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Melanocytes are essential for skin homeostasis and protection,
and their defects in humans lead to a wide array of diseases that
are potentially extremely severe. To date, the analysis of molec-
ular mechanisms and the function of human melanocytes have
been limited because of the difficulties in accessing large numbers
of cells with the specific phenotypes. This issue can now be
addressed via a differentiation protocol that allows melanocytes
to be obtained from pluripotent stem cell lines, either induced or of
embryonic origin, based on the use of moderate concentrations of a
single cytokine, bone morphogenic protein 4. Human melanocytes
derived from pluripotent stem cells exhibit all the characteristic
features of their adult counterparts. This includes the enzymatic
machinery required for the production and functional delivery of
melanin to keratinocytes. Melanocytes also integrate appropriately
into organotypic epidermis reconstructed in vitro. The availability
of human cells committed to the melanocytic lineage in vitro will
enable the investigation of those mechanisms that guide the
developmental processes and will facilitate analysis of the molec-
ular mechanisms responsible for genetic diseases. Access to an
unlimited resource may also prove a vital tool for the treatment of
hypopigmentation disorders when donors with matching haplo-
types become available in clinically relevant banks of pluripotent
stem cell lines.
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M olecular and cellular mechanisms of melanocyte develop-
ment have been explored in a variety of species using ex-
perimental grafting and transgenesis, but the lack of appropriate
technologies has greatly limited our knowledge of these mecha-
nisms in humans to date. In vertebrates, melanocytes originate
from migratory neural crest cells that emerge from the neural
plate during embryogenesis (1, 2). Neural crest specification
from the primitive ectoderm is regulated by bone morphogenic
protein (BMP) and FGF signaling pathways (3, 4). Once com-
mitted, neural crest cells undergo a complex process of differen-
tiation, proliferation, and migration out of the neural tube along
defined pathways through the entire body to differentiate finally
into numerous cell types, including melanocytes (5, 6). Multiple
analyses of natural or induced mutation in mice have demonstrated
that microphthalmia-associated transcription factor (MITF), paired
box 3 (PAX3), sex-determining region Y-box 10 (SOX10), snail
homolog 2 (SNAIL2), endothelin receptor (EDNR), and the ty-
rosine kinase receptor (C-Kit) play crucial roles in the control of
neural crest cell migration, as well as in melanoblast specification,
survival, and migration (7-11). How this relates to the human
situation has only been accessible through correlations between
mutant genes and disease phenotypes, as exemplified by the
Waardenburg syndromes, which are associated with six genes of
melanocytic differentiation: PAX3, SOX10, MITF, EDNR, endo-
thelin-3 (EDN3), and SNAIL2 (12, 13).
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Pluripotent stem cells, either of embryonic origin or following
genetic reprogramming, have already been widely used to model
early stages of differentiation along a variety of lineages (14-16). In
the case of melanocytes, a pioneering study was carried out using
cocultures of mouse ES cells with the stromal cell line ST2 (17).
This study confirmed that application of the known melanocyte
activators stem cell factor (SCF), EDN3, 12-O-tetradecanoyl
phorbol acetate (TPA), and dexamethasone (DEX) promotes
cell differentiation. More recently, these studies have been ex-
tended to our species (18), showing a facilitating effect of WNT3a,
EDN3, and SCF on the differentiation of human ES cells (hESCs).
However, that study, which, to our knowledge, remains the only
demonstration of hESC-derived melanocytes, was based on a first
stage of differentiation requiring the formation of embryoid bodies
and the secondary selection of pigmented cells. This has precluded
any specific analysis of the hESC-to-melanocyte differentiation
process itself, which is not accessible during the formation of the
embryoid bodies.

We have reconsidered this issue here by taking the advantage
of a finding made in a previous study that aimed at differenti-
ating hESCs into another ectodermal derivative, namely, kera-
tinocytes (19). Indeed, although keratinocytes formed 50-60% of
the cells differentiated for 40 d from hESCs with high concen-
trations of BMP4 and ascorbic acid, the remaining cells com-
prised clusters of pigmented cells. Because most, if not all, of the
cells in those cultures were ectodermal derivatives, it was hy-
pothesized that they may be either neural crest-derived mela-
nocytes or neuroectodermally derived retinal pigment epithelium
cells (RPEs) (20). Analysis of morphological and molecular
phenotypes has allowed us to separate two subpopulations of
cells, with the specific characteristics of each phenotype. Mela-
nocytes derived from pluripotent stem cells, both of embryonic
origin and following genetic reprogramming of adult cells, were
then further characterized phenotypically and functionally.

Results

Two different hESC lines (H9 and SAO1) and one human in-
duced pluripotent stem cell (iPSC) line were used in this study
(cell line characterization is shown in Fig. S1). For the sake of
clarity, the H9 cell line has been taken as a representative case in
all following figures because results with the SAO1 line were
similar. Results obtained for the analyzed iPSC line, which were
also altogether similar, are presented as supplementary data (S7
Methods).
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BMP4-Mediated Control of Pluripotent Stem Cell Differentiation
Along the Ectodermal Lineage. Undifferentiated pluripotent stem
cells were seeded on mitomycin-treated 3T3 feeder cells in FAD
medium and then supplemented with BMP4 and ascorbic acid
for more than 40 d. The concentrations of BMP4 were gradually
decreased to identify the optimal conditions for the derivation of
neural crest progenitors (Fig. S2). The engagement of pluripo-
tent stem cells at the earliest stage of cell commitment (10 d of
differentiation) after treatment with different concentrations of
BMP4 was evaluated using quantitative PCR. At that time point,
hESCs were mostly engaged in epithelial commitment (KRT18*,
p63™) at the highest concentrations of BMP4 tested (5-0.5 pM)
(Fig. S24). Neural crest cells (HNKI* and p75™) were mostly
generated when intermediate concentrations of BMP4 were used
(0.02-0.004 pM). Neural cells (SOX1™) were observed in large
numbers at the lowest concentrations tested (0.004-0.0008 pM)
(Fig. S2B). Results obtained with hESCs were similar for iPSCs.
Morphological observations confirmed these results by showing
the typical morphology of neural crest cells at an intermediate
concentration of BMP4 in parallel with the loss of the typical
epithelial morphology observed at a high concentration of BMP4
(Fig. S2C). Flow cytometry analysis confirmed the key role of an
intermediate concentration of BMP4 for neural crest induction by
revealing that a concentration of 0.02 pM increased the pro-
portion of HNK1*/p75" positive cells up to 36% (Fig. S2D).
These data were confirmed by immunofluorescence using PAX3
antibodies (Fig. S2E). Moreover, inhibition of BMP signaling
delayed differentiation of pigmented cells at the end of the process
(Fig. S2F). Accordingly, BMP4 at a concentration of 0.02 pM
was used in subsequent experiments on the neural crest-derived
melanocytic lineage. Under these experimental procedures, pig-
mented cells appeared and progressively increased in number
during the differentiation process. Morphological (Fig. 14) and
molecular (Fig. 1 B-D) characterization of pluripotent stem
cell-derived pigmented cells was performed along the differenti-
ation process. Quantitative PCR analysis showed a decrease in
the pluripotency marker genes OCT4, NANOG, and SOX2 (Fig.
1B and Fig. S34) in parallel to an increase in the genes that encode
the regulators of melanin synthesis: TYRPI, TYROSINASE
(TYR), and MITF (Fig. 1C and Fig. S3B). The increase in the
neural crest-derived cell markers SOX70 and PAX3 and the neural
derivative marker PAX6 was paralleled by enrichment of the cul-
tures in the pigmented cells (Fig. 1D, Fig. S3C, and Table S1).

Derivation of a Pure Population of Melanocytes from Pluripotent
Stem Cells. After 50 d of differentiation, the pigmented cells were
mechanically isolated and subcultured in M254-CF medium
(Invitrogen) suited to the survival of melanocytes (Fig. 1E). At this
stage, the pigmented cells displayed two different morphologies. A
first subpopulation exhibited epithelium-like structures, whereas
a second one exhibited bipolar processes extending from a small
ovoid cell body (Fig. 1E). In the first subpopulation, TYRP1
immunostaining coregistered with the typical markers of the RPEs,
RPE 65 and PAXG6, indicating its RPE-like phenotype (Fig. S44).
Accordingly, quantitative PCR showed an increase in both genes
controlling melanin synthesis, TYRP!I and TYR, and RPE markers,
namely, OTX2, BEST, RPE 65, and the RPE-specific isoform of
MITF (MITF-D) (Fig. S4B). In contrast, among the enriched pig-
mented cell population, 5-10% of the cells, depending on the cell
line analyzed, expressed the neural crest lineage-specific marker
PAX3, which was not expressed in hESC-derived RPEs (RPE-
hESCs) (Fig. S4C). These cells corresponded to the non-
pavimentous cell subpopulation, as shown after isolation by dif-
ferential trypsinization and subculture in M254-CF medium. After
4 passages, cells exhibited a morphology similar to that of human
epidermal melanocytes (HEMs) (Fig. 24 and Fig. S54). Immu-
nostaining analysis of these cells, subsequently called mel-hESCs
and mel-iPSCs for “melanocytes derived from hESCs and iPSCs,”
revealed an appropriate cytoplasmic localization of TYRP1, TYR,
S100, SILV, and Rab27 associated with a subcellular localization
of PAX3, SLUG, and MITF in the nucleus and an absence of
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Fig. 1. Characterization of the hESC pigmentation process. (A) Microscopy
analysis of undifferentiated hESCs (step 1), hESC-derived cells before and
after pigmentation (steps Il and I, respectively), and enriched hESC-derived
pigmented cells isolated at 60 d (step IV). (Scale bar: 50 pm.) (B) Quantitative
PCR analysis of the pluripotency genes OCT4, NANOG, and SOX2 during the
hESC pigmentation process. (C) Quantitative PCR analysis of the melano-
genesis-related genes TYRP1, TYR, and total MITF during the hESC pig-
mentation process. (D) Quantitative PCR analysis of the neural crest lineage
(SOX10 and PAX3) and neural lineage (PAX6) markers during the hESC
pigmentation process. The data are normalized against 18S and expressed as
relative expression to undifferentiated hESCs. HEMs were used as a control
for adult melanocytes. Each bar represents the SEM (n = 3). (E) Schematic
representation of the melanocytic enrichment procedure.

OCT4, TRA1-81, and PAX6 (Fig. 2B and Fig. S5B). These cells
also demonstrated gene expression profiles similar to HEMs, as
illustrated by the expression of SOX10, PAX3, the melanocyte-
specific isoform of MITF (MITF-M), TYRPI, and TYR, associated
with a background level of PAX6, OTX2, and MITF-D (Fig. 2C and
Fig. S5C). FACS analysis after 4 passages confirmed the absence of
SSEA4 and TRAI1-81 expression (Fig. 2D and Fig. S5D). Con-
versely, more than 90% of these cells expressed TYRP1 and MITF
(Fig. 2D and Fig. S5D). TagMan array gene expression profiling,
using a selected panel of 96 genes related to melanocyte biology,
confirmed similar expression patterns of mel-hESCs, mel-iPSCs,
and HEMs for a majority of genes (Fig. S5 E and F and Table S2).
Mel-hESCs and mel-iPSCs could be propagated for up to 12
passages, frozen, and thawed without apparent changes in mor-
phology (Fig. S64), main phenotypic markers (Fig. S6B), cell
proliferation rate (Fig. S6C), or mortality (Fig. S6D). Proliferation
curves of HEMs, mel-hESCs, and mel-iPSCs were performed,
revealing no differences in terms of proliferation rates between the
source of melanocytes after 4 and 8 passages of cultures. Based on
the flow cytometry cell quantification and subsequent calculation
of their proliferation rate, we estimate the total number of mela-
nocytes produced with this method at 2 x 10* to 10° at the first
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passage, which allows the total production of 10® melanocytes at
passage 4 and at 2 x 10'* melanocytes at passage 8. Spinning-disk
confocal microscopy and time-lapse recording revealed the pres-
ence of dark-containing organelles (Fig. 34) that moved along the
main axis of cell processes (Movies S1, S2, and S3). EM confirmed
that the organelles present in mel-hESCs and mel-iPSCs were bona
fide melanosomes at all stages of maturation, ranging from im-
mature unpigmented (types I and II) up to mature melanin-con-
taining (types III and IV) melanosomes (Fig. 3B and Fig. S74).

Functional Characterization of Melanocytes Derived from Pluripotent
Stem Cells. The functional status of melanocytes derived from
pluripotent stem cells was first assessed by coculturing them with
human adult keratinocytes. After 3 d of coculture, TYRP1/Keratin
14 (keratinocyte marker) coimmunostaining revealed TYRP1™*
organelles in keratinocytes when they had been cocultured with
melanocytes and not in controls that were grown separately
(Fig. 3C and Fig. S7B). TYRP1* organelles were localized in the
perinuclear compartment of keratinocytes cocultured with mel-
hESCs or mel-iPSCs, as well as in keratinocytes cocultured with

Nissan et al.

Fig. 2. Establishment of a homogeneous
population of melanocytes derived from
hESCs. (A) Microscopy analysis of HEM and
mel-hESCs. (Scale bar: 50 pm.) (B) Immu-
nofluorescence analysis of the pluri-
potency markers OCT4 and TRA1-81; the
neural lineage marker PAX6; and the
melanocyte markers PAX3, total MITF,
TYRP1, SLUG, TYR $100, RAB2, and SILV in
mel-hESCs and HEMs. (Scale bar: 50 pm.)
(C) Quantitative PCR analysis of OCT4,
NANOG, SOX2, PAX6, OTX2, SOX10,
PAX3, MITF-M isoform, TYRP1, and TYR in
mel-hESCs and HEMs. The data are nor-
malized against 18S and expressed as rel-
ative expression to undifferentiated
hESCs. Each bar represents the SEM (n =
3). *P < 0.05; **P < 0.01; ***P < 0.001; NS,
not significant. Boxed histograms corre-
spond to the ratio of MITF-M and MITF-D
isoforms in hESCs, mel-hESCs, HEMs, RPE-
hESCs, and ARPE-19 (adult RPE cell line).
Each bar represents the SEM (n = 3). (D)
FACS analysis of SSEA4, TRA1-81, TYRP1,
and MITF in undifferentiated hESCs, mel-
hESCs, and HEMs. Each value represents
the SEM of three independent experi-
ments. All data presented in this figure
were obtained in melanocytes during four
passages (approximately 50 d) after their
isolation.

HEMs. Automated quantification using the ArrayScan system
(Cellomics) revealed about 20% TYRP1* keratinocytes in co-
cultures with either mel-hESCs or mel-iPSCs and up to 40% with
HEMs (Fig. 3D and Fig. S7C). EM confirmed the presence of
pigmented organelles in keratinocytes cocultured with either mel-
hESCs or mel-iPSCs (Fig. 3 E and F and Fig. S7 D and E). Further
functional evaluation of mel-hESCs was sought using the 3D re-
construction of a pluristratified epidermis in vitro, by mixing
melanocytes with adult basal keratinocytes seeded as a monolayer
on a matrix at the medium-air interface (Fig. 4). After the de-
velopment of a fully pluristratified epidermis, macroscopic ob-
servation revealed pigmentation in the reconstructed tissue that
contained melanocytes. Fontana—-Masson staining and TYRP1
immunostaining confirmed the presence of melanin-containing
cells in the basal layer of the epidermis (Fig. 44). In upper layers of
the reconstructed epidermis, melanin-containing processes inter-
mingled with keratinocytes. Treatment of the melanized epidermis
with a-melanocyte stimulating hormone enhanced the production
of melanin in the reconstructed tissue (Fig. 4B).
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Fig. 3. Biogenesis and maturation of melanosomes in melanocytes derived
from hESCs. (A) Spinning-disk confocal microscopy was used to capture high-
resolution pigmented melanosomes in HEMs (phototypes Il and VI) and mel-
hESCs. (Scale bar: 5 pm.) (B) EM of mel-hESCs. Characteristic immature and
mature melanosomes are observed in the cell soma (a) and processes in the
dendrites (c). (b) Higher magnification of the boxed area in a. Arrows rep-
resent the different types of melanosomes. (Scale bar: 400 nm.) (C) Immu-
nofluorescence analysis of keratin 14 (K14) and TYRP1 in keratinocytes after
3 d of coculture: without melanocytes (Left), with mel-hESCs (Center), and
with HEMs (Right). HK, human keratinocyte. (Scale bar: 10 pm.) (D) Array-
Scan automated quantification of the percentage of TYRP1* keratinocytes
after 3 d of coculture with melanocytes (left to right): without melanocytes,
with mel-hESCs, and with HEMs. Each bar represents the SEM for three
experiments. For each experiment, 100 cells were analyzed. (E and F) EM of
a keratinocyte after 3 d of coculture with mel-hESCs. Arrows represent
transferred pigment into keratinocytes. (Scale bar: 400 nm.) All data pre-
sented in this figure were obtained in melanocytes during four passages
(approximately 50 d) after their isolation.

Discussion

The main result of this study is the in vitro generation of func-
tional melanocytes from pluripotent stem cells, both hESCs and
iPSCs, capable of producing melanin that can be taken up by
keratinocytes in cocultures. The availability of human cells
committed to the melanocytic lineage in vitro, at all stages of
differentiation, will enable investigation of those mechanisms
that guide the developmental processes and may provide evi-
dence of the human equivalent of melanoblasts, which has
remained elusive up to now. In parallel, our results will facilitate
the in vitro analysis of those molecular mechanisms that un-
derlie the melanocytic defects observed in genetic diseases.
Lastly, the demonstrated functional integration of melanocytes
derived from hESC and iPSC lines into reconstituted pluri-
stratified epidermis potentially paves the way for promoting cell
therapy in hypopigmentation disorders, such as vitiligo. Human
melanocytes were derived here in vitro from undifferentiated
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Fig. 4. Morphological and functional characterization of melanocytes de-
rived from hESCs in an in vitro model of reconstituted melanized epidermis.
(A) Fontana-Masson and TYRP1 immunofluorescence staining on recon-
stituted human epidermis without melanocytes (RHE-HK), containing mel-
hESCs (RHE-mel-hESC) or HEMs (RHE-HEM). (Scale bar: 50 pm.) (B) Quantifi-
cation of melanin content (ug/mL) from reconstituted epidermis containing
or not containing melanocytes, without or with stimulation by 1 M a-me-
lanocyte stimulating hormone (left to right): without melanocytes, with mel-
hESCs, and with HEMs. a-MSH, a-melanocyte stimulating hormone. Bars
represent the SEM for three experiments (**P < 0.01). All data presented in
this figure were obtained in melanocytes during four passages (approxi-
mately 50 d) after their isolation.

pluripotent stem cells using a moderate concentration of BMP4.
This protocol, in contrast to previous ones that relied on em-
bryoid bodies, enables the engagement of the cells into the
neural crest lineage to be followed step by step and, sub-
sequently, the specification of the terminally differentiated cells.
This offers a convenient model for the study of the molecular
mechanisms underlying melanocyte development. Many reports
support the idea that a gradient of BMP activity is the crucial
point for division of the ectoderm into the neural plate, neural
crest, and epidermis (21). It has been shown in Xenopus and
zebrafish models that a gradient of BMP is able to specify the
neural plate border, including neural crest cells (21). More
precisely, Tribulo et al. (22) demonstrated that a specific level of
BMP4 activity leads to the SLUG expression implicated in
melanocytic development. Lower or higher amounts of BMP4
failed to induce SLUG expression, confirming previous reports
of induction of the neural crest by a gradient of BMP (22).
Molecularly, BMP4 signaling activates SLUG promoter activity
in the neural crest through direct binding of the phosphorylated
BMP signal transducer Smadl (23). This Smad activation
induces apoptotic cell death of neuroectodermal precursor cells
already engaged in the neural cell fate. BMP4 assayed on mouse
ES cell differentiation induced a dramatic apoptotic death of
Sox-1* neural precursors with a concomitant epidermal en-
gagement (24). In 2007, a pioneer study demonstrated that ac-
tivation of BMP signaling could permit the differentiation of
human pluripotent stem cells into neural crest stem cells through
the generation of neural rosettes (25). BMP provoked a signifi-
cant increase in HNK1¥/p75* neural crest precursors, which
could be reversed using a BMP antagonist (25). Altogether, these
findings indicate that neural crest precursors can emerge from
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hESC-derived neural rosettes through a BMP treatment. In our
study, we optimized the concentration of BMP4 to potentialize
the neural crest commitment of human pluripotent stem cells.
The molecular mechanisms by which different levels of BMP
activate a diversity of pathways of differentiation are yet to be
defined, and our in vitro model may offer a path for such a study.
Molecular mechanisms and genetic pathways involved in mela-
nocyte development were originally described in chicken models
using chimeras (26, 27). These pioneer studies demonstrated that
melanocytes initially derive from a group of migratory embryonic
cells referred to as the neural crest, which secondarily mature
under the control of BMPs, Wnt/p-catenin, and FGFs into pig-
mented progenitors (28). Several studies, mainly performed on
the mouse, have shown that melanocytic development depends
on two key signaling systems, namely, the Kit and the G protein-
coupled endothelin receptor B (EDNRB) pathways (27). Be-
cause of the absence of an in vitro model of human melanocyte
development, it has not been possible to ascribe many factors to
the specification of the melanocytic lineage in our species. Thus,
the development of a new model of melanocyte differentiation
that reproduces the chronobiology of human development
appears to be crucial to the exploration of those yet unknown
molecular mechanisms that control melanocyte differentiation.
In vitro modeling of melanocyte development has been per-
formed by Kunisada and colleagues (17) on mouse ES cells. It
relied on a protocol using cocultures with ST2 stromal cells and
a complex array of factors and cytokines that included SCF,
EDN3, and endogenous ligands of c-Kit and EDNRB receptors,
associated with DEX, basic FGF, cholera toxin (CT), and TPA.
By adapting this protocol to the humans, Fang et al. (18) and
Zabierowski and Herlyn (29) were able to obtain melanocytes
from hESCs, forcing melanocytic differentiation with SCF,
END3, and Wnt3a. However, this protocol involved the obliga-
tory formation of embryoid bodies as a first stage in the differ-
entiation of undifferentiated hESCs, and thus precluded discrete
analysis of the molecular mechanisms leading to lineage com-
mitment. Moreover, in addition to its altogether complex cyto-
kinic treatment, the authors (18, 29) highlighted the fact that this
protocol required a nonphysiological concentration of Wnt3a to
engage this differentiation process. In contrast, here, what we
have described is a directed protocol that enables the generation
of melanocytes from hESCs and iPSCs without either the for-
mation of embryoid bodies or heavy cytokinic treatments to
commit the undifferentiated cell to the neural crest lineage,
based on a moderate concentration of BMP4 (30). This opens up
the possibility of a discrete analysis of the first steps of commit-
ment leading to melanocytes in the humans, including the char-
acterization of the intermediate stage of melanoblasts that has
been characterized in the mouse (31). If this stage does exist in our
species, it has not yet been described. Dysfunction and loss of
melanocytes lead to several defects known as UV-induced hyper-
sensitivity pigmentary disorders, some of which have very high
morbidity or may transform into melanoma, which is one of the
most severe types of cancer. Molecular mechanisms at the source
of these disorders are frequently not well characterized. Over the
past 20y, progress has been made in understanding these diseases,
largely as a result of parallel studies of human patients and inbred
mice with similar phenotypes, allowing, in particular, an indication
of the functional alteration of melanocytes in the cases of albinism,
Griscelli syndrome, or Hermansky-Pudlak syndrome, which ex-
hibit defects in melanin production and transfer (32, 33). Direct
analysis of pathological mechanisms in human cells has, in con-
trast, remained hampered by difficulties in accessing a relevant
biological resource. The derivation of melanocytes from human
pluripotent stem cells meets that need insofar as these cell lines can
be obtained from donors with specified genotypes of interest and,
as such, may provide cellular models of genetic diseases. Human
pluripotent stem cell lines have been considered as potentially
providing unique models for human diseases since the initial der-
ivation of an hESC line (34). Preimplantation genetic diagnosis
(PGD) opened up the possibility of prospectively identifying em-
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bryos with particular genetic disorders and then deriving “disease-
specific” hESCs [e.g., for Huntington disease (35), fragile X syn-
drome (36), myotonic dystrophy type 1 (37)]. More recently, hu-
man iPSCs have broadened the pathological modeling of
pluripotent stem cells to virtually all other monogenic diseases for
which PGD was not available (38, 39). There have already been
attempts to establish disease models through patient-specific
reprogramming in a search for molecular mechanisms associated
with diseases [e.g., Parkinson disease (40), spinal muscular atrophy
(41), amyotrophic lateral sclerosis (42)]. Our results open the way
to extending those studies to pigmentary disorders by providing an
accurate protocol for differentiating iPSCs from patients as well as
hESCs from PGD embryos into functional melanocytes. The
analysis of defective molecular mechanisms is able to target cell-
autonomous defects in the specific machinery associated with
melanocyte differentiation and function. Indeed, the melanocytes
derived here from human pluripotent stem cells expressed all the
tested genes that regulate key processes involved in pigmentation
as well as in neural crest development, melanin synthesis, and
melanosome transfer. As in all other types of differentiation from
pluripotent stem cell lines, however, it remains to be established
how the “theoretical age” of the cells, taking the undifferentiated
stage as equivalent to a first-week blastocyst, influences their
phenotype, compared with cells directly obtained from adult
donors. The observation that the melanin content transfer, al-
though present, may be quantitatively less efficient for hESC- and
iPSC-derived melanocytes may relate to such a difference in
overall maturation. In addition to cell-autonomous mechanisms,
the results obtained in the present study open the way to analyses
of cell-to-cell interaction in an organotypic epidermal context.
Reconstructing epidermis in vitro with melanocytes and kerati-
nocytes derived from individuals with unique genotypes of in-
terest may also be of major importance in the analysis of those
mechanisms underlying differential sensitivity to UV stress or
chemical toxicity (43). Cell therapy utilizing melanocytes has
been used experimentally for years as an adjunct treatment for
the hypopigmentary disorder vitiligo (44). Vitiligo affects 1% of
the world’s population and is associated with high morbidity,
particularly psychiatric complications. It is an autoimmune dis-
ease characterized by a progressive loss of skin pigmentation
caused by the infiltration of CD4* and CD8" T lymphocytes into
the skin and loss of melanocytes (45). This forces patients to
apply UV protection continuously to the affected areas. Over the
past 10 y, many treatments have been tried, such as topical ste-
roids, psoralen and UV A light, narrow band UV B light, vitamin
D analogs, or pseudocatalase (44). These treatments have dem-
onstrated partial efficiency but were marred by adverse effects.
This has led to cell therapy attempts based on either skin auto-
grafts or infiltration of autologous melanocytes, whether grown in
culture or not and, on occasion, associated with keratinocytes
(46). To date, these surgical attempts have been applied only to
small skin areas because of limited access to cells and tissues.
Melanocytes derived from pluripotent stem cells would clearly
address this issue of accessibility and help extend those surgical
treatments to a much larger group of patients.

Methods

Pluripotent Stem Cell Culture and Melanocyte Differentiation. hESCs from two
cell lines, SA01 (Cellartis) and H9 (Wicell), were grown on STO (ATCC) mouse
fibroblasts, inactivated with 10 mg/mL mitomycin C, seeded at 30,000 per cm?,
and grown as previously described (19). In addition, one human iPSC line was
derived from adult skin fibroblasts (Coriell Institute) using Yamanaka'’s orig-
inal method with OCT4, KLF4, SOX2, or CMYC transferred using retroviral
vectors (16). The iPSC line was amplified up to the 15th passage before dif-
ferentiation. For differentiation, hESC and iPSC clumps were seeded onto
mitomycin C-treated 3T3 fibroblasts in FAD medium composed of 2/3 DMEM,
1/3 HAM/F12 Nutrient mixture, and 10% (vol/vol) FCS (FCIl; HyClone) sup-
plemented with 5 pg/mL insulin, 0.5 pg/mL hydrocortisone, 107'° M CT, 1.37
ng/mL triiodothyronine, 24 pg/mL adenine, and 10 ng/mL recombinant hu-
man EGF. Three independent experiments were performed using each plu-
ripotent cell line. Induction of ectodermal differentiation was obtained by
a treatment using 20 nM human recombinant BMP4 (R&D) and 0.3 mM
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ascorbic acid (Sigma-Aldrich). Cells were grown in the same medium until
clones of pigmented populations were observed and isolated. After selec-
tion, pigmented cells were dissociated using 0.05% trypsin (Invitrogen) and
seeded as single cells in M254-CF medium (Invitrogen) supplemented with
human melanocyte growth factor supplements (Invitrogen) suitable for
melanocyte culture. After 2 wk of culture in these conditions, cells present-
ing a morphology similar to that of melanocytes were mechanically isolated
based on their morphology and amplified separately in the same medium for
up to 12 passages using rapid differential trypsinization. All the molecular
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characterization of mel-hESCs and mel-iPSCs was systematically performed
during 4 passages after isolation.
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