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Abstract

UV radiation is an important etiologic factor for skin cancer,
including melanoma. Constitutive pigmentation and the
ability to tan are considered the main photoprotective
mechanism against sun-induced carcinogenesis. Pigmentation
in the skin is conferred by epidermal melanocytes that
synthesize and transfer melanin to keratinocytes. Therefore,
insuring the survival and genomic stability of epidermal
melanocytes is critical for inhibiting photocarcinogenesis,
particularly melanoma, the most deadly form of skin cancer.
The paracrine factors A-melanocortin and endothelin-1 are
critical for the melanogenic response of cultured human
melanocytes to UV radiation. We report that A-melanocortin
and endothelin-1 rescued human melanocytes from UV
radiation–induced apoptosis and reduced DNA photoproducts
and oxidative stress. The survival effects of A-melanocortin
and endothelin-1 were mediated by activation of the melano-
cortin 1 and endothelin receptors, respectively. Treatment of
melanocytes with A-melanocortin and/or endothelin-1 before
exposure to UV radiation activated the inositol triphosphate
kinase-Akt pathway and increased the phosphorylation and
expression of the microphthalmia-related transcription fac-
tor. Treatment with A-melanocortin and/or endothelin-1
enhanced the repair of cyclobutane pyrimidine dimers and
reduced the levels of hydrogen peroxide induced by UV
radiation. These effects are expected to reduce genomic
instability and mutagenesis. (Cancer Res 2005; 65(10): 4292-9)

Introduction

Cutaneous pigmentation is the major photoprotective mecha-
nism against the carcinogenic effect of solar UV radiation (UV) on
human skin (1). Pigmentation is the outcome of melanin synthesis
by epidermal melanocytes, and the transfer of melanin-containing
organelles, termed melanosomes, from melanocytes to surrounding
keratinocytes (2). The most drastic effects of UV exposure are
photoaging and photocarcinogenesis. Melanin guards against the
photodamaging effects of UV by acting as a filter that limits the
penetration of UV rays into the epidermal layers (3, 4). Melanin also
acts as a scavenger of UV-induced reactive oxygen species that
cause lipid peroxidation and damage proteins and DNA (5). Acute
exposure of the skin to solar UV results in DNA damage, which
if not repaired, would lead to cell death as evidenced by the

appearance of sunburn cells (i.e., apoptotic keratinocytes), or to
mutations (6). One mechanism by which melanocytes in situ resist
apoptosis is by expressing constitutively the antiapoptotic Bcl2,
recently shown to be regulated by the microphthalmia-related
transcription factor, Mitf (7–9). However, in vitro, melanocytes
respond to UV with dose-dependent growth arrest and reduced
survival (10–12). Melanocytes have a low proliferation capacity, and
their significance in photoprotection makes it crucial to insure
their survival and prevent apoptosis.
Many of the effects of UV on human skin are indirectly

mediated by up-regulation of various growth factors and
cytokines, some of which function as paracrine or autocrine
regulators of melanocytes (13–15). Among those factors are a-
melanocortin (a-MSH) synthesized by keratinocytes and melano-
cytes and endothelin-1 (ET-1), which is produced by keratinocytes.
Both a-MSH and ET-1 are mitogenic and melanogenic for human
melanocytes and are important participants in the melanogenic
response of melanocytes to UV (11, 12, 16). The results hereby
presented define a novel role for a-MSH and ET-1 as
antiapoptotic factors for melanocytes. We show that a-MSH and
ET-1 promote melanocyte survival and inhibit the UV-induced
apoptosis by activating the inositol triphosphate (IP3) kinase-Akt
pathway, increasing the levels of Mitf and counteracting the
reduction in Bcl2.
The IP3 kinase pathway is an important survival pathway in

many cell types, such as neurons, fibroblasts, and keratinocytes, and
mediates the effects of various survival factors, such as insulin-like
growth factor (IGF), nerve growth factor, platelet-derived growth
factor, mast cell growth factor, epidermal growth factor (EGF), and
hepatocyte growth factor (17–23). Activation of IP3 kinase results
in increased levels of phosphatidylinositol-3,4,5-triphosphate and
inositol 3,4-biphosphate, which ultimately lead to the activation of
the serine-threonine kinase Akt/PKB (24). Activated Akt inhibits
apoptosis, particularly the intrinsic apoptotic pathway, by phos-
phorylating and inactivating the pro-apoptotic Bad and caspase 9,
and by transactivating nuclear factor-nB (NFnB) (20, 25, 26). The
cyclic AMP (cAMP)–dependent pathway, the main signaling
pathway activated by a-MSH, also stimulates Akt/PKB activity
(27, 28).
Recently, the transcription factor Mitf, known to be critical for

melanocyte survival and melanogenesis, was found to regulate Bcl2
expression (9, 29–31). Bcl2 is an important regulator of melanocyte
survival, as Bcl2 knockout mice are hypopigmented due to
melanocyte apoptosis (32). Because UV-induced apoptosis occurs
in cells with extensive DNA damage, we have hypothesized that the
antiapoptotic effects of a-MSH and ET-1 are due to reducing initial
DNA damage and/or enhancing DNA repair, which should diminish
UV-induced mutagenesis and carcinogenesis. Our results show that
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a-MSH and ET-1 reduce UV-induced DNA photoproducts and the
levels of released hydrogen peroxide. These effects, which are
mediated by the respective receptors of a-MSH and ET-1, are
expected to contribute to the maintenance of genomic stability and
inhibit the transformation of melanocytes to melanoma. These
findings may offer an explanation for the association of loss-of-
function mutations in the melanocortin 1 receptor (MC1R) gene,
which codes for the melanocortin receptor expressed on melano-
cytes, with increased risk for melanoma (33, 34).

Materials and Methods

Melanocyte culture. Primary human melanocyte cultures were
established from neonatal foreskins or from adult skin biopsies obtained
after informed consent and maintained as described (35). To test the effects
of ET-1 and/or a-MSH, melanocytes were maintained in medium devoid of
12-O-tetradecanoyl-phorbol-13-acetate (TPA), which down-regulates the
endothelin receptors (36), and bovine pituitary extract, which contains high
concentrations of melanocortins (35), for 24 hours before and for the
duration of the experiments. Early-passage cultures (<10) were used for all
experiments to insure minimal genetic drift in vitro .

Determination of melanocyte survival and proliferation. Human
melanocytes were plated onto 60-mm dishes at a density of 2.5 ! 105 cells
per dish. On days 3 and 5 after plating, the growth medium lacking TPA and
bovine pituitary extract was changed and melanocytes were treated with 0
(control), 1 nmol/L a-MSH, 0.1 nmol/L ET-1, 1 nmol/L a-MSH plus 0.1
nmol/L ET-1, or 1 Amol/L forskolin for a total of 4 days, and immediately
after exposure to a single dose of 21 mJ/cm2 UV emitted by a bank of FS-20
fluorescent UV lamps that have a continuous emission spectrum with a
peak at 313 nm (National Biological, Twinsburg, OH), as described (10–12).
Percent of cell death was determined on days 2 and 4 after UV irradiation by
calculating the number of dead melanocytes that detached and incorpo-
rated trypan blue dye, as described (10). The cell number in each dish
(triplicate dishes in each group) was counted using a Coulter Counter
(model ZM). Differences between the control and UV-irradiated groups and
in the responses of the cultures to UV alone, versus UV plus treatment with
a-MSH and/or ET-1 were compared using ANOVA, followed by SNK (P <
0.05). Adult human melanocytes were plated and treated with a-MSH and/
or UV, as described above. The cell numbers were determined 2 days after
irradiation, and the data were statistically analyzed using Student’s t test.

Determination of melanocyte apoptosis by Annexin V staining.
Melanocytes were plated and treated with 0, a-MSH, and/or ET-1 and
irradiated with UV as described above. Twenty-four hours after UV
irradiation, melanocytes were harvested and stained with APC-Annexin
(BD Pharmingen, San Diego, CA) and propidium iodide (Sigma Chemical Co.,
St. Louis, MO). Samples were analyzed by flow cytometry immediately after
staining on BD LSR, and the data were analyzed by CELLQuest software.

To verify the significance of the endothelin receptor in the survival effect
of ET-1, melanocytes were treated for 4 days before and immediately after
UV exposure with 150 nmol/L PD 145065, a potent inhibitor of the ET-A
and ET-B receptors (Sigma Chemical; ref. 37). For determining the
significance of the MC1R in mediating the effects of a-MSH, four different
melanocyte cultures expressing loss-of-function mutations in the MC1R
gene were tested (38). The significance of melanin in the survival effects of
ET-1 and a-MSH was investigated using tyrosinase-negative albino
melanocytes that lack the ability to synthesize melanin due to abnormal
expression of tyrosinase protein and absence of tyrosinase activity (a gift
from Raymond Boissy, Department of Dermatology, University of
Cincinnati; ref. 39). The involvement of the IP3 kinase in the survival
effects of a-MSH and ET-1 was first determined by treating normal
melanocytes for 45 minutes before and immediately after UV exposure with
15 Amol/L LY 294002, a selective inhibitor of IP3 kinase (Calbiochem, La
Jolla, CA; ref. 40). The extent of apoptosis was determined by Annexin V
staining as described above.

Akt kinase activity assay. Melanocytes were plated at a density of 1.0 to
1.5 ! 106 cells/100-mm dish, and 72 hours later were treated as described

above. Eighteen hours before UV irradiation, melanocytes were kept in
unsupplemented MCDB medium with or without ET-1 and/or a-MSH. Cell
extracts were prepared 1 hour after irradiation, and Akt kinase activity
was determined using a commercially available assay kit, using purified
Bad as a substrate (Upstate Biotechnology, Lake Placid, NY). Briefly, Akt was
immunoprecipitated from 300 to 500 Ag of total protein by incubation
overnight at 4jC with 4 Ag of anti-Akt/PKBa PH domain antibody
covalently bound to agarose beads. The washed immunoprecipitates were
suspended in kinase assay buffer containing 3 Ag of purified Bad protein,
and the reaction mixture was incubated for 10 minutes at 37jC to allow
phosphorylation of the exogenously added substrate, Bad, by Akt. Western
blot analysis was done using the phospho-specific Bad (Ser136) antibody,
and the bands were visualized by chemiluminescence.

Immunoblot analysis of total Akt, Mitf, and Bcl2. Human melano-
cytes were plated onto 100-mm dishes at a density of 1.5 ! 106 cells and
treated with 0, a-MSH, and/or ET-1 as described above. For the analysis of
total Akt or Mitf, cells were kept in unsupplemented MCDB medium to
down-regulate Akt or Mitf activity, with or without ET-1 and/or a-MSH for
18 hours before and after UV irradiation. Cell extracts were prepared 1 or
1.5 hours after UV exposure for detection of total Akt or Mitf, respectively,
using RIPA buffer containing a cocktail of protease inhibitors. Western blot
analysis for total Akt and Mitf was carried out using Akt antibody
immunoglobulin G (rabbit polyclonal, Cell Signaling, Beverly, MA) and
monoclonal C5 Mitf antibody (a gift from David Fisher, Dana-Farber
Institute, Harvard School of Medicine), respectively. Western blot analysis of
Bcl2 was carried out on cell extracts that were prepared 48 hours after UV
exposure, using monoclonal Ab-1 antibody (Calbiochem). For all three
proteins, the membranes were then incubated with the appropriate
horseradish peroxidase–conjugated anti-mouse or anti-rabbit immunoglob-
ulin G (Calbiochem). Membranes were also reacted with actin-horseradish
peroxidase immunoglobulin G (Santa Cruz Biotechnology, Santa Cruz, CA)
to control for loading. The respective bands were visualized using enhanced
chemiluminescence (Amersham, Arlington Heights, IL). Densitometric
analysis of the bands was carried out using Alpha Innotech Imaging
System and the AlphaEase FC StandAlone Software (San Leandro, CA).

Southwestern blot analysis of cyclobutane pyrimidine dimers.
Melanocytes were plated onto 100-mm dish and treated for 4 days with 0,
a-MSH, or ET-1, as described above. Melanocytes were then irradiated with
0 or 21 mJ/cm2 followed by the appropriate treatment with growth factors.
Cells were harvested immediately after UV exposure (T0) to determine
induction of cyclobutane pyrimidine dimers (CPD), or 10 and 24 hours after
UV irradiation to determine the rate of CPD repair. Genomic DNA was
isolated from each group (at least 2 ! 106 melanocytes per group) using the
Puregene DNA isolation kit (Gentra Systems, Minneapolis, MN). For
Southwestern blot analysis, triplicate lanes (0.5 Ag DNA per lane) were
loaded for each group, and monoclonal antibody TDM2 directed against
CPD (a gift from Toshi Mori, Nara University, Japan) was used, as described
by Schwarz et al. (41). Each membrane was incubated with horseradish
peroxidase–conjugated anti-mouse antibody (Calbiochem) followed by
reacting with 3,3V-diaminobenzidine peroxidase substrate (Vector Labora-
tories, Burlingame, CA). The resulting bands were quantified by densitom-
etry, as described above. The data were statistically analyzed using Student’s
t test (P V 0.01). In some experiments, the results obtained by Southwestern
blot analysis were confirmed by determining CPD in the same DNA samples
using RIA, as described by Mitchell (42). Briefly, 2 Ag of heat-denatured
DNA samples were incubated overnight at 4jC with 10 pg of DNA labeled
with [32P]dTTP and purified anti-CPD IgG. The immune complex was
precipitated with goat immunoglobulin and carrier serum (Calbiochem),
and the radioactivity counted by scintillation counter. The frequency of
CPD (CPD/107 Da) was calculated using a standard curve based on
measuring irradiated salmon sperm DNA.

Determination of hydrogen peroxide generation by UV-irradiated
melanocytes. Melanocytes were plated onto 100-mm dish and irradiated in
PBS with 0 or 21 mJ/cm2 UV, which is expected to result in the generation
of photoproducts as well as reactive oxygen species (43). Immediately
after UV exposure, melanocytes were treated with 0, 1 nmol/L a-MSH,
and/or 0.1 nmol/L ET-1. The release of hydrogen peroxide was measured
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immediately (1-2 minutes), 30, 45, and 60 minutes after UV exposure by
determining the luminescence of luminol by the released hydrogen peroxide
as follows. At the indicated time, 240 AL aliquots of PBS from each dish
(triplicate dishes per group) were transferred to tubes containing 240 AL
respiratory buffer consisting of 70 mmol/L sucrose, 220 mmol/L D-mannitol,
2 mmol/L HEPES, 2.5 mmol/L KH3PO4, 2.5 mmol/L MgCl2, 0.5 mmol/L Na4-
EDTA, 1 mmol/L D(+)-glucose. Horseradish peroxidase (10 Ag/mL) and
5 Amol/L luminol (Sigma Chemical) were added to the tubes and
luminescence was measured, immediately after, in a Turner Luminometer,

model TD10e. One UV-irradiated group was treated with 300 units/mL
catalase, which degrades hydrogen peroxide to water and oxygen, to show
the specificity of the reaction. Luminescence readings were plotted against a
standard curve generated using known concentrations of hydrogen
peroxide, and the data were expressed as pmol hydrogen peroxide/105 cells.
Data were statistically analyzed using ANOVA, followed by SNK (P < 0.05).

Results

UV-induced apoptosis of human melanocytes and its
inhibition by ET-1 and A-MSH. Irradiation of cultured human
melanocytes with 21 mJ/cm2 UV resulted in marked cytotoxicity,
evidenced by an increase in cell death and reduction in the number
of viable melanocytes (Fig. 1). Treatment with 1 nmol/L a-MSH or
0.1 nmol/L ET-1 for 4 days before and immediately after irradiation
with 21 mJ/cm2 UV, significantly reduced the UV-induced cell death
and increased the viability of neonatal melanocytes (Fig. 1A and B).
Concomitant treatment with a-MSH and ET-1 reduced the cytotoxic
effect of UV to a greater extent than treatment with either agent
alone (Fig. 1A). Forskolin, a direct activator of adenylate cyclase, also
reduced the cytotoxic effect of UV on melanocytes, suggesting the
significance of the cAMP pathway in melanocyte survival (Fig. 1A
and B). These responses to UV, a-MSH, ET-1, and forskolin were
observed in neonatal melanocyte cultures with different melanin
contents. The anti-apoptotic effect of a-MSH was also evident in
adult human melanocytes and was not strictly dependent on its
mitogenic effect, because 1 nmol/L a-MSH did not significantly
increase the proliferation of adult melanocytes, yet reduced cell
death and increased the number of viable melanocytes by >50%
following UV exposure (Fig. 1C and D).
The UV-induced melanocyte death occurred by apoptosis, as

determined by Annexin V staining, and treatment with ET-1 and/or
a-MSH reduced the apoptotic effect of UV (Fig. 2A). The anti-
apoptotic effects of ET-1 and a-MSH were mediated by activating
the ET-1 receptors and the MC1R, respectively. Treatment of
melanocytes with 150 nmol/L PD 145065, the universal endothelin
receptor antagonist, blocked the anti-apoptotic effect of ET-1 and
the contribution of ET-1 to the survival of melanocytes conco-
mitantly treated with ET-1 and a-MSH (Fig. 2B). In addition, the
anti-apoptotic effect of a-MSH but not that of ET-1 was absent in
melanocytes expressing loss-of-function mutations in the MC1R
gene (Fig. 2C). The survival effects of ET-1 or a-MSH were not due
to increased melanin synthesis, because they were evident in
tyrosinase-negative albino melanocytes that lack the ability to
synthesize melanin (Fig. 2D).
Activation of the inositol triphosphate kinase-Akt and Mitf

pathways in UV-irradiated melanocytes by ET-1 and A-MSH.
To investigate the role of the IP3 kinase pathway in the survival
effects ofa-MSH and ET-1, melanocytes were treatedwith 15 Amol/L

Figure 1. ET-1 and a-MSH reduce the death and increase the survival of
UV-irradiated neonatal and adult human melanocytes. Neonatal melanocytes
(A and B) and adult melanocytes (C and D ) were treated with 0 (control),
0.1 nmol/L ET-1 and/or 1 nmol/L a-MSH, or 1 Amol/L forskolin for a total of 4 days
and were either sham irradiated or irradiated with 21 mJ/cm2 UV, with or
without further treatment with ET-1 and/or a-MSH. The number of dead cells
(A and C ) and viable cells (B and D ) in each dish (triplicate dishes per
group) was determined on days 2 and 4 after UV exposure, as described in
Materials and Methods. The data in (A ) and (B) were analyzed using ANOVA
followed by SNK. *, P < 0.01, significantly different from UV group;
+, P < 0.01, significantly different from control group. The data in (A ) and (B)
are representative of at least 10 experiments in which different neonatal
melanocyte cultures were used. The results presented in (C) and (D) were
analyzed statistically by Student’s t test (P < 0.05) and are representative of
three independent experiments using three different adult melanocyte cultures.
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LY 294002, a selective IP3 kinase inhibitor, for 45 minutes before
and immediately after UV exposure. Treatment of melanocytes
with LY 294002 augmented the UV-induced apoptosis and
abrogated the anti-apoptotic effect of a-MSH and ET-1 (Fig. 3A).
Additionally, exposure of UV-irradiated human melanocytes to
a-MSH and/or ET-1 markedly increased the activity of the serine-
threonine kinase Akt, the substrate for IP3 kinase, above that of
control or UV-irradiated melanocytes, as determined by Akt kinase
activity assay using exogenous Bad as a substrate (Fig. 3B).
By Western blot analysis of total Akt, we found that treatment of
melanocytes with a-MSH and/or ET-1, or exposure to UV did not
change the total levels of Akt (Fig. 3C).
Regulation of Mitf and Bcl2 expression by UV, A-MSH, and

ET-1. Western blot analysis of Mitf revealed that in human
melanocytes that were irradiated with UV, the level of
phosphorylated Mitf, the slower mobility form, was increased
by 50% above control (Fig. 4A). Treatment with a-MSH alone or
in combination with ET-1 resulted in further increase (84%) of
phosphorylated Mitf in the UV-irradiated groups. As for the
unphosphorylated form of Mitf, the faster mobility form, it was
increased by a-MSH as well as ET-1, with the highest increase
achieved upon concomitant treatment with both agents.
Irradiation of melanocytes with UV reduced the levels of the
anti-apoptotic Bcl2, known to be regulated by Mitf, by 25% (Fig.
4B ; ref. 9). Treatment of UV-irradiated melanocytes with ET-1 or
a-MSH suppressed the UV-induced reduction in Bcl2 levels and
restored them back to control, or above control levels,
respectively.
Effects of A-MSH and ET-1 on the induction and repair of

DNA photoproducts following UV irradiation. Irradiation of
human melanocytes with UV resulted in a dose-dependent
induction of DNA photoproducts, mainly in the form of CPD
(data not shown). Melanocytes irradiated with 21 mJ/cm2 UV
encountered considerably high levels of CPD, of which <25%
were removed 24 hours after irradiation, as determined by
densitometric analysis of the bands (triplicate/group) obtained
by Southwestern blotting (Fig. 5). Pretreatment with a-MSH
alone or in combination with ET-1 enhanced the rate of removal
of CPD, an effect that increased significantly by 24 hours when
>45% of CPD were repaired (Fig. 5). In some experiments, ET-1
or a-MSH reduced the initial induction of CPD. In the
experiment presented in Fig. 5, ET-1 reduced the induction of
CPD by about 30%. Enhancement of CPD removal by a-MSH
was absent in melanocytes expressing loss-of-function MC1R
(data not shown).

Generation of hydrogen peroxide by human melanocytes in
response to UV irradiation and inhibition of this response by
A-MSH and ET-1. Exposure of cultured human melanocytes to
UV, known to induce the generation of reactive oxygen species
(43), resulted in a dose-dependent release of hydrogen peroxide
(data not shown). Release of hydrogen peroxide occurred instantly
after irradiation of melanocytes with 21 mJ/cm2 UV and increased
by >3-fold within 30 minutes after UV exposure (Fig. 6). The levels
of released hydrogen peroxide dropped sharply by 45 minutes

Figure 2. ET-1 and a-MSH inhibit UV-induced apoptosis of human melanocytes
by receptor-mediated mechanisms, independently of melanogenesis.
Melanocytes were treated with 0, ET-1, and/or a-MSH and irradiated with
UV, harvested 24 hours later, stained with APC Annexin V and propidium iodide,
and analyzed by flow cytometry, as described in Materials and Methods.
A, responses of human melanocytes with functional MC1R. Columns, means of
three separate experiments in which three different melanocyte cultures
were tested; bars, FSE. *, P < 0.05, significantly different from the UV group
as determined by ANOVA followed by SNK. B, significance of the endothelin
receptors in the antiapoptotic effect of ET-1. Some groups were treated with
the ET receptor antagonist PD 145065 4 days before UV exposure and for
an additional 24 hours thereafter. This experiment was repeated twice
with similar findings. C, apoptotic responses of human melanocytes with
loss-of-function mutations in the MC1R. Columns, mean of three experiments
in which three different cultures expressing different loss-of-function mutations
in the MC1R were tested; bars, FSE. *, P < 0.05, significantly different from
the UV group as determined by ANOVA followed by SNK. D, apoptotic response
of a tyrosinase-negative albino melanocyte culture that lacked the ability
to synthesize melanin. This experiment was repeated twice with similar findings.
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after irradiation. Unirradiated melanocytes did not release any
hydrogen peroxide in the presence or absence of a-MSH or ET-1.
Treatment of human melanocytes with 1 nmol/L a-MSH, 0.1
nmol/L ET-1, or combination of both, immediately after UV
irradiation prevented the increase in hydrogen peroxide released
within 30 minutes after UV exposure. Treatment with a-MSH
alone, or concomitantly with ET-1 continued to reduce signifi-
cantly the release of hydrogen peroxide 45 minutes after
irradiation. In all the UV-irradiated groups, the release of hydrogen
peroxide was minimal 60 minutes after UV exposure. Treatment of
human melanocytes to 300 units/mL catalase totally abrogated
the UV-induced hydrogen peroxide release (data not shown).

Discussion

Epidermal melanocytes confer photoprotection to the skin by
the synthesis of melanin and distribution of melanin-containing

melanosomes to the neighboring keratinocytes (1, 2). Unlike
keratinocytes that have a high self-renewal capacity, epidermal
melanocytes are differentiated cells with a low proliferation
potential. Given the significance of melanocytes in photo-
protection and prevention of photocarcinogenesis, it is crucial
to insure their viability and genomic stability in the epidermis. A
main goal of this study is to elucidate some of the pathways that
promote melanocyte survival and genomic integrity following UV
exposure.
Irradiation of cultured human melanocytes with UV results in

dose-dependent induction of DNA photoproducts, reduction in
proliferation due to G1 arrest, and apoptosis (refs. 10–12; Figs. 1, 2,
and 5). The melanocortins and ET-1 determine the melanogenic
response of melanocytes to UV and stimulate their proliferation
by overcoming the UV-induced G1 arrest (11, 12). The mitogenic
and melanogenic effects of a-MSH on human melanocytes are
mediated by binding and activating the MC1R, a Gs protein–
coupled receptor with seven transmembrane domains (28). The
effects of ET-1 on human melanocytes are elicited by activating the
endothelin receptors, Gq protein–coupled receptors with seven
transmembrane domains, particularly the predominant ETBR (12).
ET-1 might indirectly affect human melanocytes by up-regulating
the mRNA levels of the MC1R gene (12, 44). The latter effect is
expected to sustain and possibly enhance the ability of melanocytes
to respond to melanocortins.

Figure 3. Involvement of the IP3 kinase pathway in the survival effects of
a-MSH and/or ET-1. A, effect of the IP3 kinase inhibitor LY 294002 on the
apoptosis of UV-irradiated melanocytes, in the presence or absence of ET-1
and/or a-MSH was determined using Annexin V staining, as described in
Materials and Methods. This experiment was repeated twice with similar results.
B, kinase activity of Akt, the substrate of IP3 kinase, was determined as
described in Materials and Methods, using purified Bad as substrate. The
resulting bands were quantified by densitometry, and the change in Akt activity
was expressed as % of control. Those experiments were repeated five times with
similar results. C, Western blot analysis of total Akt and actin (to control for
loading), to verify that the observed change in Akt activity is not due to increased
levels of Akt by treatment with UV, a-MSH, or ET-1.

Figure 4. Modulation of Mitf and Bcl2 expression by UV, ET-1, and/or
a-MSH. Melanocytes were treated with ET-1 and/or a-MSH and irradiated
with UV. A, 90 minutes after UV exposure, cell lysates were prepared and
Western blot analysis for Mitf was carried out as described in Materials and
Methods. B, expression of Bcl2 was determined 48 hours after UV exposure,
using Western blot analysis as described in Materials and Methods. For Mitf and
Bcl2, Western blot analysis for actin was carried out as a loading control. Each of
those experiments was repeated four times with similar results. The resulting
bands were quantified by densitometry, and change in expression of the
respective proteins was expressed as percent of control, after correcting for
the difference in loading.
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The data presented in this study ascribe a new role for ET-1
and a-MSH as survival factors that rescue melanocytes from UV-
induced apoptosis (Figs. 1 and 2A , B , and D). The anti-apoptotic
effects of ET-1 and a-MSH are independently and strictly mediated
by activation of the endothelin receptor and MC1R, respectively.
Blocking the endothelin receptors abrogated the survival effect of
ET-1, but the response to a-MSH was still evident (Fig. 2B). Loss-of-

function mutations in the MC1R abolished the anti-apoptotic effect
of a-MSH but not that of ET-1 (Fig. 2C). The pro-survival effects of
a-MSH or ET-1 were not dependent on their mitogenic or
melanogenic effects on human melanocytes and were evident
in adult melanocytes that did not exhibit a significant increase
of proliferation in response to treatment with 1 nmol/L a-MSH
(Fig. 1C and D), and in tyrosinase-negative albino melanocytes that
lacked the ability to synthesize melanin (Fig. 2D). These findings
suggest that activation of survival pathways is independent of
regulation of melanocyte proliferation and melanogenesis.
The observed increase in survival of UV-irradiated melanocytes

in response to ET-1 or a-MSH treatment is due to inhibition of
apoptosis and activation of survival pathways. Inhibition of
apoptosis was shown by reduction in the percent of melanocytes
that stained positively with Annexin V and by reversing the inhibi-
tory effect of UV on Bcl2 levels (Fig. 2A , B , D and Fig. 4B). a-MSH
and ET-1 activated the IP3 kinase pathway, as well as Mitf, a helix-
loop-helix transcription factor that is crucial for melanocyte
survival and the regulation of genes that code for important
melanogenic enzymes, such as tyrosinase and tyrosinase-related
protein 1 (Tyrp1 ; Figs. 3 and 4; refs. 29–31).
It has been proposed that whereas UV induces apoptosis in

human skin in vivo , and in cultured human keratinocytes in vitro , it
also activates survival pathways (i.e., IP3 kinases and its substrate
Akt/PKB) via activation of the EGF receptor, to limit the extent of
cell death (21). Activation of Akt/PKB results in inhibition of the
mitochondrial apoptotic pathway, evidenced by phosphorylation of
the proapoptotic Bcl2 family member Bad, and thus inhibits its
dimerization with BclxL (25). This study reveals that activation of the
IP3 kinase pathway is critical for limiting apoptosis of melanocytes
in response to UV and for the survival response of melanocytes to
ET-1 and a-MSH. Blocking IP3 kinase activity by LY 294002 reduced
the antiapoptotic effects of a-MSH and ET-1 (Fig. 3A). Furthermore,
treatment of UV-irradiated melanocytes with a-MSH and ET-1
activated Akt, the substrate for IP3 kinase (Fig. 3B). The observed
change in Akt activity was not accompanied by change in the levels
of total Akt (Fig. 3C). Recently, IP3 kinase was reported to mediate
the survival effect of stem cell factor on human melanocytes treated
with TRAIL, further suggesting the importance of the IP3 kinase
pathway in the maintenance of melanocyte survival (45). Our results
show the significance of this pathway in mediating the survival

Figure 5. a-MSH and ET-1 enhance the repair of UV-induced CPD in human
melanocytes. Southwestern blot analysis was employed to determine induction
of CPD immediately (i.e., few minutes) after UV exposure (T0) and their repair
10 and 24 hours after irradiation as described in Materials and Methods.
Densitometry of the bands in each group revealed gradual reduction of CPD over
time and significant enhancement of their removal in the groups treated with
a-MSH or a-MSH plus ET-1 24 h after irradiation. These results were reproduced
in at least three experiments using different melanocyte cultures.

Figure 6. Reduction in the levels of hydrogen peroxide produced
by UV irradiated melanocytes by a-MSH and ET-1. Melanocytes
were irradiated with 21 mJ/cm2 UV and immediately treated
with 0, 1 nmol/L a-MSH, and/or 0.1 nmol/L ET-1. The generation
of hydrogen peroxide was determined by measuring the
luminescence of luminol by hydrogen peroxide that is released
by melanocytes immediately (1-2 minutes), 30, 45, and 60 minutes
after UV exposure as described in Materials and Methods. Similar
results were obtained in three separate experiments using three
different melanocyte cultures. *, P < 0.05, significantly different
from UV using ANOVA followed by SNK.
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effects of a-MSH and ET-1 but do not rule out the possibility that
these two factors might influence other pathways to promote
melanocyte viability.
Activation of the mitogen-activated protein (MAP) kinases

ERK1/2, and subsequently the transcription factor cAMP response
element binding protein (CREB), results in the phosphorylation
and activation of Mitf in melanocytes (46). Treatment of human
melanocytes with ET-1 activates the same MAP kinase pathway
and phosphorylates CREB on Ser133; these effects are enhanced in
the concomitant presence of a-MSH (47, 48). In human
melanocytes, CREB phosphorylation is also induced by UV, in
part via activation of the MAP kinase p38 (48). Additionally, CREB
is phosphorylated by Akt (49). The data hereby presented show
that treatment of human melanocytes with UV, a-MSH, and/or ET-
1 resulted in increased levels, particularly of the phosphorylated
form of Mitf, downstream of CREB (Fig. 4A). Treatment of UV-
irradiated melanocytes with a-MSH or ET-1 increased the levels of
phosphorylated, as well as unphosphorylated Mitf, and concom-
itant treatment with both had a greater effect than either factor, or
UV alone. Mitf in turn regulates the expression of Bcl2, an
important determinant of melanocyte survival, and Akt up-
regulates Bcl2 expression through the phosphorylation of CREB,
upstream from Mitf (9, 32, 49). Irradiation of melanocytes with UV
reduced the levels of Bcl2, and treatment with a-MSH alone, or
with a-MSH and ET-1 markedly abrogated this effect (Fig. 4B).
Collectively, these results suggest that inhibition of the UV-induced
reduction in Bcl2 by ET-1 and a-MSH is mediated by activation of
Mitf and Akt.
Unlike keratinocytes that are highly proliferative, melanocytes in

the epidermis are differentiated cells with a limited proliferation
capacity. Melanocyte survival is crucial for cutaneous photo-
protection, yet survival is beneficial only if genomic stability is
maintained. Generally, apoptosis is a mechanism to eliminate cells
with extensive DNA damage that surpasses their DNA repair
capacity thus reducing the chance for mutations to occur.
Otherwise, the survival of damaged cells would increase the
chance for mutagenesis and malignant transformation. Our results
clearly show that a-MSH and ET-1 reduce UV-induced DNA
photoproducts, suggesting enhancement of nucleotide excision

repair (Fig. 5). Therefore, the anti-apoptotic effect of a-MSH and
ET-1, which are accompanied by reduced DNA damage, are
expected to restore genomic stability and inhibit mutagenesis.
The notion that survival factors may enhance DNA repair is
supported by two recent studies that showed that interleukin-12,
which is synthesized by keratinocytes, particularly after UV
exposure, and IGF-I inhibit UV-induced apoptosis and also enhance
the rate of removal of DNA photoproducts in keratinocytes (18, 41).
Exposure to UV results in the generation of reactive oxygen

species that can cause oxidative DNA damage, as well as lipid
peroxidation and protein damage (43). We have found that
irradiation of human melanocytes with UV resulted in the
generation of hydrogen peroxide (Fig. 6). The levels of released
hydrogen peroxide were markedly reduced by a-MSH and ET-1,
suggesting that these two factors reduce the UV-induced oxidative
stress in melanocytes. Based on the results hereby presented, we
propose that increased synthesis of melanocortins and ET-1 in
the skin following UV exposure prevents skin cancer via several
mechanisms, including reduction in hydrogen peroxide levels,
enhancement of DNA repair, preservation of melanocyte
survival and stimulation of melanogenesis to insure optimal
photoprotection. Our novel findings with a-MSH and ET-1 explain
why loss-of-function mutations in the MC1R increase the risk for
melanoma (33, 34).
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