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Figure 18. Les différentes étapes de progression du mélanome cutané.))
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Dessin représentant les différents domaines formant la protéine MET, ainsi que les structures 
cristallographiques des domaines SEMA, Immunglobulin-like et Kinase. S: domaine SEMA, 
C: domaine riche en cysteine, Ig: domaine Immunoglobulin-like, K: domaine Kinase. 
(Birchmeier et al., 2003; Gherardi et al., 2003). 
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a) Schéma représentant les différents domaines formant la protéine HGF/SF. N: domaine 
amino-terminal, K1-K4: domaines Kringle, SPH: domaine Serine Proteinase Homology  b) 
Structures cristallographiques des domaines amino-terminal, Kringle et SPH (D'après 
Birchmeier et al, 2003} 
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Schéma représentant les différentes voies de signalisation activées en aval du récepteur MET, 
ainsi que les réponses biologiques associées à chacune. (D'après Birchmeier et al, 2003} 
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SUMMARY

B-Raf and C-Raf kinases have emerged as critical
players in melanoma. However, little is known about
their role during development and homeostasis
of the melanocyte lineage. Here, we report that
knockout of B-raf and C-raf genes in this lineage
results in normal pigmentation at birth with no defect
in migration, proliferation, or differentiation of mela-
noblasts in mouse hair follicles. In contrast, the
double raf knockout mice displayed hair graying
resulting from a defect in cell-cycle entry of melano-
cyte stem cells (MSCs) and their subsequent deple-
tion in the hair follicle bulge. Therefore, Raf signaling
is dispensable for early melanocyte lineage develop-
ment, but necessary for MSC maintenance.

INTRODUCTION

B-Raf and C-Raf protein kinases are activated downstream of
membrane bound receptors through their recruitment at the
plasma membrane by binding to Ras proteins and play a crucial
role in cancer development (Wellbrock et al., 2004; Heidorn et al.,
2010). Mutation of B-Raf or its upstream activator N-Ras in
cutaneous melanoma proved to be an early driving event during
melanoma progression (Wellbrock et al., 2004). Wild-type B-Raf
and C-Raf proteins also play specific and complementary
functions in non-B-Raf mutated tumors (Heidorn et al., 2010).
Little is known, however, about their physiological role during
normal development and homeostasis of the neural crest-
derived melanocytic lineage.

Melanoblasts exit from the neural folds and migrate to the
developing hair follicles where they segregate into two popula-
tions: the melanocyte stem cells (MSCs) localizing in the bulge/
subbulge area and the mature differentiated melanocytes in
the bulb (Nishimura et al., 2002; Steingrı́msson et al., 2006;
Tanimura et al., 2011). In the adult mouse skin, melanocytes
aremostly confined to the bulb of hair follicles, which periodically

regenerate by undergoing repetitive cycles of growth
(anagen), regression (catagen), and relative quiescence (telogen)
(Schneider et al., 2009). During each hair cycle, the lower
transient portion of the follicle including the bulb is regenerated,
whereas the upper permanent portion containing the bulge
remains intact. During catagen, the melanocytes of the bulb
die from apoptosis. De novo production of melanocytes occurs
from the MSCs of the bulge, which undergo cell division to
give rise both to a new MSC and to a melanoblast (Nishimura
et al., 2002). However, the extracellular signals regulating MSC
cell-cycle entry during early anagen remain unknown. In mouse
skin, a large proportion of MSC niches are Kit independent
(Nishimura et al., 2002). In contrast, stem cell factor (SCF)/Kit
signaling is required for melanoblast migration, survival, and
differentiation not only during early development of the melano-
cyte lineage but also in successive hair cycles (Mackenzie et al.,
1997; Nishimura et al., 2002; Wehrle-Haller and Weston, 1995).
Mitf has been proposed as a nuclear target of Kit signaling.
Mice carrying mutations in this transcription factor display
phenotypes that strongly overlap with those of Kit and SCF
mutant mice (Steingrı́msson et al., 2006). In melanocyte cultures,
Mitf activity is regulated by phosphorylation mechanisms
mediated by the mitogen-activated protein kinase (MAPK)/
extracellular regulated kinase (ERK) pathway in response to Kit
stimulation (Wu et al., 2000), but the physiological relevance of
this regulation has been challenged by genetic studies (Bauer
et al., 2009; Bismuth et al., 2008).
Given the key role of B-Raf and C-Raf in melanoma and the

presumed role of the Raf/ERK pathway as a link between Kit
and Mitf, we investigated the physiological functions of these
two kinases in the mouse melanocyte lineage. Surprisingly,
double-knockout animals in which ablation of both B-raf and
C-raf genes was restricted to this lineage displayed normal
pigmentation at birth and did not show significant defect in
proliferation, migration, or differentiation of melanoblasts in the
developing hair follicles. Following the first hair molting, how-
ever, 100% of the double-knockout mice unveiled a coat color
phenotype characterized by progressive hair graying resulting
from a defect in cell-cycle entry of MSCs and their subsequent
depletion in the hair follicle bulge. Taken together, these results
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showed that Raf signaling is required for proper MSC mainte-
nance, but dispensable for early melanocyte lineage develop-
ment. In addition, they revealed an unexpected uncoupling of
Kit and Raf signaling in the melanocyte lineage.

RESULTS

Raf/ERK Signaling Is Dispensable for Early Melanocyte
Lineage Development
Double B-raf f/f;C-raf f/f conditional knockout mice were crossed
to the Tyr::Cre transgenicmice, in which the Tyrosinase promoter
is active from embryonic day E10.5 to adulthood (Delmas et al.,
2003) and to Dct::LacZ reporter mice to trace all the cells from

Figure 1. B-Raf and C-Raf Are Not Required
for Melanocyte Lineage Early Development
(A) Mutant (B-raf f/f;C-raf f/f;Tyr::Cre/!;Dct::LacZ/!)

and control (B-raf f/f;C-raf f/f;Dct::LacZ/!) littermate

mice during the first hair cycle at different stages of

postnatal development.

(B) X-gal staining of representative histological

sections of mutant and control mice skin at P10

(DP, dermal papilla).

(C) ERK is not activated in mouse skin embryonic

melanoblasts. Immunostaining of skin frommutant

(B-raf f/f;C-raf f/f;Tyr::Cre/!;Z/EG/!) and control

(B-raf +/+;C-raf +/+;Tyr::Cre/!;Z/EG/!) E15.5 embryos

with anti-phospho-ERK and anti-GFP antibodies.

GFP+ melanoblasts are indicated with white

arrowheads. Examples of nuclear P-ERK-positive

keratinocytes are indicated with open arrowheads

(>30% of keratinocytes were P-ERK+;"2 3 103

cells counted from two control and two mutant

embryos). No P-ERK signal could be detected in

melanoblasts (80cells counted fromtwocontrol and

two mutant embryos). Double GFP/P-ERK labeling

below the epidermis (ep) corresponds to nonspe-

cific autofluorescence signal. Scale bars 50 mm.

See also Figures S1, S2, S3, and S4.

the melanocyte lineage (Mackenzie
et al., 1997). During the first 3 weeks of
life, mutant animals were indistinguish-
able from controls and displayed a normal
first cycle of hair pigmentation without
coat color alterations (Figure 1A). The
distribution of melanocytic cells in the
follicular epidermis of knockout animals
was investigated at different stages of
the first hair cycle. At P4, LacZ+ cells
were present both in the bulb and in the
bulge of the developing hair follicles,
which all contained a pigmented hair
shaft (Figure S1B). During the anagen
stage at P10, the presence and localiza-
tion of LacZ+ cells in the pigmented hair
follicle of mutant and control animals
were comparable (Figure 1B). At the
telogen phase (P21) when the transient
portion of the follicles has regressed,

LacZ+ MSCs were present in the bulge of mutant animals (Fig-
ure S1C). These observations suggested that ablation of both
B-raf and C-raf genes did not prevent melanoblast migration
from the neural tube and their homing in the skin. Accordingly,
the number and location of melanoblasts were identical in
mutant and control E13.5 embryos and BrdU-labeling ex-
periments did not show melanoblast proliferation defects (Fig-
ure S2). These results indicated that embryonic melanoblast
migration and proliferation were not impaired. Therefore, coin-
activation of B-raf and C-raf does not prevent either melano-
blast proliferation and migration to the developing hair follicles,
nor the terminal differentiation of melanocytes and MSC homing
in their niche.
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To ensure that the absence of phenotype was not due to
partial recombination of floxed raf alleles, B-raf f/f;C-raf f/f;Tyr::
Cre/! mice were crossed to the Z/EG transgenic reporter line
that expresses green fluorescent protein (GFP) upon Cre-
mediated excision (Novak et al., 2000). Genotyping of fluores-
cence-activated cell sorting (FACS)-sorted GFP-positive cells
showed a complete loss of floxed alleles (Figure S1C). The
absence of phenotype could be explained either by a compen-
sation by A-Raf or by the nonrequirement of ERK signaling.
Therefore, we evaluated the level of ERK activation during mela-
nocyte development. While ERK activating phosphorylation
was detected in a significant proportion (>30%, at E15.5) of
skin keratinocytes, no ERK phosphorylation could be detected
in the melanoblasts in both wild-type and knockout embryos
(Figure 1C). The absence of ERK phosphorylation was also
observed in differentiating melanocytes in the regenerating
hair follicle bulbs (Figure S3). These results indicated that the
ERK pathway was not activated at these stages, explaining
the absence of phenotype upon raf gene ablation. We also
confirmed that melanocyte development does not depend on
active Raf/ERK pathway in an alternative in vivo vertebrate
model (Figure S4). Melanocyte development in Xenopus laevis
embryos was blocked by LY294002 showing that the PI3K/

Figure 2. Impaired MSC Self-Maintenance
in Raf Knockout Mice
(A) Absence of B-Raf and C-Raf leads to

progressive hair graying. The coat color of mutant

and control littermate mice was compared at

different times of successive hair cycles.

(B) Left: depilation accelerates hair graying in

mutant mice. Two-month-old mutant and control

Dct::LacZ mice were depilated seven times within

a period of 6 months on the left part of the back.

Right: representative pictures of X-gal staining on

histological sections of skin from depilated and

nondepilated areas after 6 depilations.

See also Figure S5.

AKT pathway, a key signaling com-
ponent downstream of Kit, is required
for melanocyte development in vivo. In
contrast, the MEK inhibitor CI-1040 did
not affect melanocyte proliferation and
migration in treated embryos. Taken
together, these results indicate that the
absence of phenotype in B-Raf/C-Raf
double-knockout mice was not due to
A-Raf compensation and support the
notion of Raf/ERK-independent melano-
blast development in vertebrates.

Raf Signaling Is Required for MSC
Self-Maintenance
After the first hair molting, Raf knockout
mice but not control animals exhibited
hair graying, which became obvious
from 4 to 5 weeks of age and increased
with time (Figure 2A). This phenotype

occurred with 100% penetrance in both Dct::LacZ and Z/EG
crosses and was due to the progressive replacement of black
hair by fully depigmented white hair (Figure S5A). Accordingly,
hair shaft melanin content was markedly reduced in knockout
animals (Figure S5B). Single B-raf or C-raf knockout mice, or
animals retaining only one out of four raf alleles, did not show
such hair-graying phenotype (Figure S5D), indicating redundant
functions for Raf proteins in this process. Hair graying was previ-
ously demonstrated to be caused by defective MSC self-mainte-
nance in the bulge (Nishimura et al., 2005). Therefore, we
analyzed the MSC content in the bulge of 1-year-old Dct::LacZ
knockout mice. A large proportion of hair follicles in mutant
animals were depleted of MSCs, whereas those of controls still
contained MSCs (Figure S5C). Accelerating hair cycles and
forcing melanocyte renewal by repeated depilation strongly
increased hair graying in knockout animals (Figure 2B). In control
skins, a large proportion of hair follicles from both the depilated
and nondepilated areas contained MSCs. In contrast, MSCs
were absent in almost all the hair follicles of the depilated area
in mutant mice, but a few were still detectable in a small pro-
portion of hair follicles from the nondepilated area. Therefore,
depilation exacerbates the hair-graying phenotype and acceler-
ates MSC depletion.
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To further characterize the defect responsible for hair graying,
we used the B-raf f/f;C-raf f/f;Tyr::Cre/!;Z/EG knockout mice.
Quantification of GFP-positive cells in the bulge of hair follicles
following first telogen at P24 indicated that MSC depletion in
knockout animals was not due to an initial lower number of
MSCs (Figure 3A), confirming that B-Raf and C-Raf were not
required for MSC homing in the bulge. However, BrdU incorpo-
ration experiments revealed a significant decrease of MSCs
entering S phase during early anagen in mutant animals (Figures
3B and 3C). Taken together, these results suggest that Raf
signaling regulates MSC self-maintenance in the bulge by
controlling MSC cell-cycle entry.

Differential Requirement for Raf Signaling
in Proliferative Responses In Vitro
Our data indicated that Raf signaling controls cell-cycle entry of
MSCs within the bulge but not melanoblast proliferation during

Figure 3. Absence of B-Raf and C-Raf
Induces MSC Cell-Cycle Entry Defects
(A) Absence of B-Raf and C-Raf does not impair

MSC homing in the bulge. Direct fluorescence of

GFP-positive cells was examined in frozen skin

sections from mutant and control Z/EG mice at

P24. Scale bars, 50 mm. Quantification of the

number of GFP+ cells per bulge per section is

shown on the right (1,239 cells from two control [C]

and 1,521 cells from two mutant [M] mice were

counted). NS, not significant.

(B) Mutant and control Z/EG mice were injected

with BrdU from P21 to P28. At P28, skin sec-

tions were labeled with anti-BrdU and anti-GFP

antibodies. Double GFP/BrdU-positive MSCs are

indicated with white arrowheads. Scale bars,

25 mm.

(C) Quantification of BrdU+/GFP+ MSCs. Per-

centages were obtained from counting 456 GFP+

MSCs from three control and 196 GFP+ MSCs

from two mutant mice (*0.01 < p < 0.05, Student’s

test).

embryonic and postnatal development,
suggesting that the differential re-
quirement of Raf/ERK signaling for mela-
nocytic cell-cycle progression depends
on the microenvironment. We investi-
gated the ability of either wild-type or
Raf-knockout melanocytic cell cultures
to proliferate under different conditions.
We first assessed Raf/ERK requirement
downstream of 12-O-tetradecanoyl-
phorbol-13-acetate (TPA), a well-known
mitogen in the melanocytic lineage and
a potent inducer of Raf/ERK signaling
(Buscà et al., 2000). Colonies of melano-
cytic cells rapidly developed in primary
cultures of skin cells from controls, but
not in cultures from knockout animals
(Figure 4A) because knockout cells were
deficient in their ability to enter S phase

(Figure 4B). Accordingly, we could establish cultures from
controls (Figure 4C) but not from knockout animals (data not
shown) following cell culture passages in the presence of TPA.
These results indicated that, as observed for MSCs in vivo, Raf
signaling was also required for melanocytic cell-cycle progres-
sion in vitro, under specific conditions.
Whereas the presence of MSCs in the bulge is independent

of Kit signaling, melanoblasts migration and emergence of
differentiated melanocytes in the hair require Kit (Nishimura
et al., 2002). Although Kit is known to activate the ERK
pathway, our in vivo results suggested that Raf kinases were
not essential downstream of Kit in the melanocytic lineage.
To test this hypothesis in vitro, we used melanocyte cultures
established from wild-type animals. SCF alone was not suffi-
cient to induce cell proliferation, but could sustain melanocyte
cell survival (Figure 4C). Under these conditions, MEK inhibition
with U0126 had no effect on cell survival, whereas PI3K
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inhibition induced cell death. In contrast, TPA-induced cell
proliferation was markedly inhibited by the MEK inhibitor (Fig-
ure 4C), in agreement with the inability of Raf knockout cells
to grow in the presence of TPA. These results indicate that
Raf/ERK signaling is not involved downstream of Kit for mela-
nocyte survival in vitro and suggest that, in vivo, the differential
requirement of B-Raf and C-Raf for MSC cell-cycle entry but
not for melanoblast proliferation could be directly linked to
distinct microenvironmental cues.

DISCUSSION

We have shown that ablation of B-Raf and C-Raf kinases in the
melanocyte lineage had no effect on the development of skin
and hair follicle pigmentation during the first 3 weeks of life. In
addition, ERK was not found activated in mutant or control
melanoblasts, indicating that the lack of phenotype was not
due to compensation by A-Raf. Accordingly, inhibition of the
Raf downstream effector MEK in Xenopus embryos did not alter
melanocyte development. In contrast, double-knockout mice
developed a marked hair-graying phenotype during the suc-
cessive hair cycles following the first hair molting, thereby
demonstrating a key function for B-Raf and C-Raf in the
self-maintenance of MSCs in their niche. While melanoblasts
require Kit signaling for migration, survival, and differentiation,
the self-maintenance of MSCs in the bulge is independent of it.
These observations led us to propose a model implying an
uncoupling between SCF/Kit and Raf/ERK signaling in the
melanocyte lineage.
SCF plays a key role among the various factors that re-

gulate embryonic and postnatal development of the melano-
cyte lineage (Hirobe, 2005; Mackenzie et al., 1997). Mitf acts
as a master gene in the regulation of these processes and is
considered as a critical nuclear target of the SCF/Kit-induced
signaling pathways. In vitro studies have suggested functional
links between both Kit and Mitf proteins and the Raf/ERK
pathway. SCF induces ERK activation in a variety of cell types
including melanocytes (Lennartsson et al., 2005) and Mitf
activity can be regulated by ERK-mediated phosphorylation in
response to Kit stimulation (Wu et al., 2000). However, no
studies were conducted thus far to demonstrate the physiolog-
ical relevance of a linear SCF/Kit/Raf/ERK/Mitf cascade in vivo.
Our results show that Raf proteins are dispensable downstream
of Kit and upstream of Mitf for melanoblast development and
differentiation. Accordingly, ERK was not found activated in
these cells in vivo and SCF-induced survival of melanocyte
cultures was not affected by MEK inhibition. These results indi-
cate that the Raf/ERK pathway does not represent a critical link
between Kit and Mitf in melanoblasts and melanocytes in vivo.
In support of this, genetic studies demonstrated that mutant
Mitf proteins that could not be phosphorylated by ERK were
able to rescue the coat-color phenotype of loss-of-function

Figure 4. Raf/ERK Pathway Requirement for Melanocyte Prolifera-
tion Is Context Dependent
(A) Melanocytes from the skin of mutant and control Dct::LacZ animals at P4

were cultured in presence of TPA. Bright-field microscopy pictures were taken

at day 27 of culture. Growth curve analysis was obtained by counting from day

4 the LacZ+ pigmented cells at different time points during 32 days. Data are

representative of five independent experiments. Scale bars, 200 mm.

(B) BrdU incorporation of mutant and control cultures at day 4. Left panels

represent phase-contrast microscopy images merged with immunofluores-

cence images of BrdU+ cells (red nuclei). Quantification is shown on the right.

C, control (n = 5); M, mutant (n = 7). (***p < 0.001, Student’s test).

(C) Growth curve analyses of melanocyte cultures established from wild-type

mouse skin by spontaneous immortalization, seeded in the presence of either

TPA or SCF and treated with U0126, LY294002, or DMSO for 7 days. Data are

representative of three independent experiments.

(D) Western blotting analysis of ERK1/2 and AKT phosphorylation in pro-

tein extracts from the cultures in (C) showing efficiency of U0126 and

LY294002.
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Mitf mutations (Bauer et al., 2009; Bismuth et al., 2008). Taken
together, these results show that the Raf/ERK pathway is
dispensable for Kit-induced Mitf regulation during development
of the melanocyte lineage in vertebrates, raising the question of
the role of other Kit-induced intracellular signaling pathways. A
possible candidate is the PI3K/AKT pathway, which was
demonstrated to be essential for the survival response induced
by SCF (Blume-Jensen et al., 1998; Lennartsson et al., 2005).
We found that in contrast to the lack of effect of MEK inhibition,
PI3K inhibition strongly altered melanocyte development in
Xenopus embryos and survival of mouse melanocytes cultured
in the presence of SCF. SCF/Kit signaling is not the only
pathway regulating melanocyte development. b-catenin abla-
tion in the melanocyte lineage also resulted in a white coat-
color phenotype and Mitf downregulation (Luciani et al.,
2011). Therefore, besides the Raf/ERK-independent prosurvival
SCF/Kit signaling, the Wnt/b-catenin pathway provides an
important mitogenic signaling to ensure melanoblast proper
proliferation.
Our data reveal the essential role of B-Raf and C-Raf in self-

maintenance of MSCs in their niche. Results from single B-raf
and C-raf knockouts indicate that the two Raf proteins are func-
tionally redundant in this process since they can compensate
for each other. Moreover, animals retaining only one out of
four raf alleles did not exhibit hair graying. These results show
that only moderate levels of Raf protein expression from a single
copy of either B-raf or C-raf are sufficient to ensure MSC
self-renewal and that B-Raf/C-Raf heterodimerization is not
required. This represents an in vivo demonstration of the direct
involvement of Raf proteins in stemness. Several studies have
reported hair-graying phenotypes in mouse bearing mutations
in components of the Notch pathway (Aubin-Houzelstein
et al., 2008; Kumano et al., 2008; Moriyama et al., 2006; Schou-
wey et al., 2007). These studies clearly demonstrated the impli-
cation of Notch signaling in the maintenance of stem cells in the
bulge, and suggested a role of protection against apoptosis
(Moriyama et al., 2006). Transforming growth factor-b type II
receptor ablation in the melanocyte lineage also resulted in
mild hair graying caused by incomplete maintenance of MSC
immaturity and quiescence, characterized by the appearance
of prematurely differentiated cells within the bulge (Nishimura
et al., 2010; Tanimura et al., 2011). The hair-graying phenotype
observed in the double Raf knockout proceeds from a different
mechanism. In contrast to most of the previously reported hair-
graying mutants, the Raf double knockout only affects MSCs
but has no effect on melanocyte lineage development. In
addition, the progressive depletion of MSCs in the bulge was
not associated with the presence of prematurely differentiated
cells. However, in agreement with the well-known implication
of the Raf/ERK pathway in cell-cycle regulation, S phase entry
of MSCs was affected in Raf knockout mice. It is therefore
tempting to speculate that Raf signaling directly controls asym-
metric division of MSCs during the anagen. In conclusion, the
present study demonstrates that Raf signaling is required for
proper MSC maintenance, but dispensable for early melano-
cyte lineage development, and reveals an unexpected un-
coupling of Kit and Raf signaling during development of this
lineage.

EXPERIMENTAL PROCEDURES

Mice
DoubleB-raf f/f;C-raf f/f conditional knockoutmice, obtained by crossingB-raf f/f

(Chen et al., 2006) and C-raf f/f (Jesenberger et al., 2001) mice, were then

crossed to the Tyr::Cre transgenic mice (Delmas et al., 2003) and to either

the Dct::LacZ mice (Mackenzie et al., 1997) or the Z/EG mice (Novak et al.,

2000). The resulting B-raf f/f;C-raf f/f;Tyr::Cre/!;Dct::LacZ/! or B-raf f/f;C-raf f/f;

Tyr::Cre/!;Z/EG/! mice were thereafter named mutant animals. As the

Tyr::Cre transgene is located on the X chromosome, only males were

analyzed. All analyses using Dct::LacZ reporter were conducted by comparing

B-raf f/f;C-raf f/f;Tyr::Cre/!;Dct::LacZ/! mutant animals to their B-raf f/f;C-raf f/f;

Dct::LacZ/! control littermates. In analyses using the Z/EG reporter transgene,

B-raf f/f;C-raf f/f;Tyr::Cre/!;Z/EG/! mice were compared to B-raf +/+;C-raf+/+;

Tyr::Cre/!;Z/EG/! mice.

Dct::LacZ, Tyr::Cre and Z/EG strains were initially on a C57Bl/6 background

whereas the B-raf f/f;C-raf f/f mice were on a 129/Sv background. During the

successive generations only the animals with a black fur were used for anal-

yses and colony maintenance. Same results were obtained with black and

agouti fur mice regarding the observed phenotype.

Genotyping procedures and results are described in the Extended

Experimental Procedures.

For depilation experiments on anesthetized mice, the fur from the left part of

the back was removed with a mix of beeswax and gum rosin (50:50 w/w)

(Sigma).

BrdU labeling was performed by subcutaneous injection (10 mg/g body

weight) twice daily during 7 days, starting at P21. At P28, dorsal skin was fixed

in 4% formaldehyde for 1 hr at 4!C and paraffin embedded.

Animal care and use were approved by the ethics committee of the Curie

Institute in compliance with the institutional guidelines. Experimental proce-

dures were conducted in accordance with recommendations of the European

Union (86/609/EEC) and the French National Committee (87/848).

Histological Analysis and Immunostaining
For X-gal staining, dorsal skin was fixed in 4% paraformaldehyde and

embedded in medium for frozen sections (TissuOCT, LaboNord). Slides

were routinely stained with eosin and hematoxylin. X-gal staining was per-

formed on 8 mm cryosections as described in the Extended Experimental

Procedures.

Immunostaining was performed on 6 mm paraffin-embedded sections

from skin or E15.5 embryos fixed in 4% paraformaldehyde. Deparaffined

and rehydrated sections were boiled in 10 mM sodium citrate, treated with

blocking solution (10% goat serum in PBS/0.1% Tween-20), and incubated

with primary antibody: mouse anti-BrdU (1:200; BD Biosciences), chicken

anti-GFP (1:300; Abcam), and rabbit anti-phospho-ERK (1:100; Cell Signaling).

Alexa Fluor 488 or Alexa Fluor 594 (Invitrogen) was used as secondary

antibodies.

Melanocyte Culture and BrdU Labeling
Primary melanocyte cultures were obtained as previously described with

modifications (Extended Experimental Procedures). Cells were cultured in

HAM F12 Medium containing 10% FCS and 200 nM TPA (Sigma). Bright-field

and phase-contrast microscopywas used to identify melanocytes from culture

day 4 by the presence of melanin granules and typical dendritic cell

morphology. LacZ-expressing cells were detected by X-gal staining: the

cultures were fixed in 2% (v/v) formaldehyde, 0.2% (w/v) glutaraldehyde and

incubated in X-gal staining solution as described in Extended Experimental

Procedures. The number of melanocytes was estimated by counting four

different fields for each genotype after X-gal staining.

BrdU 10 mM (Sigma) was added to the medium at day 4 and incorporated for

10 hr. Cells were then fixed in 4% formaldehyde, incubated in blocking solution

(0.1% Triton X-100, 10% FCS in PBS) and stained (1/500 anti-BrdU antibody

(Sigma), 0.5 mg/ml DNase I). Donkey anti-mouse Alexa Fluor 594 (Invitrogen)

was used for detection.

Immortalized cultures were obtained as described above except that

contaminating fibroblasts were eliminated by repeated treatment with

25 mg/ml of G418. Cultures were spontaneously immortalized through serial
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passaging. Cells were then stimulated with either 200 nM TPA or 50 ng/ml SCF

(R&D systems) and treated with 10 mM of U0126 or LY294002 (Sigma) for

7 days. Two wells per condition were counted at different days of treatment.
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Supplemental Information

EXTENDED EXPERIMENTAL PROCEDURES

Genotyping of Offsprings, Conceptus and FACS-Sorted Cells
PCR analysis was performed onDNA samples from tail, embryonic tissues and skin. For detection of the floxed (413 bp) and recombi-
nant (282 bp) alleles ofB-raf and the floxed (185 bp) and recombinant (320 bp) alleles ofC-raf, PCR amplification (45 s at 94!C, 45 s at
52!C, 1 min at 72!C, 35 cycles) was done using 3 primers (for BRaf: 50-GCA TAG CGC ATA TGC TCA CA-30, 50-CCA TGC TCT AAC
TAG TGC TG-30 and 50-GTT GAC CTT GAA CTT TCT CC-30; for CRaf: 50-TGG CTG TGC CCT TGG AAC CTC AGC ACC-30, 50-AAC
ATG AAG TGG TGT TCT CCG GGC GCC-30 and 50-ATG CAC TGA AAT GAA AAC GTG AAG ACG ACG-30).
The Tyr::Cre transgene (473 bp) was detected by PCR (45 s at 94!C, 30 s at 58!C, 30 s at 72!C, 30 cycles) using 2 primers (50- GTC

ACT CCA GGG GTT GCT GG-30 and 50- CCG CCG CAT AAC CAG TGA-30). The Dct::LacZ transgene (530 bp) was identified by PCR
(45 s at 94!C, 30 s at 62!C, 30 s at 72!C, 30 cycles) using 2 primers (50-CAG GAC ACG GCT TGT CAT CAT GGT GT-30 and 50- CAT
TCA TCG TCT CTC AGG AAT TCA-30). Every PCR began with a 5min step at 94!C and a final extension at 72!C for 10 min.

FACS Analyses
Whole skin was removed from B-raf f/f;C-raf f/f;Tyr::Cre/!;Z/EG/! and B-raf+/+;C-raf+/+;Tyr::Cre/!;Z/EG/! newborn mice at P4 and the
separation of dermis from epidermis was achieved by overnight treatment at 4!C with Trypsine 0.25%-EDTA 2mM. The isolated
dermis was digested in a mixture of collagenase I and IV for 30min at 37!C and then mechanically dissociated with forceps followed
by multiple passages trough an 18-G needle. After washing (HBSS 1X, CaCl2 1mM, DNase 10mg/ml, 20% fetal bovine serum) and
centrifugation, samples were resuspended (HAM-12, 3% fetal bovine serum, 1%Penicillin/Streptomycin, 2mMEDTA) and strained in
order to obtain single-cell suspensions. Cell sorting was performed on a FACS-AriaIII (BD Biosciences, San Jose, CA). GFP-positive
cells were lyzed and genotyped as described above.

Whole-Mount Embryo X-gal Staining
Embryonic day (E) 0.5 was determined at noon of the day of detection of a vaginal plug. X-gal staining was essentially done as previ-
ously described (Delmas et al., 2003). Briefly, embryos at E13.5 were dissected from the extraembryonic tissues, fixed in 0.25%
glutaraldehyde and permeabilized in 2mMMgCl2, 0.01%Na-deoxycholate, 0.02%NP-40 twice for 30min at RT. Theywere then incu-
bated in staining solution (0.4mg/ml 5-bromo-4-chloro-3-indolyl-D-galactoside, 4.9mM potassium ferricyanide, 4.7mM potassium
ferrocyanide, 2mM MgCl2, 0.01% Na-deoxycholate, 0.02% NP-40 in PBS) for 4h at 37!C and post-fixed O/N in 4% paraformalde-
hyde at 4!C. The number of LacZ-positive cells (melanoblasts) was determined on each embryo side between the anterior and poste-
rior limbs. Variations in the number of melanoblasts were observed on both sides of the embryos. The mean number of melanoblasts
per side for each mutant (n = 5) and control (n = 6) embryos was determined.

Mouse Embryos BrdU Labeling
BrdU (Sigma) solution was injected intraperitoneally into pregnant mice (50 mg/g body weight). A second injection was done 20 min
later and embryos at E13.5 were harvested 2 hr after the first injection, dissected from the extraembryonic tissues, washed in PBS
and fixed in 4% formaldehyde for 30min at 4!C. They were embedded in medium for frozen sections (TissuOCT, LaboNord) and im-
munostaining was performed on 8 mm cryosections as described in the manuscript using anti-BrdU (mouse, 1:200; BD Biosciences)
and anti-b-Galactosidase (chicken, 1:500; AbCam) primary antibodies.

Xenopus Laevis Embryo Manipulations
Xenopus laevis embryos were obtained by in vitro fertilization following standard protocols, and grown in 1/3 MMR saline solution
(Sive et al., 2000). In each series of experiments, siblings were grown by groups of 20-30 embryos in 1/3MMR medium comple-
mented with DMSO (vehicle) or chemical inhibitors as needed. Concentrations of CI-1040/PD184352 (Santa Cruz) and LY294002
(Sigma) were chosen according to previously published assays, using frog or fish embryos (Bolcome et al., 2008; Carballada
et al., 2001; Taylor et al., 2010). Embryos were fixed and melanoblast exit from the neural tube and melanocyte lateral cell migration
were monitored using dct labeling by whole mount in situ hybridization as previously described (Monsoro-Burq, 2007). Pictures were
taken on a Leica MZFLIII binocular scope equipped with a Scion camera, using Photoshop CS software. In each experiment series,
two embryos from each condition were lysed for Western blotting.

Hair Analysis and Melanin Quantification
Hair from the back of mutant and control mice were isolated and observed under microscope. The number of white and black hairs
were counted under a Leica binocular magnifier. Melanin was extracted from 1.5 mg of dorsal hair of mutant, control, albino and
C57Bl/6 mice by NaOH treatment (1M NaOH, 4h at 85!C). Relative melanin content was estimated by spectrophotometric measure-
ment at 475 nm. Each hair sample was measured in triplicate and compared to a standard curve determined with synthesis melanin
(Sigma) treated as hair samples.
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Primary Culture of Melanocytes
Melanocyte cultures were obtained as described (Nishimura et al., 1999) with modifications. Briefly, full-thickness dorsal trunk skin
obtained from newborn mice (P4) were treated with 0.25% (w/v) of type I and type IV collagenases (Sigma) in PBS at 37!C for 45 min.
The samples were washed with Wash Buffer (Hank’s balanced salt solution (HBSS) with 1mM CaCl2, 0.005% DNase I (Roche), 20%
FCS) and then incubated in Cell Dissociation Buffer (GIBCO/Invitrogen) at 37!C for 10 min. The skin was dissociated by passing
through 18-20 gauge needles. The cells were separated from the hair and the scraps by sedimentation in the Wash Buffer. Cells
were plated onto 6 wells-plates (1x106 cells/well) and cultured in HAM F12 Medium (GIBCO/Invitrogen) containing 10% FCS and
200nM 12-O-tetradecanoyl-phorbol-13-acetate (TPA) (Sigma).
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Figure S1. B-Raf and C-Raf Proteins Are Not Required for Hair Follicle Pigmentation, Related to Figure 1
(A) Genotyping of dorsal skin of P4 pups and P21 mice tail extracts from mutant (B-raf f/f;C-raf f/f;Tyr::Cre/!;Dct::LacZ/!) and control (B-raf f/f;C-raf f/f; Dct::LacZ/!)

animals. f indicates PCR products corresponding to B-raf and C-raf floxed alleles; D indicates PCR products corresponding to B-raf and C-raf recombinant

alleles; c indicates the Tyr::Cre transgene PCR product.

(B) X-gal staining of representative histological sections of the skin from mutant and control mice, showing developing hair follicles at P4. The presence of

melanocytes (Mc) in the bulb and MSCs in the bulge is indicated by open and black arrowheads, respectively.

(C) X-gal staining of representative histological sections of the skin from mutant and control mice at P21. Images correspond to the first telogen, as indicated on

the scheme on the left.

(D) GFP-positive cells were FACS-sorted from the skin of B-raf f/f;C-raf f/f;Tyr::Cre/!;Z/EG/! and B-raf +/+;C-raf +/+;Tyr::Cre/!;Z/EG/! mice at P4 and genotyped as

described in Supplemental Experimental Procedures (below). Genotypingwas compared to that of the tail extract from the same animal. f indicates PCRproducts

corresponding to B-raf and C-raf floxed alleles; D indicates PCR products corresponding to B-raf and C-raf recombinant alleles; + indicates PCR products

corresponding to B-raf and C-raf wild-type alleles.
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Figure S2. B-Raf and C-Raf Proteins Are Not Required for Mouse Melanoblast Development, Related to Figure 1
(A) X-gal staining of mutant (B-raf f/f;C-raf f/f;Tyr::Cre/!;Dct::LacZ/!) and control (B-raf f/f;C-raf f/f; Dct::LacZ/!) embryos at E13.5. The dashed lines delineate the

area used for LacZ-positive cells counting. Quantification of the mean number of LacZ-positive cells in 5 mutant and 6 control embryos is shown on the right. NS,

not significant.

(B) Melanoblast proliferation is not impaired in Raf knockout embryos. Following in vivo incorporation of BrdU in pregnant mice, immunostaining was performed

on frozen sections of E13.5 mutant and control littermate embryos, using anti-b-galactosidase (LacZ) and anti-BrdU antibodies. Images are merged to reveal

proliferating melanoblasts (white arrowheads). Scale bars represent 50 mm. Quantification of BrdU+/LacZ+ cells is shown on the right. Percentages were ob-

tained from counting the number of melanoblasts per embryo in 2 control and 4 mutant embryos. NS, not significant.

S4 Cell Reports 2, 774–780, October 25, 2012 ª2012 The Authors



Figure S3. ERK Is Not Activated in Differentiating Melanocytes of the Hair Follicle during Second Early Anagen, Related to Figure 1
Immunostaining of hair follicles from wild-type (B-raf +/+;C-raf +/+;Tyr::Cre/!;Z/EG/!) skins during early anagen. Paraffin-embedded skin sections were im-

munolabeled with anti-phospho-ERK (P-ERK) and anti-GFP (GFP) antibodies. No double GFP/P-ERK-positive cells could be detected in the regenerating bulbs.

Scale bars represent 50 mm.
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Figure S4. ERK Signaling Is Dispensable for Early Xenopus Melanocyte Development in Vivo, Related to Figure 1
(A) Xenopus laevis sibling embryos were treated with two different doses of CI-1040 (CI) or LY294002 (LY), two in vivo pharmacological inhibitors of MEK and

PI3K, respectively (Bolcome et al., 2008; Carballada et al., 2001; Taylor et al., 2010), during a developmental window corresponding to melanoblast exit from the

neural tube and melanocyte dorso-lateral migration (stages 28 to 33, according to Nieuwkoop and Faber developmental staging table (Nieuwkoop and Faber,

1994). The top picture represents an embryo at the beginning of the treatment (stage 28)(t0). Other pictures were taken at the end of the treatment (stage 33).

Melanoblasts were revealed by in situ hybridization with a dct probe (n = 102 for LY294002 and n = 112 for CI-1040). A higher magnification of the melanocyte

migrating area is shown of the right. DMSO treated control embryos were identical to wild-type non-treated sibling embryos (n = 37). Scale bars represent 500 mm.

Melanocyte development was blocked by LY294002 at both doses, although the higher dose also caused additional developmental defects (fin and head

structures were underdeveloped), showing that the PI3K pathway is required for melanocyte development in vivo. In contrast, CI-1040 did not affect melanocyte

proliferation and migration in treated embryos. In agreement with previous studies (MacNicol et al., 1993; LaBonne et al., 1995), treatment with CI-1040 at earlier

stages resulted in developmental defects (not shown), confirming that this inhibitor was active in vivo.

(B) Western blotting analysis of ERK (P-ERK) and AKT (P-AKT) phosphorylation in protein extracts from whole Xenopus embryos at the end of the treatment,

showing efficiency of CI-1040 (CI) and LY294002 (LY) inhibitors. The amount of total ERK and total AKT are shown as a loading control.
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Figure S5. Impaired Melanocyte Stem Cell Self-Maintenance in Raf Knockout Mice, Related to Figure 2
(A) Pictures showing the presence of white unpigmented hair among black pigmented hair in the mutant (upper) and quantification of the ratio between black and

white hair at different ages showing an increase in the percentage of white hair with time (lower) (C = control; M = mutant).

(B) Hair shaft melanin content is decreased in Raf knockout mice developing hair-graying phenotype. Spectrophotometricmeasurement of themelanin content at

1 year inmutant hair as compared to control and C57Bl/6 hairs. The hair from albinomice that do not containmelanin pigment and C57/Bl6 were used as controls.

(C) Representative pictures of X-gal staining on histological sections of 1 year-old skin at the telogen stage. Note the depletion of LacZ-positive MSCs in the

mutant mouse but not in the control. Scale bars represent 50 mm.

(D) B-Raf and C-Raf proteins are functionally redundant and compensate for each other in MSC self-maintenance. Single B-raf and C-raf knockouts, as well as

animals retaining only one out of four raf alleles do not exhibit hair graying. In each panel, pictures were taken from 7-12 month-old littermate mice.
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,*E),/$%( )+( &/D%)+( 0%( ,)( 5)5/,,%( 0%"@/M+%F( )+( E*&')E'( 0%( ,)( @)'"/E%( E*&'%&)&'( ,%$(
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SUMMARY:  

NRAS and its downstream effector BRAF are frequently mutated in melanoma. Paradoxically, CRAF 

but not BRAF was shown to be critical for various RAS-driven cancers, raising the question of the role 

of RAF proteins in NRAS-induced melanoma. Using conditional ablation of Raf genes in NRAS-

induced mouse melanoma models, we investigated their contribution in tumor progression, from the 

onset of benign tumors to malignant tumor maintenance. We show that BRAF expression is absolutely 

required for nevi development, demonstrating a critical role in the early stages of NRAS-driven 

melanoma. After melanoma formation, single Braf or Craf ablation is not sufficient to block tumor 

growth, showing redundant functions for RAF kinases. Finally, proliferation of resistant cells 

emerging in the absence of BRAF and CRAF remains dependent on ARAF-mediated ERK activation. 

These results reveal specific and compensatory functions for BRAF and CRAF and highlight an 

addiction to RAF signaling in NRAS-driven melanoma. 
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INTRODUCTION 
Melanomagenesis is a multistep process arising from the transformation of skin melanocytes and 

leading to cutaneous melanoma, the most devastating type of skin cancer due to its highly metastatic 

potential 1. Activation of the RAS/RAF/MEK/ERK signaling pathway is found in the vast majority of 

melanomas and often occurs through mutations of either NRAS or BRAF (15-20% and 40-50% 

cutaneous melanomas, respectively) 2,3. These driver mutations represent a very early event found in 

benign melanocytic lesions, called nevi, and are maintained throughout all stages of invasive and 

metastatic melanoma. The development of drugs such as Vemurafenib and Dabrafenib, which 

selectively inhibit BRAFV600E, the most frequent BRAF mutation, represents a major breakthrough in 

melanoma treatment, triggering an response rate of 80% in phase I clinical trials and an overall 

survival benefit in phase III studies 4,5. Unfortunately, resistances rapidly occur and most of 

responding patients relapse after 5-6 months of treatment 6. In addition, such compounds cannot be 

used to treat half of melanoma patients, especially those harboring NRAS mutations, since BRAF 

inhibitors paradoxically activate the MAPK/ERK pathway in BRAF wild-type cells 7,8. Indeed, 

BRAFV600E and NRAS mutations, although mutually exclusive, are not strictly equivalent and the 

contribution of RAF signaling downstream of NRAS remained to be clarified 9 11.  

Despite much attention being focused on BRAF mutant melanoma, NRAS was the first melanoma 

oncogene to be identified 12, and mutations in NRAS, KRAS and HRAS are present in about 20%, 2% 

and 1% of all melanomas, respectively 13. NRASQ61K/R/L are the most frequent NRAS mutations, 

although point mutations at positions 12 and 13 also occur occasionally. Substantial evidence supports 

the RAF/MAPK pathway as a key downstream effector of oncogenic RAS in melanoma 14, although 

other RAS downstream signaling pathways such as the phospho-inositide-3-kinase (PI3K), RAC1 and 

RAL also contribute to melanomagenesis 15 17. Under physiological conditions in melanocytes, growth 

factors such as HGF and SCF activate RAS, which in turn binds its effectors, including RAF proteins 

18,19. In vertebrates, there exists three RAF proteins called ARAF, BRAF and CRAF that activate 

MAPK-ERK kinases (MEK1 and MEK2), which in turn activate extracellular signal-regulated kinases 

(ERK1 and ERK2) 20. Using knockout mice,  we have shown that BRAF and CRAF are not necessary 
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for melanocyte lineage development, but are required for and play redundant functions in melanocyte 

stem cell self-maintenance 21.  

In NRAS-mutated human melanoma cell lines, CRAF has been proposed to be the major ERK 

activator 9. However, paradoxical activation of the MAPK/ERK pathway by BRAF inhibitors is 

observed in NRAS-mutated melanoma and results from the recruitment of inhibited BRAF at the 

membrane where it acts as a scaffold to enhance CRAF activity 8. Alternative mechanisms have been 

proposed that rely on either transactivation of RAF dimers or disruption of RAF inhibitory 

autophosphorylation by BRAF inhibitors 22,23. A critical role for CRAF in RAS-driven skin 

tumorigenesis as well as in KRAS-induced lung cancer has been demonstrated in mouse models, 

suggesting that CRAF could be the prevalent effector in RAS-driven cancers 24 26. Intriguingly, while 

BRAF is mutated in up to 50% of melanoma, no CRAF mutation was found so far, suggesting that 

oncogenic CRAF activation may not be sufficient for tumor initiation 27. Therefore, the assumption 

that BRAF but not CRAF could be dispensable for NRAS-induced melanoma appears paradoxical. 

To address this question, we reevaluated the respective contribution of RAF kinases in RAS-induced 

melanoma using NRASQ61K-induced mouse melanoma models in which single or compound ablation 

of Braf and Craf genes can be achieved in the melanocyte lineage upon tyrosinase promoter-driven 

Cre or CreERT2 expression 21,28,29. Importantly, we previously reported that neither single nor double 

deletion of BRAF and CRAF affected the early development of the melanocyte lineage in a wild-type 

NRAS background. In addition, double but not single knockout mice developed a hair graying 

phenotype after the first hair molting, which occurs after three weeks of life 21. Because the early 

development of the lineage is not altered in BRAF and CRAF knockouts, these models allowed us to 

investigate the role of both RAF kinases in tumor progression from initiation to malignant melanoma. 

Our results showed that BRAF, but not CRAF, was critical for the formation of early skin melanocytic 

lesions, including nevi-like benign tumors. Single knockout of either CRAF or BRAF was not 

sufficient to prevent malignant tumor growth and maintenance in vivo and cell proliferation in vitro. In 

contrast, concomitant ablation of both BRAF and CRAF resulted in a complete blockage of tumor 

growth. This cooperative effect on cell proliferation was also observed in NRAS-mutated human 

melanoma cell lines. Finally, ablation of BRAF and CRAF lead to the emergence of resistant cells 
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showing an ARAF-dependent reactivation of ERK and cell proliferation. Taken together, these results 

show that RAF signaling is absolutely required downstream of NRAS, and disclose both specific and 

compensatory functions for BRAF and CRAF kinases in NRAS-induced mouse melanoma. 
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RESULTS 

BRAF is required for early steps of NRASQ61K-driven melanomagenesis 

The role of BRAF and CRAF kinases in NRAS-induced cutaneous melanoma was assessed by 

inactivating Raf genes in the Tyr::NRASQ61K/o;Ink4a+/- transgenic mouse model 28. Constitutive 

expression of an activated form of human NRAS (NRASQ61K) in the melanocytic lineage results in 

spontaneous cutaneous melanoma development, a process that is accelerated on an Ink4a-deficient 

background. Inactivation of Raf genes into the melanocyte lineage was performed by crossing double 

Braff/f;Craff/f or single Braff/f;Craf+/+ or Braf+/+;Craff/f conditional knockout mice 21 to the Tyr::Cre/o 

transgenic mice, in which the Tyrosinase promoter is active from embryonic day E10.5 to adulthood30. 

Conversion of floxed alleles by Cre recombinase and loss of BRAF and/or CRAF expression were 

demonstrated previously21. The resulting genotype of mouse lines is 

(Braff/f;Craf+/+;Tyr::NRASQ61K/o;Ink4a+/-;Tyr::Cre/o), (Braf+/+; Craff/f;Tyr::NRASQ61K/o;Ink4a+/-

;Tyr::Cre/o) and (Braff/f;Craff/f;Tyr::NRASQ61K/o;Ink4a+/-;Tyr::Cre/o), respectively named BRAF KO, 

CRAF KO and BRAF/CRAF KO in the manuscript. Mice were also crossed to Dct::LacZ/o reporter 

mice in order to trace cells from the melanocyte lineage 31. 

In agreement with previous reports 28,32,33, Tyr::NRASQ61K/o;Ink4a+/- control mice, when compared to 

wild-type mice, rapidly started to develop a highly hyperpigmented phenotype within the first week, 

which was remarkable on dorsal skin after depilation at 6 months (Figure 1A). This phenotype was 

associated with the presence of a high number of black dome-shaped nevi (Figure 1B). As shown on 

histological sections of adult back skin (Figure 1C), hyperpigmentation was linked to an abnormal 

localization of melanin deposits and numerous melanocytes in the papillary dermis close to the 

epidermis, compared to wild-type mice. Melanin-containing melanophages are also present 

particularly in the subcutaneous fat layer.  Importantly, staining for !-galactosidase activity on dorsal 

skin from newborn (P0.5) animals indicated that NRASQ61K did not affect the normal development of 

the melanocytic lineage before birth (Figure S1), as previously reported 33. In contrast, at P10, while 

melanocytes were mainly located in the hair shaft and the bulb in normal mice, they accumulated in 

clusters at the epidermis/dermis junction and in intra-follicular part of the dermis in NRASQ61K control 

mice (Figure 1D) leading to hyperpigmentation and nevi emergence 33. 
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Deletion of both BRAF and CRAF upon Cre expression in melanocytic cells induced a complete 

reversion of the hyperpigmented phenotype since double knockout mice were indistinguishable from 

wild-type mice with a normal light skin (Figure 1A). Like in wild-type mice, only a very few number 

of weakly pigmented and flat spots were present (Figure 1B). No abnormal localization of 

melanocytes or melanin-deposits was observed in adult skin (Figure 1C). Likewise, LacZ positive 

cells at P10 were mainly located in the hair follicle as found in wild-type animals (Figure 1D). Of 

note, the development of the normal melanocytic lineage at stages preceding the appearance of the 

NRAS phenotype was not affected in BRAF/CRAF KO animals (Figure S1), as previously reported 

21.These observations demonstrated that RAF signaling is required downstream of NRASQ61K for the 

development of the associated phenotype.  

Single deletion of either BRAF or CRAF gave rise to markedly different phenotypes (Figure 1A-C). 

While CRAF-deficient mice developed only a weakly altered hyperpigmented phenotype, BRAF-

deficient mice displayed a nearly complete reversion of the phenotype. In CRAF-deficient mice, dorsal 

skin appeared dark, with numerous nevi. Histological analyses revealed the presence of aberrant 

location of melanocytes and melanin-deposit in the dermis and fat layer. This suggested that CRAF 

was weakly required for NRAS-induced hyperpigmentation. In contrast, BRAF deletion resulted in a 

pigmentation pattern similar to that of double knockout or wild-type mice. Only a few numbers of 

pigmented spots were observed, and skin sections were nearly unpigmented. We quantified the skin 

lesions by counting the number of pigmented spots per cm2 on the back of BRAF KO or CRAF KO 

mice (Figure 1E). Tenfold more spots were counted in CRAF-deficient compared to BRAF-deficient 

skin portions. In addition, these skin lesions displayed characteristics of highly pigmented and dome-

shaped nevi in CRAF KO animals, whereas they were very weakly pigmented and remained flat in 

BRAF KO animals. We analysed the distribution of melanocytes in P10 skins of both single knockouts 

and counted the number of LacZ-positive cells per microscopic field in the dermis (Figure 1F). The 

localization of melanocytes in BRAF-deficient mice was not different from that of double knockout 

animals. In contrast, we observed a significantly higher number of dermal melanocytes in CRAF KO 

compared to BRAF KO, in agreement with the higher number of nevi found in adult skins. Taken 

together, these results show that although BRAF is dispensable for normal melanocyte lineage 
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development and homeostasis 21, it is critical for NRAS-induced hyperpigmentation and nevi 

formation. 

We then looked at the emergence of melanoma in single and double Raf knockout animals. 53.5% of 

Tyr::NRASQ61K/o;Ink4a+/- control mice (31 out of 58) developed melanoma with an average latency of 

10.8 ± 2.7 months (Figure 1G). No tumor was observed in BRAF KO and BRAF/CRAF KO mice, in 

agreement with the lack of hyperpigmented phenotype upon early BRAF deletion, thereby confirming 

the requirement of BRAF for tumor initiation. Conversely, 21% of CRAF KO animals (7 out of 33) 

displayed melanoma with an average higher latency of 15.7 ± 1.8 months. The lower incidence and 

longer latency compared to control mice could be either in favor of a role for CRAF in tumor growth 

or due to the mild effect of its early deletion on hyperpigmentation and nevi appearance as described 

above. 

Taken together, these results demonstrate a specific function for BRAF during the early stages of 

melanomagenesis that cannot be compensated by CRAF. 

BRAF and CRAF display compensatory functions during late stages of NRASQ61K-driven 

melanomagenesis 

In order to study the respective roles of BRAF and CRAF in melanoma growth after tumor initiation, 

we generated a second NRAS-mutated melanoma model in which Raf gene ablation is controlled in a 

spatio-temporal manner by using the Tyr::CreERT2/o transgene expressing a tamoxifen-inducible Cre 

recombinase 29. Control animals (67%, 117 of 174) developed cutaneous melanoma within about 8 

months after birth (8.1 ± 2.3 months) (data not shown). 

We first attempted to look at the effect of Raf gene ablation by directly treating the tumors of the 

different genotypes with tamoxifen but did not observe tumor regression whatever the genotype 

studied but in most cases, complete recombination of floxed Raf alleles was not achieved (data not 

shown). Therefore, we looked at the consequence of Raf genes ablation on tumor growth by 

comparing the effect of tamoxifen and vehicle treatment on the same primary tumor subcutaneously 

transplanted into two identical cohorts of nude mice. In parallel, we also looked at the effect of Raf 

genes ablation in vitro, on melanoma cultures established from primary mouse tumors and treated with 
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4-hydroxy-tamoxifen (4OHT). Treatment of control tumors with tamoxifen or control cultures with 

4OHT did not affect tumor growth and cell proliferation, respectively (Figure S2). As shown on 

Figure 2A, tamoxifen administration totally blocked tumor growth in mice grafted with double 

Braff/f;Craff/f tumors, compared to vehicle. Consequently, we were unable to collect any tumor 

material at the end of the experiment in tamoxifen-treated animals. In vitro, 4OHT-induced 

recombination was highly efficient in double Braff/f;Craff/f melanoma cell culture since BRAF and 

CRAF expression was nearly undetectable at day 4 and completely abolished at day 7 of treatment 

(Figure 2B). Moreover, the concomitant loss of BRAF and CRAF impaired MAPK pathway activation 

as evidenced by western blot analysis of MEK and ERK phosphorylation status (Figure 2B) and 

strongly inhibited cell proliferation (Figure 2C). Cell cycle analyses revealed that BRAF and CRAF 

double knockout cells accumulated into G0/G1 phase resulting in a fewer proportion of cells in S-

phase compared to DMSO-treated samples (Figure 2D). Cell cycle arrest was not accompanied by cell 

death since no increase of the sub-G1 fractions in FACS profiles or induction of caspase 3 activity 

were observed during treatment (data not shown). Taken together, these results demonstrated that the 

RAF/MAPK pathway is absolutely required for NRASQ61K-driven tumor growth in melanoma. 

The same strategy was used to study in vivo and in vitro the respective functions of BRAF or CRAF in 

tumors from single Braff/f;Craf+/+ and Braf+/+;Craff/f knockouts. Western blot analyses confirmed the 

efficient recombination of floxed alleles upon Cre activation by showing a complete loss of BRAF or 

CRAF expression in solid tumors and in cultures after treatment by tamoxifen or 4OHT, respectively 

(Figures 3B&D and Figures 3F&H, respectively). Interestingly, BRAF loss had no effect on either 

tumor growth or cell proliferation (Figures 3A&C). CRAF depletion reproducibly induced a very 

weak effect on tumor growth and a mild slowdown of cell proliferation (Figures 3E&G). Following 

BRAF or CRAF loss in vitro, only a modest decrease in MEK and ERK phosphorylation was observed 

at day 4 of treatment and the levels of MEK and ERK activation returned to normal at day 7. These 

results demonstrated that, in contrast to the striking effect obtained with the double BRAF/CRAF 

deletion, neither CRAF nor BRAF loss alone was sufficient to efficiently block tumor growth and cell 

proliferation. This strongly suggested that compensatory effects between BRAF and CRAF could 

rapidly take place. To verify this hypothesis at the molecular level, we looked at the ability of 



10 
 

endogenous BRAF and CRAF to interact with NRAS by performing in situ proximity ligation assays 

(PLA). Results in Figures 4A and 4B showed the presence of both NRAS/BRAF and NRAS/CRAF 

complexes in control parental cells. The specificity of the PLA signal was confirmed by the absence of 

signal in BRAF- or CRAF-depleted cells. These findings were confirmed by co-immunoprecipitation 

experiments using an NRAS specific antibody that enabled to detect interactions between NRAS and 

both BRAF and CRAF (Figure S3). In agreement with the lack of effect of BRAF depletion on growth 

curve and cell proliferation, the kinase activity of CRAF was comparable in both parental and BRAF 

KO cells (Figure 4C). In contrast, BRAF kinase activity was increased in CRAF KO cells (Figure 4D), 

explaining the compensatory effect of BRAF in the absence of CRAF. Taken together these results led 

us to propose that while CRAF acts as the predominant kinase downstream of NRASQ61K to sustain 

melanoma growth, its loss can be rapidly compensated by BRAF. 

NRAS-mutated human melanoma cells require both BRAF and CRAF for ERK activation and 

proliferation 

It has been previously reported that in RAS-mutated human melanoma cell lines, CRAF but not BRAF 

was required for MAPK activation presumably because BRAF cannot be activated when RAS is 

mutated  9. Our observations in the mouse model being in apparent discrepancy with these 

conclusions, we reinvestigated the respective functions of BRAF and CRAF by using RNA 

interference experiments in three human melanoma cell lines harboring NRAS mutations: WM1361 

(NRASQ61K), WM852 (NRASQ61R) and Sbcl2 (NRASQ61K). Western blot analyses showed the 

efficiency of BRAF and/or CRAF depletion by two distinct siRNA couples (siBRAF1/siCRAF1 and 

siBRAF2/siCRAF2 in Figure 5A and Figure S4A, respectively). Proliferation rate was also measured 

after BrdU incorporation (Figure 5B and Figure S4B). Consistent results were obtained in the three 

different cell lines. Down regulation of CRAF expression induced a decrease in ERK activation as 

reported 9 and affected cell proliferation. However, BRAF depletion also affected ERK 

phosphorylation and proliferation, although the effects were less pronounced than upon CRAF 

depletion. More importantly, the concomitant down regulation of both BRAF and CRAF expression 

strongly inhibited ERK phosphorylation and proliferation. Taken together, these results indicated that 
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when CRAF is knocked down in NRAS-mutated human melanoma cell lines, BRAF is able to 

compensate to maintain MAPK activation and proliferation. Accordingly, PLA experiments proved 

that not only CRAF but also BRAF could form complexes with NRAS in NRAS-mutated human 

melanoma cell lines (Figure 5C). Therefore, the compensatory effects of RAF kinases is a conserved 

mechanism between human and murine NRAS-driven melanoma, since neither CRAF, nor BRAF loss 

alone is sufficient to block melanoma cell proliferation in both species.  

Emergence of an ARAF-dependent mechanism of resistance upon concomitant BRAF- and 

CRAF- depletion in NRAS-mutated melanoma cells 

As shown in Figure 2C, 4OHT-induced concomitant loss of BRAF and CRAF completely inhibited 

cell proliferation. However, at the end of the treatment, we observed the emergence of resistant clones 

that enabled us to establish double BRAF and CRAF knockout melanoma cultures. These resistant 

cultures were not due to an escape from the treatment since the total absence of BRAF and CRAF 

protein expression was stably maintained during passages (Figure 6B). Western blot analyses revealed 

a reactivation of the MAPK pathway as evidenced by the level of ERK phosphorylation in resistant 

cells compared to control parental cells. Treatment by U0126 MEK inhibitor (U0) strongly inhibited 

ERK phosphorylation and cell proliferation of both control and resistant cells (Figures 6A and 6B), 

indicating that the implemented mechanism of resistance was still dependent of the RAF/MEK/ERK 

pathway. In addition, western blot and qRT-PCR analyses (Figures 6B and 6C) demonstrated that 

ARAF expression, the third member of the RAF kinases family, was increased in double BRAF- and 

CRAF-deficient resistant cultures. We therefore examined whether ARAF could be involved in this 

resistance by using short hairpin RNA vectors (shRNA) targeting ARAF. We tested three different 

sequences and identified two shRNAs (shARAF.1 and shARAF.3) that efficiently down regulated 

ARAF expression in control and resistant cells (Figures 6E and 6G, respectively). ARAF down 

regulation induced a decrease in ERK phosphorylation in absence of BRAF and CRAF, whereas its 

depletion had no effect on MAPK activation in control cells. Interestingly, the levels of ARAF 

expression achieved by the different shRNAs strictly correlated with the levels of ERK 

phosphorylation. Crystal violet staining of mass cultures at the end of puromycin selection revealed 
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that ARAF down regulation prevented cell proliferation in resistant cells but not in control parental 

cells expressing BRAF and CRAF (Figures 6D and 6F). Taken together, these data strongly supported 

that loss of BRAF and CRAF in NRAS-mutated murine melanoma cells induced resistances involving 

a compensatory effect of ARAF. 
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DISCUSSION 

Aberrant RAS activation plays causal role in human cancer with an estimated 30% of human tumors 

harboring somatic oncogenic mutations mainly in KRAS, but also in NRAS and HRAS. NRAS 

mutations occur in approximately 20% of human cutaneous melanomas, while HRAS and KRAS 

mutations are rare in this disease 2. NRAS mutations represent an early event in the oncogenic process 

since 15-20% of benign common nevi and more than 80% of congenital nevi are found mutated 34. In 

Tyr::NRASQ61K/o transgenic mice, constitutive expression of an activated human NRAS allele in 

melanocytes results in early benign lesions characterized by an hyperpigmented skin and appearance 

of nevi that can eventually progress to cutaneous melanoma on an Ink4a-deficient background 28,32. 

This model enabled us to evaluate the respective contribution of BRAF and/or CRAF from initiation 

of melanoma to tumor maintenance by using a conditional approach. 

Concomitant loss of BRAF and CRAF in melanocytic lineage completely reversed the 

hyperpigmented phenotype without affecting the normal development of melanocytes and prevented 

tumor onset. Likewise, once melanoma have developed, tamoxifen-induced deletion of both kinases 

completely blocked tumor growth in vivo and cell proliferation in vitro, the latter being associated with 

a strong impairment in ERK activation and cell cycle arrest. Other RAS downstream signaling 

pathways such as RAL and RAC1 have been also implicated in NRAS-driven melanoma 17,33. The role 

of the PI3K/AKT pathway is less well characterized. NRAS mutant melanomas rarely harbor either 

mutations in, or silencing of the negative regulator of the PI3K pathway, phosphatase and tensin 

homolog (PTEN) and  exhibit lower levels of constitutive AKT signaling than those with BRAF 

mutations 35. Whatever the level of contribution of these signaling pathways in RAS-induced 

melanoma, our results demonstrate that the RAF/MEK/ERK pathway is absolutely required 

downstream of NRASQ61K from initiation to tumor maintenance. Interestingly, resistant colonies 

emerged in the absence of BRAF and CRAF expression following tamoxifen treatment of melanoma 

cell cultures. These cells displayed normal levels of ERK activation compared to parental culture and 

their proliferation was dependent on the MAPK-ERK pathway. We demonstrated that ARAF, which 

had never been involved in melanoma so far, was responsible for MAPK activation and cell 

proliferation. This mechanism of resistance not only further supports the critical role of RAF signaling 
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pathway in melanoma, but also highlights its high plasticity in these tumors, which results from the 

compensatory functions of RAF kinases. 

We recently reported similar compensatory effects of RAF kinases in the normal melanocytic lineage 

homeostasis. Double BRAF and CRAF knockout but not single knockout mice develop a progressive 

hair graying phenotype because of a defect in melanocyte stem cells self-renewal in the hair follicle 21. 

In contrast, BRAF and CRAF were not required for melanocyte lineage development. Interestingly, 

although concomitant ablation of BRAF and CRAF in NRASQ61K-expressing mice reverted the 

hyperpigmented phenotype, these animals developed a normal coat color phenotype during the first 

three weeks of life and then progressive hair graying. Thus the complete reversion of the NRASQ61K 

phenotype was not due to a melanocyte stem cell maintenance defect, since hyperpigmentation 

phenotype precede the first melanocyte renewal from stem cell pool of the hair follicle. Taken 

together, these observations confirm that RAF signaling is dispensable for normal early melanocyte 

development but absolutely required under pathological conditions triggered by oncogenic RAS. 

While recent mouse studies reported a critical role for CRAF in the development of RAS-induced 

tumors 9,24 26,36, our models allowing selective and temporal-dependent inactivation of Raf genes 

demonstrated that RAF proteins play both compensatory and specific functions during cutaneous 

melanoma progression. Indeed, we showed that BRAF but not CRAF plays a critical role during the 

initiating stages of melanoma formation. Early BRAF depletion resulted in a complete reversion of the 

hyperpigmented phenotype induced by NRAS. Melanocytes displayed normal skin localization and 

neither nevi, nor tumors developed from BRAF-deficient animals. CRAF appeared dispensable and 

could not compensate for BRAF absence since the phenotype of single BRAF knockouts was 

comparable to that of double BRAF and CRAF knockouts. Single CRAF knockout mice developed, 

however, a weakly altered hyperpigmented phenotype that could be explained by the fact that 

BRAF/CRAF heterodimers are more active than BRAF homodimers 37. Taken together, our results 

demonstrate that only BRAF is necessary during the early stages of NRAS-induced melanomagenesis, 

thereby revealing a specific function for BRAF in tumor initiation that cannot be compensated by 

ARAF and CRAF. This requirement for BRAF activity is strictly restricted to pathological conditions, 
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since the single BRAF knockout has otherwise no effect on either development of the melanocyte 

lineage or melanocyte stem cell self-maintenance 21. 

Using tamoxifen-controlled Raf gene recombination, we were also able to analyse the respective 

contribution of BRAF and CRAF in melanoma growth and maintenance. CreERT2-induced floxed 

Braf allele recombination was efficiently achieved in primary tumors grafted in nude mice or cultured 

in vitro. However, neither slowing down of tumor growth and cell proliferation was evidenced in these 

experiments. This indicated that BRAF was dispensable after melanoma initiation for tumor growth 

and maintenance. In grafted tumors and in cell cultures, complete loss of CRAF expression could be 

achieved and induced a weak but reproducible slowing down of tumor growth and cell proliferation. 

Altogether, these results suggested that CRAF could take over BRAF to maintain MAPK activity 

when melanocytic tumors progressed toward malignancy. These observations were in agreement with 

the existence of a signaling switch from BRAF to CRAF in NRAS-transformed melanocytes 9. 

However, the effects of single CRAF deletion were very weak compared to that of the double 

BRAF/CRAF knockout, and far from sufficient to block tumor growth, clearly indicating a 

compensatory effect implicating BRAF. At the mechanistic level, BRAF was capable to bind to NRAS 

in both parental and CRAF KO cells, but its kinase activity was notably increased in absence of 

CRAF. Importantly, these observations were not restricted to mouse melanoma, since we also found 

that BRAF and CRAF cooperated to activate ERK and to sustain proliferation in three different 

NRAS-mutated human melanoma cell lines. 

This work enabled us to propose a model highlighting the respective roles of RAF kinases during 

NRAS-induced melanoma progression. During the early initiation steps, only BRAF is necessary and 

neither CRAF, nor ARAF can compensate for BRAF deficiency. After progression to malignancy, 

both BRAF and CRAF can contribute to tumor maintenance, although BRAF becomes dispensable 

when CRAF is expressed. Finally, in absence of both BRAF and CRAF, ARAF can eventually be 

recruited to sustain cell proliferation. 

A differential contribution of RAF kinases was also reported in KRAS-driven non-small cell lung 

carcinoma. BRAF depletion did not affect tumor burden whereas CRAF was required for tumor 

initiation 24,26. Another mouse model of RAS-driven skin carcinogenesis revealed that BRAF or CRAF 
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ablation in keratinocytes prevented tumoral initiation and maintenance but through different 

mechanisms, BRAF being necessary for ERK activation and proliferation and CRAF for inhibition of 

keratinocyte differentiation 25,36. It would be therefore interesting to understand why RAF kinases 

differentially contribute to tumorigenesis in these models. Regarding melanoma, our findings establish 

that BRAF not only plays an obvious key role in BRAF-mutated tumors, but is also essential for 

NRAS-induced tumors. Altogether, these studies highlight the addiction to the RAF/MAPK pathway 

in RAS-induced tumorigenesis and reinforce the notion that future improvement of patient treatments 

will require the development of potent therapeutic agents targeting the overall pathway. 
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EXPERIMENTAL PROCEDURES 

Mice 

Braf f/f 38, Craf f/f 39, and Ink4a+/- 40 mice in pure SV129 genetic background and Tyr::NRASQ61K/o 28, 

Tyr::Cre/o 30, Tyr::CreERT2/o 29 and Dct::LacZ/o 31 mice in pure C57BL6 genetic background were 

previously described. The strains were interbred to obtain a non-inducible or inducible deletion of 

BRAF and/or CRAF specifically in the melanocytic lineage. Genotyping was performed as 

reported21,28,29. As the Tyr::Cre transgene is located on the X chromosome, only Cre-positive males 

were used for experimental analyses. Control and wild-type animals refer to NRAS-positive and Cre-

negative or NRAS-negative and Cre-negative mice, respectively. Every two weeks, mice were 

analysed macroscopically after shaving for the occurrence of tumors and morbidity signs. Depilation 

experiments, hematoxylin and eosin staining on paraffin-embedded skin sections or X-Gal staining on 

frozen skin sections were described previously21. Experimental procedures were conducted in 

accordance with recommendations of the European Union (86/609/EEC) and the French National 

Committee (87/848). Animal care and use were approved by the ethics committee of the Curie 

Institute in compliance with the institutional guidelines. 

Tumor transplantation and in vivo tamoxifen treatment 

The tumor was collected from the donor animal, cut into small pieces (5x5mm) and transplanted 

subcutaneously in the right flank of two cohorts of seven or eight nude mice (6-week-old Swiss Nu/Nu 

females, Charles River Laboratories). One week later, mice received daily an intraperitoneal injection 

of tamoxifen (Sigma T5648, 1 mg per mouse, 10mg/ml in EtOH 95%/corn oil 5%) or vehicle for 10 

days. Tumor growth was measured every week for up to 6 weeks. At the end of the experiment, mice 

were euthanized and tumors were collected. Total lysates were prepared in lysis buffer (Tris 20mM 

pH7.4, NaCl 100mM, Triton X100 0.5%, protease and phosphatase inhibitors) using Precellys tissue 

homogenizer. 
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Cell culture experiments!

NRAS-mutated human melanoma cell lines (WM1361, WM852 and Sbcl2) were cultured in RPMI 

1640 medium (GIBCO) supplemented with 10% FBS, penicillin and streptomycin. Cells were cultured 

at 37°C in a humidified atmosphere containing 5% CO2. For growth curves, 5x104 murine or human 

melanoma cell lines were seeded into 6-well plates and counted after staining with Trypan blue by 

using a LUNA cell counter (LogoBiosystems). 4-hydroxy-tamoxifen (4OHT) and U0126 MEK 

inhibitor (Sigma) were used at 500 nM or 10µM, respectively. Cell extracts were prepared in lysis 

buffer (Tris 20mM pH7.4, NaCl 100mM, Triton X100 0.5%, protease and phosphatase inhibitors). 

Immunoprecipitation experiments were performed on 5x106 cellswith 25µl of anti-NRAS antibody 

and 20 !l of a 50% slurry of protein A-Sepharose (GE Healthcare). For in vitro kinase assay, 

immunoprecipitated BRAF or CRAF were incubated with 1 µg of purified GST-MEK in 30mM Tris 

(pH7.5), 0.1mM EDTA, 10mM MgCl2, 0.1% Triton X-100, 5mM NaF, 1mM ATP, 0.3% !-

mercaptoethanol for 30 minutes at 30°C. The reaction was analysed by SDS-PAGE with phospho-

MEK (Cell Signaling Technology), BRAF or CRAF antibodies. 

Establishment of melanoma cell lines from primary tumors!

Primary tumor tissue was dissected from melanoma-bearing Braf+/+;Craff/f;Tyr::NRASQ61K/o;Ink4a+/-

;Tyr::CreERT2/o, Braff/f;Craf+/+;Tyr::NRASQ61K/o;Ink4a+/-;Tyr::CreERT2/o or Braff/f;Craff/f; 

Tyr::NRASQ61K/o;Ink4a+/-;Tyr::CreERT2/o mice and cut into small pieces. Samples were treated with 

0.25% (w/v) of type I and IV collagenases (Sigma) in PBS at 37°C for 45 min, washed with Wash 

Buffer (Hank s balanced salt solution (HBSS) with 1mM CaCl2, 0.005% DNase I (Roche), 20% FBS 

(Fetal Bovine Serum, Sigma)) and incubated in Cell Dissociation Buffer (GIBCO/Invitrogen) at 37°C 

for 10 min. The skin was dissociated by passing through 100µm cell strainer and 18-20 gauge needles. 

The cells were plated onto 6 wells-plates (1x106 cells/well) and cultured in HAM F-12 Medium 

(GIBCO/Invitrogen) containing 10% FBS, 100 units/ml penicillin, 100 !g/ml streptomycin and 2mM 

L-glutamine (Invitrogen). 
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Western blotting and antibodies 

Western blots were performed as previously described21. Membranes were probed with anti-ARAF 

(sc408, Santa Cruz, 1/500), anti-BRAF (sc5284, Santa Cruz, 1/2000), anti-CRAF (#610151, BD 

Biosciences, 1/2000), anti-NRAS (sc519, Santa Cruz, 1/2000), anti-pMEK (#9121, Cell signaling, 

1/1000), anti-MEK (sc219, Santa Cruz, 1/2000), anti-pERK (M8159, Sigma, 1/2000), anti-ERK (sc93, 

Santa Cruz, 1/2000) and anti-!actin (A1978, Sigma, 1/5000) antibodies. Signals were acquired using a 

CDD camera (G:BOX, Syngene).  

Proximity ligation assay 

Cells were grown on glass coverslips, fixed with methanol, and permeabilized with acetone.  

Proximity ligation assay (Duolink) was performed via the manufacturer s (Olink) instructions using 

above mentioned antibodies to BRAF (1/500) and NRAS (1/50), or CRAF (1/50) and NRAS. 

Knockout cells for BRAF or CRAF were used as control. Images were captured using a 3D/optigrid 

Leica fluorescent microscope at 63X magnification. The average number of dots per nuclei was 

determined by analysing at least 70 different nuclei with the ImageJ software. 

Lentiviral production and infection 

Lentiviral pLKO vectors encoding shRNA control, targeting murine ARAF (NM_9703, clones 

TRCN0000287252 for shARAF.1, TRCN0000307404 for shARAF.2, TRCN0000294819 for 

shARAF.3) were obtained from Sigma (Mission shRNA library). Lentiviruses were produced in 293T 

cells, by co-transfecting pLKO-derived vectors and the packaging plasmids pS-PAX2 and pMD2-

VSVG, using lipofectamine 2000 (Invitrogen). Lentiviral particles were harvested 48h post-

transfection. Murine melanoma cell lines were seeded into 6-well plates (105 cells per well) and 

infected with 100µl of viral supernatant in 700µl of medium. The virus was replaced with fresh 

medium after 48h and selection (puromycine 1µg/ml or neomycin 2mg/ml, respectively) was applied. 

Stable established cell lines were either passed or stained with crystal violet. 
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In vitro siRNA experiments and BrdU labelling 

Cells were seeded at 8x104 cells/well in 12-well plates and transfected with 80pmol of BRAF-specific, 

CRAF-specific, or control scrambled small interfering RNA (siRNA) using LipofectAMINE (Gibco). 

24 hours later, cells were either harvested or BrdU-labelled. The siRNA sequences used were  as 

follow : siBRAF1 5 AAGUGGCAUGGUGAUGUGGCA; siBRAF2 5 -

AGAAUUGGAUCUGGAUCAU; siCRAF1 5 -GCACGCUUAGAUUGGAAUA; siCRAF2 5 -

AAUAGUUCAGCAGUUUGGCUA; scrambled ScrSi 5 - AAGUCCAUGGUGACAGGAGAC 41,42. 

For BrdU labelling, after BrdU incorporation (3 hours, 20µM), cells were fixed with 4% 

formaldehyde, permeabilized and blocked in 0.2% Triton X100, 10% FCS in PBS and stained (1/500 

anti-BrdU antibody (Sigma), 0.5 mg/ml DNase I). Donkey anti-mouse Alexa Fluor 594 (Invitrogen) 

was used for detection. Counterstaining with DAPI was performed to quantify BrdU-positive cells. 

Cell cycle analyses by flow cytometry 

At day 5 of 4OHT treatment, cells were incubated for 30 minutes with BrdU (final concentration 10 

!M). Cells were labeled for BrdU incorporation with an FITC BrdU flow kit (BD Pharmingen), 

according to the manufacturer s protocol and resuspended in 300 ml of PBS containing 20 ml of 7-

AAD. The signals were detected a by FACScalibur cytometer (BD biosciences) and analysed using 

FlowJo software (Tree Star). 

Real time RT-PCR 

Total RNAs were extracted using RNeasy Plus mini kit (Qiagen) and reversely transcribed with the 

Cloned AMV First-Strand cDNA Synthesis Kit (Invitrogen). Quantitative real-time PCR assays were 

conducted using SYBR Green real-time PCR Master Mix and real-time PCR amplification equipment 

(Applied Biosystem) (forward primer, 5 -gaagacaagcccaagatgga; reverse prime, 5 -

ctcagccccactaacaggag). 

 

SUPPLEMENTAL INFORMATION 

Supplemental information includes four Supplemental Figures. 
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FIGURE LEGENDS 

Figure 1: Effect of early deletion of BRAF and/or CRAF on hyperpigmentation and melanoma 

formation induced by NRASQ61K. (A) Representative pictures of depilated back skin from 6 months 

old mice with the indicated genotypes compared to control NRAS (Tyr::NRASQ61K/o;Ink4a+/-) and 

wild-type mice showing the effect of CRAF, BRAF or BRAF/CRAF loss on hyperpigmented 

phenotype. (B) High magnification pictures of bottom part of depilated back skin. Skin lesions are 

indicated by white arrows. (C) Hematoxylin and eosin (H&E) staining of representative back skin 

histological sections from 6 months old control, mutant and wild-type mice. Typical melanin deposits 

and melanocytes clusters are shown in the papillary dermis (black arrowheads) and in the 

subcutaneous fat layer (arrows). Scale bar, 100µm. (D) X-gal staining of representative skin sections 

from 10 days old mice. Melanocytes are observed in papillary dermis (arrow) and in the shaft and the 

bulb of the hair follicule (black and open arrowheads respectively). Scale bar, 100µm. (E) Number of 

pigmented spots per cm2 on bottom back skin of 6 months old mice (panel B). (F) Number of dermal 

melanocytes per microscopic field (X10 objective) in skin sections from 10 days old mice (panel D). 

(G) Kaplan-Meier curves of melanoma incidence. 21% of CRAF deficient mice (7 of 33) develop 

melanoma with a latency of 15.7 ± 1.8 months compared to 53.5 % of control mice (31 of 58) in 10.8 

± 2.7 months. No melanoma was observed in BRAF-deficient or BRAF/CRAF-deficient mice (17 and 

21 mice respectively per cohort). **p-value<0.01 compared by Student s test. ns, not significant. 

Figure 2: RAF signaling is required for cell proliferation and tumor growth in NRASQ61K-

induced murine melanoma. (A) A melanoma from an untreated 

Braff/f;Craff/f;Tyr::NRASQ61K/o;Ink4a+/-;Tyr::CreERT2/o mouse was cut into small pieces and 

subcutaneously grafted into two groups of nude mice that were treated either with tamoxifen or vehicle 

for 2 weeks. The effect on tumor growth was assessed by measuring tumor volume over a 6-week 

period. Tumor volumes are plotted relative to the initial volume at the start of treatment. This 

experiment is representative of three independent experiments. (B) Western blot analysis of BRAF and 

CRAF protein levels and MEK and ERK activation levels (pMEK and pERK respectively) in protein 

lysates from culture in (C) at day 4 and 7 of 4OHT treatment compared to DMSO-treated culture. 
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Total MEK, total ERK and !-actin are shown as a loading control. (C) Growth curve analysis of 

melanoma cell culture established from an untreated Braff/f;Craff/f;Tyr::NRASQ61K/o;Ink4a+/-

;Tyr::CreERT2/o primary mouse tumor in response to 4OHT or DMSO for 9 days. Cell number is 

plotted relative to the initial number of cells at the start of treatment. Data are representative of three 

independent experiments. (D) Cell cycle analysis by FACS from culture in (C) at day 5 of 4OHT 

treatment compared to DMSO-treated culture. Data are the mean value of three independent 

experiments. *p-value<0.05 and **p-value<0.01 compared by Student s test. ns, not significant. 

Figure 3: Compensatory functions of BRAF and CRAF for cell proliferation and tumor growth 

in NRASQ61K-induced murine melanoma. (A, E) A melanoma from an untreated 

Braff/f;Craf+/+;Tyr::NRASQ61K/o;Ink4a+/-;Tyr::CreERT2/o or Braf+/+;Craff/f;Tyr::NRASQ61K/o;Ink4a+/-

;Tyr::CreERT2/o mouse (panels A and E, respectively) was cut into small pieces and subcutaneously 

grafted into two groups of nude mice and experimented as in Figure 2A. (B, F) Western blot analysis 

for BRAF and CRAF expression at the end of treatment by tamoxifen or vehicle in three individual 

and representative tumors from panels A and E respectively. !-actin is used as a loading control. (C, 

G) Growth curve analysis of melanoma cell culture established from an untreated 

Braff/f;Craf+/+;Tyr::NRASQ61K/o;Ink4a+/-;Tyr::CreERT2/o or  Braf+/+;Craff/f;Tyr::NRASQ61K/o;Ink4a+/-

;Tyr::CreERT2/o primary mouse tumor (panels C and G, respectively) in response to 4OHT or DMSO 

for 9 days as in Figure 2C. (D, H) Western blot analysis of BRAF and CRAF protein levels and MEK 

and ERK activation levels in protein lysates from culture in panels C and G respectively as in Figure 

2B. 

Figure 4: NRAS-binding and kinase activity of BRAF and CRAF in NRAS-induced melanoma. 

(A,B) Proximity ligation assay (PLA) showing NRAS/BRAF and NRAS/CRAF complexes in 

BRAF! /!  and CRAF! /!  murine melanoma cultures compared to the parental cultures (panels A and B, 

respectively). NRAS/BRAF and NRAS/CRAF interactions in cultures established from panels Figure 

3C or 3G were visualized as red dots by using a fluorescent microscope. Cell nuclei were stained with 

DAPI. Box plots represent the average number of dots per nuclei. Lower, median, and upper quartiles 

are shown, with whiskers extending to the lowest and highest values. (C,D) BRAF and CRAF in vitro 
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kinase assays in BRAF! /!  or CRAF! /!  cultures compared to parental control cultures (panels C and D, 

respectively).  BRAF or CRAF were immunoprecipitated and their intrinsic kinase activity against 

kinase-inactive MEK was determined by western blotting using anti-pMEK antibody. Immune 

complexes and total extracts were immunoblotted with anti-BRAF and anti-CRAF antibodies. !-actin 

was used as a loading control. BRAF! /!  and CRAF! /!  refer to Braf!/!;Craf+/+;Tyr::NRASQ61K/o;Ink4a+/-

;Tyr::CreERT2/o  and  Braf+/+;Craf!/!;Tyr::NRASQ61K/o; Ink4a+/-; Tyr::CreERT2/o, respectively and 

control to the corresponding parental cultures. 

Figure 5: NRAS-mutated human melanoma cells require both BRAF and CRAF for ERK 

activation and proliferation. (A) Western blot analysis of BRAF and CRAF protein expression and 

pERK activation in NRAS mutated human melanoma cell lines (WM1361, WM852 and Sbcl2) 

transfected with the scrambled control (-) or short interfering RNA to BRAF and/or CRAF (siBRAF1 

and siCRAF1). Total ERK and !-actin are used as a loading control. (B) Proliferation rate in 

WM1361, WM852 and Sbcl2 cells transfected with scrambled control (scr), BRAF siRNA (B1), 

CRAF siRNA (C1) or BRAFsiRNA/CRAFsiRNA (B1C1) was measured after BrdU incorporation 

during 3 hours. **p-value<0.01 and ***p-value<0.001 compared by Student s test. (C) Proximity 

ligation assay (PLA) showing NRAS/BRAF and NRAS/CRAF complexes in WM1361, WM852 and 

Sbcl2 cells. Numbers in white indicate the average number of dots per nuclei. Numbers between 

brackets represent standard deviations. 

Figure 6: ARAF is required for the survival NRASQ61K-induced murine melanoma cell lines in 

absence of BRAF and CRAF. (A) Growth curve analysis of resistant double knockout murine 

melanoma cell culture BRAF/CRAF! /!  (circles) compared to its parental control culture (triangles) for 

6 days in presence of 10µM U0126 (U0) or DMSO. Cell number is plotted relative to the initial 

number of cells at the start of treatment. Data are representative of three independent experiments. (B) 

Western blot analysis of ARAF, BRAF and CRAF protein expression and pERK activation in 

BRAF/CRAF! /!  and parental control cultures after treatment by 10µM U0 or DMSO. Total ERK and 

!-actin are used as a loading control. (C) qRT-PCR analysis of ARAF expression in BRAF/CRAF! /!  

and parental control cultures. ***p-value<0.001 compared by Student s test. (D,F) Parental control 
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and BRAF/CRAF! /!  cultures (panels D and F, respectively) were infected by lentiviruses encoding 

control shRNA or targeting ARAF (shARAF.1; shARAF.2; shARAF.3). After puromycin selection, 

cells were stained with crystal violet. (E,G) Western blot analysis of ARAF, BRAF and CRAF protein 

expression levels and pERK activation in parental control and BRAF/CRAF! /!  cultures (panels E and 

G, respectively) after infection by control or ARAF shRNA encoding viruses and selection. Total ERK 

and !-actin are used as a loading control. Control refers to Braff/f;Craff/f;Tyr::NRASQ61K/o;Ink4a+/-

;Tyr::CreERT2/o parental culture and BRAF/CRAF! /!  refers to Braf!/!;Craf 

!/!;Tyr::NRASQ61K/o;Ink4a+/-;Tyr::CreERT2/o double knockout culture. 
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Figure S1 (Related to Figure 1): X-gal staining of dorsal skin sections from double
BRAF/CRAF knockout, RAS control and wild type newborn mice at P0.5. Dermal melanocytes
are black arrowed. Scale bar, 500µm.
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Figure S2 (Related to Figure 2): Control tumors or melanoma cell lines showing the absence of side
effects of treatment on tumor growth or cell proliferation. (A) A melanoma from an untreated
Braff/f;Craff/f;Tyr::NRASQ61K/o;Ink4a+/- mouse was subcutaneously grafted nude mice that were treated
either with tamoxifen or vehicle for 2 weeks. The effect on tumor growth was assessed by measuring
tumor volume over a 6-week period. (B) Growth curve analysis of melanoma cell culture established
from an untreated Braff/f;Craff/f;Tyr::NRASQ61K/o;Ink4a+/- primary mouse tumor in response to 4OHT or
DMSO for 9 days.
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Figure S3 (Related to Figure 4): Co-immunoprecipitations showing NRAS/BRAF and NRAS/CRAF
complexes in BRAF! /! or CRAF! /! compared to control parental cultures (panels A and B, respectively).
Cell extracts were immunoprecipitated with anti-NRAS antibody, and immune complexes were
immunoblotted with anti-NRAS, anti-BRAF and anti-CRAF antibodies.
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Figure S4 (Related to Figure 5): Validation of siRNA experiments on human melanoma cell lines by
using a second siBRAF2/siCRAF2 couple. (A) Western blot analysis of BRAF and CRAF protein
expression levels and pERK activation in three different NRAS mutated human melanoma cell lines
(WM1361, WM852 and Sbcl2) transfected with the scrambled control (-) or short interfering RNA to
BRAF and/or CRAF (siBRAF2/siCRAF2). (B) BrdU incorporation in WM1361, WM852 and Sbcl2
transfected with control, BRAF, CRAF or BRAF/CRAF siRNA (scr, B2, C2, B2C2 respectively). *p-
value<0.05, **p-value<0.01 and ***p-value<0.001 compared by Student s test.




