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Melanocyte fate in neural crest is triggered by Myb proteins
through activation of c-kit
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Abstract. The c-myb proto-oncogene and its onco-
genic derivative v-mybAMV encode transcriptional
regulators engaged in the commitment of hemato-
poietic cells. While the c-Myb protein is important for
the formation and differentiation of various progen-
itors, the v-MybAMV oncoprotein induces in chicks a
progression and transformation of the single (mono-
blastic) cell lineage. Here we present the first evidence
of cell fate-directing abilities of c-Myb and v-MybAMV

proteins in avian neural crest (NC), where both
proteins determine melanocytogenesis. The increased
concentration of c-Myb induces progression into

dendritic melanocytes and differentiation. The v-
myb oncogene converts essentially all NC cells into
melanocytes and causes their transformation. Both
Myb proteins activate in NC cells expression of the c-
kit gene and stem cell factor c-Kit signaling – one of
the essential pathways in melanocyte development.
These observations suggest that the c-myb-c-kit path-
way represents a common regulatory scheme for both
hematopoietic and neural progenitors and establishes
a novel experimental model for studies of melanocy-
togenesis and melanocyte transformation.

Keywords. c-myb proto-oncogene, v-mybAMV oncogene, neural crest, cell fate determination, melanocytes, c-kit
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Introduction

Transcription factors c-Myb and v-Myb were origi-
nally recognized as key regulators in hematopoietic
cells. c-Myb sustains proliferation of all types of
immature hematopoietic cells (reviewed in [1]). It is
required for the development of definitive erythroid
and myeloid lineages [2] as well as for the survival and
differentiation of specific stages of T- and B-cells [3,
4]. In addition, c-Myb regulates stem/progenitor cells
in colonic crypt and adult neurogenic zones (reviewed
in [5]) and in the neuroectoderm of the early chick

embryo [6]. The gene is also expected to function in
vascular smooth muscle cells [7, 8]. Graded intra-
cellular concentrations of c-Myb significantly influ-
ence its biological activity, including the lineage
choice process. Higher c-Myb concentrations in de-
finitive murine hematopoietic progenitors accent the
development of erythroid cells, while low concentra-
tions result in the preferential development of mega-
karyocytes and macrophages [9]. Graded levels of c-
Myb also participate in the formation, survival and
motility of avian neural crest (NC), with higher
concentrations activating the epithelio-mesenchymal
transition in the neuroectoderm and the formation of
migratory NC cells [6].
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The oncogene of avian myeloblastosis virus, v-my-
bAMV, is the truncated version of the c-myb gene. It
contains only the central part of c-myb coding
sequences with several point mutations, and its con-
stitutive expression is driven by the retroviral pro-
moter. Similarly to c-Myb, the v-Myb oncoprotein
binds specifically to the Myb recognition DNA
element (MRE) and regulates transcription of adja-
cent genes (reviewed in [10]). In contrast to c-Myb,
however, it distorts the development of common
myeloid progenitors by favoring the monocyte/macro-
phage lineage at the expense of other lineages [11],
blocks terminal differentiation of immature macro-
phage precursors – monoblasts – and induces their
malignant transformation (reviewed in [10]). In
cooperation with bFGF, v-Myb can also promote
exclusive erythroid development in primitive pro-
genitors [12].
The second myb allele, v-mybE26, composed of fused
gag-myb-ets sequences, transforms myeloid and er-
ythroid cells as well as their multipotent progenitors.
The E26 oncogene also has the potential to affect the
developmental fate of the progeny of multipotent
hematopoietic progenitors [13]. In addition, it has
been shown to transform melanocytes in chick embryo
cultures in cooperation with the exogenous EGF
(epidermal growth factor) receptor [14].
The NC cells develop in early vertebrate embryos at
the border between the neural plate and the non-
neural ectoderm. These multipotential cells delami-
nate from the dorsal neural tube in a temporary
rostrocaudal wave and migrate throughout the em-
bryo. NC cells derived from the trunk region of the
neural tube differentiate into neurons and glia of the
sensory and sympathetic ganglia, neuroendocrine
cells of the adrenal medulla and melanocytes [15 –
17]. A fraction of pluripotent NC cells persists in adult
tissues [18, 19]. Formation of NC cells and specifica-
tion of their developmental fates are controlled by
complex signalling events that are not yet completely
known (reviewed in [20 – 25]).
NC-derived melanocyte precursors in chicken em-
bryos emerge relatively late and enter the dorsal path
of migration [26 – 28]. In addition to Wnt signals [29],
their formation also requires signals from stem cell
factor (SCF) and endothelin 3, which activate their
cognate receptors c-Kit and endothelin B – ET (B) –
respectively [30 – 32]. These signals activate intrinsic
determinants of melanocytic differentiation, includ-
ing Pax3 and several members of the Sox gene family,
and activate synthesis and function of the micro-
phthalmia-associated transcription factor (Mitf),
which is a central factor of the melanogenic cascade
that is essential for the maturation of pigment cells [33,
34].

We found that both Myb proteins support the devel-
opment of melanocyte lineage in chick embryo neural
tube explants. In contrast to c-Myb, the v-Myb
oncoprotein strongly interferes with the differentia-
tion of NC cells, inducing formation of transformed
pigment cells at the expense of the neuroglial progeny.
We show that a significant part of the molecular
mechanism that Myb proteins trigger to determine
melanocyte cell fate is activation of the SCF/c-Kit
signal.

Materials and methods

Embryos, cell cultures and viruses. Brown Leghorn
chick blastoderms and neural tube explants were
prepared, infected with c-myb and v-myb retroviruses,
and cultivated in liquid or semisolid media as descri-
bed elsewhere [6, 11]. The v-myb mutations N118D
[35], L237A [36] and L3,4A [11] were prepared by a
mutated primer/PCR approach. v-mybER and N118D
v-mybER were constructed from v-myb and N118D v-
myb genes by replacing the TAG stop codon with the
fusion sequence encoding two hemagglutinin epitopes
and the mouse estrogen receptor containing the
G525R mutation [37]. 200 nM 4-hydroxytamoxifen
(Sigma) was used for induction of v-MybER proteins.
In the control Dmyb virus genome the myb gene was
deleted. Proportions of melanocytes in the cultures
were obtained by counting pigmented and total cells in
the cultures. Images of 10 randomly selected fields of
each culture were captured for cell counting using a
reticle. Data are expressed as a sample mean. Error
bars represent standard deviations.

Antibodies and chemicals. The rabbit polyclonal anti-
Myb and neutralizing anti-SCF antibodies were de-
scribed [6, 38]. Monoclonals 1E8, MelEM and kit2c75
were from DSHB (Iowa City, Iowa, USA) and South-
ernBiotech (Birmingham, AL, USA), respectively.
Affinity-purified F(ab’)2 fragments of goat anti-
mouse FITC (fluorescein isothiocyanate)-conjugated
or anti-rabbit Cy3-conjugated IgGs (immunoglobu-
lin) were from Jackson Immunoresearch Laboratories
(West Grove, PA, USA). The AG1296 inhibitor was
purchased from Calbiochem (Darmstadt, Germany).

Immunofluorescence and flow cytometry analyses.
Cells for immunofluorescence analysis or Giemsa
staining were processed as described [11]. Fluores-
cence images were captured using a DMIRB micro-
scope, DFC480 camera and IM500 software (Leica
Microsystems, Wetzlar, Germany) and processed
using Adobe software (Adobe Systems, San Jose,
CA, USA). Growing NC cells and CEFs for flow
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cytometry were washed 3 times with culture
media+1% BSA and exposed sequentially to
kit2c75 and the secondary FITC-conjugated antibod-
ies (1 h each) in the media+0.5 % BSA at 37 oC.
Unreacted antibodies were removed by 3 washes with
the media+0.5% BSA. Cells were detached by 1 %
collagenase (PAA Laboratories, Linz, Austria) for
30 – 45 min at 37 oC, until approximately 90 % of cells
were released, collected by low-speed centrifugation
suspended in buffered saline and analyzed in FACSort
(Becton Dickinson, San Jose, CA, USA). Analysis of
data and histogram overlays were performed with
WinMDI software. All histograms were gated on
propidium iodide-negative cells.

Western blot analysis. Western blot analyses were
performed as described previously [11]. Total proteins
were compared on Coomassie-stained gels. Equiva-
lent protein samples were loaded. PageRuler pre-
stained protein ladder (Fermentas) was used as
marker.

RT-PCR. Total RNA was isolated from cell cultures
using RNAwiz (Ambion). Carefully quantitated
RNAs (for semiquantitative RT PCR) were reverse-
transcribed to cDNA (complementary DNA) using
M-MLV reverse transcriptase (Promega, Madison,
WI, USA). Semiquantitative PCR reactions con-
tained 200 mM dNTPs, 200 nM primers, 0.7 ml of
cDNA and 0.02 U/ml of Taq polymerase in the
magnesium-containing buffer (Promega) in 20 ml.
Samples of all PCR reactions were checked electro-
phoretically at various numbers of PCR cycles to
ensure that all the reactions are observed in the
exponential phase. Cycling parameters for electro-
phoretograms shown in figures were as follows: 95 oC
20 s, annealing temperature (2 oC below the calculated
Tm of a given pair of primers) 20 s, 72 oC 45 s: 28 cycles
with MITF-F (5’-CGGCTCTGAATACCCACT-
CACG) and MITF-R (5’-CGAGCTTGCATCT-
CAAGTTCC TG), resulting product 580 bp; 27 cycles
with CKIT-F (5’-GCAAAGGGCATGAGCTTCC
TGG) and CKIT-R (5’-GGCTCCTCTTCTTCCA-
GATGCCAC), resulting product 624 bp; 30 cycles
with SCF-F (5’-ACCAGAGAATGATTCCA-
GAGTCGCTG) and SCF-R (5’-GCAAACATG-
GAACTGTTACCTGCCAG), resulting product
406 bp (these reactions also contained, in addition to
standard components, 1 M betain); and 22 cycles with
GAPDH-F (5’-CCATGACAACTTTGGCATTG)
and GAPDH-R (5’-TCCCCACAGCCTTAGCAG),
resulting product 164 bp. The primer pairs were
derived from different exons.

Real-time PCR. For quantitation of c-kit cDNA
sequences, primers 5KITAE (5’-GTC ACHTUNGTRENNUNGGAGAG-ACHTUNGTRENNUNGCACT ACHTUNGTRENNUNGGTGA ACHTUNGTRENNUNGACGCCAGC) and 3KITAE (5’-
CTATGA ACHTUNGTRENNUNGTGCACAT ACHTUNGTRENNUNGCAGTC ACHTUNGTRENNUNGCAGC ACHTUNGTRENNUNGGGC) yielding
the 187-bp product were used in addition to the above
GAPDH-F and GAPDH-R. Reactions were per-
formed in triplicate using DyNAmo SYBR Green
qPCR kit (Finnzymes) on the DNA Engine Opticon2
(MJ Research) according to the manufacturer�s pro-
tocol.

Results

c-Myb and v-Myb proteins induce accumulation of
pigment cells in chicken blastoderm cultures; v-Myb
causes their transformation. We previously demon-
strated that c-Myb is synthesized in the majority of
cells of the early chicken embryo and is significantly
involved in the formation of the trunk NC [6]. In the
present work we analyzed the influence of c-Myb and
v-Myb proteins on early chick embryo cells, including
NC.
First, c-myb or v-myb genes were expressed in
explanted blastoderms of the developmental stage
HH10 [39] using MAV-1-based retroviruses, and the
synthesis of Myb proteins was determined (Fig. 1c).
Infected explants were either grown in liquid cultures
or dispersed and seeded into semisolid media. The
liquid c-myb and v-myb cultures differed after 7 days
of cultivation from cultures infected with the control
(Dmyb) virus by high counts of hematopoietic blasts
and by the morphology of cells attached to dishes
(Fig. 1a). In c-myb cultures, hematopoietic cells were
represented mainly by myeloblasts, which frequently
differentiated into macrophages. Up to 5% of attach-
ed cells were pigmented melanocytes characterized by
a rather high content of pigment granules and differ-
entiated morphology (Fig. 1b, c-myb panels). v-myb
cultures contained mainly typical v-myb-transformed
monoblasts and usually over 5 % of attached cells
were melanocytes characterized by rather immature
appearance, with a lower content of pigment granula
(Fig. 1b, v-myb panels). In uninfected or control
retrovirus-infected cultures virtually no pigmented
cells were found (Fig. 1a, Dmyb panel).
Only v-myb monoblasts and melanocytes formed
colonies in semisolid media (Fig. 1d-i). Some colonies
of pigmented cells reached a 1-mm diameter (Fig. 1d-
ii) and contained over 105 cells (16 generations). Cells
isolated from such colonies continued proliferating in
liquid cultures for an additional 20 –30 generations
with a doubling time of 32 – 36 h. In dense cultures,
pigmented cells detached from the dish surface,
adopted a rounded shape and adhered to one another,
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forming large floating clusters (Fig. 1d-iii). After some
time, these clusters readhered, and pigmented cells
grew out from them and multiplied until they reached
a density activating their detachment and formation of
new floating clusters. After a total of 40 – 50 gener-
ations cells stopped proliferating, turned into adher-
ent dendritic melanocytes and finally decomposed.
Repeated experiments clearly showed that both c-
myb and v-myb genes activate the occurrence of
pigment cells in whole-embryo cultures, and that the
v-myb oncogene transforms these cells and induces
their anchorage-independent growth and long-term
proliferation.

Myb proteins activate formation of NC-derived mel-
anocytes. Two types of pigment cells are easily
detectable in developing embryos – retinal pigment
epithelium and NC-derived skin melanocytes. In
order to confirm that analyzed pigment cells are NC
derivatives, trunk neural tube fragments containing
unfused neural folds were isolated, infected with
concentrated retroviral stocks (c-myb, v-myb or
Dmyb) and placed onto collagen-coated plates. Fol-
lowing 12 – 16 h pioneer cells started to emigrate from
successfully adhered explants. The emigrated cell
populations were analyzed 7 –12 days later. The
results from six independent sets of cultures showed
that while Dmyb virus-infected and non-infected
populations contained at most 20 % melanocytes, c-
myb and v-myb cultures invariantly contained about
40 and 95 % of pigment cells, respectively, document-
ing the capability of Myb proteins either to activate
melanocyte cell fate in NC cells or to support the
proliferation of committed melanocytes.

Myb proteins commit NC cells to the melanocyte cell
lineage. To find out whether Myb proteins can
determine melanocyte lineage choice, c-myb and v-
myb genes were introduced into naive neural plates
which contain only prospective NC cells and no
committed melanocyte progenitors. Retroviruses
used in this work efficiently transduce myb genes
into undifferentiated neural tissues, including NC cells
[6]. In neural plate explants both myb genes caused
cell delamination and formation of pigmented mela-
nocytes (Fig. 2). Thus, the v-myb oncogene, like c-myb
[6], can activate very early steps in the formation of
trunk NC, and both Myb proteins appear to sustain
differentiation of early NC cells to the melanocyte cell
lineage.

The early NC cells emigrating from trunk neural tube
fragments containing unfused neural folds were used
for further experiments. In the embryo, trunk NC

Figure 1. c-myb and v-myb genes promote accumulation of
immature myeloid cells and melanocytes in blastoderm cultures.
(a) Phase contrast images of cultures infected with the control
Dmyb, c-myb and v-myb retroviruses. Bar, 50 mm. (b) Giemsa-
stained hematopoietic cells (upper panels) and melanocytes (lower
panels) in cultures infected with c-myb or v-myb retroviruses. Bar,
10 mm. (c) Western blot detection of c-Myb (76 kD) and v-Myb
(48 kD) proteins in the lysates of cultured cells shown in (a)
selected by G418. (d) Transformation of hematopoietic cells and
melanocytes by v-myb ; (i) light colonies of hematopoietic cells and
dark colonies of melanocytes in semisolid media. (ii) The large
melanocyte colony with outgrowing unpigmented melanoblasts.
(iii) Floating clusters of v-myb-transformed melanoblasts in a
liquid culture. Bar, 0.5 mm.

Figure 2. myb genes induce formation of melanocytes (dark
pigmented cells in c-myb and v-myb panels) in naive neural plate
explants. Phase contrast images of representative fields of cultures
infected with the control Dmyb, c-myb and v-myb retroviruses.
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cells delaminate from neural folds and invade
surrounding tissues in waves. Cells of the early
wave differentiate mainly into neurons and glial
cells of the peripheral nervous system. Cells of the
second delayed wave differentiate into melanocytes
[27, 40] . This mode of NC emigration/differentiation
is to some extent also recapitulated in tissue culture.
Cells of the early wave spontaneously differentiate in
vitro mainly into glial cells. However, as they contain
oligopotent precursors, including bipotential glial-
melanocytic progenitors [40, 41] , they have the
potential to develop along the melanocyte cell
lineage when induced, for example, by bFGF or
bFGF+SCF, which both participate in the induction
of melanogenesis [30, 42]. We isolated early wave NC
cells and used them to study the effects of Myb
proteins on cell lineage determination. As expected,
the vast majority of these cells contained the HNK-1
epitope (Fig. 3a), which is typical for undifferenti-
ated migrating NC cells [43]. As shown in Figure 3b,
which summarizes results of four independent ex-
periments, Dmyb virus-infected cells differentiated
into non-pigmented cells (mainly glial), while after
10 days such cultures treated with bFGF or
bFGF+SCF contained 25 or 80 % of pigment cells,
respectively. The early wave cells were then infected
with c-myb and v-myb retroviruses and analyzed 7 –
12 days later. Both c-myb and v-myb directed early
wave cells to the melanocyte cell lineage. In c-myb
cultures pigment cells represented about 50 % of
cells, while in v-myb cultures typically 90 % of the
cells were melanocytes.
The strong melanocyte-promoting activity of v-Myb
was strictly dependent on the integrity of DNA
binding, transactivation and leucine zipper domains.
As shown in Figure 3b, the N118D mutation, which
completely eliminates the specific DNA binding of
Myb proteins [35], and the L237A mutation, which
inactivates Myb transactivation domain [36], elimi-
nated melanocyte formation. Similarly, replacement
of crucial leucine residues L325 and L332 within the
zipper domain by alanines, referred to as the L3,4A
mutation, significantly reduced v-Myb ability to
redirect glial development to melanocyte cell lineage.
The L3,4A mutation was previously shown to strongly
reduce the ability of v-Myb to direct the commitment
of common myeloid progenitors to monocyte/macro-
phage lineage and to transform monoblasts [11]. Since
none of the mutations significantly affected the
steady-state concentration of v-Myb proteins
(Fig. 3b), it is evident that the same v-Myb domains
(functions) necessary for the commitment of hema-
topoietic progenitors into the monocyte/macrophage
lineage and transformation of monoblasts are also
required for the direction of NC progenitors to

melanocyte cell lineage and transformation of mela-
nocytes.

Antibodies against specific antigens were used to
prove the identity of the cells studied. Early-wave
progenitors infected with the Dmyb retrovirus differ-

Figure 3. myb genes direct the development of early neural crest
(NC) cells into melanocytes. (a) Adobe Photoshop overlay of the
phase contrast and HNK-1 fluorescence (green) images (the same
field) of cells emigrating in an early wave from neural fold explants.
(b) The ratios of non-melanocytes (others) and pigmented
melanocytes (melano) in cultures of early wave NC cells infected
with Dmyb and treated with bFGF or bFGF+SCF, or infected with
retroviruses carrying c-myb, wt v-myb, DNA-binding domain
mutant of v-myb (N118Dv-myb), transactivation domain mutant
of v-myb (L237Av-myb) and the leucine zipper mutant of v-myb
(L3,4Av-myb). The data were obtained in four independent
experiments. The abundance of Myb proteins in selected cultures
was determined by Western blot using antiMyb antibody. (c) The
presence of lineage-specific antigens in differentiating early wave
NC cells infected with Dmyb and v-myb viruses. 1E8 and MelEM
antibodies reveal glial cell- and melanocyte-specific antigens,
respectively. The 1E8, antiMyb and bright field images are taken
from the same field. Bars, 10 mm.
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entiated into 1E8-positive glial cells (Fig. 3c), just like
non-infected progenitors (not shown). On the other
hand, cells in myb-infected cultures (exemplified by
the v-myb cells in Fig. 3c) did not synthesize the 1E8
antigen in accordance with their melanocyte pheno-
type and strongly stained with the melanocyte-specific
MelEM antibody, recognizing the glutathione S-trans-
ferase subunit synthesized specifically in NC melano-
blasts committed to produce the pigment [44, 45]. The
control glial cells were negative. In v-myb melano-
blasts the MelEM antigen was distributed essentially
as described [46]. In mid-early cells (7 days after
emigration) the antigen was mostly scattered in the
cytoplasm; later (12 days after emigration), it was
found concentrated around the nuclei (Fig. 3c). In
highly pigmented differentiated melanocytes no im-
munoreactivity with the MelEM was observed (not
shown). It is worth noticing that the melanocytogenic
activity of myb genes did not require additional
exogenous inductors (bFGF, SCF).
The induction of melanocyte formation by c-Myb, v-
Myb or by bFGF+SCF was possible only when early
wave cells were treated by these factors soon after
emigration while they were 1E8-negative. Later
infection or addition of factors resulted in progres-
sively lower amounts of melanocytes in cultures;
almost no melanocytes were obtained when myb
genes or cytokines were introduced to 1-week-old
cultures in which the majority of cells were 1E8-
positive (not shown). This supports the notion that the
early wave cell population we used is composed
mainly of uncommitted progenitors, which gradually
lose their ability to differentiate into melanocytes
along with their progression into glial cells. Impor-
tantly, total cell counts in cultures infected with viruses
(c-myb, v-myb or Dmyb) or treated with cytokines
steadily increased, while the massive changes of the
ratio of melanocytes/other cells took place. No signs of
cell death were observed. This suggests that pigment
cells were generated by the conversion of progenitors
and not by the outgrowth of a few pigment cells that
have spontaneously arisen nor by the death of non-
pigmented cells.

Myb proteins activate expression of key regulators of
the melanogenic cascade. We analyzed expression of
selected crucial factors engaged in melanocytogen-
esis.
The introduction of c-myb and v-myb genes into early
wave cells correlated with the accumulation of tran-
scripts of the mitf gene (Fig. 4a) – the pivotal factor for
the progression of melanocyte development [47].
mRNA (messenger RNA) of the tyrosinase gene –
the target gene of the Mitf factor – was also strongly
upregulated in c-myb and v-myb cells (not shown).

The activity of the Mitf protein is controlled in several
ways. Among them, Mitf modifications induced by
SCF/c-Kit signaling represent an activating cue im-
portant for the development of melanocyte cell
lineage [48, 49]. Since c-kit expression depends on c-
Myb in immature erythroid cells [50], we asked
whether there is a link between c-Myb and c-kit
expression in NC cells as well. As documented in
Figure 4a, infection of early wave cells with c-myb and
v-myb resulted in the accumulation of c-kit mRNA,
while no striking changes were observed in the levels
of SCF mRNA. To find out whether myb genes also
promote accumulation of the c-Kit protein at the cell
surface, NC cells emigrating in early and late waves
from the HH10 neural tube explants were pooled and
infected with Dmyb, c-myb and v-myb retroviruses
and analyzed by flow cytometry with the kit2c75 anti-
chicken c-Kit antibody. The overlays in Figure 4b
document a detectable level of c-Kit in control NC
cells (present on late wave cells, which contain
committed melanocytes) and its significant increase
following introduction of c-myb and v-myb genes. The
overlays also reveal that while there are still some c-
Kit-negative cells in the c-myb-infected population,
almost no such cells can be found in v-myb cultures.
This corresponds well to the proportion of melano-
cytes in c-myb and v-myb cultures.
While the importance of c-myb for c-kit expression has
been already documented [50], no such data are
available for v-myb. To find out whether the increase
of c-kit mRNA depends on v-Myb and is not solely
caused by altered composition of cells in a differ-
entiating cell culture, first wave NC cells were exposed
for 32 h to retroviruses transducing the 4-hydroxyta-
moxifen (4-OHT)-inducible v-mybER and N118Dv-
mybER (unable to bind the Myb recognition se-
quence) variants and then treated with 4-OHT for 7 or
24 h. cDNAs were assayed for the relative concen-
trations of c-kit sequences by semiquantitative and
quantitative PCR (Fig. 5a) and protein lysates (pre-
pared from cells immediately prior to 4-OHT treat-
ment) for the presence of Myb fusion proteins
(Fig. 5b). At the time of analysis not all the cells
were productively infected, and the amounts of
synthesized fusion proteins were only similar to that
of the endogenous c-Myb (Fig. 5b). Nevertheless, it
was critical to analyze cells well before any signs of
differentiation became apparent and any significant
changes in culture composition could take place. The
results of the real-time PCR (columns) as well as the
semiquantitative PCR (electrophoretograms) shown
in Figure 5a document the increase in c-kit mRNA
concentration already 7 h after 4-OHT induction,
which became more pronounced after 24 h of 4-OHT
treatment. It is apparent that v-MybER displays some

2980 V. Karafiat et al. Myb proteins activate melanocytogenesis



basal activity and increases c-kit mRNA even in the
absence of 4-OHT, as indicated by comparison of v-
mybER unstimulated cells with control cells (infected
with Dmyb virus). Importantly, both the basal and 4-
OHT-inducible effects of v-MybER were completely
eliminated by the N118D mutation in the v-Myb DNA
binding domain. This supports the concept of direct
involvement of v-Myb in the activation of c-kit
expression.
As early NC cells produce SCF [51], the increased
levels of the c-Kit receptor caused by Myb proteins are
likely to result in enhanced c-Kit signaling. This might
represent at least some of the mechanism through
which Myb proteins activate melanocytogenesis in NC
cells.

Myb proteins activate SCF/c-Kit signaling in NC cells.
In order to learn whether the melanocyte-promoting
activity of Myb proteins is mediated by the SCF/c-Kit
signal, early wave cells were infected with c-myb, v-
myb and Dmyb retroviruses and treated with inhib-
itors of SCF/c-Kit signaling, namely the neutralizing
anti-SCF antibody [38] and the AG1296 inhibitor of c-
Kit tyrosine kinase activity [52], which were applied to
cultures 12 h after retroviral infections. The average
cell counts obtained 10 days after infection in two
independent experiments are plotted in Fig. 6. Both
the antibody and the AG1296 tyrphostine significantly
reduced the number of melanocytes in c-myb and v-
myb cultures to approximately 50 –30% of values
obtained in the absence of these compounds. The
melanocytogenic activity of c-Myb was slightly more
sensitive to c-Kit signal inhibitors than the activity of
v-Myb. Concomitant with the decrease in melano-
cytes, the number of other, mainly glial cells in these
cultures increased. We conclude that at least some of
the melanocytogenic activities of c-Myb and v-Myb

proteins are dependent on the SCF/c-Kit signal. This
signal is likely activated by the Myb-dependent
increase in the cell surface concentration of the c-Kit
receptor. Thus, the c-myb– c-kit pathway is involved in
cell fate determination not only in hematopoietic
progenitors [50] but also in NC cells.

Discussion

We identified c-Myb and v-MybAMV transcription
factors as powerful inducers of the melanocytogenesis
in avian neural tube explants. Both factors efficiently
promoted melanocyte development in explanted
neural folds, where the formation of NC cells has
already been activated and where the early stages of
lineage specification programs have been launched.
Furthermore, Myb proteins induced melanocytogen-
esis in neural plate epithelium, where these programs
have not been initiated. These results confirm our
recent observations that c-Myb is involved in early
inductive events in the neural tube leading to NC
formation [6] and reveal similar activity of the v-Myb
oncoprotein. Moreover, they document the capability
of both Myb proteins to specify development of
melanocyte cell lineage. At least a part of the
molecular mechanism(s) underlying these Myb activ-
ities could be activation of c-kit transcription or c-kit
mRNA stability, leading to accumulation of c-kit
mRNA and to the rise in c-Kit receptor concentration.
It can be expected that higher c-Kit levels in NC cells
result in activation of the SCF-c-Kit melanocytogenic
signal, since NC cells produce SCF [51]. The promoter
of the c-kit gene has been long considered a candidate
Myb target promoter [53, 54]. However, there is no
evidence that Myb proteins directly regulate c-kit
gene promoter in NC cells, and further work is needed

Figure 4. Upregulation of mela-
nocyte-specific factors in pooled
early and late wave NC cells. (a)
Semiquantitative RT-PCR deter-
mination of relative concentra-
tions of scf, c-kit, mitf and gapdh
transcripts in cells infected with
Dmyb, v-myb or c-myb retrovi-
ruses. (b) Flow cytometry quan-
tification of the cell surface c-Kit
protein. Chick embryo fibro-
blasts (CEF) were used as the
negative control.
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to prove their interaction both in hematopoietic and
NC cells. The promoter of the SCF gene could also be
directly regulated by c-Myb, as suggested by analyses
of SCF production in fetal liver stroma in c-myb–/–

mice [55]. However, in our experiments with NC cells
no changes in SCF mRNA were observed in response
to elevated c-Myb or v-Myb proteins.
Activation of the c-Kit signal per se is probably not
sufficient to induce mitf transcription. However, Myb
proteins display a rather complex integration with the
signaling network of progenitors. We observed that
introduction of c-Myb into neural tube epithelium
treated with BMP4, SCF or bFGF leads to differing

results. For example, elevated concentrations of c-
Myb combined with bFGF result in massive delami-
nation and outgrowth of melanocyte precursors and
pigmented melanocytes, while in cooperation with
BMP4, rather undifferentiated progenitors accumu-
late in culture [V. Karafiat, unpublished observation].
Thus, other pathways, in addition to the c-Kit signal,
are likely modulated by Myb proteins. One of them
might be the EGF receptor signal [14].
In neural tube epithelium the v-Myb oncoprotein
induces development of cells of the melanocytic
lineage at the expense of other lineages. In melanocyte
lineage-restricted precursors it causes a partial block
of their terminal differentiation, activation of their
proliferation and induction of transformation. Thus, c-
Myb and v-Myb activate similar events – commitment
of progenitors to the same cell lineage and activation
of a set of genes responsible for melanogenesis. This is
in contrast to conclusions based on expression profiles
[56]. The discrepancy is likely due to the cell type used
for the experiments and to the inferential spectrum of
surrounding regulatory factors. We suggest that in
cells that naturally use c-Myb for regulation, v-Myb
can operate in the same pathways, although with

Figure 5. Increase in c-kit mRNA depends on v-Myb. (a) Early
wave NC cells were infected with v-mybER-, N118Dv-mybER- or
Dmyb retroviruses; cultures were split 32 h post-infection and half
of them treated with 200 nM 4-OHT. In two independent experi-
ments RNAs were isolated either 7 or 24 h later, and cDNAs were
subjected to PCR with c-kit or gapdh primers. The column diagram
summarizes results of real-time PCR (RT qPCR). The electro-
phoretograms show results of semiquantitative PCR (RT PCR)
with CKIT-Fand CKIT-R and GAPDH-Fand GAPDH-R primers.
(b) Western blot analysis of first wave cells infected for 32 h with
Dmyb, v-mybER and N118D v-mybER retroviruses using antiMyb
antibody.

Figure 6. Inhibition of c-myb and v-myb melanocytogenesis by
compounds interfering with SCF/c-Kit signaling. Early wave NC
cells infected with c-myb or v-myb retroviruses were treated with
preimmune rabbit serum (PRS), neutralizing anti-SCF rabbit
antibody or with AG1296 inhibitor of c-Kit phosphorylation. The
amounts of pigmented melanocytes and other cells in individual
cultures were determined as in Figure 3. The data were obtained in
two independent experiments.

2982 V. Karafiat et al. Myb proteins activate melanocytogenesis



eventually different phenotypical outcome caused by
the deregulated nature of the oncoprotein.
The complex effect of both myb genes on NC
formation and melanocyte development recalls their
effects on hematopoietic cells. The results of this work
support the idea of overlapping genetic programs and
similar cell fate specification regulatory pathways in
both cell compartments [57, 58]. We hypothesize that
at least in birds, c-Myb is involved in molecular
mechanisms controlling proliferation, survival and
fate determination programs related in both hema-
topoietic and NC progenitors. One of these mecha-
nisms might be activation of c-Kit signaling, as
suggested by recent experiments in mice [50] and
data in the work described here. If activation of c-Kit
signaling is a common c-Myb property, then other cell
types dependent on the SCF/c-Kit signal may also
require c-Myb as a part of this pathway.
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preparing the manuscript. This work is supported by project
AV0Z50520514 awarded by the Academy of Sciences of the Czech
Republic, by grant LC06061 from the Ministry of Education, Youth
and Sports of the Czech Republic and by grant 204/06/1728 from
the Grant Agency of the Czech Republic.

1 Gonda, T. J. (1998) The c-Myb oncoprotein. Int. J. Biochem.
Cell Biol. 30, 547–551.

2 Mucenski, M. L., McLain, K., Kier, A. B., Swerdlow, S. H.,
Schreiner, C. M., Miller, T. A., Pietryga, D. W., Scott, W. J., Jr.
and Potter, S. S. (1991) A functional c-myb gene is required for
normal murine fetal hepatic hematopoiesis. Cell 65, 677–689.

3 Thomas, M. D., Kremer, C. S., Ravichandran, K. S., Rajewsky,
K. and Bender, T. P. (2005) c-Myb is critical for B cell
development and maintenance of follicular B cells. Immunity
23, 275–286.

4 Bender, T. P., Kremer, C. S., Kraus, M., Buch, T. and Rajewsky,
K. (2004) Critical functions for c-Myb at three checkpoints
during thymocyte development. Nat. Immunol. 5, 721–729.

5 Ramsay, R. G. (2005) c-Myb, a stem-progenitor cell regulator
in multiple tissue compartments. Growth Factors 23, 253–261.

6 Karafiat, V., Dvorakova, M., Krejci, E., Kralova, J., Pajer, P.,
Snajdr, P., Mandikova, S., Bartunek, P., Grim, M. and Dvorak,
M. (2005) Transcription factor c-Myb is involved in the
regulation of the epithelial-mesenchymal transition in the
avian neural crest. Cell. Mol. Life Sci. 62, 2516–2525.

7 Brown, K. E., Kindy, M. S. and Sonenshein, G. E. (1992)
Expression of the c-myb proto-oncogene in bovine vascular
smooth muscle cells. J. Biol. Chem. 267, 4625–4630.

8 You, X. M., Mungrue, I. N., Kalair, W., Afroze, T., Ravi, B.,
Sadi, A. M., Gros, R. and Husain, M. (2003) Conditional
expression of a dominant-negative c-Myb in vascular smooth
muscle cells inhibits arterial remodeling after injury. Circ. Res.
92, 314–321.

9 Emambokus, N., Vegiopoulos, A., Harman, B., Jenkinson, E.,
Anderson, G. and Frampton, J. (2003) Progression through key
stages of haemopoiesis is dependent on distinct threshold levels
of c-Myb. EMBO J. 22, 4478–4488.

10 Lipsick, J. S. and Wang, D. M. (1999) Transformation by v-Myb.
Oncogene 18, 3047–3055.

11 Karafiat, V. Dvorakova, M., Pajer, P., Kralova, J., Horejsi, Z.,
Cermak, V., Bartunek, P., Zenke, M. and Dvorak, M. (2001)

The leucine zipper region of Myb oncoprotein regulates the
commitment of hematopoietic progenitors. Blood 98, 3668–
3676.

12 Bartunek, P., Pajer, P., Karafiat, V., Blendinger, G., Dvorak, M.
and Zenke, M. (2002) bFGF signaling and v-Myb cooperate in
sustained growth of primitive erythroid progenitors. Oncogene
21, 400–410.

13 Graf, T., McNagny, K., Brady, G. and Frampton, J. (1992)
Chicken �erythroid� cells transformed by the Gag-Myb-Ets-
encoding E26 leukemia virus are multipotent. Cell 70, 201–
213.

14 Bell, M. V. and Frampton, J. (1999) v-Myb can transform and
regulate the differentiation of melanocyte precursors. Onco-
gene 18, 7226–7233.

15 Le Douarin, N. (1982) The Neural Crest. Cambridge University
Press, Cambridge.

16 Weston, J. A. (1986) Phenotypic diversification in neural crest-
derived cells: the time and stability of commitment during early
development. Curr. Top. Dev. Biol. 20, 195–210.

17 Bronner-Fraser, M. (1995) Origins and developmental poten-
tial of the neural crest. Exp. Cell Res. 218, 405–417.

18 Kruger, G. M., Mosher, J. T., Bixby, S., Joseph, N., Iwashita, T.
and Morrison, S. J. (2002) Neural crest stem cells persist in the
adult gut but undergo changes in self-renewal, neuronal
subtype potential, and factor responsiveness. Neuron 35,
657–669.

19 Sieber-Blum, M. and Grim, M. (2004) The adult hair follicle:
cradle for pluripotent neural crest stem cells. Birth Defects Res.
C Embryo Today 72, 162–172.

20 Sieber-Blum, M. (2000) Factors controlling lineage specifica-
tion in the neural crest. Int. Rev. Cytol. 197, 1–33.

21 Gammill, L. S. and Bronner-Fraser, M. (2003) Neural crest
specification: migrating into genomics. Nat. Rev. Neurosci. 4,
795–805.

22 Le Douarin, N. M. and Dupin, E. (2003) Multipotentiality of
the neural crest. Curr. Opin. Genet. Dev. 13, 529–536.

23 Huang, X. and Saint-Jeannet, J. P. (2004) Induction of the
neural crest and the opportunities of life on the edge. Dev. Biol.
275, 1–11.

24 Morales, A. V., Barbas, J. A. and Nieto, M. A. (2005) How to
become neural crest: from segregation to delamination. Semin.
Cell Dev. Biol. 16, 655–662.

25 Steventon, B., Carmona-Fontaine, C. and Mayor, R. (2005)
Genetic network during neural crest induction: from cell
specification to cell survival. Semin. Cell Dev. Biol. 16, 647–
654.

26 Erickson, C. A. and Goins, T. L. (1995) Avian neural crest cells
can migrate in the dorsolateral path only if they are specified as
melanocytes. Development 121, 915–924.

27 Reedy, M. V., Faraco, C. D. and Erickson, C. A. (1998) The
delayed entry of thoracic neural crest cells into the dorsolateral
path is a consequence of the late emigration of melanogenic
neural crest cells from the neural tube. Dev. Biol. 200, 234–246.

28 Luo, R., Gao, J., Wehrle-Haller, B. and Henion, P. D. (2003)
Molecular identification of distinct neurogenic and melano-
genic neural crest sublineages. Development 130, 321–330.

29 Jin, E. J., Erickson, C. A., Takada, S. and Burrus, L. W. (2001)
Wnt and BMP signaling govern lineage segregation of mela-
nocytes in the avian embryo. Dev. Biol. 233, 22–37.

30 Lahav, R., Lecoin, L., Ziller, C., Nataf, V., Carnahan, J. F.,
Martin, F. H. and Le Douarin, N. M. (1994) Effect of the Steel
gene product on melanogenesis in avian neural crest cell
cultures. Differentiation 58, 133–139.

31 Lahav, R., Dupin, E., Lecoin, L., Glavieux, C., Champeval, D.,
Ziller, C. and Le Douarin, N. M. (1998) Endothelin 3 selec-
tively promotes survival and proliferation of neural crest-
derived glial and melanocytic precursors in vitro. Proc. Natl.
Acad. Sci. USA 95, 14214–14219.

32 Aoki, H., Motohashi, T., Yoshimura, N., Yamazaki, H.,
Yamane, T., Panthier, J. J. and Kunisada, T. (2005) Cooperative
and indispensable roles of endothelin 3 and KIT signalings in
melanocyte development. Dev. Dyn. 233, 407–417.

Cell. Mol. Life Sci. Vol. 64, 2007 Research Article 2983



33 Bondurand, N., Pingault, V., Goerich, D. E., Lemort, N., Sock,
E., Caignec, C. L., Wegner, M. and Goossens, M. (2000)
Interaction among SOX10, PAX3 and MITF, three genes
altered in Waardenburg syndrome. Hum. Mol. Genet. 9, 1907–
1917.

34 Wegner, M. (2005) Secrets to a healthy Sox life: lessons for
melanocytes. Pigment Cell Res. 18, 74–85.

35 Schurmann, A., Sokolowski, R., Haas, M. and Wolfes, H.
(2001) Characterization of direct readout contacts of the Myb
DNA-binding domain. Blood Cells Mol. Dis. 27, 464–469.

36 Parker, D., Rivera, M., Zor, T., Henrion-Caude, A., Radhak-
rishnan, I., Kumar, A., Shapiro, L. H., Wright, P. E., Montminy,
M. and Brindle, P. K. (1999) Role of secondary structure in
discrimination between constitutive and inducible activators.
Mol. Cell. Biol. 19, 5601–5607.

37 Danielian, P. S., White, R., Hoare, S. A., Fawell, S. E. and
Parker, M. G. (1993) Identification of residues in the estrogen
receptor that confer differential sensitivity to estrogen and
hydroxytamoxifen. Mol. Endocrinol. 7, 232–240.

38 Bartunek, P., Pichlikova, L., Stengl, G., Boehmelt, G., Martin,
F. H., Beug, H., Dvorak, M. and Zenke, M. (1996) Avian stem
cell factor (SCF): production and characterization of the
recombinant His-tagged SCF of chicken and its neutralizing
antibody. Cytokine 8, 14–20.

39 Hamburger, V. and Hamilton, H. L. (1992) A series of normal
stages in the development of the chick embryo. 1951. Dev. Dyn.
195, 231–272.

40 Henion, P. D. and Weston, J. A. (1997) Timing and pattern of
cell fate restrictions in the neural crest lineage. Development
124, 4351–4359.

41 Dupin, E. and Le Douarin, N. M. (2003) Development of
melanocyte precursors from the vertebrate neural crest.
Oncogene 22, 3016–3023.

42 Abzhanov, A., Tzahor, E., Lassar, A. B. and Tabin, C. J. (2003)
Dissimilar regulation of cell differentiation in mesencephalic
(cranial) and sacral (trunk) neural crest cells in vitro. Develop-
ment 130, 4567–4579.

43 Tucker, G. C., Aoyama, H., Lipinski, M., Tursz, T. and Thiery,
J. P. (1984) Identical reactivity of monoclonal antibodies HNK-
1 and NC-1: conservation in vertebrates on cells derived from
the neural primordium and on some leukocytes. Cell Differ. 14,
223–230.

44 Niwa, T., Mochii, M., Nakamura, A. and Shiojiri, N. (2002)
Plumage pigmentation and expression of its regulatory genes
during quail development – histochemical analysis using Bh
(black at hatch) mutants. Mech. Dev. 118, 139–146.

45 Nataf, V., Mercier, P., De Nechaud, B., Guillemot, J. C.,
Capdevielle, J., Lapointe, F. and Le Douarin, N. M. (1995)
Melanoblast/melanocyte early marker (MelEM) is a gluta-
thione S-transferase subunit. Exp. Cell Res. 218, 394–400.

46 Nataf, V., Mercier, P., Ziller, C. and Le Douarin, N. M. (1993)
Novel markers of melanocyte differentiation in the avian
embryo. Exp. Cell Res. 207, 171–182.

47 Opdecamp, K., Nakayama, A., Nguyen, M. T., Hodgkinson,
C. A., Pavan, W. J. and Arnheiter, H. (1997) Melanocyte
development in vivo and in neural crest cell cultures: crucial
dependence on the Mitf basic-helix-loop-helix-zipper tran-
scription factor. Development 124, 2377–2386.

48 Hemesath, T. J., Price, E. R., Takemoto, C., Badalian, T. and
Fisher, D. E. (1998) MAP kinase links the transcription factor
Microphthalmia to c-Kit signalling in melanocytes. Nature 391,
298–301.

49 Wu, M., Hemesath, T. J., Takemoto, C. M., Horstmann, M. A.,
Wells, A. G., Price, E. R., Fisher, D. Z. and Fisher, D. E. (2000)
c-Kit triggers dual phosphorylations, which couple activation
and degradation of the essential melanocyte factor Mi. Genes
Dev. 14, 301–312.

50 Vegiopoulos, A., Garcia, P., Emambokus, N. and Frampton, J.
(2006) Coordination of erythropoiesis by the transcription
factor c-Myb. Blood 107, 4703–4710.

51 Guo, C. S., Wehrle-Haller, B., Rossi, J. and Ciment, G. (1997)
Autocrine regulation of neural crest cell development by steel
factor. Dev. Biol.184, 61–69.

52 Kovalenko, M., Gazit, A., Bohmer, A., Rorsman, C., Ronn-
strand, L., Heldin, C. H., Waltenberger, J., Bohmer, F. D. and
Levitzki, A. (1994) Selective platelet-derived growth factor
receptor kinase blockers reverse sis-transformation. Cancer
Res. 54, 6106–6114.

53 Ratajczak, M. Z., Perrotti, D., Melotti, P., Powzaniuk, M.,
Calabretta, B., Onodera, K., Kregenow, D. A., Machalinski, B.
and Gewirtz, A. M. (1998) Myb and ets proteins are candidate
regulators of c-kit expression in human hematopoietic cells.
Blood 91, 1934–1946.

54 Hogg, A., Schirm, S., Nakagoshi, H., Bartley, P., Ishii, S.,
Bishop, J. M. and Gonda, T. J. (1997) Inactivation of a c-Myb/
estrogen receptor fusion protein in transformed primary cells
leads to granulocyte/macrophage differentiation and down
regulation of c-kit but not c-myc or cdc2. Oncogene 15, 2885–
2898.

55 Sicurella, C., Freeman, R., Micallef, S., Mucenski, M. L.,
Bertoncello, I. and Ramsay, R. G. (2001) Defective stem cell
factor expression in c-myb null fetal liver stroma. Blood Cells
Mol. Dis. 27, 470–478.

56 Liu, F., Lei, W., O�Rourke, J. P. and Ness, S. A. (2006)
Oncogenic mutations cause dramatic, qualitative changes in
the transcriptional activity of c-Myb. Oncogene 25, 795–805.

57 Terskikh, A. V., Easterday, M. C., Li, L., Hood, L., Kornblum,
H. I., Geschwind, D. H. and Weissman, I. L. (2001) From
hematopoiesis to neuropoiesis: evidence of overlapping genet-
ic programs. Proc. Natl. Acad. Sci. USA 98, 7934–7939.

58 Ivanova, N. B., Dimos, J. T., Schaniel, C., Hackney, J. A.,
Moore, K. A. and Lemischka, I. R. (2002) A stem cell
molecular signature. Science 298, 601–604.

To access this journal online:
http://www.birkhauser.ch/CMLS

2984 V. Karafiat et al. Myb proteins activate melanocytogenesis

http://www.birkhauser.ch/CMLS

