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ABSTRACT Normal differentiation and malignant trans-
formation of human melanocytes involve a complex series of
interactions during which both genetic and environmental
factors play roles. At present, the regulation of these processes
is poorly understood. We have induced the expression of nerve
growth factor (NGF) receptors on cultured human melanocytes
with phorbol 12-tetradecanoate 13-acetate and have correlated
this event with the appearance of a more differentiated, den-
dritic morphology. Criteria for NGF receptor expression in-
cluded protein accumulation and cell-surface immunofluore-
scent staining with a monoclonal antibody directed against the
human receptor and induction of the messenger RNA species as
determined by blot-hybridization studies. The presence of the
receptor could also be induced by UV irradiation or growth
factor deprivation. The NGF receptor is inducible in cultured
human melanocytes, and we suggest thatNGFmay modulate the
behavior of this neural crest-derived cell in the skin.

Human melanocytes are neural crest-derived cells that syn-
thesize and distribute pigment within the epidermis. Melanin
provides basal skin color and, because of its ability to absorb
electromagnetic irradiation, functions as a protective, pig-
mentary shield against carcinogenic UV light. When the
melanocyte is exposed to sunlight, melanin synthesis is stim-
ulated via a tyrosinase-dependent pathway. The pigment is
then packaged in cytoplasmic particles known as melano-
somes and distributed to neighboring keratinocytes. Current
data suggest that excessive UV light exposure, especially in
fair-skinned individuals, contributes to the development of
malignant melanoma, but early events in the transformation of
the normal melanocyte are presently undefined.

Little is known about the regulation ofmelanocyte growth,
differentiation, or transformation in part because in vitro
cultivation of this fastidious cell has been difficult to achieve
(1-4). While a variety of growth regulatory molecules has
been described for neural crest-derived cells, the best char-
acterized is nerve growth factor (NGF). NGF is a polypeptide
hormone that exerts trophic and differentiative effects upon
the vertebrate nervous system (5). Early studies suggest a
role for NGF as a neural crest mitogen in that NGF increased
the volume of sensory and sympathetic ganglia in vivo (6).
Subsequent studies showed, however, that this increase was
the result of reduction in naturally occurring cell death during
the early stages of differentiation (7). Hence, NGF functions
more as a survival factor for these cells. Most recently, NGF
has been shown to be important for mast-cell survival (8, 9).
In some systems, NGF also functions as a differentiation
factor in that it can induce a variety ofenzymes-specifically,
tyrosine hydroxylase (10), dopamine hydroxylase (11),
choline acetyltransferase (12), phenylethanolamine N-
methyltransferase (13), ornithine decarboxylase (14), and

acetylcholinesterase (15). In the rat pheochromocytoma cell
line PC 12, NGF leads to growth arrest and dramatic neurite
outgrowth (16).
The diverse biologic effects of this growth factor are

initiated by interaction of the ligand with a specific cell-
surface receptor. NGF receptors have been demonstrated on
both sensory and sympathetic neurons in a variety of animal
species (17-19). As well, NGF receptors have been found on
a variety of nonneuronal derivatives of the neural crest,
including pheochromocytoma cells, Schwann cells, and neu-
rofibroma cells and on several melanoma cell lines (20-22).
To date, little work has been done to characterize the NGF
receptor on nontransformed human cells. Based on the
predicted amino acid sequence, the molecular mass of the
NGF receptor is 50 kDa. This form undergoes both N-linked
and 0-linked glycosylation to produce a mature receptor of
70-75 kDa (23). The gene for the NGF receptor has been
recently cloned (24, 25). It is located on the long arm of
chromosome 17 and is transcribed as a single messenger
RNA species of 3.8 kilobases (kb) (26).

In vivo, the epidermal melanocyte is situated at the dermal-
epidermal junction and extends long, dendritic projections
between keratinocytes into the epidermis. In vitro, the cell
morphology depends on the culture environment, being
epithelioid to bipolar in serum-free hormone-supplemented
medium (3) but more dendritic in the presence of phorbol
12-tetradecanoate 13-acetate (TPA), mimicking in vivo ap-
pearance (2, 27). Using a combination ofimmunofluorescent,
immunoblotting, and RNA blotting techniques, we have
demonstrated the presence of NGF receptors on appropri-
ately stimulated human melanocytes.

MATERIALS AND METHODS
Melanocyte and Melanoma Cultivation. Pure melanocyte

cultures were prepared as described (4). Briefly, deep dermis
and subcutaneous fat were removed from fresh neonatal
foreskins or adult skin biopsies, and the remaining tissue was
cut into fragments, rinsed in phosphate-buffered saline, and
incubated in 0.25% trypsin (Sigma) overnight at 40C. The
epidermal portions were then separated from the dermis,
incubated in 0.2% EDTA, mixed to yield a single-cell sus-
pension, and inoculated at 1.25 x 1i0 cells per cm2 (106 cells
per 35-mm dish) on uncoated tissue culture dishes (Falcon)
and maintained at 370C in 8% C02/92% air.

Cells were maintained in Medium 199 (GIBCO) supple-
mented with 10 ng of epidermal growth factor (Collaborative
Research, Waltham, MA) per ml, 1 nM triiodothyronine
(Sigma), 10 ,tg each oftransferrin (Sigma) and insulin (Sigma)
per ml, 1 nM choleragen (Schwartz/Mann), and a bovine
hypothalamic extract (100 ug/ml) known to contain growth-

Abbreviations: NGF, nerve growth factor; TPA, phorbol 12-
tetradecanoate 13-acetate.
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promoting activity for human melanocytes (3, 4, 28). In
specific experiments, 50 ng ofTPA (Sigma) or 25 units ofNGF
(Collaborative Research) per ml was added to the culture
medium for periods of 3-48 hr or bovine hypothalamic extract
was removed for 48 hr. In other experiments, melanocyte
cultures were irradiated by using a Kratos (Westwood, NJ)
LH 153 solar simulator with maximally tolerated UV doses in
a previously developed protocol (29) known to induce den-
dricity and melanogenesis and to arrest the growth of irradi-
ated cells.
The cell line Hs 294T (HTB-140) was obtained from the

American Type Culture Collection. It was routinely grown in
Dulbecco's modified Eagle's medium (GIBCO) supplement-
ed with 10% fetal bovine serum and serially passaged at
confluence.

Indirect Immunofluorescence. Cells from primary or sec-
ondary cultures were seeded on glass coverslips in standard
medium and grown for 3 days. Cells on coverslips were then
fixed with 4% (vol/vol) formaldehyde for 30 min and pro-
cessed for immunofluorescence as described (30). The first
antibody used was either the mouse monoclonal antibody ME
20.4, which specifically recognizes the human NGF receptor
(21), or an irrelevant mouse monoclonal antibody. The
second antibody used was a fluorescein-tagged goat anti-
mouse IgG (Cooper Biomedicals, Malvern, PA) (31).

Immunoblotting. Confluent melanocyte cultures, unstimu-
lated or stimulated with TPA for 48 hr, were extracted in 0.5
ml of 1% Triton X-100 in Tris-buffered saline containing 1
mM phenylmethylsulfonyl fluoride (32). The extracted pro-
teins were reduced, denatured, separated by NaDodSO4/
7.5% PAGE, and then electrophoretically transferred to ni-
trocellulose paper by using a transblot apparatus (Bio-Rad)
overnight at 40C and 60 V in Tris glycine buffer with 20%o
(vol/vol) methanol (33). Antigens on the nitrocellulose paper
were incubated with the anti-NGF receptor mouse monoclonal
antibody ME 20.4 or an irrelevant control monoclonal anti-
body at a dilution of 1:50. Specific binding was detected by
immunoperoxidase staining of the nitrocellulose paper.
DNA Probes. The plasmid pH1-3 was used for these studies

(24). It contains an 800-base-pair human NGF receptor
cDNA cloned into the EcoRI site of the vector pSP65. This
cDNA sequence encodes the extracellular domain of the
NGF receptor (24).
RNA Isolation and Blot-Hybridization Analysis. Total cel-

lular RNA was isolated by lysis of cells with 4 M guanidine
thiocyanate, followed by centrifugation through a 5.7 M

cesium chloride gradient (34, 35). To remove melanin, sam-
ples were routinely extracted twice with hot phenol, the
phenol was removed with chloroform extraction, and the
samples ultimately were precipitated with ethanol. The RNA
was resuspended in sterile distilled water, and the concen-
tration ofRNA was determined by absorbance at 260 nm. The
purity of the sample was determined by A260/A280 and was
always 2.0 or greater. The RNA was reprecipitated with 3 M
sodium acetate and ethanol and stored at - 70°C.

Total cellular RNA (40 ,ug) was size-fractionated through a
1% agarose gel containing formaldehyde (2.2 M). The RNA
was then transferred to a nylon membrane (Hybond-N,
Amersham) and immobilized by shortwave UV illumination.
The blot was then prehybridized for 6 hr in a solution
containing 50o formamide, 10% dextran sulfate, 0.6M NaCI,
50 mM NaH2PO4-H2O, 5 mM EDTA, 0.02% polyvinylpyr-
rolidone, 0.02% Ficoll, 0.02% bovine serum albumin, and
denatured salmon sperm DNA at 10 ,ug/ml for 6 hr at 42°C.
The NGF receptor cDNA insert was radiolabeled by nick-
translation to a specific activity of 2 x 108 cpm/,g of DNA
and denatured. The blot was then hybridized overnight at
42°C. The blot was then washed twice for 30 min at room
temperature in 0.30 M NaCI/0.03 M sodium citrate/0.1%
NaDodSO4 and then twice for 30 min at 65°C in 0.015 M
NaCI/0.0015 M sodium citrate/0.1% NaDodSO4. The blot
was then dried, and autoradiography was performed at
- 70°C with Kodak XAR film and intensifying screens.
Growth Assays. Melanocytes were seeded at 4 x 104 cells

per 35-mm dish in standard medium alone or in medium
containing NGF at 25 units or 125 units per ml. At day 7 cells
were counted in a Coulter Counter.

RESULTS
Morphology. The rapid induction of morphological changes

in TPA-stimulated melanocytes has been noted (27). Actively
proliferating melanocytes exhibit tripolar and polygonal mor-
phology (Fig. la), but as quickly as 1 hr after stimulation with
TPA at 50 ng/ml, the cells acquire a neuron-like morphology
with prominent nuclei, scarce perinuclear cytoplasm, and
long projecting dendritic processes (Fig. lb). These changes
occur as quickly as 1 hr after stimulation and last for periods
ofup to 7 days, even when TPA is removed from the medium
1 hr after stimulation.
Our tissue culture system is optimized for cell growth, and

the cells usually exhibit polygonal morphology. However,

FIG. 1. Melanocyte morphology. Phase-contrast micrographs ofhuman melanocytes grown in standard medium (a), stimulated for 48 hr with
TPA at 50 ng/ml (b), or deprived of the bovine hypothalamic extract, the major mitogen source in this medium, for 48 hr (c). Note the long,
projecting dendrites in the TPA-stimulated cells and the nearly comparable dendricity in the mitogen-deprived cells. (a and b, x 180; c, X 140.)
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FIG. 2. Immunofluorescence of melanocytes. Immunofluorescent staining of cells stained with anti-NGF receptor antibody. (A) Hs 294T
melanoma cell line. (B) Proliferating melanocytes in complete medium. (C) TPA-stimulated melanocytes. (D) UV-irradiated melanocytes. Note
the bright rim fluorescence of the melanoma cells and of the TPA-treated or UV-irradiated cells in contrast to the lack of fluorescence in the
unstimulated melanocytes. (A-C, x 1200; D, x 1600.)

when the cells are growth factor-deprived by removal of
serum or bovine hypothalamic extract from the culture,
melanocytes become increasingly dendritic over several days
(Fig. ic). UV-irradiated cells similarly become more dendrit-
ic (29), with a morphology intermediate between that of cells
in the basal medium and in TPA-supplemented medium.
Addition of NGF to the cultures has no morphologic effect
during 7 to 10 days.

Immunofluorescence. The monoclonal antibody ME 20.4
(21) was used to detect NGF receptors in Hs 294T, a human
melanoma cell line known to express high levels of NGF
receptor (36). An intense cell-surface staining pattern was
observed (Fig. 2A). In contrast, when cultured human me-
lanocytes were seeded in standard medium in the presence of
fetal bovine serum (2-20%) and/or bovine hypothalamic
extract (100 ,ug/ml), there was no cell-surface staining for the
receptor (Fig. 2B). After 24 hr of exposure to TPA, mela-
nocytes exhibited the characteristic staining pattern (Fig. 2C)
indicative of cell-surface expression of NGF receptors.
Melanocytes deprived of growth factors or serum also ex-
hibited cell-surface staining, but the proportion of cells
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FIG. 3. Immunoblot analysis of melanocytes, showing TPA-
stimulated cells (lanes 1, 2, and 3) and paired unstimulated control
cells (lanes 4, 5, and 6). Note the presence of a 70- to 75-kDa protein
in the stimulated cells that is absent in the unstimulated cells. kD,
kDa.

stained in the culture was smaller-approximately half. Simi-
larly, the more highly dendritic melanocytes in UV-irradiated
cultures also expressed the NGF receptor (Fig. 2D). These
data confirm an earlier suggestion that cultured melanocytes
may stain with anti-NGF receptor antibodies (37).

Immunoblotting. Melanocytes were grown in standard
medium until nearly confluent. Paired cultures were either
harvested directly or treated for 48-72 hr with TPA at 50
ng/ml. With the TPA-treated cells, the monoclonal antibody
ME 20.4 (21) recognized a 70- to 75-kDa protein (Fig. 3),
entirely in keeping with the known molecular mass of the
human NGF receptor (23). This band was absent in the
untreated controls.
RNA Blotting. For these studies, melanocytes were grown

in standard medium until nearly confluent. The cells were
then harvested directly or at various times after stimulation
with TPA at 50 ng/ml. Examination of the autoradiograph
(Fig. 4) revealed the high levels ofthe 3.8-kb messengerRNA
species in the control cell line Hs 294T. Receptor mRNA
species were undetectable in unstimulated cells, but after 12
hr of TPA stimulation, melanocytes displayed a striking
increase in the steady-state level of NGF receptor mRNA.

Hs294 0 6 8 12

FIG. 4. RNA blot-hybridization analysis of melanocytes, show-
ing the presence of a 3.8-kb transcript in Hs 294T (Hs294) control
cells. The transcript is undetectable in unstimulated cells, but
appears 12 hr after TPA stimulation. Equal amounts of total cellular
RNA (40 ,ug) were loaded in each lane as assessed by ethidium
bromide staining.
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Table 1. Lack of NGF effect on melanocyte growth
NGF, units/ml Day Cell number (2 SD)

None 7 210,960 (13576)
25 7 215,760 (13237)
125 7 185,760 (5657)

Growth Assays. Melanocytes in paired dishes were seeded
in standard medium containing NGF at 0, 25, or 125 units per
ml. In three experiments, there was no increase in cell
number 7 days after seeding (Table 1).

DISCUSSION
Cell-surface receptors for growth factors play a central role
in normal signal transduction and are an important means of
modulating cell growth and differentiation. As well, certain
oncogenes demonstrate strong homology to growth factor
receptors, such as the avian erythroblastosis virus erbB
oncogene and the receptor for epidermal growth factor (36),
and the oncogenefms and the receptor for colony-stimulating
factor (38).
Our observations indicate that NGF receptor mRNA and

cell-surface protein are inducible in cultured human mela-
nocytes. To date, the NGF receptor is the only growth factor
receptor documented on human melanocytes. Its appearance
on the melanocyte cell surface correlates with a character-
istic, dendritic neuron-like morphology that can be induced
most strikingly by TPA but also by culture manipulations
such as serum or growth-factor deprivation, and by UV-
irradiation. Because TPA is known to induce a broad range
of differentiated behaviors in cultured cells (39, 40), it is
intriguing to postulate that this receptor is a marker of
differentiation in these cells and that NGF may mediate one
or more melanocyte behaviors in vivo. NGF-receptor induc-
tion after UV-irradiation or withdrawal of serum and hypo-
thalamic extract may be interpreted as a differentiation
response to slowed growth or as a distress signal by cells now
damaged or lacking the major survival factors previously
present in their culture environment.
The regulation of growth, differentiation, or transforma-

tion of human melanocytes in vivo or in vitro is poorly
understood at present. Only recently have advances in
selective tissue culture techniques permitted large-scale cul-
tivation of this cell type. Thus far, reported growth-
promoting activities for human melanocytes in vitro include
serum (2, 3, 28), choleragen and other agents that increase
cAMP (2, 3, 28), phorbol esters (2), and, most recently, basic
fibroblast growth factor (41). Growth-stimulating activities
for human melanocytes have also been described in various
conditioned media and cell or tissue extracts (4, 42-44), but
these factors remain incompletely characterized. Our present
observations agree with earlier results (3, 28) that NGF is not
a mitogen for human melanocytes. However, the fact that
melanocytes express the NGF receptor when they are injured
or deprived of growth factors suggests that NGF may
function as a survival factor for these cells. It is of interest
that perineural Schwann cells, also neural crest-derived,
appear to express NGF receptors in adult skin in vivo (21) and
in rat sciatic nerve after axotomy (45), yet cultured Schwann
cells seem not to require NGF for growth or survival, nor
does Schwann cell morphology change in response to NGF
(45-48).
The mechanism of induction of NGF receptors in cultured

human melanocytes is unknown. Tumor-promoting phorbol
esters such as TPA activate protein kinase C, the acknowl-
edged receptor for TPA (49). Protein kinase C is a phospho-
lipid-dependent, calcium-activated kinase that phosphoryl-
ates proteins on serine and threonine residues. TPA has been
shown to induce rapid reorganization of the cytoskeleton (50,

51). It is interesting that the morphological changes in the
melanocytes occurred as quickly as 1 hr after TPA stimula-
tion, while the NGF receptor mRNA appeared only 10-12 hr
later, suggesting that TPA may act directly on the cytoskel-
etal proteins already present in the cell or on the expression
of genes involved in neurite outgrowth. The appearance of
the receptor may then be required for the transmission of
signals important to the differentiated, dendritic melanocyte.
Melanin synthesis and distribution are major functions of
melanocytes in vivo, and we hypothesize that NGF and its
receptor may play a crucial role in this process, either at the
level of induction of the enzyme tyrosinase or by transducing
critical signals for melanogenesis from adjacent kerati-
nocytes. The former mechanism would be appealing in view
of the known induction of tyrosinase and enhanced pigment
production after, for example, UV exposure of intact skin,
while the latter mechanism is consonant with the recent
demonstration ofNGF in developing murine epithelium (52).
The NGF receptor is known to be abundantly expressed in

many melanoma cell lines (21, 22). In our tissue culture
system, the tumor promoter TPA induces receptor expres-
sion by normal melanocytes. Thus, induction of the NGF
receptor may represent the first in a series of changes that
ultimately can result in the development of melanoma. This
speculation is strengthened by the observation that cell-
surface staining with anti-NGF receptor antibody has been
reported (21) to be positive on 100% of nevus cells in frozen
sections of a dysplastic nevus, in contrast to 10% or less of
nevus cells in sections of five benign nevi. Melanoma has
been a long-standing focus of both clinical and laboratory-
based research because of its grave prognosis and its pro-
pensity to affect young adults. Over the past several decades,
melanoma has increased more than 11-fold in incidence and
is now increasing more rapidly than any other malignancy,
except lung cancer in women (53, 54). Therefore, it is of the
utmost importance to investigate all of the early changes
associated with the development of melanoma to elucidate
the mechanism leading to the malignant transformation of
pigment cells in the skin.
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