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BRAF and RAS are often mutated 
in cutaneous melanoma and both 

mutations stimulate the MAPK pathway. 
However the biological consequences of 
BRAF and NRAS mutations are dif-
ferent because when RAS is mutated 
in melanoma, cells use CRAF rather 
than BRAF to activate MEK/ERK. 
The mechanism of this BRAF to CRAF 
isoform switching in response to onco-
genic RAS has recently been described. 
Activation of the MAPK pathway, 
which results from a mutation of NRAS, 
induces phosphorylation of BRAF on 
serine 151 by ERK which prevents its 
binding to NRAS. To circumvent this 
negative feedback inhibition of BRAF, 
melanoma cells containing a mutation of 
RAS use CRAF to activate MEK/ERK. 
However, because the cAMP pathway 
in melanocytes constitutively inhibits 
CRAF, RAF isoform switching in mela-
noma is accompanied by an inhibition of 
the cAMP pathway. This inhibition is 
due to an increase in phosphodiesterase 
activity, which degrades cAMP thereby 
preventing inhibition of CRAF by PKA. 
These data highlight the importance of 
CRAF downstream of oncogenic Ras in 
tumor development.

Melanocytes are pigment-producing cells 
localized in the basal layer of the epider-
mis. Their proliferation, differentiation 
and migration are regulated by several sig-
naling pathways, simultaneously activated 
by growth factors and hormones released 
into the local skin micro-environment. 
Two major signaling pathways that are 
activated simultaneously in melanocytes 
are the cyclic AMP (cAMP) pathway and 
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the MAPK (mitogen activated protein 
kinase) pathway and interactions between 
these pathways are essential for regulating 
melanocyte fate.

cAMP is a second messenger pro-
duced, in melanocytes, by the binding of 
melanocytic hormones such as α-MSH 
(α-melanocyte stimulating hormone) to 
the melanocortin receptor type 1 (MC1R). 
MC1R is a seven-transmembrane domain 
receptor coupled to hetero-trimeric G pro-
teins. Activation by its ligands induces 
an increase in cAMP content in melano-
cytes, which activates the protein kinase A 
(PKA), which in turn phosphorylates and 
activates the transcription factor CREB. 
CREB stimulates the transcription of 
microphthalmia (MITF), a transcription 
factor that plays a key role in the differenti-
ation of melanocytes through induction of 
the transcription of many genes associated 
with melanin synthesis or melanosome 
function (TYR, TYRP1, DCT, RAB27A 
and GPR143).1,2 The cAMP pathway is 
regulated in space and time by phospho-
diesterases (PDE), enzymes that degrade 
cAMP. Among the 11 different families of 
PDE, 8 are capable of hydrolyzing cAMP. 
Each family comprises several genes that, 
due to alternative splicing, generate over 
30 different isoforms. Several kinases 
phosphorylate PDE enzymes to regulate 
their activity, allowing the PDEs to play 
a central role in the interaction between 
the cAMP pathway and other intracellular 
signaling pathways.3,4

In physiological conditions, the MAPK 
pathway is activated by growth factors 
binding to their surface receptor tyrosine 
kinase (RTK) and the transmission of sig-
nals through the small GTPase RAS. In 
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CRAF activates the MAPK pathway.10 
The inability of BRAF to activate the 
MAPK pathway in RAS mutated mela-
noma is due to a permanent negative 
feedback regulation preventing its associa-
tion with RAS. BRAF is phosphorylated 
on S151 near its RAS Binding Domain 
inhibiting the RAS/BRAF complex inter-
action.22 Ritt and colleagues have shown 
that BRAF is a substrate of activated ERK 
which phosphorylates it on four sites: 
S151, T401, S750 and T753. Whereas 
S151 phosphorylation promotes the dis-
sociation of the RAS/BRAF complex, 
T401, S750 and T753 phosphorylation 
control CRAF/BRAF hetero-dimeriza-
tion.23,24 The negative feedback regulation 
of BRAF by ERK described by Ritt et al. 
prevents BRAF over-activation after mito-
gen activation. Phosphorylated BRAF is 
recycled to a signaling competent state 
by the combined action of PP2A and 
Pin-1 prolyl-isomerase.24,25 However, in 
melanoma bearing an oncogenic RAS, 
BRAF phosphorylation on S151 is very 
stable and persists for several hours after 
inhibition of ERK, suggesting that ERK 
phosphorylated BRAF is not recycled. 
This persistence of phosphorylated BRAF 
seems specific of melanoma cells as, in 
COS cells, co-expression of oncogenic 
NRAS with BRAF induces dephosphor-
ylation of BRAF on S151, allowing it to 
bind NRAS. Remarkably, CRAF, which 
binds RAS and activates the MAPK path-
way in melanoma cells, seems insensitive 
to feedback inhibition.22 It seems that 
PP2A or Pin1 target BRAF and CRAF 
differently in melanoma. To overcome 
this inhibition of BRAF by ERK, mela-
noma cells have developed two strategies: 
(i) approximately 50% of melanoma cells 
have acquired an activating mutation in 
the BRAF gene (usually V600E), which 
makes the BRAF kinase activity indepen-
dent of RAS. (ii) In melanoma bearing 
a mutation in RAS (approximately 20% 
of melanoma), the cells switch RAF iso-
form usage, using CRAF to activate the 
MAPK pathway. In consequence, inhi-
bition of CRAF in melanocytes greatly 
reduces the ability of oncogenic RAS to 
transform them.22 However, to use CRAF 
to activate the MAPK pathway, these 
melanoma cells need to inactivate the 
cAMP pathway, which, in melanocytes, 

mutations in the BRAF gene have been 
identified.13 Many of these mutants show 
a lower BRAF kinase activity than that 
of the V600E BRAF mutant. Although, 
these mutants were classified as having 
low activity, when expressed in COS-1 
cells these low activity mutants are able of 
activating the MAPK pathway by directly 
binding to and activating CRAF.14 
Interestingly, targeting CRAF in mela-
noma cells expressing a low activity BRAF 
mutant induces their death by apoptosis 
suggesting that CRAF is a potential thera-
peutic target in this group of melanoma.15

Mechanism of Resistance  
to BRAF Inhibitors

With the prevalence of the BRAF V600E 
mutation in several tumors including mel-
anoma, specific inhibitors of the mutant 
protein V600E BRAF have recently been 
developed. Inhibitors of BRAF such 
as PLX4032 (Roche/Plexxikon) and 
GSK2118436 (GlaxoSmithKline) have 
had impressive results on metastatic mela-
noma carrying the V600E BRAF muta-
tion.16,17 However, these exciting clinical 
results were weakened by the fact that 
resistance appeared quickly and therefore 
therapeutic responses were only transient. 
Several groups have identified numer-
ous mechanisms of resistance to BRAF 
inhibitors through in vitro experiments. 
Interestedly, this resistance is never associ-
ated with additional mutations in BRAF 
but are linked to alterations of either other 
oncogenes (NRAS, PDGFR, IGF-1R…) 
within the MAPK pathway or proteins 
involved in other signaling pathways 
(PTEN).18-21 Interestingly, a proportion 
of this resistance to BRAF inhibitors 
involves activation of the CRAF kinase, 
which is relatively resistant to these inhib-
itors. Therefore, targeting CRAF and 
BRAF together in melanoma could delay 
the emergence of resistance to BRAF 
inhibitors.

Melanoma Containing  
a Mutation of RAS

Although BRAF activates the MAPK 
pathway in melanocytes, in melanoma 
harboring a mutation of RAS there is a 
switch of RAF isoform usage and thus 

its active form, bound to GTP, RAS pro-
teins activate a number of effectors and in 
particular, the serine/threonine kinases 
of the RAF family. There are three RAF 
isoforms: ARAF, BRAF and CRAF (also 
known as RAF1), which activate MAP 
kinase kinases (MEK), which in turn 
activate the MAP kinases (ERK). ERK 
has many substrates, which are mainly 
involved in regulating the proliferation 
of melanocytes.5,6 While the MAPK 
pathway is activated, in melanocytes, by 
growth factors such as SCF (Stem Cell 
Factor), EGF (Epidermal Growth Factor), 
FGF (Fibroblast Growth Factor) or HGF 
(Hepatocyte Growth Factor), this path-
way is constitutively activated in mela-
noma due to the presence of activating 
mutations of BRAF or NRAS. BRAF 
and NRAS oncogenes are mutated in 
respectively 50% and 20% of cutaneous 
melanoma. These mutations are mutually 
exclusive because their oncogenic activity 
is, in both cases, linked to stimulation of 
the MAPK pathway.7,8

Because both cAMP and MAP kinase 
pathways are activated simultaneously 
in melanocytes under physiological con-
ditions, these cells provide an excellent 
model for studying the interaction between 
both pathways.9 Constitutive activation of 
the cAMP pathway in melanocytes leads 
to phosphorylation and inactivation of 
CRAF by PKA, which is essential to sup-
press the oncogenic potential of CRAF 
in these cells.10 Therefore activation of 
RTKs by growth factors stimulates the 
MAP kinase pathway through BRAF in 
melanocytes. The importance of BRAF in 
melanocytic cells is emphasized by the fact 
that 50% of melanoma contains an onco-
genic mutation of this kinase, whereas 
the other RAF family kinases are never 
mutated in melanoma.11,12 Although these 
data suggest that CRAF does not play a 
major role in melanoma, recent results 
have highlighted the importance of CRAF 
in the activation of the MAPK pathway in 
melanoma, under three conditions.

Melanoma Containing  
a Low Activity BRAF Mutant

Although most studies on the role of 
BRAF in melanoma have focused on the 
BRAF V600E mutation, several other 



www.landesbioscience.com	 Small GTPases	 291

the lungs of mice expressing oncogenic 
KRAS.33,34 Both papers showed that dele-
tion of BRAF did not affect tumor forma-
tion, whereas CRAF deletion significantly 
caused a reduction in tumor develop-
ment.33,34 Therefore in RAS mutated 
melanoma and lung cancers, BRAF is 
unable to compensate for CRAF in relay-
ing signals from oncogenic RAS to MEK. 
Altogether these data provide evidence 
that CRAF is a therapeutic target in onco-
genic RAS driven cancer, supporting the 
need for the development of CRAF selec-
tive drugs as therapeutic agents (Fig. 1).

cAMP in melanoma and hence inhibit 
proliferation of melanoma cells mutated 
on RAS and, more generally, of all mel-
anoma cells using CRAF to activate the 
MAPK pathway.

Until recently, the role of the individual 
RAF kinases in cancer cells bearing onco-
genic RAS had not been fully explored. 
Two recent papers agree with our data in 
highlighting the importance of CRAF 
downstream of oncogenic RAS in tumor 
development. Using Cre-recombinase/
loxP technology, two groups were able 
to selectively delete BRAF or CRAF in 

constitutively inhibits CRAF. In melano-
cytes transformed by oncogenic RAS and 
in melanoma cell lines mutated on RAS, 
melanocytic hormones such as α-MSH 
can no longer activate the cAMP path-
way.10 However, this inhibition can be 
overcome when PDE activity is inhibited 
and in particular the activity of enzymes 
of the PDE4 family.22 Inhibiting the 
expression or activity of PDE4 enzymes 
greatly reduces the ability of oncogenic 
RAS to transform melanocytes highlight-
ing the physiological importance of PDE4 
in melanocyte transformation.

An important consequence of these 
results is that inhibition of the cAMP 
pathway is necessary for proliferation of 
melanoma cells mutated on RAS. Indeed, 
reactivation of the cAMP pathway using 
rolipram (a PDE4 inhibitor) in combina-
tion with a low dose of forskolin (an activa-
tor of adenylyl cyclase) induced a marked 
decrease in the proliferation of melanoma 
cell lines but not of melanocytes, associ-
ated with induction of apoptosis.22 These 
data suggest that enzymes of the PDE4 
family are interesting new therapeutic 
targets in melanoma mutated on RAS. 
This hypothesis is interesting because this 
group of melanoma is resistant to BRAF 
inhibitors currently in clinical develop-
ment.26-29 In addition these melanoma are 
relatively resistant to MEK inhibitors.30 
However, there is currently much inter-
est in the development of selective PDE4 
inhibitors for the treatment of asthma, 
lung inflammation, rheumatoid arthritis 
and brain tumors.31,32 These inhibitors 
could be used to increase intracellular 

Figure 1. Change in RAF isoform usage in 
response to a RAS mutation. In melanocytes, 
activation of cAMP not only stimulates mela-
nogenesis but also inhibits the kinase CRAF. 
Therefore, BRAF activates the MAPK pathway 
downstream of RTKs in these cells. In mela-
nomas containing a mutation of RAS, BRAF 
kinase is phosphorylated by ERK inhibiting its 
interaction with RAS. Hence, it is CRAF that 
activates the MAPK pathway downstream of 
RAS. Overexpression of PDE4 degrades cAMP 
preventing inhibition of CRAF by PKA. α-MSH: 
melanocyte stimulating hormone; MC1R: 
melanocortin-1 receptor, AC: adenylyl cy-
clase, PDE: phosphodiesterase, PKA: protein 
kinase A, CREB: cAMP responsive element 
binding protein, MITF: microphtalmia associ-
ated transcription factor; GF: growth factor; 
RTK: receptor tyrosine kinase.
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