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Human melanocortin 1 receptor variants, receptor
function and melanocyte response to UV radiation
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Summary

Cutaneous pigmentation is determined by the amounts of
eumelanin and pheomelanin synthesized by epidermal
melanocytes and is known to protect against sun-induced
DNA damage. The synthesis of eumelanin is stimulated by
the binding of a-melanotropin (a-melanocyte-stimulating
hormone) to the functional melanocortin 1 receptor
(MC1R) expressed on melanocytes. The humaMC1Rgene
is highly polymorphic and certain allelic variants of the
gene are associated with red hair phenotype, melanoma
and non-melanoma skin cancer. The importance of the
MC1R gene in determining skin cancer risk led us to
examine the impact of specific polymorphisms in this gene
on the responses of human melanocytes temelanotropin
and UV radiation. We compared the ability of human
melanocyte cultures, each derived from a single donor, to
respond to a-melanotropin  with  dose-dependent
stimulation of cAMP formation, tyrosinase activity and

sequenced, and the eumelanin and pheomelanin contents
were determined. Human melanocytes homozygous for
Arg160Trp, heterozygous for Argl60Trp and Asp294His,
or for Argl51Cys and Asp294His substitutions, but not
melanocytes homozygous for Val92Met substitution, in the
MC1R demonstrated a significantly reduced response -
melanotropin. Additionally, melanocytes with a non-
functional MC1R demonstrated a pronounced increase in
their sensitivity to the cytotoxic effect of UV radiation
compared with melanocytes expressing functional MC1R.
We conclude that loss-of-function mutations in theMC1R
gene sensitize human melanocytes to the DNA damaging
effects of UV radiation, which may increase skin cancer
risk.
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proliferation. In each of those cultures theMC1R gene was  variants

Introduction penetration and DNA damage, and for increased susceptibility
The significance of human cutaneous pigmentation lies in i sun-induced genotoxicity and carcinogenesis. Resistance of
protective role against sun-induced DNA damage an@umelanin to photodegradation and its ability to scavenge
photocarcinogenesis (Kaidbey et al., 1979; Pathak et al., 198@dicals (Menon et al., 1983) suggest that stimulation of
Pathak, 1995). Total melanin content and the relative amounggimelanin synthesis by epidermal melanocytes enhance
of eumelanin, the black-brown pigment, and pheomelanin, thehotoprotection.

red-yellow pigment, synthesized by human epidermal and Eumelanin synthesis in melanocytes is stimulated by
follicular melanocytes are important determinants of skin an@ctivation of thex-melanocyte stimulating hormone-MSH)

hair color, respectively. Fair skin and red hair, characterized bygceptor, termed the melanocortin 1 receptor (MCI1R)
a low melanin content and a low eumelanin to pheomelanitGeschwind et al., 1972; Tamate and Takeuchi, 1984; Hunt et
ratio, is associated with poor tanning ability following sunal., 1995). The humadC1Ris more polymorphic than several
exposure and with increased risk of skin cancer (Fitzpatrick etther pigment genes, includintyrosinase, suggesting its

al., 1976; Pathak et al., 1980). Melanin-containing granules, émportance in determining constitutive pigmentation in
melanosomes, form supranuclear caps in keratinocytes, thhemans (Sturm et al., 1998; Rees, 2000). Furthermore,
shielding the DNA from excessive exposure to UV radiatiormutations in the gene for proopiomelanocortin, the precursor
(UVR) (Pathak et al., 1971; Kobayashi et al., 1998). In darkor melanocortins and other bioactive peptides, result in red
skin with a high eumelanin relative to pheomelanin contenthair color in addition to metabolic abnormalities, including
melanosomes are found throughout the epidermal layeesdrenal insufficiency and obesity (Krude et al., 1998). This
(Pathak et al., 1971). However, in fair skin, melanosomes amgnderscores the significance of melanocortins in regulating
absent from the suprabasal layer, allowing for increased UVBumelanin synthesis in humans.
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The MCI1R is a G-protein-coupled receptor with severSequencing of the MCIR gene
transmembrane domains (Chhajlani and Wikberg, 1992°CR amplification, sequencing, and restriction fragment length
Mountjoy et al., 1992). Binding ofi-MSH to this receptor polymorphism (RFLP) analysis of tHdC1R gene were carried out
activates adenylate cyclase and increases cAMP formati@s follows. Total RNA was purified from cultured human melanocytes

(Suzuki et al., 1996). More than 30 allelic variants of theUsing an RNA Easy Kit (Qiagen, Valencia, CA). The entire coding

human MC1R have been identified mainly in northern region of the MC1R was amplified using reverse transcriptase and

European populations and in Australia (Valverde et al., 199816Sted PCR amplification. | of total RNA was amplified in a PCR
N reaction containing standard concentrations of reverse transcriptase,

Box et al., 1997; Smith et aI:, 1998; Rees, 200.0)' I—!owever, thﬁaq DNA polymerase, Mggl RNAse inhibitor, dNTPs, buffer and
consequences of these variants on the physiological functiqimers, as described previously (Koppula et al., 1997) in a total
of the MC1R remain poorly understood. Among the variantgolume of 50ul. The complementary strand was synthesized at 43°C
so far reported, Argl42His, Argl51Cys, Arg 160Trp andfor 1 hour, and th&1C1Rwas amplified for 35 cycles (1 minute at
Asp294His are the mutations mostly associated with the reg#°C, 1 minute at 6TC, and 2 minutes at 7€) in an automated
hair phenotype and reduced tanning ability in severahermal cycler (Gene Amp PCR System 9600, Perkin Elmer, Boston,
populations (Box et al., 1997; Smith et al., 1998; Healy et alMA). 1-5 pl of the first reaction was amplified in two separate

2000). This supports the notion tlatMSH and its receptor reactions using two sets of M13-adjoined nested primers, first half N-
NS erminal  primer+M13up  (STGTAAAACGACGGCCAGTCC-
significantly affect the response of melanocytes to UV GGCAGCACCATGAACTAAGC-3):  first  half  C-terminal

(Pawelek et al., 1992; Im et al.,, 1998). The above MOLR  ,imeriM13rp (5 CAGGAAACAGCTATGACCTGGTCGTAGTA-
variants are common in melanoma patients, and increase t CGATGAAGAGC-3); second half N-terminal primer+M13up
risk of melanoma by more than twofold (Palmer et al., 2000)5'-TGTAAAACGACGGCCAGTCGCTACATCTCCATCTTCTAC-
Expression of those variants in heterologous cell cultureSCAC3); and second half C-terminal primer+M13rp '-(5
reduced the functional coupling of the MC1R to adenylate€AGGAAACAGCTATGACCCTCTGCCCACACTTAAAGC 3.
cyclase (Frandberg et al., 1998; Schiéth et al., 1999). As ye'[he standard concentrations of PCR reagents were added to the first

no studies have shown how allelic variantsM&1R would reaction and amplified for 25 cycles (30 seconds at 94°C, 1 minute at
2°C and 1 minute at ?Z). The final reaction yielded a 640 (first

affect the function of the receptor in human melanocytes, % .
- . . . : " half) and a 560 (second half) nucleotide product flanked by the M13
main physiological target for melanotropins in the skin. riniers. 5ul of (the PCR rgaction was Fe)lectrophoresed zn a 2%

Therefore, we sought to analyze the biological consequencggarose gel. The remainder was purified in a Centri-Spin Column
of MCIR mutations by investigating the responses of(princeton Separations, Adelphia, NJ). The PCR products were
genetically different epidermal melanocyte culturesdSH  sequenced by dye primer chemistry. Briefly, M13 forward and reverse
and UVR. primers were labeled with four fluorescent dyes in four separate base-
specific tubes. The products were electrophoresed and read by an
automated sequencing machine (Perkin Elmer/Applied Biosystems
Materials and Methods models 373A or 377). We confirmed some mutations by restriction
Melanocyte culture fragment length polymorphism analysis for variants at codons 151
hal), 160 Sstl) and 294 Tad). The PCR products were digested

Primary human melanocyte cultures were established from neonaﬁling standard conditions and run on 1-3% agarose gels.

foreskins with different pigmentation, and maintained as describe
previously (Abdel-Malek et al., 1993; Abdel-Malek et al., 1995).
Obtaining neonatal foreskins for this purpose was approved by thSetermination of cAMP levels

University of Cincinnati Medical Center Institutional Review Board. 1,4 dose-dependent effect@MSH on cAMP formation in human

Bovine pituitary extract contained in the melanocyte growth mediu”?nelanocytes was determined using a cyclic AMP radioimmunoassay

contains high concentrations of melanotropins (Abdel-Malek et a."kit (Dupont-New England Nuclear, Boston, MA), as recommended by

1995), thus it was removed from the culture medium 2 to 3 days prighe manufacturer and as described previously (Suzuki et al., 1996).
to, and for the duration of, each experiment in which the effeds of pjicate samples were assayed from each culture well (triplicate
MSH were tested. wells/group) after the appropriate dilution (1:10 for groups treated
with 10 nMa-MSH, and 1:5 for the remaining groups). Each culture
was tested twice in two separate experiments. The data were analyzed

Determination of tyrosinase activity and proliferation by two-way ANOVA and Studentstest, as described above.

To determine the effects o-MSH on melanocyte proliferation and

tyrosinase activity, melanocytes were plated onto 60 mm dishes at a

density of 2.810° cells. 72 hours later, and every other day thereafteAnalysis of eumelanin and pheomelanin content and total
for a total of 6 days, the growth medium was changed and melanocytgglanin content

were treated with O (control), 0.1, 1 or 10 @MMSH, or with 1uM ~ Melanocytes were lyophilized, and eumelanin and pheomelanin
forskolin (=3 dishes per group) (both were obtained from Sigmacontents were analyzed using a microassay developed previously (Ito
Chemical Company, St Louis, Missouri). The tyrosine hydroxylaseind Fujita, 1985). Duplicate samples of melanocytes deprived of
activity of tyrosinase was determined as described previouslyovine pituitary extract (approximately<10f melanocytes/sample)
(Pomerantz, 1969; Abdel-Malek et al., 1992). The cell number wagere oxidized by permanganate to pyrrole 2,3,5-tricarboxylic acid
determined using a Coulter Counter. Each experiment was repeatectpa]-CA) and analyzed by HPLC with UV detection to determine
least twice for each melanocyte culture. Statistical analysis wagumelanin content. Identical duplicate samples were hydrolyzed with
carried out using the Studenttest to compare the effects of different hydriodic acid to aminohydroxyphenylalanine (AHP), and analyzed
concentrations ofx-MSH on each individual melanocyte culture. by HPLC with electrochemical detection to determine pheomelanin
Two-way ANOVA was also used to compare the responses to differegbntent. Variations of PTCA and AHP values were approximately
concentrations afi-MSH of melanocyte cultures that expressed wild-10% or less when determined on separate occasions in this study. The
type MC1R and their MC1R mutant counterparts, which had reducegimount of eumelanin can be obtained by multiplying the amount of
response ta-MSH. PTCA by a conversion factor of 160, while the amount of
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Table 1. Determination ofMC1R genotype and relative eumelanin and pheomelanin contents in human melanocyte

cultures

Eumelanin Pheomelanin Eumelanin/ Total melanin
Melanocyte MC1Rgenotype [tg/1CF cells) [g/1C cells) pheomelanin  pg/1C cells)
729-b Consensus sequence 26.7 4.29 6.23 49.3
747-c Consensus sequence 1.23 1.43 0.86 14.7
751-b Consensus sequence ND ND ND 23.8
731-c Heterozygous for Arg151Cys ND ND ND 5.73
754-b Heterozygous for Val92Met 34.4 2.49 13.8 41.8
755-c Homozygous for Val92Met 2.58 2.15 1.20 11.7
765-c Heterozygous for Val92Met 0.83 0.55 1.51 4.20
777-c Heterozygous for Val60Leu 1.46 3.01 0.49 14.6
790-c Heterozygous for Arg163GIn 1.25 0.87 1.44 8.81
780-b Heterozygous for Phel96Leu 25.9 3.05 8.49 41.7
753-c Homozygous for Arg160Trp 0.66 0.86 0.77 33
830-c Compound heterozygous for Arg160Trp and Asp294His 2.30 1.48 1.55 4.60
849-b Compound heterozygous for Arg151Cys and Asp294His 14.9 3.64 4.09 33.8

TheMC1Rgenotype of 13 melanocyte cultures was determined by sequence analysis of the entire coding redit®1éideee, as described in Materials
and Methods. The genotypes for NHM 830-c and 849-c were further confirmed by RFLP analysis. The melanocyte cultures aecgrdingetb whether
they are homozygous for the consengi@1 R, heterozygous for MIC1Rvariant or homozygous or compound heterozygousM@1l1Rvariants Cultures were
analyzed for eumelanin, pheomelanin and total melanin contents. ND, not determined.

pheomelanin can be obtained by multiplying the amount of AHP byf doses tested. The remaining three cultures had no, or
a conversion factor of 10 (Ozeki et al., 1996). Statistical significanceninimal response ta-MSH. We sequenced the entire coding
of differences was assessed with the Mann-Whitney test. Diﬁerencgégion of theMCI1R in the three cultures with impaired
were considered to be significant wHenalues were less than 0.05. responsiveness ta-MSH and in tena-MSH-responsive
Total melanin content was determined in 0:&® melanocytes. cultures (four NHM-b and six NHM-c). We analyzed 11 of

Cells were harvested, centrifuged, washed twice with PBS, count . . :
and centrifuged. The cell pellets were solubilized in 0.2 M NaO ose 13 cultures for their eumelanin and pheomelanin contents

(1x10° cells/ml) for 1 hour, and melanin content was determined© 2ssess the differences in their constitutive pigmentation. A
spectrophotometrically by reading the absorbance at 475 nm. Melanll'ﬂgher nu_mb_er O_f NHM-c thar_l NHM-b cultures was 'nC|Uded
content was calculated using a standard curve generated from th@ce variation in theMCIR is expected to be higher in
absorbance of known concentrations of synthetic melanin, a#dividuals with fair skin and red hair phenotype than in
described previously (Barker et al., 1995). individuals with dark skin and hair color (Valverde et al., 1995;
Smith et al., 1998; Harding et al., 2000).

Response of melanocytes to UVBR The sequencing data presented in Table 1 revealed that
The response of melanocytes to UVBR was determined by plating tfdHM 753-c was homozygous for Arg160Trp, NHM 830-c
cells in complete growth medium at a density ®l@cells/60 mm  was heterozygous for Arg160Trp and Asp294His, and NHM
dish. 72 hours later, melanocytes were irradiated once with 21 ;J/crB49-b was heterozygous for Argl51Cys and Asp294His
UVBR as described previously (Barker et al., 1995). The UV sourcgubstitutions in MC1R. All three cultures failed to respond to
is a bank of six FS20 sun lamps (Westinghouse) with 75% emissiaf-MSH with a significant dose-dependent increase in

of the lamps is at 313 nm. Percent cell death was determined on daygigo\jet substitution, and homozygous for a silent mutation
2 and 4 after UV irradiation by calculating the number of dea hr314Thr. in the ,MC:LR Four other cultures Were,

melanocytes that detached and incorporated Trypan blue dye and égterozygous for Arg151Cys (NHM 731-c), Val60Leu (NHM

number of viable cells that remained attached to the culture dish al
excluded Trypan blue, as described before (Barker et al., 1995). THe/ 7-C), Arg1l63GIn (NHM 790-c) and Phel96Leu (NHM

responses to UVR of the cultures with functional MC1R were/80-b) substitutions. Two cultures were heterozygous for
compared with those of the cultures with reduced resporsétsH ~ Val92Met substitution (NHM 754-b and 765-c). NHM 754-b
using one-way ANOVA. and 780-b were heterozygous for a silent mutation, Thr314Thr
and Thrl77Thr, respectively. Only three cultures, NHM 729-
b, 747-c and 751-b carried the wild-typEC1R genotype.

o ) Analysis of eumelanin to pheomelanin content showed that
Characterization of MC1R genotype and eumelanin to NHM-b cultures consistently expressed higher eumelanin to
pheomelanin ratios pheomelanin ratios than NHM-c cultures. The mean (zs.d.)
We established 35 human melanocyte (NHM) cultures froncontent of eumelanin of NHM-b cultures (25.5+8.624) was
light-colored foreskins (NHM-c) and eight cultures from darkmore than tenfold higheP£0.01) than that of NHM-c cultures
foreskins (NHM-b), and compared their ability to respond tq1.47+0.72; n=7). Also, the mean (£s.d.) content of
a-MSH with dose-dependent increases in proliferation and ipheomelanin of NHM-b cultures (3.80.77) was significantly
the activity of tyrosinase, the rate-limiting enzyme in thehigher £<0.01) than that of NHM-c (1.48+0.86). As a result,
melanin synthetic pathway. Of those, 33 NHM-c and sevethe mean (xs.d.) eumelanin to pheomelanin ratio of NHM-b
NHM-b demonstrated dose-dependent increases in tyrosina&e15+4.17) was sevenfold highé&<0.01) than that of NHM-
activity and proliferation in responsedeMSH over the range c¢ (1.12+0.41).

Results
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The responses of NHM 753-c, 830-c, 849-b and 755-c, homozygousE
or compound heterozygous f@iC1Rvariants, and NHM 747-c, 8 250 1
O

729-c and 751-b, homozygous for the conseiMD&Rwere
compared. The response of NHM 765-c, heterozygous for VaI92MetL 200 -
substitution, is also presented, since it is comparable to NHM 753-c.3
and 830-c in the ratio of eumelanin to pheomelanin. The responses ga 150 -
o-MSH were tested as described in the Materials and Methods. TheC

SO

effects of increasing doses@fMSH on cAMP formation, 100 1 § Ei

tyrosinase activity and cell proliferation are presented in A, B and Co § E§

respectively. Basal levels of cAMP (Pmoléitells) in the cultures 50 | b i 5

tested were as follows: 753-¢=2.176+0.134; 830-c=1.451; 849- Ei §

b=1.172+0.0219; 755-c=2.193+0.206; 765-c=1.675+0.137; 747- 0 » K : |
¢=1.074+0.098; 729-b=2.007+0.128; 751-b=0.84+0.103. In A and B, 753-c 830-c 849-b 755-c 765-c 747-c 729-b 751-b

each value represents the mean percent of control of six

determinationsts.e. In C, each value is the mean percent of control of R160W R160W R151C V92M v92m )

three determinationszs.e. R160W D294H D204H Voo 4 wildtype MCIR
Response of melanocytes with known MCI1R genotype no significant change in cCAMP levels after treatment with
to a-MSH MSH, as determined using Studentgest. (Fig. 1A). In

Melanocyte cultures homozygous for the consemd@4Ror  contrast, NHM 765-c, heterozygous for Val92Met substitution
heterozygous for one variant of tveC1R(represented by the and with a low eumelanin to pheomelanin ratio, responded to
data for NHM 765-c) responded ta-MSH with dose- 0.1 or 10 nMa-MSH with significant increases in cCAMP levels
dependent increases in cAMP levels, tyrosinase activity anabove control (66% and 4.5-fold, respectiveBg0.001, as
proliferation (Fig. 1). Variations in the magnitude of thedetermined by Studentistest). NHM 755-c homozygous for
response toa-MSH among cultures may be attributed tothe Val92Met substitution responded to 0.1 nM and 10oRrM
differential expression of other genes involved in the regulatioMSH with a 4-fold and 11-fold increase in cCAMP formation
of pigmentation. NHM 753-c, homozygous for Argl60Trp, (Fig. 1A).

830-c, heterozygous for Argl60Trp and Asp294His, and 849- Additionally, NHM 753-c, 830-c and 849-b showed no
b, heterozygous for Arg151Cys and Asp294His substitutionshange, while NHM 765-c showed significant increases, in
in MC1R were unresponsive, or 100-times less responsive tgrosinase activity in response to 0.1 or 1 aMASH (about
o-MSH than melanocytes wild-type or heterozygousM@1R  90% or 130% increase, respectivéhg0.0001 using Student’s
variants (Fig. 1). Comparing the responses-/dSH of NHM  t-test) (Fig. 1B). NHM 753-c, 830-c and 849-b showed no
753-c, 830-c and 849-b to that of NHM 765-c demonstratedignificant stimulation, while NHM 765-c showed a 160%
significant differences. NHM 753-c, 830-c and 849-b showedhcrease in tyrosinase activity after treatment with 10 avvi
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MSH. NHM 753-c, 830-c and 849-b responded tquNli 40
forskolin, an activator of adenylate cyclase, with remarkabl C— Day?2
increases in proliferation and tyrosinase activity. This indicate 35 ] @ Day 4
that their adenylate cyclase is inducible and that their inabilit
to respond ta-MSH is due to a defect that lies upstream of 30 ]
adenylate cyclase (Fig. 1B,C). NHM 755-c responded dose¢ @
dependently to 1 or 10 nM-MSH, with an 80 or 110% B o5 ]
increase in tyrosinase activity, respectively<@.001, as 2
determined by Studenttstest). 8 201
As expected, the cultures wild-type fMCI1R responded °
with a dose-dependent increase in proliferation beginning at 8 15 1
dose of 0.1 nM (Abdel-Malek et al., 1995; Suzuki et al., 1996) <

NHM 753-c and 849-b demonstrated a significant increas 10 ]
(38% above control) in cell number only following treatment
with 10 nM a-MSH (P<0.01); NHM 830-c showed no

stimulation of proliferation at any of the concentrationstof >
MSH that were used (Fig. 1C). In comparison, NHM 765-c 0
demonstrated a 3®€0.1), 126 or 229%HR<0.0001) increase, 753.c  830-c  849-b  765-c  755-C
and NHM 755-c, homozygous for Val92Met substitution, R160W R160W R151C  V92M  V92M
demonstrated a 25, 70 or 96% increase in cell number abo R160W D294H D294H + VI2M

control (P<0.0001) in response to 0.1, 1 or 10 mIVMSH, 0. 2 ic off f UVBR | ith diff
respectively. Further statistical analysis using two-way} '9; 2; Cytotoxic effects of UVBR on melanocytes with different

MC1R genotypes. We compared the response to UVBR of NHM
ANOVA showed that the effects of 1 and 10 mVMSH on 753-c, 830-c and 849-b homozygous or heterozygous for loss-of-

CAMP levels, tyrosinase activity and proliferation of NHM function mutations itMC1Rto that of NHM 765-c and NHM 755-c,

753-c, 830-c and 849-b were significantly different than the\eterozygous or homozygous for Val92Met substitution, respectively.

effects on NHM 747-c, 729-b and 751-b with wild-type MC1RAll melanocyte cultures were irradiated a single time with UVBR

(P<0.01). and cell number and viability were determined on days 2 and 4 after
irradiation, as described in Materials and Methods. Each value
represents the mean percent cell death of three determinationszs.e.

MCIR genotype and the responses of melanocytes to

UVR

We assessed the survival of melanocyte cultures following pigmentation and the ability to tan upon sun exposure. Several
single exposure to a dose of 21 mAtHBR. This treatment  studies have suggested a crucial role for MC1R in regulating
resulted in a 28, 31 and 34% cell death of NHM 753-c, 830-eumelanin synthesis and the pigmentary response of human
and 849-b, respectively, compared with only 6% cell death adkin to UVR. Allelic variants of theMC1R particularly
NHM 765-c and 755-c, at 2 days after irradiation (Fig. 2)Argl42His, Argl51Cys, Argl60Trp and Asp294His, are
NHM 753-c, 830-c and 849-b encountered a 17, 22 and 27%rongly associated with red hair phenotype, reduced tanning
cell death, respectively, on day 4 after UVB exposureability, melanoma and possibly other skin cancers (Box et al.,
compared with 8 and 5% cell death in NHM 765-c and 755-c1997; Box et al., 2001; Smith et al., 1998; Healy et al., 2000;
respectively (Fig. 2). The differences in the extent of cell deatRalmer et al., 2000; Bastiaens et al., 2001; Kennedy et al.,
between the cultures that were unresponsiva-MSH and  2001).
those with functional MC1R were statistically significant, as The current study is the first to elucidate the impact of
determined by one-way ANOVA, which took into account thevarious allelic variants of the humMC1Ron the response of
responsiveness ta-MSH (P<0.0001). The responses of the human melanocytes to-MSH and UVR. Genetic sequencing
latter two cultures is comparable with that of many otheof the MC1R in 13 different melanocyte cultures revealed
cultures with functionalC1Rthat we have testetiVe did not  extensive polymorphism, with 31% of the cultures
detect significant differences in the amounts of UVB-inducedhomozygous for aMC1R allelic variant or compound
cyclobutane pyrimidine dimers or pyrimidine 6,4-pyrimidoneheterozygous for two different allelic variants, and 54% of the
photoproducts in NHM 753-c with loss-of-functiMC1Rand  cultures heterozygous for on®IC1R variant (Table 1).
NHM 765-c with functionalMC1R that have comparable Unexpectedly, NHM 849-b, with a relatively high eumelanin
melanin contents (data not shown). Melanocyte cultureto pheomelanin ratio (4.09), was heterozygous for Arg151Cys
respond to UVB-irradiation with a linear dose-dependenand Asp294His substitutions in MC1R (Table 1), confirming
increase in the generation of extracellular hydrogen peroxidéhatMC1Rvariants are necessary but not sufficient for the red
We did not detect significant differences in the amounts dfair phenotype (Sturm et al., 1998).
extracellular hydrogen peroxide generation in NHM 830-c with All 13 melanocyte cultures were compared for their ability
a loss-of-functionMC1R and a NHM-c with a functional to respond toa-MSH with dose-dependent stimulation of
MC1Rand comparable melanin content (data not shown) cAMP formation, tyrosinase activity and proliferation (Fig. 1).
Binding ofa-MSH to the MC1R stimulates cAMP formation,

) ) a major pathway for stimulation of melanogenesis, particularly
Discussion eumelanin synthesis, and proliferation in human melanocytes
An important determinant of skin cancer risk is cutaneougAbdel-Malek et al., 1992; Suzuki et al., 1996; Sakai et al.,
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1997). Our finding that increases in tyrosinase activity did nodf cell death than NHM 765-c and 755-c. Additionally, the
correlate perfectly with increases in cCAMP following treatmentobservation that NHM 849-b, with a high eumelanin to
of responsive melanocyte culturesotdMSH suggest that the pheomelanin ratio and loss-of-function MCI1R, is more
MC1R activates other pathways, such as protein kingse Gsensitive to UVR-induced cytotoxicity than NHM 765-c or
(Park et al, 1996). As expected, melanocyte cultureg55-c suggests that regardless of constitutive pigmentation,
homozygous for wild-typ&C1Rdemonstrated a typical dose- inability of melanocytes to respond t6MSH reduces their
dependent response @eMSH beginning at a dose of 0.1 nM defense mechanisms against UVR genotoxicity. The
(Fig. 1) (Abdel-Malek et al., 1995; Suzuki et al., 1996). Allmechanism for the increased susceptibility of these
cultures heterozygous forMC1Rvariant had dose-dependent melanocytes to UVR is now being investigated. Our
responses ta-MSH similar to those of cultures expressing thepreliminary results showed that the amounts of cyclobutane
wild-type gene, showing that a single wild-type functionalpyrimidine dimers and pyrimidine(6-4)pyrimidone
copy of MC1R is sufficient for receptor function. In contrast,photoproducts, the major types of DNA damage induced by
NHM 753-c, homozygous for Argl60Trp, 830-c and 849-bUVBR (Brash, 1988), were not increased in NHM 753-c.
heterozygous for Argl60Trp and Asp294His and forHowever, the rate of removal of these photoproducts is yet to
Arg151Cys and Asp294His, respectively, had a drasticallype determined. Our results suggest that the extensive cell death
reduced response w-MSH (Fig. 1). The inability of NHM  observed in NHM 753-c and, by extension, in NHM 830-c and
753-c, 830-c and 849-b to respondateMSH with a dose- 849-b, possibly result from impaired DNA repair and/or
dependent stimulation of CAMP formation is not due to lackoxidative DNA damage. Our preliminary data show a linear
of expression of thBIC1Rgene, as all three cultures expresseddose-dependent increase in the generation of hydrogen
MC1R mRNA as determined by northern blot analysis (datgperoxide by UVB-irradiated melanocytes, suggesting an
not shown), nor to a defect in adenylate cyclase since they weraluction of a prooxidant state. Recently, it was reported that
responsive to forskolin (Fig. 1B,C). The high eumelanin taa-MSH protects from oxidative stress that may result from
pheomelanin ratio of 849-b is not the result of a constitutivelexposure of cells to UVR (Haycock et al., 2000).

active MC1R that could not be stimulateddySH, as in the This report is significant since it is the first to document the
sombre mouse (Robbins et al., 1993; Abdel-Malek et aleffects of four knownMC1R variants, namely Argl51Cys,
2001). Basal cAMP level in 849-b was comparable with théArg160Trp, Asp294His and Val92Met, on the responses of
levels in 747-c and 751-c, which expressed the consensbhsman melanocytes m-MSH and UVR. Our results suggest
MCI1R, as described in the legend for Fig. 1A. Our findings aréhat theMC1Rgenotype is a useful marker that is more reliable
corroborated by previous reports and demonstrate th#tan melanin content for predicting the sensitivity of
Arg151Cys, Argl60Trp, and Asp294His substitutions in thandividuals to sun exposure and their susceptibility to skin
MCI1R significantly diminish the functional coupling of the cancer.

receptor as shown by poor stimulation of intracellular cAMP

production in response t-MSH (Fig. 1A) (Frandberg et al.,  This work was supported in part by grant RO1 ES-09110 (NIH),
1998; Schiéth et al., 1999). In transfected cells, those alleli®y & grant from the Ohio Cancer Research Associates and by a gift
variants did not significantly reduce the binding affinityaef ~ 10Mm POLA Laboratories to ZA.A-M. The authors thank Linda
MSH for MC1R since Arg151Cys and Arg160Trp lie within Levin, Center for Biostatistical Services at the University of

th d int lular | fthe MC1R . lik ICincinnati, for her assistance in statistical analysis of the data
€ second Intracelular 1oop of the » @ Tegion uniixe ypresented in this manuscript. We thank the University of Cincinnati

to be involved in receptor binding (Prusis et al., 1997). DNA Core Laboratory for expertise in primer synthesis and DNA
One report (Xu et al.,, 1996) suggested that the Val92Mejequencing. We extend our thanks to Toshio Mori, Radioisotope
substitution reduces the binding affinity of MC1R 66MSH,  Center at Nara Medical University, for providing the antibodies for
while another found no alteration in the functional coupling ofthe detection of cyclobutane pyrimidine dimers and pyrimidine(6-
the receptor to adenylate cyclase (Koppula et al., 1997). Th#gpyrimidone photoproducts. We are grateful to Joan Griggs for her
variant was identified in Chinese individuals, and therefore igxcellent secretarial assistance.
not associated with a red hair phenotype (Box et al., 1997).
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