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Abstract

Human pigmentation, including eye color, has been
associated with skin cancer risk. The P gene is the human
homologue to the mouse pink-eye dilution locus and is
responsible for oculocutaneous albinism type 2 and other
phenotypes that confer eye hypopigmentation. The P gene
is located on chromosome 15q11.2-q12, which is also the
location of a putative eye pigmentation gene (EYCL3)
inferred to exist by linkage analysis. Therefore, the P
gene is a strong candidate for determination of human
eye color. Using a sample of 629 normally pigmented
individuals, we found that individuals were less likely to
have blue or gray eyes if they had P gene variants
Arg305Trp (P = 0.002), Arg419GIn (P = 0.001), or the
combination of both variants (P = 0.003). These results
suggest that P gene, in part, determines normal
phenotypic variation in human eye color and may
therefore represent an inherited biomarker of cutaneous
cancer risk.

Introduction

Human pigmentation is a complex trait that is likely to be
determined by inherited genotypes. At least three genes have
been inferred from genetic linkage analysis to explain normal
phenotypic variability in human eye color (1), including EYCL1
(GEY; chromosome 19), EYCL2 (BEY1; chromosome 15), and
EYCL3 (BEY2; chromosome 15). To date, none of these genes
has been isolated. Eiberg et al. (1) suggested that the P gene
(chromosome 15q11.2-gq12), the human homologue of the
mouse pink-eye dilution locus, is a candidate for EYCL3. The
P protein may stabilize (2) or traffic (3) melanosomal proteins
such as tyrosinase, regulate melanosomal pH (4), or serve as a
melanosomal tyrosine transporter (3, 5). Altered P protein may
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therefore affect pigmentation characteristics via atered mela-
nosomal tyrosine or tyrosinase bioavailability or function. Mu-
tations in the P gene are associated with OCA2, the most
common type of human albinism (6). Hypopigmentation of the
skin, hair, and eyes in Prader-Willi Syndrome has also been
associated with P gene deletions (7). These data suggest that
allelic variation in the P gene may be associated with normal
variability in human eye color.

Materials and Methods

To evauate whether the P gene is associated with human eye
color in nonalbino individuals representing the normal pheno-
typic range of human eye color, we studied 629 Caucasian
individuals ascertained at the Pigmented Lesion Clinic at the
Hospital of the University of Pennsylvania between 1997 and
2000 on whom we had both eye color data and at least one P
genotype. Study participants were selected without regard to
pigmentation type, knowledge of family history of MM, or
other MM risk factors. These individuals included 127 with
DN, 200 with a single incident primary invasive MM and no
history of DN, 133 MM cases with one or more DN, and 169
controls with no history of MM or DN who were friends or
nonbiological relatives of MM/DN cases. All study participants
signed an informed consent form that was approved by the
Committee for the Study of Human Subjects at the University
of Pennsylvania. Each participant donated a buccal swab (Med-
ical Packaging Corporation, Camarillo, CA) that was processed
to obtain genomic DNA using the method described in Walker
et al. (8). PCR analysis was used to determine genotypes for
two P gene variants (Fig. 1). Of 629 individuals, 27 individuals
were missing Arg305Trp genotypes only, and 17 individuals
were missing Arg419GIn genotypes because of genotype fail-
ures. In the present sample of Caucasian controls, the 305Trp
and 419GIn allele frequencies were 6.8 and 8.2%, respectively.

Eye color was determined upon clinical examination by a
single research nurse using the following categories: blue; gray;
green; hazel; light brown; dark brown; and black. Participants
also completed a standardized questionnaire that asked self-
assessed eye color. The correlation between self-assessed and
clinician-assessed eye color was 93%, and there was 100%
concordance between self- and clinician-assessed eye color
once categorizations were made for analyses. Therefore, anal-
yses were undertaken using categorized exam-determined eye
color. Categories of eye color used in analysis were blue/gray
(n = 255, 40.5%), green‘hazel (n = 170, 27.0%), and brown/
black (n = 204, 32.4%). Contingency table analysis using the
X° test was undertaken to evaluate the relationship of P gene
variants and eye color. Unconditional logistic regression anal-
ysis was used to estimate the OR effect of P gene variants on
eye color adjusted for diagnostic outcomes of DN and/or MM.
These adjustments were undertaken to remove potential con-
founding relationships between disease status, P gene variants,
and eye color.
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Fig. 1. Gel electrophoresis of P gene variants. Arg305Trp and Arg419GIn
alleles were determined by using a PCR-based assay that modified the protocol
of Leeet al. (11). The two primers used to amplify exon 9 containing Arg305Trp
were: P9for, 5'-AGAGGGAGGTCCCCTAACTG-3' and P9rev, 5'-ATCT-
CAAGCCTCCCTGACTG-3'". The PCR reaction mix consisted of 5 ul of 10X
Perkin-Elmer Buffer I1 [500 mm KCI, 100 mm Tris-HCI (pH 8.3), 3.0 ul of 25 mm
MgCl,, 0.5 ul of 10 mm deoxynucleotide triphosphate, 5 ul each of the primers
at 5-um concentration, 8 ul of template DNA, and 0.4 ul of Platinum Tag
Polymerase in 23.1 ul of double-distilled water for a reaction volume of 50 ul].
The PCR temperature profile included 1 cycle of 94°C for 3 min. This was
followed by 30 cycles of 94°C for 40 s, 65°C for 1 min, and 72°C for 2 min,
ending with an elongation step at 72°C for 5 min. The amplification products were
then digested with Mspl (New England Biolabs) in areaction consisting of 20 ul
of PCR product, 3 ul of New England Biolabs buffer no. 2, 6.5 ul of double-
distilled water, and 0.5 wl Mspl at 37°C for 3 h. The two primers used to amplify
exon 13 containing Arg419GIn were: P13for, 5'-GCCTCTGTTCTACGAGC-
CTG-3' and P13rev, 5'-TGCCTGCCAGAACCTGGCCGCAA-3'. The PCR re-
action mix was as above, except for use of 5 ul of 25 mm MgCl,. The PCR
temperature profile included 1 cycle of 95°C for 3 min. This was followed by 30
cycles of 95°C for 40 s, 63°C for 1 min, and 72°C for 2 min, ending with an
elongation step at 72°C for 5 min. The amplification products were then digested
with Aval (New England Biolabs) in a reaction consisting of 20 ul of PCR
product, 3 ul of New England Biolabs buffer no. 4, 6 ul of double-distilled water,
and 1 ul of Aval at 37°C for 3 h. Visudization of the digestion products was
accomplished on a 2% agarose gel with ethidium bromide.

Results and Discussion

As shown in Table 1, there was an increased proportion of
305Trp alleles in individuals with brown/black eyes compared
with those with lighter eyes (%, = 13.13; P < 0.001), and an
increased proportion of 419GIn aleles in individuals with
green/hazel eyes compared with others (x%, = 18.69; P <
0.001). Considering both variants simultaneously, there was an
increase in the frequency of 305Trp or 419GIn alleles among
individuals with green, hazel, brown, or black eyes compared
with those with blue or gray eyes (x*, = 14.68; P < 0.001).
These results suggest that carriers of variant P gene alleles are
significantly less likely to have blue eyes than individuals who
carry no variants at this locus. In our data, the Arg305Trp and
Arg419GIn variants are in linkage equilibrium with one another
(x*, = 0.49; P = 0.483). Thus, both variants studied here could
independently influence eye color.

We also evaluated whether P gene alleles were associated
with hair color. Therewasamarginally significant differencein
the proportion of individuals with the Arg305Trp variant in
individuals with red/blond (9.4%) versus brown/black (16.0%)
hair (x, = 4.18, P = 0.041). The unadjusted OR for red/blond
hair as predicted by Arg305Trp variant genotypes was 0.55
(95% confidence interval: 0.30—0.98). The magnitude of this
association was not substantially changed but became statisti-
cally nonsignificant after adjustment for disease status (OR =
0.58, 95% confidence interval: 0.32—1.04). Our data suggest an
association between P gene variants and hair color may exist,
but our sample appears to have limited statistical power to
address this question. However, the associations observed here

suggest that Arg305Trp and possibly Arg419GIn are associated
with darker pigmentation.

Finally, we adjusted our eye color analyses for hair color
to evaluate whether other pigmentation phenotypes were con-
founding the relationship of P gene and eye color (results not
shown). The differences between the adjusted and unadjusted
OR estimates were small in all cases, and the adjustment made
no difference in the inferences. Therefore, the relationship
between the P gene variants and eye color appears to be largely
independent of other major pigmentation phenotypes. Eye color
is correlated with other pigmentation phenotypes, including
hair color, skin type, and freckling, in a presumably complex
manner. Our simple multivariable adjustments are unlikely to
have properly accounted for this complexity. Therefore, addi-
tional studies should be done to simultaneously consider the
complex relationships of P gene variants, UV exposure, and
other pigmentation characteristics.

The functional significance of the P gene aleles studied
here is not well understood. Indeed, controversy remains about
the function of the P protein itself (2-5). Arg305Trp may bein
linkage disequilibrium with a pathogenic 2.7 deletion mutation
in OCA2 subjects (9, 10), which further complicates the rela-
tionship of Arg305Trp and pigmentation in OCA2 subjects.
However, thereis limited information that supports a function-
ally relevant role for Arg305Trp in determining human pig-
mentation. Most P gene variants that confer OCA?2 risk occur
outside the 12 transmembrane domains of the gene, whereas
most variants not associated with OCA2 fall within a trans-
membrane domain. The Arg305Trp variant falls outside of the
transmembrane domains. Most previously reported P gene vari-
ants not associated with OCA2 have a higher frequency in
people of Caucasian descent relative to that in people of African
descent (9, 11). We report a 305Trp allele frequency of 7% in
Caucasian controls with no history of MM or DN. Lee et al.
(11) reported the 305Trp frequency to be 90% in non-OCA2
African Americans and 17% in non-OCA2 Caucasians (11).
This result is consistent with the hypothesis that 305Trp is
associated with darker pigmentation. In contrast, Kerr et al. (9)
reported no substantial difference when comparing 305Trp
allele frequencies in non-OCA2 subjects of Caucasian or Af-
rican descent. To resolve whether Arg305Trp and other non-
OCA2 P gene variants influence human pigmentation, addi-
tional studies are required that describe the functional
significance of the P gene alleles, simultaneously consider
multiple P gene variants or haplotypes, consider other genotype
combinations in addition to the simple recessive model pre-
sented here, and relate these variants to relevant pigmentation
and other phenotypes.

Lee et al. (11) reported the existence of 28 germ-line
variants in the P gene that were not associated with OCA2, 23
of which were silent synonymous substitutions or occurred in
introns. Kerr et al. (9) reported additional alleles not associated
with OCA2, all of which were also silent or intronic. Of the
missense variants reported to date that are not associated with
OCAZ2, His615Arg was not found to be polymorphic in Cau-
casians (11). We genotyped 312 individuals for Leud40Phe,
which is located in a potentially functionally important region
of the P gene (11) and found only two 440Phe variants corre-
sponding to an alele frequency of 0.3%. Therefore, His615Arg
and Leud440Phe were not studied additionally here. [1€722Thr
has a frequency of 26% (11) and could be considered in future
studies of human pigmentation. As additional P gene variants
are identified, they could also be considered in studies that
extend the present results if they are sufficiently polymorphic
and if functional relevance could be assigned to them.
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Tablel P gene variants and eye color

Arg305Trp Argd19GIn Combined variants
Arg/Arg Arg/Trp or Trp/Trp Arg/Arg Arg/GIn or GIn/GIn Arg only Any Trp or GIn

Blue/gray 221 (90.2%) 24 (9.8%) 221 (89.1%) 27 (10.9%) 185 (78.7%) 50 (21.3%)
Green/hazel 142 (88.2%) 19 (11.8%) 121 (72.9%) 45 (27.1%) 101 (63.5%) 58 (36.5%)
Brown/black 154 (78.6%) 42 (21.4%) 166 (83.8%) 32 (16.2%) 122 (64.2%) 68 (35.8%)
X2 (df = 2) 13.13 (P < 0.001) 18.69 (P < 0.001) 14.68 (P < 0.001)
OR? 1.12 (0.59-2.15) 3.00 (1.76-5.11) 2.02 (1.28-3.18)
OR® 2.48 (1.43-4.30) 1.65 (0.85-2.88) 2.08 (1.34-3.23)
OR°® 1.78 (1.07-2.96) 2.45 (1.39-3.62) 2.05(1.39-3.01)

2 OR comparison of blue/gray versus green/hazel adjusted for presence/absence of MM and presence/absence of DN.
P OR comparison of blue/gray versus brown/black adjusted for presence/absence of MM and presence/absence of DN.
¢ OR comparison of blue/gray versus green/hazel/brown/black adjusted for presence/absence of MM and presence/absence of DN.

Light (particularly blue) eye color has been reported to be
arisk factor for MM. In a combined analysis of 10 studies of
MM risk factors, Bliss et al. (12) reported that blue eye color
remained a significant independent predictor of MM risk with
OR estimates of 1.3-1.6 even after adjustment for nevus count,
skin color, or freckle density. However, light eye color is
correlated with other MM risk factor traits, including hair color,
freckling, and light skin. Multivariate adjustments of eye color
for these traits can result in loss of eye color as an independent
predictor of MM risk (13). Therefore, eye color appears to be
less powerful a predictor of MM than skin pigmentation, but it
is also clear that that the relationship of pigmentation pheno-
types with one another and with MM risk is complex. We
propose that a better understanding of the genetic determinants
of pigmentation phenotypes will help to tease apart these com-
plex relationships and better elucidate the etiology of cutaneous
neoplasms.

Our results suggest that the P gene may in part determine
blue versus nonblue eye color, which is consistent with the
predicted function of the putative EYCL3 gene (1). It ispossible
that an unidentified locusin linkage disequilibrium with P gene
is responsible for the effects observed here. However, the
evidence from linkage analysis suggesting an eye color gene at
this locus (1), and the known role of the P gene in determining
predisposition to oculocutaneous abinism, provides support
that this gene is responsible for the eye color effects reported
here. These results indicate that the P gene, in part, determines
normal phenotypic variation in human eye color.
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