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ABSTRACT: We have examined MCI1R variant allele frequencies in the general
population of South East Queensland and in a collection of adolescent dizygotic
and monozygotic twins and family members to define statistical associations
with hair and skin color, freckling, and mole count. Results of these studies are
consistent with a linear recessive allelic model with multiplicative penetrance
in the inheritance of red hair. Four alleles, D84E, R151C, R160W, and D294H,
are strongly associated with red hair and fair skin with multinomial regression
analysis showing odds ratios of 63, 118, 50, and 94, respectively. An additional
three low-penetrance alleles V60L, V92M, and R163Q have odds ratios 6, 5,
and 2 relative to the wild-type allele. To address the cellular effects of MC1R
variant alleles in signal transduction, we expressed these receptors in perma-
nently transfected HEK293 cells. Measurement of receptor activity via induc-
tion of a cAMP-responsive luciferase reporter gene found that the R151C and
R160W receptors were active in the presence of NDP-MSH ligand, but at much
reduced levels compared with that seen with the wild-type receptor. The ability
to stimulate phosphorylation of the cAMP response element binding protein
(CREB) transcription factor was also apparent in all stimulated MC1R variant
allele—expressing HEK293 cell extracts as assessed by immunoblotting. In con-
trast, human melanoma cell lines showed wide variation in the their ability to
undergo cAMP-mediated CREB phosphorylation. Culture of human melano-
cytes of known MCIR genotype may provide the best experimental approach
to examine the functional consequences for each MCI1R variant allele. With
this objective, we have established more than 300 melanocyte cell strains of
defined MCI1R genotype.
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The human melanocortin—1 receptor (MC1R) is specifically expressed on the sur-
face of melanocytes and is a key regulator of intracellular signaling to the melanin
biosynthetic pathway governing pigment formation. The MC1R locus is highly poly-
morphic in human populations, with variant forms of the receptor underlying the di-
verse range of human pigmentation phenotypes and skin phototypes.! Several of the
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MCIR variant alleles have been associated with the red hair and fair skin (denoted
RHC; red hair color) phenotype, a condition that is caused by the synthesis of a high
level of pheomelanin and that can place individuals at higher risk of skin cancer (re-
viewed in Sturm?). To begin to quantify the relative contribution of each independent
MCIR variant allele to human pigmentary phenotypes, we have examined statistical
associations of some common MCIR gene variants with red hair, skin color, degree
of freckling, and nevus counts in a large collection of adolescent twins, parents, and
siblings. Findings from these genetic studies also must be compared and contrasted
with those found using functional approaches to probe changes in cellular physio-
logical responses initiated by variant MC1R receptor proteins. Ultimately, this will
give a mechanistic understanding of these pigmentary effects in melanocytes, and
such approaches also have been initiated in this study.

MCIR VARIANT ALLELE PENETRANCE IN RED HAIR AND SKIN
PIGMENTARY TRAITS

Previous studies examining variant MC1R alleles in relation to hair color all have
been consistent in finding the RHC phenotype to be a recessive trait, although the
reported influence of some of variant alleles has varied between studies (reviewed in
Sturm?). Homozygote or compound heterozygote variant MC1R genotype carriers
are generally red haired, but because this is not always the case it is likely that other
loci are involved in the expressivity of the trait.3 In addition, red hair occurs in a sig-
nificant proportion of heterozygote consensus MCIR allele carriers, some alleles
displaying greater influence than others. It is unlikely that each of these variant al-
leles represent complete loss of receptor function or that they have a simple Mende-
lian recessive mode of inheritance; rather, variant alleles more likely represent a
linear series of differential strength alleles.

There were 2,331 family members in 645 pedigrees for whom some phenotypic
data were recorded, and DNA was available for genotyping for 1,779 individuals
within 460 of these pedigrees.* Excluding one member of each genotyped MZ twin
pair, there were 1,569 individuals with complete MC1R genotype, hair color, eye
color, and gender recorded. The allele frequencies and odds ratios for nine polymor-
phic amino acid sites within the MC1R coding region are summarized in TABLE 1.
RHC variant alleles R151C, R160W, D294H are common in the Queensland popu-
lation and are responsible for most of the red hair color in our community, with at
least one of these three alleles found in 93% of those with red hair. With the excep-
tion of the R142H and I155T variants, which occur at relatively low frequencies, all
variants could be found in at least one red-haired individual, most commonly paired
with one of the other RHC alleles as a compound heterozygote. The consensus allele
in combination with a variant allele was found in only 11% of redheads, and no
consensus homozygotes with red hair were found.

Penetrance for red hair of each MC1R variant allele was modeled in a logistic re-
gression analysis.4 This indicated that the RHC alleles D84E, R151C, R160W, and
D294H were highly associated with red hair and fair skin, showing odds ratios (ORs)
of 63, 118, 50, and 94 relative to the consensus MCI1R allele compared with low-
strength alleles V60L and V92M with ORs 6 and 5. The weakest allele was R163Q,
and this gave only a twofold increase in association with red hair. From these anal-
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TABLE 1. MCIR variant allele frequency in South East Queensland and odds ratio

for red hair and fair skin

Frequency? Red hair Fair/pale skin
Variant allele (%) OR (95% CI) OR (95% CI)?
Consensus (+) 50.4 1 1
V60L 12.2 6.4 (2.8-14.9) 1.7 (1.3-2.1)
D84E 1.2 62.8 (17.6-223.7) 12.5 (4.8-42.8)
VI2M 9.7 5.3(2.2-12.9) 2.3 (1.8-3.1)
R142H 0.4 0.0 (0.0—00)¢ 1.8 (0.6-5.7)
R151C 11.0 118.3 (51.5-271.7) 4.4 (3.3-5.7)
I155T 0.9 0.0 (0.0—o0)¢ 2.1(1.0-4.3)
R160W 7.0 50.5 (22.0-115.8) 322444
R163Q 4.7 2.4 (0.5-11.3) 2.0 (1.4-2.9)
D294H 2.7 94.1 (33.7-263.1) 7.5 (4.4-13.7)
r 26.7 5.1(2.5-11.3) 1.9 (1.6-2.3)
R 21.8 63.3 (31.9-139.6) 42 (3.4-5.2)

“The total number of individuals ranged from 1,747 to 1,787 scored at the different variants.

b0dds ratio relative to consensus genotype (95% Confidence Interval).

“Insufficient numbers to test for statistical association.

r=V60L, V92M, R163Q.
R =D84E, R151C, R160W, D294H.

TABLE 2. MCIR genotype and penetrance of red hair phenotype

Allele + r R
04 0.2 2.5
+ 0
0:425°
1.0 11.8
r 1.0 0.9
4:408 1:110
62.1
R 1.5 10.8 67.1
5:339 22:181 49:24

“Top triangle matrix is the expected frequency (%) of red-haired individuals, using a linear
multiplicative inheritance model for each genotype (allele IOR * allele 20R from TABLE 1).

bBottom triangle matrix gives the penetrance (in boldface) and below that the numbers of red/
non-red-haired individuals (RHC:NRHC) of each MCIR genotype [penetrance = 100*RHC/

(RHC + NRHO)].
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yses, it can be concluded that the D84E, R151C, R160W, and D294H variants can
be considered strong RHC alleles, which we designate “R.” The V60L,V92M, and
R163Q variants are relatively weak RHC alleles and are designated “7.” The pene-
trances of the six genotypes formed upon combining these alleles grouped as weak
and strong, together with the consensus “+” allele for red—nonred hair color are
shown in TABLE 2 as a matrix of genotypes. This shows that significant numbers of
red-haired individuals are seen only in R/» and R/R genotypes with 10.8% and
67.1%, respectively. The frequency of red hair in those with a heterozygous R/+ gen-
otype is only 1.5%, and less than 1% in those with an 7/r genotype or »/+ genotype.
Using a regression model in which these alleles act multiplicatively on expression of
red hair, we compared the predicted penetrance for the various compound heterozy-
gote and homozygote genotypes (top triangle, TABLE 2) to that observed in our sam-
ple (bottom triangle). The concordance between the observed and expected
frequencies of red hair for each grouped genotype supports a multiplicative pene-
trance model with the RHC alleles acting in a linear recessive fashion.

Subjects with a consensus MCIR genotype showed the darkest induced skin col-
or, with mean skin reflectances of 60.5% for the inner arm and 49.8% for the back
of hand. To address the quantitative relationship of variant MCIR alleles with skin
reflectance, we calculated the increase in the mean skin reflectance measurement per
variant allele relative to the consensus genotype. In general, alleles acted in an addi-
tive manner to increase skin reflectance, R alleles showing a greater effect (+1.9%)
than r alleles (+0.9%) on inner arm reflectance.* Red-haired subjects had the greatest
number of freckles and least number of moles, and this phenotypic association was fur-
ther tested for association with MC1R genotype. No consensus homozygote (+/4) had
a severe freckling score, and there was little effect of the r allele upon this correlation,
but the R/R genotype had the lowest number of moles and greatest number of freck-
les, consistent with the phenotypic association found in redheads. In the heterozy-
gous state, the R/+ genotype displays an initial positive association with moliness
until severe freckling is reached, after which there is a significant decrease in the
number of moles. The attributable fraction due to carrying at least one variant MC1R
allele increased linearly with the degree of freckling from 23.4% for mild to 100%
for severely freckled subjects.

APPROACHES TO FUNCTIONAL ASSAY OF MC1R VARIANT ALLELES

Several approaches have been used for functional analysis of variant MCIR re-
ceptors including expression in MC1R-null transgenic mice to determine their ef-
fects on coat color and in the MC1R-deficient mouse melanoma cell line, B16G4F,
to monitor cellular and physiological response to ligand. The resultant coat color
pigmentation phenotypes suggest that these alleles do not result in a complete loss
of activity nor are they functionally equivalent.” However, only the wild-type recep-
tor was responsive in B16G4F cell line growth inhibition experiments.

Variant MC1R receptors have been tested through heterologous expression in
nonmelanocytic cells for ligand binding and cAMP dose-response coupling. Amino
acid substitutions can result in altered receptor activity either by reduced affinity for
hormone binding” or through deficient coupling to intracellular cAMP activation
without significantly affecting ligand binding.8 1% Heterologous expression in non-
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melanocytic cells overcomes the problem of endogenous genomic MC1R-allele ex-
pression and allows for testing in a range of cell lines with potentially greater
sensitivity through higher levels of receptor expression. However, this must be offset
against potential artifacts seen with levels of receptor produced in a nonphysiologi-
cal cellular environment. The advantages of functional testing in homologous cell
systems such as melanoma lines are that melanocytic pigmentary functions, cell
growth, and adhesion can be assayed in a cellular system partially equating to a nor-
mal cellular milieu. Considering these limitations, primary human melanocyte
strains may represent the best system for MC1R functional analysis because they are
a normal cell, and in them the pigmentation pathway may give a true response to
physiological melanogenic stimulators. Unfortunately, there are several impedi-
ments to their use because they are slow-growing cells with limited growth span that
must be freshly established and genotyped. With these factors in mind, we have used
both homologous and heterologous test systems for RHC variant MC1R receptors.

FUNCTIONAL TESTING OF MCI1R VARIANT ALLELES IN
HEK293 CELL LINES

Functional testing of the wild-type and R151C and R160W receptors was first ap-
proached by stable expression in HEK293 cells by using the pcDNA3.1 plasmid vec-
tor. Total membrane extracts!! from several initial cell isolates were tested for binding
specificity and affinity of radiolabeled MC1R superagonist ligand 12 I-NDP-MSH and
demonstrated specific binding of each receptor-expressing cell line compared with the
parental HEK293 cells, with relative assay levels 10- to 20-fold above background.

The MCIR receptor is known to couple to second messenger systems that result
in the increase of intracellular cAMP levels!Z; therefore, the PathDetect in Vivo Sig-
nal Transduction Pathway cis-Reporting System for cyclic-AMP responsiveness
(Stratagene) was used to measure agonist response in MC1R-expressing HEK cells
transfected with the pCRE-Luc reporter plasmid vector as a surrogate measurement
of cAMP activation.!3-14 The HEK-pcDNA3.1 parental control vector—transfected
cells did not respond to ligand administration but demonstrated several hundredfold
activation after cotransfection with pFC-PKA encoding the protein kinase A catalytic
subunit (F1G. 1A). This level of fold-activation over background in response to PKA
was also seen in each of the MC1R-transfected HEK cells, demonstrating the utility of
this approach to normalize activation relative to this positive control. In the presence
of 10 nM NDP-MSH, cells expressing the wild-type receptor had an equivalent level
of activation to that seen with pFC-PKA, but with the R151C and R160W variant re-
ceptors, activation was reduced to approximately half that level. In an attempt to
competitively inhibit agonist activation, we also added a synthetic agouti peptide de-
rived from the agouti protein, known to be an antagonist at the MC1R receptor.!> No
inhibition was seen. This system though may be dependent on agonist/antagonist ratios
which would need to be determined using a range of NDP-MSH and agouti peptide
concentrations.

To further test the function of wild-type and variant receptors, we assayed for
phosphorylation of the CREB using Western blots on MC1R-expressing HEK293
cell line extracts to measure the level of the 43-kDa activated form of CREB using a
phosphoserine-133—specific antibody (Cell Signaling Technology). Assay of CREB
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FIGURE 1. (A) Relative luciferase activities detected in HEK293 cells in response to
NDP-MSH. HEK293 cells permanently transfected with the pcDNA3.1 vector (Invitrogen)
containing MC1R receptors as indicated were harvested and plated into 12-well tissue cul-
ture plates at 80% confluence and allowed to attach for 24 h. The next day cells were trans-
fected with 100 ng of pCRE-Luc reporter plasmid per well using Lipofectomine reagent
(LifeTechnologies, Gaithersburg, MD), with control activation seen through cotransfection
of 50 ng of pFC-PKA encoding the protein kinase A catalytic subunit. At 5 h after transfec-
tion, the cells were stimulated with 10 nM NDP-MSH ligand included in the DMEM media
plus 10% fetal calf serum and left for another 6 h. The assay medium was aspirated and cells
were washed twice with PBS and frozen dry at -20°C overnight. These cells were harvested
in 100 mL of DMEM media without phenol red indicator and used to assay relative lu-
ciferase levels (Roche Luciferase Reporter Gene Assay, Constant Light Signal). (B) CREB
phosphorylation in MC1R-expressing HEK293 cell lines. HEK293 cells stably transfected
with cDNAs for MCIR receptor variants (lanes 1-9) or vector alone (lanes 10-12) were
stimulated for 30 min with either NDP-MSH (10 nM) or forskolin (10 uM). Whole-cell ly-
sates were analyzed by Western immunoblot using a specific anti—-phospho-CREB antibody
(Cell Signaling Technology). (C) MCI1R levels in HEK293 cell lines. Whole-cell lysates or
membrane preparations from stably transfected HEK293 cell lines were analyzed by West-
ern immunoblot using an antibody raised against the amino terminus of the human MCIR
(N19 Santa Cruz Biotechnology, Santa Cruz, CA). Whole-cell lysates were denatured in
SDS-PAGE sample buffer (0.025M Tris-HCI, pH 6.8; 10% glycerol; 2% SDS; 5% 2-
mercaptoethanol) for 2 min at 95°C prior to separation using 10% SDS-PAGE gels. Mem-
brane preparations either were heat denatured in a manner identical to that for the lysates or
were simply resuspended in sample buffer and incubated at room temperature for 10 min.
Similar levels of protein were loaded for each cell line.
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phosphorylation after 30-min stimulation with either NDP-MSH or the adenylate-
cyclase activator forskolin induced similar levels of CREB phosphorylation in
HEK293-expressing wild-type, R151C, and R160W receptors, with the HEK-
pcDNA3.1 parental control again nonresponsive to ligand administration (F1G. 1B).
The similar pattern of CREB-phosphorylation activity levels seen with each of these
receptors contrasts with the lower activity of reporter gene transcriptional activity di-
rected by the RHC variant alleles, suggesting that there may be differences in the
temporal activation of adenylate-cyclase during extended periods of NDP-MSH ad-
ministration, which were 30 min for kinase activity but 6 h for the luciferase reporter
assay.

In the process of selecting MCI1R-expressing HEK293 cell lines, we initially
screened for receptor activation by assaying for luciferase reporter activity. Al-
though this approach confirmed that RHC variant MC1R receptors do indeed have
the ability to respond to ligand activation, indicating that these receptors are still par-
tially functional, this may have biased the selection process toward cell lines with
higher than normal physiological levels of the receptor. To investigate this possibil-
ity, we assayed total protein and membrane fractions from cell extracts for MC1R
levels by immunoblotting using an N-terminal MC1R antibody (F1G. 1C). Only high
molecular weight MCIR cross-reactive aggregates were detected in heat-denatured
samples, as has been reported previously.!® However, using non-heat denaturing
conditions,!”-18 it was possible to resolve this aggregate into several bands, an ex-
pected monomeric species slightly above the 32-kDa marker, together with several
other distinct higher molecular weight complexes with a predominant 66-kDa band.
Considerably greater levels of receptor expression were detectable in the R151C and
R160W variant cell lines than was seen with wild-type MC1R-expressing cells. No
cross-reactivity was seen in pcDNA3.1 control-transfected cells. Therefore, al-
though the wild-type and variant receptors have some functional activity, the excess
levels of the variant receptors suggest that qualitative differences in receptor cou-
pling are apparent. We have now established additional HEK293 cell lines express-
ing comparable levels of the MCI1R receptor to address this issue. In addition, cell
lines expressing V60L, V92M, and D294H MCIR receptor variants have been es-
tablished for functional testing.

FUNCTIONAL TESTING OF MCI1R VARIANT ALLELES IN
MELANOCYTIC CELLS

Human melanoma cells are known to express from 400 to 1,600 specific receptors
for MSH ligands per cell.!?20 These have been utilized to study effects on hormone
induction of melanogenesis and proliferation/growth inhibition and have suggested
new modalities for melanoma treatment using toxic analogues. There have been con-
flicting reports on the actions of hormones on melanoma cell lines which reflect dif-
ferences in the cell lines and culture conditions used. Moreover, the MC1R genotype
of each cell line must be considered in assessment of any such response to ligand.
To begin to address the functional properties of MCIR receptors in melanoma cells,
we genotyped 56 melanoma cell lines. To attribute function solely to an individual
variant receptor, we sought melanoma lines that were homozygote for each allele,
thus restricting the capacity of these cells to expression of a single MC1R receptor
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isoform. Heterozygous and compound heterozygous cell lines having the potential
to produce two forms of receptor cannot be used to assign function to a specific al-
lele. We found several consensus, compound heterozygote and homozygote MC1R
variant—carrying lines.

Selected homozygote consensus and variant genotype lines were assessed for
their ability to respond to either NDP-MSH or forskolin via coupling to CREB phos-
phorylation. These cell lines included two wild-type, homozygote V60L, R151C,
R160W, and one D294H compound heterozygote (FiG. 2A) and were compared with
the response observed in HEK293 wild-type MC1R-expressing cells. Direct stimu-
lation of adenylate-cyclase by forskolin showed a variable pattern with apparent
stimulation in some melanoma cells such as MM200, MM96L, ME10538, and
AO6MLC with nonresponsiveness in MM418 and CJM; however, no cell line
showed an increase equivalent to that obtained in the HEK293 wild-type MCIR con-
trol. In contrast and irrespective of genotype, none of the cell lines increased the
phosphorylation of CREB after NDP-MSH treatment. Variability in response to
MSH stimulation of melanoma cell lines has been reported, but increases in cAMP
above the basal level also have been described,2!"23 and this lack of CREB respon-
siveness may reflect innate diversity in MC1R signal transduction pathways between
homologous and heterologous cell lines (see below). Receptor levels on each of the
melanoma cell lines used in this assay must also be determined before definitive
conclusions can be reached.

Given the variability and genetic instability that are characteristic of melanoma
cell lines, possibly reflecting disrupted signaling pathways, we next turned to prima-
ry melanocytic cell strains as a suitable system to assess MC1R receptor function.
Cultured human melanocytes have been found to express high-affinity receptors for
the 0-MSH ligand on their surface with approximately 700 binding sites per cell.2426
We have performed a systematic genotype screen for several of the common MC1R
polymorphisms by using melanocytes cultured from individual foreskins to ascertain
clonal cell strains. Over 1,000 foreskin samples were processed. The haplotype fre-
quencies for the three R151C, R160W, and D294H RHC alleles were 8.3%, 7.3%,
and 1.6%, respectively, which is comparable to the haplotype frequency range seen
in the South East Queensland population (TABLE 1). It was our intention to isolate
homozygote strains for each of these alleles to allow the specific functional charac-
terization of individual forms of the receptor.

More than 300 clonal genotyped melanocyte cell strains were successfully estab-
lished in culture from this initial screen with many wild-type +/+ and heterozygote
+/— strains, including five R151C—/—and one R160W—/—homozygotes. However, no
D294H-/- homozygotes were identified. When MC1R genotype was considered, all
consensus +/+ allele strains had very dark pellets, being scored as black or dark
brown by eye. When strains with a variant genotype were grouped, homozygous
R151C—/— and R160W—/— cell pellets were considerably less pigmented, whereas
heterozygous R151C+/— and R160W+/— cell pellets varied from black to white but
were generally of intermediate pigmentation between the consensus and homozy-
gotes. Upon culture of these cells with known second messenger inducers of pig-
mentation including IBMX and dbcAMP, cell growth was stimulated as seen by
larger cell pellets, but there was no effect on color of the R151C—/— and R160W—/—
cell pellets. However, when these cells were incubated with the melanogenic precur-
sor substrate DOPA, we were able to demonstrate melanin production in each of
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FIGURE 2. (A) CREB phosphorylation in melanoma cell lines. Cells were stimulated
for 30 min with either NDP-MSH (10 nM) or forskolin (10 uM). Whole-cell lysates were
analyzed by Western immunoblot using a specific anti-phospho-CREB antibody. Analysis
of HEK293 cells expressing wild-type MC1R (lanes 19-21) is included for comparison. (B)
CREB phosphorylation in primary human melanocytes. Cells were stimulated for 15 min
with ET-1, a-MSH, TPA (16 nM), forskolin (10 uM), or combinations of each as indicated
above the panel before whole-cell lysates were prepared for immunoblot.

these cell strains as compared with the nonmelanocytic HeLa cell line. Under the
growth conditions used, a wild-type MCI1R receptor appeared to be required for full
melanization, and the cAMP second messenger stimulators could not mimic the pig-
mentary effects in variant MC1R homozygote melanocytes.

Melanocytes respond to a variety of growth factors, hormones, and ultraviolet
light to increase pigmentation,?’~2? and attention increasingly is being focused on
the interplay between the various signaling pathways. Recently, a synergistic action
between endothelin, o-MSH, and bFGF was demonstrated for the phosphorylation
of CREB.3% Our initial studies have utilized a consensus melanocyte strain to inves-
tigate CREB phosphorylation in response to various mitogens. Both endothelin and
TPA were able to couple to CREB phosphorylation. However, as previously seen for
melanoma cells, a-MSH was not able to elicit such phosphorylation (FiG. 2B). Co-
stimulation of melanocytes with endothelin and o-MSH did not reveal any obvious
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latent synergy between these factors. Lack of o-MSH—induced CREB phosphoryla-
tion has also been described previously.3?

Note that o-MSH-mediated cAMP induction does occur in melanocytes,31 but
these measurements are yet to be performed in our melanocyte strains. A direct loss
of receptor-activated cAMP intracellular signaling recently has been reported in oth-
er studies of primary human melanocytes of defined MC1R genotype,3Z although ki-
nase signaling pathways were not examined. In these studies, R160W homozygote
and R151C/D294H, R160W/D294H compound heterozygote melanocyte strains
demonstrated an impairment of tyrosinase activation in response to o.-MSH stimula-
tion and pronounced sensitivity to ultraviolet radiation treatment. These results con-
firm the utility of using primary melanocytes for MC1R functional analysis, but pose
new questions about the signaling pathways that function in this cell which form a
new tissue-specific paradigm.

ACKNOWLEDGMENTS

This work was supported by grants from the Queensland Cancer Fund and Na-
tional Health and Medical Research Council of Australia (950998, 981339, 142988)
and the National Cancer Institute (CA88363).

REFERENCES

1. STurM, R.A. et al. 2001. Human pigmentation genes: identification, structure and con-
sequences of polymorphic variation. Gene 277: 49-62.

2. SturMm, R.A. 2002. Skin color and skin cancer -MCI1R, the genetic link. Melanoma
Res. 12: 405-416.

3. Box, N.F. ef al. 1997. Characterization of melanocyte stimulating hormone variant
alleles in twins with red hair. Hum. Mol. Genet. 6: 1891-1897.

4. DuFFy, D.L. et al. Interactive effects of MCIR and OCA2 on melanoma risk pheno-
types. Submitted.

5. HEALY, E. et al. 2001. Functional variation of MCIR alleles from red-haired individu-
als. Hum. Mol. Genet. 10: 2397-2402.

6. ROBINSON, S.J. & E. HEALY. 2002. Human melanocortin-1 receptor (MC1R) gene vari-
ants alter melanoma cell growth and adhesion to extracellular matrix. Oncogene 21:
8037-8046.

7. JIMENEZ-CERVANTES, C. ef al. 2001. Thr40 and Met122 are new partial loss-of-function
natural mutations of the human melanocortin 1 receptor. FEBS Lett. 508: 44—48.

8. KorpuLa, S.V. et al. 1997. Identification of common polymorphisms in the coding
sequence of the human MSH receptor (MCIR) with possible biological effects. Hum.
Mutat. 9: 30-36.

9. FRANDBERG, P.A. ef al. 1998. Human pigmentation phenotype: a point mutation gener-
ates nonfunctional MSH receptor. Biochem. Biophys. Res. Commun. 245: 490-492.

10. ScHIOoTH, H.B. et al. 1999. Loss of function mutations of the human melanocortin 1
receptor are common and are associated with red hair. Biochem. Biophys. Res. Com-
mun. 260: 488-491.

11. BRAND, S.H. ef al. 1996. Role of myristoylation in membrane attachment and function
of G alpha i- 3 on Golgi membranes. Am. J. Physiol. 270: C1362-C1369.

12. Busca, R. & R. BALLOTTI. 2000. Cyclic AMP a key messenger in the regulation of skin
pigmentation. Pigm. Cell Res. 13: 60—69.

13. CHEN, W. ef al. 1995. A colorimetric assay for measuring activation of Gs- and Gq-
coupled signaling pathways. Anal. Biochem. 226: 349-354.



358 ANNALS NEW YORK ACADEMY OF SCIENCES

14. Fr1zGerRALD, L.R. et al. 1999. Measurement of responses from Gi-, Gs-, or Gq-coupled
receptors by a multiple response element/cAMP response element-directed reporter
assay. Anal. Biochem. 275: 54-61.

15. Lu, D. et al. 1994. Agouti protein is an antagonist of the melanocyte-stimulating-
hormone receptor. Nature 371: 799-802.

16. EBERLE, A.N. 1988. The Melanotropins: Chemistry, Physiology and Mechanisms of
Action. Basel. Kargel, Switzerland.

17. ScuiotH, H.B. et al. 1996. Expression of functional melanocortin 1 receptors in insect
cells. Biochem. Biophys. Res. Commun. 221: 807-814.

18. SALAZAR-ONERAY, F. et al. 2002. Tissue distribution and differential expression of mel-
anocortin 1 receptor, a malignant melanoma marker. Br. J. Cancer. 87: 414-422.

19. SIEGRIST, W. et al. 1989. Characterization of receptors for alpha-melanocyte-stimulat-
ing hormone on human melanoma cells. Cancer Res. 49: 6352—6358.

20. EBERLE, A.N. ef al. 1993. Receptors for melanocyte-stimulating hormone on mela-
noma cells. Ann. N. Y. Acad. Sci. 680: 320-341.

21. FULLER, B.B. & F.L. MEYSKENS, Jr., 1981. Endocrine responsiveness in human mel-
anocytes and melanoma cells in culture. J. Natl. Cancer Inst. 66: 799-802.

22. SIEGRIST, W. et al. 1994. Homologous and heterologous regulation of alpha-melano-
cyte-stimulating hormone receptors in human and mouse melanoma cell lines. Can-
cer Res. 54: 2604-2610.

23. Mas, J.S. et al. 2002. Loss-of-function variants of the human melanocortin-1 receptor
gene in melanoma cells define structural determinants of receptor function. Eur. J.
Biochem. 269: 6133-6141.

24. DONATIEN, P.D. et al. 1992. The expression of functional MSH receptors on cultured
human melanocytes. Arch. Dermatol. Res. 284: 424-426.

25. DE Luca, M. et al. 1993. Alpha melanocyte stimulating hormone (alpha MSH) stimu-
lates normal human melanocyte growth by binding to high-affinity receptors. J. Cell
Sci. 105: 1079-1084.

26. THODY, A.J. et al. 1993. Human melanocytes express functional melanocyte-stimulat-
ing hormone receptors. Ann. N. Y. Acad. Sci. 680: 381-390.

27. BouM, M. et al. 1995. Identification of p90RSK as the probable CREB-Ser133 kinase
in human melanocytes. Cell Growth Differ. 6: 291-302.

28. Im, S. et al. 1998. Activation of the cyclic AMP pathway by alpha-melanotropin medi-
ates the response of human melanocytes to ultraviolet B radiation. Cancer Res. 58:
47-54.

29. TaDA, A. et al. 1998. Endothelin-1 is a paracrine growth factor that modulates melano-
genesis of human melanocytes and participates in their responses to ultraviolet radia-
tion. Cell Growth Differ. 9: 575-584.

30. TADA, A. et al. 2002. Mitogen- and ultraviolet-B-induced signaling pathways in nor-
mal human melanocytes. J. Invest. Dermatol. 118: 316-322.

31. Suzuki, L. et al. 1996. Binding of melanotropic hormones to the melanocortin receptor
MCIR on human melanocytes stimulates proliferation and melanogenesis. Endocri-
nology 137: 1627-1633.

32. Scort, M.C. et al. 2002. Human melanocortin 1 receptor variants, receptor function
and melanocyte response to ultraviolet radiation. J. Cell Sci. 115: 2349-2355.



