses were seen in melanoma models
with both heterozygous and homozygous BRAF mutations [36].
Little effect was observed in cell lines and xenografts if both BRAF

alleles were wild-type [36]. Not all BRAF mutated melanoma cell
lines were similarly sensitive to vemurafenib and PLX4720, with
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some cell lines exhibiting intrinsic resistance [40–42]. Responses
to vemurafenib and PLX4720 in human melanoma xenograft
models were impressive; with either partial or complete responses
observed in all cases, with a close relationship observed between
drug exposure and response within individual xenograft models
[36,43]. The structure and kinase selectivity of vemurafenib was
recently published, and showed the drug to be a pan-Raf inhibitor
(IC50: BRAF V600E: 31 nM, wild-type BRAF: 100 nM, CRAF: 48 nM)
with significant inhibitory activity (<100 nM) against a number of
other kinases (ACK1, MAP4K5 and SRMS) [36]. The importance of
these other kinases for the melanoma specific effects of
vemurafenib remains to be determined [36]. Another BRAF
inhibitor currently exciting much interest in both the pre-clinical
and clinical arenas is GSK2118436, an ATP-competitive inhibitor of
BRAF V600E/D/K, wild-type BRAF and CRAF [37].

5. Clinical targeting of BRAF: phase I, II and III trials

Sorafenib was the first RAF inhibitor to enter clinical develop-
ment in patients with melanoma [44]. In the initial series of studies
patients were not selected on the basis of genotype and although
some responses were seen, these were not correlated with BRAF

mutational status [44]. Large phase III randomized studies of
sorafenib in combination with chemotherapy were associated with
low response rates and there was little evidence that the effects of
sorafenib observed were mediated through BRAF inhibition
[33,45].

Clinically, the most highly studied of the new class of BRAF
specific inhibitors is vemurafenib. In the recent phase I clinical
trial, 80% of melanoma patients (n = 32) selected for the presence
of the BRAF V600E mutation responded to PLX4032 (dosed at
240 mg/kg–960 mg/kg BID) and showed significant levels of tumor
regression [46]. Pharmacodynamic studies (inhibition of Ki67 and
pERK staining in pre- and post-treatment paired biopsies)
suggested that >80% BRAF inhibition was required for clinical
activity to be observed. It was further noted that inhibition of
cytoplasmic pERK levels, but not inhibition of nuclear pERK levels,
correlated well with tumor response [36]. In line with preclinical
studies showing the importance of mutated BRAF for the metabolic
activity of melanoma cells, vemurafenib treatment was also
observed to significantly diminish tumor fluoro-deoxy glucose
(FDG) uptake as measured by positron emission tomography (PET)
imaging [36,46,47]. Vemurafenib was generally well tolerated with
the most common side effects being rash, arthralgia, photosensi-
tivity and fatigue. Intriguingly, >23% of patients rapidly (mostly
<12 weeks of treatment) developed squamous cell carcinomas
(SCC) of the keratoacanthoma (KA) type on areas of sun exposed
skin [46]. These tumors were removed surgically and did not recur.
In the phase II BRAF In Melanoma (BRIM)-2 trial, 132 patients
received 960 mg of vemurafenib BID. The primary endpoint was
best overall response, with duration of response, progression free
survival, overall response and safety as the secondary endpoints. In
this trial, 52.3% (n = 69) of patients had a complete (2.3%) or partial
response (50%), 29.5% (n = 39) had stable disease and 13.6% (n = 18)
had progressive disease. Average duration of response was 6.8
months and progression free survival was 6.2 months [48].
Reported side effects were similar to those from the phase I trial,
with 24% of patients developing KA. The phase III trial of
vemurafenib (BRIM-3) in which nearly 680 patients were
randomized 1:1 against dacarbazine has now closed. Data from
this trial have been submitted to the FDA for possible regulatory
approval.

GSK2118436 is a highly potent small molecule BRAF inhibitor
(In vitro kinase selectivity: BRAF; V600E – 0.6 nM, V600K – 0.5 nM,
V600D – 1.9 nM, wild-type BRAF – 12 nM, CRAF – 5 nM) being
evaluated clinically in BRAF mutant melanoma. The recent phase I/
II clinical trial of GSK2118436 differed from that of the
vemurafenib study by including melanoma patients with non-
V600E BRAF mutations (V600K and V600D) and individuals with
brain metastases [48]. In the study population 77% harbored V600E
BRAF mutations and 19% harbored V600K BRAF mutations. Like
vemurafenib, response rates to GSK2118436 were very impressive.
In the BRAF V600E mutated melanoma cohort, the overall response
rate was 77%, and 44% of BRAF V600K mutated melanoma patients
(4/9) also showed a response [48]. Progression free survival was 8.3
months. Significantly, GSK2118436 was found to be active in
melanoma patients with untreated brain metastases (n = 10), with
magnetic resonance imaging (MRI) studies confirming partial
responses in 3 out of 10 patients. Overall, 9 out of 10 of the patients
with brain metastases showed some level of response, with the
responses in the brain matching those achieved at other organ sites
[48]. The drug was generally well-tolerated and side-effects were
mild. Like vemurafenib, the development of SCC of the KA type was
noted in patients treated with GSK2118436 (>70 mg BID).
Pharmacodynamic analysis showed 150 mg of GSK2118436 BID
twice daily to inhibit intratumoral phospho-ERK by >90%, reduce
expression of Ki67, induce expression of the cell cycle inhibitor p27
and decrease FDG-PET uptake. Interestingly, it was noted that
increased dosing of GSK2118436 up to 300–600 mg did not result
in proportional increases in plasma drug levels suggesting that
hepatic metabolism was being induced. The drug is known to have
a number of metabolites, at least three of which are highly active.
Enrollment for the phase II trial of single-agent GSK2118436 in
BRAF V600 melanoma is already completed and a phase III trial is
currently underway. A phase II trial of GSK2118436 in patients
with untreated brain metastases is also accruing.

All of the BRAF inhibitors evaluated so far, including sorafenib,
vemurafenib, GSK2118436 and XL281 have induced proliferative
squamous lesions in the skin [36,46]. These lesions occur at sun-
exposed skin sites, are frequently rapidly growing and can be
managed with surgery or other local control measures. Although
the mechanisms underlying the development of these SCC remains
to be fully determined, there is now strong preclinical evidence
that BRAF targeted agents may have direct growth promoting
effects upon initiated, but not fully transformed cells. Whereas
BRAF inhibitors such as PLX4720 and GDC-0879 inhibit the
activation of BRAF/MEK/ERK in BRAF mutant cell lines, they are
known to increase MEK/ERK signaling in cell lines with RAS

mutations and constitutive activity in receptor tyrosine kinases
such as HER2 [49–51]. From a mechanistic standpoint it has been
shown that wild-type Raf kinase activation induces Raf dimeriza-
tion. The paradoxical increase in MAPK signaling that occurs when
BRAF is inhibited in tumor cells that are BRAF wild-type arises as a
result of increased CRAF-CRAF dimer formation that in turn
activates MEK [52,53]. In addition to this, preclinical studies have
also shown vemurafenib to enhance FAK signaling in NRAS mutant
melanoma cells, which together with increased MAPK activity,
increases invasive potential [49]. There is also evidence that BRAF
inhibition increases the survival of NRAS mutant tumor cells, in
part by modulating Mcl-1 expression [51]. Taken together, these
results all suggest a need for the careful screening of melanoma
patients for the BRAF mutation prior to the initiation of BRAF
inhibitor therapy.

6. Mechanisms of intrinsic BRAF inhibitor resistance

Although the presence of an activating BRAF mutation generally
predicts for a response to BRAF inhibitors, a significant proportion
of BRAF V600E mutated melanoma cell lines show signs of intrinsic
drug resistance [10,41,42]. Similar findings were observed in the
phase I clinical trial of vemurafenib, where �20% of the patients
whose melanomas harbored the BRAF V600E mutation did not
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meet the RECIST criteria threshold for a response [46]. Melanomas
are known to have complex mutational profiles and harbor
concurrent alterations in many genes including CDK2, CDK4, MITF

and AKT3. How these genes and possibly others impact upon the
biological behavior of melanoma cells and modulate the response
to BRAF inhibitors is not yet understood.

In melanoma cells, constitutive BRAF/MEK/ERK signaling drives
cell cycle entry and uncontrolled growth by increasing cyclin D1
expression. It is now well established that inhibition of BRAF in
BRAF V600E mutant melanoma cell lines leads to both inhibition of
cyclin D1 expression and cell cycle arrest. A recent array
comparative genomic (aCGH) analysis of a large panel of
melanoma cell lines and tumor specimens showed 17% to harbor
a BRAF V600E mutation in conjunction with amplification of cyclin
D1 [54]. In Western Blot experiments, the amplified cell lines had
increased cyclin D1 protein expression and showed intrinsic
resistance to SB590885 [54]. Overexpression experiments showed
the introduction of cyclin D1 into previously drug sensitive cell
lines to facilitate cell cycle entry even when BRAF was inhibited
[54].

There is already good evidence from the breast cancer field that
the expression and mutational status of the tumor suppressor
PTEN is an important predictor of intrinsic resistance to targeted
therapy agents such as trastuzamab and gefitinib [55]. In these
instances, tumors that are PTEN negative, or those with high basal
PI3K/AKT signaling showed a marked impairment of therapy-
induced apoptosis and were associated with significantly worse
therapeutic responses [55]. Our studies in melanoma support these
ideas and identified loss of PTEN, observed in >10% of melanoma
specimens, as being predictive for an attenuated apoptotic
response following treatment with PLX4720 [10]. In the context
of PTEN loss, BRAF inhibition led to an increase in AKT signaling
that suppressed the pro-apoptotic protein BAD. The phosphoryla-
tion of BAD by AKT at Ser99 prevents the binding of BAD to Bax and
relieves the antagonism of Bax on Bcl-2 and Bcl-XL [14]. In
addition, the increase in AKT signaling observed following BRAF
inhibition was also noted to suppress the expression of BIM
through the phosphorylation and subsequent nuclear export of the
transcription factor FOXO3a [10]. It was shown that intrinsic BRAF
inhibitor resistance could be overcome by treating the BRAF V600E/
PTEN null melanoma cell lines with the combination of a BRAF
inhibitor and a PI3K inhibitor. This dual BRAF/PI3K inhibition
restored the nuclear accumulation of FOXO3a, upregulated BIM
expression and significantly enhanced the level of apoptosis [10].
In further support of a role for AKT activation in intrinsic BRAF
inhibitor resistance, others have shown that the overexpression of
myristolated (constitutively active) AKT3 prevents PLX4720-
induced apoptosis through the downregulation of both BIM and
BMF [15].

FOXO3a is a member of the Forkhead family of transcription
factors that regulates cell survival and growth through the
activation or suppression of a diverse array of oncogenesis-related
genes such as BIM, Fas-Ligand, cyclin D1 and GADD45 [56].
Inactivation of FOXO3a occurs as a result of its phosphorylation by
AKT/SGK (at Threonine-32, Serine-253 and Serine-315), ERK1/2 (at
Serine-294, Serine-344 and Serine-425), CK1, IKKB, CDK2 and
AMPK; which leads in turn to its nuclear exclusion and subsequent
proteasomal degradation [56]. There is good evidence that
inactivation of FOXO3a is a pre-requisite for the transformation
of many cell types, and cytoplasmic FOXO3a accumulation is
known to be a negative prognostic factor for breast cancer [56].
Studies in other tumor systems, including a limited number of
melanoma cell lines, have also linked intrinsic MEK inhibitor
resistance to the impaired activation of FOXO3a and a subsequent
reduction in BIM promoter activity [57]. In this instance the
combination of the MEK inhibitor AZD6244 with an inhibitor of
AKT (API-2) was found to restore the nuclear localization of
FOXO3a, upregulate BIM expression and enhance the levels of
apoptosis [57].

Although the mechanisms underlying the BRAF inhibitor-
induced increase in AKT signaling have not been fully elucidated,
there is some suggestion that increased insulin like growth factor
(IGF)-I signaling may be involved [10]. Similar findings implicating
IGF-I signaling were also reported for melanoma cell lines showing
intrinsic resistance to AZD6244 [58]. In this instance, intrinsic
resistance could be overcome by treating the cells with AZD6244 in
combination with an IGFR1, AKT or an mTORC1/2 inhibitor [58].
Other studies, performed in multiple myeloma, have also shown
that increased IGF-I signaling suppressed BIM expression through
post-translational mechanisms and the deregulation of FOXO3a
[59].

7. Mechanisms of acquired BRAF inhibitor resistance

Although very encouraging, the clinical responses seen so far to
vemurafenib and GSK2118436 are relatively short-lived, with
treatment failure and tumor progression occurring in nearly every
case. These observations, where an initial period of response is
followed by relapse and resistance has been seen for every targeted
therapy evaluated so far, including imatinib in CML and GIST
[60,61], EGFR inhibitors in lung cancer and most recently hedgehog
inhibitors in medulloblastoma [62,63]. In nearly all of these
examples, acquired drug resistance was associated with the
acquisition of secondary mutations in the kinase being targeted.
These mutations typically occurred at sites within the kinase ATP
binding site that prevented the binding of drug to the hydrophobic
pocket at so-called ‘‘gatekeeper’’ residues. Examples of clinically
relevant gatekeeper mutations include T790M in the EGFR
receptor and T315I in Bcr-ABL. A recent preclinical study identified
the gatekeeper site in BRAF to be Threonine-259 (T259) [34].
Studies on COS7 cells showed that mutation of BRAF at T259
conferred resistance to SB590885 and PLX4720 whilst allowing
oncogenic BRAF kinase activity to be maintained [34]. Intriguingly,
similar BRAF gatekeeper mutations have not been observed in
either BRAF inhibitor resistant melanoma cell lines or biopsies
taken from melanoma patients failing vemurafenib therapy [34]. In
the most detailed analysis performed so far, deep sequencing and
ultra-deep sequencing of 14 biopsies from melanoma specimens
from patients progressing on vemurafenib therapy showed no
evidence of secondary BRAF mutations [64]. Further in depth
sequencing of exon 13 of BRAF (where the T259 residue lies) also
failed to show the presence of additional drug-induced BRAF

mutations [64]. As a final confirmation that secondary BRAF
mutations were not the mechanism of resistance in this patient
cohort, the BRAF kinase was immunoprecipitated from vemur-
afenib resistant biopsy samples and found to retain drug sensitivity
in an in vitro kinase assay [64].

The emerging data instead suggest that a diverse array of BRAF
inhibitor resistance mechanisms exist [64–69] (Fig. 3). In a recent
report by Villanueva and colleagues, the acquisition of BRAF
inhibitor resistance led to a recovery of MAPK signaling and was
associated with an increase in CRAF protein expression [39,66].
Intriguingly, shRNA knockdown of CRAF alone did not restore drug
sensitivity and it was instead found that shRNA knockdown of both
ARAF and CRAF was required to overcome resistance [66]. This
flexible switching between RAF isoforms led to cross-resistance
with other BRAF inhibitors but not MEK inhibitors and was not
associated with acquired secondary mutations in BRAF, NRAS or
PTEN. The nature of the upstream signal required for the ARAF/
CRAF activation was not determined. Although inhibition of MEK
was found to decrease the proliferation of the resistant cells and
led to a G1 phase cell cycle arrest it did not induce apoptosis. As this



Fig. 3. Mechanisms of acquired resistance to BRAF inhibitors. Multiple mechanisms

of acquired BRAF inhibitor resistance have been identified. BRAF V600E melanoma

cells chronically treated with BRAF inhibitors acquire drug resistance via switching

between the three isoforms of RAF (ARAF, BRAF, CRAF) to activate the MAPK

pathway. Increased IGFR1 and PDGFR signaling may also allow for resistance by

activating PI3K/AKT signaling as well as other pathways. Resistance can also arise

following the reactivation of the MAPK pathway, this can occur following the

acquisition of activating mutations in NRAS (Q61K) and MEK (C121S) and the

increased expression of the MAP3K8 (COT).
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suggested that other compensatory pathways could be involved,
the authors performed phospho-receptor tyrosine kinase (RTK)
arrays and identified the insulin like growth factor receptor (IGFR)-
1 as being constitutively activated in the resistant cells [66].
Mechanistic studies showed IGFR1 signaling to mediate increased
PI3K/AKT signaling in the resistant cells and that the resistance
could be reversed by treating the cells with the combination of a
PI3K and a MEK inhibitor or an IGF1R and a MEK inhibitor [66]. The
translational relevance of this finding was confirmed by the
observation that 1 out of 5 melanoma specimens from patients
failing vemurafenib expressed increased levels of IGFR1, and that
one other specimen expressed increased levels of IGFR1 in
conjunction with PTEN loss [66].

A second recent paper showed acquired vemurafenib resistance
to be associated with the upregulated expression of a number of
RTKs [64]. Of the RTKs identified, increased expression and
tyrosine phosphorylation of the platelet derived growth factor
receptor (PDGFR)-b was demonstrated to be responsible for
conferring BRAF inhibitor resistance [64] (Fig. 3). The mechanism
underlying the constitutive PDGFRb signaling observed was not
determined, but was not noted to be the result of an activating
mutation or genomic amplification. The clinical relevance of this
finding was demonstrated by increased level of PDGFRb signaling
in biopsies taken from 4 out of 12 patients failing vemurafenib
therapy that was not observed in the pre-treatment biopsy
samples [64]. The potential role of PDGFRb signaling in resistance
was further confirmed by overexpression studies, where introduc-
tion of PDGFRb into treatment naı̈ve cells decreased sensitivity to
vemurafenib. Somewhat surprisingly it was also found that
although siRNA knockdown of PDGFRb reduced the growth and
survival of the vemurafenib resistant cell lines, the resistant cell
lines were not sensitive to the PDGFRb inhibitor imatinib [64].

A recent unbiased approach, in which 600 kinases and kinase-
related open reading frames (ORFs) were expressed in melanoma
cells identified nine candidate ORFs (including Axl, CRKL, ERBB2,
FGR, MAP3K8, PAK3, CRAF, PKC-epsilon and PKC-eta) capable of
mediating resistance to the BRAF inhibitor PLX4720 [68]. This
study confirmed earlier work demonstrating a role for increased
CRAF expression in mediating resistance to AZ628 and further
identified MAP3K8 (COT) as a new candidate for the RAF-
independent activation of ERK [68]. A number of cell lines were
identified with genomic amplification of COT, all of which showed
intrinsic BRAF and MEK inhibitor resistance. Further studies
demonstrated that both COT shRNA knockdown and small
molecule COT inhibitors reduced the MAPK signaling and survival
of COT amplified cell lines. It was also shown that COT activated
ERK through both MEK-dependent and independent mechanisms
[68]. In melanoma cell lines where COT was overexpressed by
lentiviral vector, drug resistance was overcome by treating the
cells with a combination of a BRAF and MEK inhibitor. The clinical
relevance of increased COT expression in the resistant phenotype
was confirmed in a limited number of melanoma samples from
patients failing BRAF and MEK inhibitor treatment.

As well as increased RTK activity, there is also evidence that
genetic alterations in the Ras/Raf/MEK/ERK pathway also mediate
acquired BRAF inhibitor resistance. A genetic analysis of biopsies
from a patient failing vemurafenib therapy revealed the presence
of an activating NRAS (Q61K) mutation that was lacking in the
original tumor [64]. This apparent switch in mutational status was
accompanied by the reactivation of the MAPK pathway upon
vemurafenib treatment and appeared to be a relatively rare
occurrence (only 1 patient identified so far). Of interest, it was
noted that activating NRAS mutations were found in only 3 out of 6
sections from the same tumor specimen, suggesting the presence
of different clonal populations. There is some evidence that
melanomas consist of co-existent clones with different (e.g. both
BRAF and non-BRAF) oncogenic mutations and at least two studies
have now reported the existence of distinct BRAF mutant and NRAS

mutant cells within the same melanoma specimen [70,71]. The
possible polyclonal nature of melanoma was further suggested by a
single cell BRAF sequencing study, where both BRAF mutant and
wild-type cells were derived from the same tumor [72]. If
confirmed in a larger patient cohort, the issue of mutational
polyclonality could have important clinical implications, particu-
larly in light of the overwhelming pre-clinical evidence that BRAF
inhibitors confer a growth advantage to NRAS-mutant melanoma
cells [49,51].

In addition to secondary Ras mutations, there is evidence from
colon cancer that the genomic amplification of BRAF also mediates
resistance to MAPK inhibition [73]. Analysis of drug naı̈ve cell
cultures using fluorescence in situ hybridization (FISH) identified
limited numbers of cells with high BRAF copy number [73].
Treatment of these cultures with the MEK inhibitor AZD6244 led to
an expansion of the BRAF amplified population, with resistance
being reversed by the shRNA knockdown of BRAF [73]. The
relevance of BRAF amplification to BRAF inhibitor resistance in
melanoma is still currently under investigation.

Other studies have shown that mutations in MEK can also
mediate BRAF inhibitor resistance. A massively parallel sequencing
study of one biopsy sample from a melanoma patient failing
vemurafenib therapy identified a novel codon 121 mutation in
MEK1 (C121S) that conferred increased kinase activity in in vitro

studies [65]. Overexpression of this novel MEK1 mutation in A375
melanoma cells was found to induce cross-resistance to both MEK
(AZD6244) and BRAF (PLX4720) inhibitors in vitro [65].

We still do not know whether therapeutic escape arises as the
result of an evolutionary process within the melanoma or from the
selection of pre-existing ‘‘resistant’’ clones that are already present
prior to the initiation of therapy. Based upon the current data, both
of these situations are likely to be true. A growing number of
studies are now suggesting that the inherent phenotypic and
genetic heterogeneity of cancer cell populations is a critical
determinant of drug resistance. There is evidence that a transient
drug-tolerant state can emerge through epigenetic means in
individual cells, through activation of IGFR1 signaling and an
altered chromatin state mediated through the histone demethy-
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lase RBP2/KDM5A/Jarid1A [74]. The drug tolerant cells were
identified in cultures derived from a number of tumor types and
seemed to be important in the escape response to both inhibitors of
RTK signaling and cytotoxic chemotherapy drugs [74]. Interest-
ingly, the drug tolerant population also emerged in cultures
established from single cells, demonstrating the reversible,
switchable nature of this phenotype. From a therapeutic stand-
point, tolerance could be abrogated by the inhibition of IGFR1
signaling or through use of histone deacetylase (HDAC) inhibitors
[74]. Of relevance to melanoma and BRAF inhibitor resistance,
HDAC inhibition was found to induce at least some apoptosis in
melanoma cells that were resistant to the BRAF inhibitor AZ628
[74].

The characterization of the pre-existing sub-population of cells
that escape BRAF inhibitor therapy is key to managing resistance.
New insights into the nature of drug tolerant cells have come from
a recent study identifying a minor subset of melanoma cells that
were required for tumor maintenance and expressed high levels of
the H3K4 histone demethylase Jarid1B [75]. These cells tended to
be present at low levels within the melanoma population,
proliferated very slowly and underwent a marked expansion
when treated with either BRAF inhibitors or cytotoxic chemother-
apeutic drugs [75]. Further study will be required to determine
whether simultaneous treatment with inhibitors of BRAF and
HDAC is sufficient to prevent the onset of resistance, and whether
the expansion of Jarid1B expressing melanoma cells is a critical
step in the emergence of drug resistance.

8. Future perspectives

One of the major challenges facing the melanoma field is how to
develop strategies for overcoming intrinsic and acquired drug
resistance to small molecule BRAF inhibitors. Virtually every small
molecule kinase inhibitor evaluated in cancer so far has shown a
similar pattern of response, relapse and resistance. Melanoma
seems to be unique in terms of the sheer diversity of resistance
mechanisms identified (Fig. 3). Every report to date has identified a
different resistance mechanism with further modes of therapeutic
escape likely to be reported in the near future. Why this should be
so is open to speculation, but may be linked to the vast number of
genetic mutations found in a typical melanoma (up to 30,000
mutations reported in one melanoma cell line [76]). It is possible
that this high degree of mutational diversity accounts for the
heterogeneity of resistance mechanisms observed.

The management of BRAF inhibitor resistance is likely to be
achieved through combination therapy approaches [77]. Although
the resistance mechanisms identified so far are diverse, most seem
to rely upon the reactivation of and dependence upon MEK/ERK
signaling and increased signaling output through the PI3K/AKT/
mTOR pathway. The finding that BRAF inhibitor resistance in
melanoma is associated with re-activation of the MAPK pathway is
not surprising. Melanomas harboring activating BRAF V600E
mutations show a high degree of dependency upon MAPK and
are exquisitely sensitive to pharmacological inhibitors of both
BRAF and MEK. Indeed, a number of groups have already shown
pre-clinically that dual BRAF and MEK inhibition may prevent or
delay the onset of resistance [67,68,73] and that dual BRAF/MEK
and PI3K/AKT/mTOR inhibition has synergistically pro-apoptotic
effects [78,79]. The combination of BRAF and MEK inhibitors is
currently being evaluated clinically in a phase I/II clinical trial of
the BRAF inhibitor GSK2118436 in combination with the MEK
inhibitor GSK2110212 in BRAF V600E mutated melanoma patients
who are treatment naı̈ve (NCT01072175). Clinical trials combining
PI3K and BRAF inhibitors and BRAF and AKT inhibitors are due to
commence shortly.
It is likely that the existence of so many potential resistance
mechanisms will require patient-specific approaches to the
management of therapeutic escape and the further personalization
of melanoma therapy. To achieve this will require greater insight
into the genetic and cell signaling diversity of melanoma and
improved knowledge on how this affects drug response. Progress
in this area will require the continued efforts of basic scientists and
clinicians and the ongoing support of the pharmaceutical
companies. If these approaches are as successful as we anticipate,
a future can be imagined where disseminated melanoma is no
longer such a bleak prognosis and can instead be reduced to the
level of a manageable, chronic disease.
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