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A Genomewide Association Study of Skin Pigmentation

in a South Asian Population

Renee P. Stokowski, P. V. Krishna Pant, Tony Dadd, Amelia Fereday, David A. Hinds, Carl Jarman,
Wendy Filsell, Rebecca S. Ginger, Martin R. Green, Frans J. van der Ouderaa, and David R. Cox

We have conducted a multistage genomewide association study, using 1,620,742 single-nucleotide polymorphisms to
systematically investigate the genetic factors influencing intrinsic skin pigmentation in a population of South Asian
descent. Polymorphisms in three genes—SLC24AS5, TYR, and SLC45A2—yielded highly significant replicated associations
with skin-reflectance measurements, an indirect measure of melanin content in the skin. The associations detected in
these three genes, in an additive manner, collectively account for a large fraction of the natural variation of skin pig-
mentation in a South Asian population. Our study is the first to interrogate polymorphisms across the genome, to find
genetic determinants of the natural variation of skin pigmentation within a human population.

Humans possess an impressive range of skin pigmenta-
tion, both within and between populations. This diversity
is highly correlated with geographical location, indicating
that environmental factors as well as genetics strongly in-
fluence skin color. The predominant environmental var-
iable affecting skin pigmentation is sunlight, and it is cer-
tain that skin pigments play an important role in both
protecting DNA from the effects of UV irradiation'™ and
influencing the availability of UV radiation for the syn-
thesis of necessary compounds, such as vitamin D.>” Ep-
idemiological studies in humans show that skin pigmen-
tation is a polygenic quantitative trait with high herit-
ability,*'° and, with the direct correlation between skin
pigmentation and incident UV exposure, it has long been
postulated that it is a trait under intense selective pres-
sure.''""* Because of its striking diversity and potential evo-
lutionary importance as a highly selected trait, human
skin pigmentation is of great scientific interest. Over the
past 100 years, pigmentary mutants in model organisms
and human pigmentation disorders have been the main
source for the discovery of genes involved in skin color.
More than 100 pigmentation genes have been identified
in mouse alone, most with identified human orthologs,
and at least 18 genes are currently listed in OMIM as being
involved in human albinism.'>'® However, until very re-
cently, few direct studies to identify the genes responsible
for the normal range of human skin pigmentation have
been reported'*'’-*%; in addition, all these studies have in-
vestigated the role of only known pigmentation-disorder
genes in normal skin-color variation. Therefore, many
questions about the loci responsible for the natural di-
versity of human skin pigmentation have remained un-
answered: how many genes are involved, are the different
gene effects additive, are the genes involved in skin pig-

mentation the same across different ethnic populations,
and are there still-undiscovered pigmentation genes?

With the availability of the entire human genomic se-
quence in 2001,%”%® the identification of millions of SNPs
across the genome,””*' and the development of high-
throughput genotyping technologies, the tools were avail-
able for investigation of the genetic components con-
trolling human skin pigmentation with use of a high-
density genomewide association study. In the present
study, we applied a three-tiered methodology of quanti-
tative pooled genotyping followed by individual genotyp-
ing of associated SNPs in original and replicate population
sets, as has been successfully used elsewhere.**

In all, 1,620,742 SNPs across the genome were measured
for allele-frequency differences between DNA pools made
from the 20% tails of the skin-pigmentation distribution,
as objectively measured by reflectance spectroscopy in a
South Asian population. The top 30,000 SNPs (~2%) with
the largest allele-frequency differences between the pools
were individually genotyped in the original population
sample of 737 individuals, followed by individual geno-
typing of associated SNPs in an independent replicate
sample of 231 individuals of South Asian ancestry. Despite
confounding of phenotype-genotype associations by pop-
ulation stratification, we found three genes with replicated
genomewide significance that together account for a large
fraction of the skin-pigmentation variation in the South
Asian population.

Material and Methods
Sample Selection

Approval for the study was obtained from ethics review boards
in the United Kingdom. After a complete description of the study
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was given to the subjects, written informed consent was obtained.
Recruitment of volunteers of South Asian descent was conducted
at >50 different sites across the United Kingdom. For each qual-
ifying subject, either both parents or all four grandparents were
born in India, Pakistan, Bangladesh, or Sri Lanka. Reported an-
cestry was used to group subjects by region into eastern (mainly
Bangladesh), northwestern (mainly Gujarat and Punjab), south-
ern (mainly Sri Lanka), or mixed origin. Reported ancestry was
defined for each individual from the grandparental information
if known and from the parental information otherwise. If the
country and state of birth of all four grandparents were the same,
then the reported ancestry of the volunteer was defined similarly;
this was also the case if there was missing information from one
grandparent but the origin of the other three grandparents was
the same. Furthermore, if information from both maternal and/
or paternal grandparents was missing, then maternal and/or pa-
ternal information was used in its place. Subjects with disagree-
ments about reported ancestry were categorized as “mixed.” Both
males and females aged =18 years were included. Volunteers were
excluded if they reported consumption of oral dietary foods or
supplements or the use of topical skin ointments on the mea-
surement areas that are designed to change skin color. Other ex-
clusion criteria included pigmentation disorders or any current
skin disease of any type anywhere on the body.

Phenotype and DNA Collection

Skin pigmentation was measured with a Minolta chromameter
with use of the Commission Internationale de I’Eclairage L*a*b*
color system. The L* value, which measures skin reflectance, or
lightness, ranges from 0 to 100, where O is the darkest and 100
is the lightest skin pigmentation. Skin reflectance was measured
on three relatively hairless sites per arm—the sun-exposed lower
dorsal forearm, the sun-protected inner volar forearm, and the
sun-protected inner arm above the elbow—giving six measure-
ments per volunteer. The highest of the six L* values was defined
as maxL*. Skin chromameter measurements for 98 randomly se-
lected individuals of South Asian ancestry living in the United
Kingdom were used to estimate the distribution of maxL* within
the South Asian population (fig. 1). Individuals were selected for
the first phase of our association study by targeted recruitment
in the upper and lower quintiles of maxL* values determined as
described above. Targeted recruitment of individuals was con-
ducted by prescreening volunteers for skin color by visual as-
sessment. More than 2,800 volunteers were enrolled in the study
and had their skin reflectance measured, with blood samples
taken from >1,100 individuals for the isolation of DNA. Genomic
DNA was extracted from whole blood with use of the Qiagen
DNA isolation kit, in accordance with the manufacturer’s instruc-
tions. The sample recruited for the pooled genotyping phase of
the study (cohort 1) consists of 395 individuals with maxL* values
<56 and 383 individuals with maxL* values =63, who were clas-
sified as “L” for having low reflectance and as “H” for having
high reflectance, respectively. For the replication population (co-
hort 2), 119 L and 116 H individuals were recruited.

Population-Structure Analysis

The genetic ancestry of the individuals in cohort 1 was examined
by individually genotyping them on a set of 312 SNPs, referred
to as “genomic control” (GC) SNPs, which are spaced approxi-
mately uniformly across the human autosomes.** Population
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Figure 1. Histogram of maximum L* values (maxL*) in volunteers

of South Asian ancestry. The maxL* values were obtained from 98
randomly selected individuals of South Asian ancestry living in
the United Kingdom. The maxL* values for the 20th and 80th
percentiles of the distribution are indicated by vertical lines.

structure within the study population was evaluated using the
structure program®* with models having 1-4 ancestral clusters. For
each model, subsets of the L and H individuals were selected so
as to construct pools matched on mean cluster membership, as
described elsewhere.**> Simple x> tests for association with skin
reflectance were performed for these GC SNPs. Any residual in-
flation in test statistics was assessed in comparison with the ex-
perimental error of allele-frequency determination in pooled
genotyping.*

For the association analysis of individual genotypes, both pop-
ulation cohorts used in this study were assessed jointly by use of
principal-components analysis (PCA)* of standardized genotypes
on the GC SNPs. The presence of population structure increases
the fraction of genotypic variance that is accounted for by the
first few principal components. The genotypes and phenotypes
are subsequently adjusted for these to project out the contribu-
tions of ancestry to the genotypes. To assess the significance of
the eigenvalues corresponding to the first several principal com-
ponents, the PCA was repeated for 100 permutations of the ge-
notype data in which SNP genotypes were scrambled, so as to
eliminate all SNP-SNP correlations.

Pooled Genotyping on Oligonucleotide Arrays

From cohort 1, 286 L individuals and 285 H individuals were used
to construct two DNA pools, L and H, respectively, for the esti-
mation of 1,620,742 SNP allele-frequency differences between the
low- and high-reflectance groups, with the use of methods de-
scribed elsewhere.*** For pooled genotyping, each DNA pool was
amplified in quadruplicate with the use of 266,851 long-range
PCRs; each PCR replicate was then pooled, labeled, hybridized
to 228 high-density arrays, stained, and detected as described
elsewhere.*

Determination of Pooled Allele-Frequency Estimates

Estimates of the pooled allele frequency, p, were computed from
fluorescence intensities on the arrays, as described elsewhere.*
For each SNP, we obtained eight independent measurements of

1120

The American Journal of Human Genetics

Volume 81 December 2007 www.ajhg.org



p, four for each DNA pool. The allele-frequency difference be-
tween the L and H pools, Ap, was determined from the average
for each pool. We also used an independently derived genome-
wide haplotype map* to obtain a better estimate of the allele-
frequency difference for some SNPs, using a method described
elsewhere.’* In brief, within each haplotype block across the ge-
nome, linear regression was used to solve for frequency differ-
ences of the underlying common haplotype patterns from the
measured estimates of Ap. A good quality of fit (P < .05 for the F
test) was considered to be indicative of conformance between the
genetic structure of the population in our study and the inde-
pendently derived haplotype map. For such haplotype-conform-
ing SNPs, the regression provided improved estimates of allele-
frequency differences, called fitted Ap, by effectively averaging
over redundant information within each haplotype block. These
linear regressions within haplotype blocks also allowed for the
elimination of some redundancy in the SNP set selected for sub-
sequent individual genotyping.

The selection of SNPs for further assessment with individual
genotyping used a ranking by the magnitude of the estimated
allele-frequency difference | Ap |. For haplotype-conforming SNPs,
a lower threshold was employed on the fitted |Ap|, on the basis
of the fact that estimates of allele-frequency differences are better
for these SNPs. This approach to selecting SNPs from pooled ge-
notype data for subsequent individual genotyping has been ex-
plained in detail elsewhere.*”

Individual Genotyping on Oligonucleotide Arrays

High-density oligonucleotide arrays for individual genotyping
were designed as described elsewhere,* with each SNP interro-
gated by 40 distinct 25-mer probes. DNA samples were amplified
by short-range multiplex PCR and were labeled, hybridized to the
arrays, stained, and detected as described elsewhere.*” The indi-
vidual genotypes were determined by clustering measurements
from multiple scans in the two-dimensional space defined by
reference and alternate perfect-match trimmed mean intensities,
as described elsewhere.*** Quality-control filters were applied to
both the DNA samples and the SNPs. DNA samples with call rates
<0.75 or that showed evidence of misidentification were excluded
from analysis. SNPs genotyped in <0.8 of the DNA samples were
excluded from further analysis. Deviations from Hardy-Weinberg
equilibrium (HWE) are sometimes indicative of problems with
genotype clustering; however, such deviations could also legiti-
mately arise because of population structure or association with
the trait of interest. Therefore, SNPs that did not follow HWE at
a level of P <.001 were discarded in most cases, with exceptions
for SNPs that were also statistically significant at a level of P <
.001 on a simple trend test for association with skin reflectance
corrected with GC.* For these potentially associated SNPs, the
clustering was visually inspected, and SNPs were excluded from
further analysis if problems were detected.

Single-SNP Association Tests

Association tests were performed with logistic regression, with
covariates to account for sex and population structure, with the
use of likelihood-ratio tests to assess the significance of associa-
tion with SNP genotypes. Population structure was represented
by the first several principal components of the genotype matrix
for the set of individually genotyped GC SNPs (see the “Popu-
lation-Structure Analysis” section). Sex is a known confounder

with skin pigmentation* that was not explicitly matched for in
selecting study participants; thus, it was also included as a co-
variate in logistic regression. The model for our primary single-
SNP association test can be written as

P(L)

Og@ = By + By + Bom, + B,

+B,yms + Bsmy + Bems + 858,

where P(H) is the likelihood of membership in the H group, P(L)
is the likelihood of membership in the L group, v is a factor
denoting sex, -, are the first five principal components de-
termined as described in the “Population-Structure Correction in
the Association Analysis” section, and g is the SNP genotype of
the individual, coded as g = 0,1,2 on the basis of the count of
an arbitrarily designated allele. This linear coding of genotypes
corresponds to a multiplicative model of risk. A likelihood-ratio
test was used to test for association of skin reflectance with ge-
notype, comparing the model above with a null model without
the genotype term,

P(L)

log% = By + By + Bom, + Bs7,

+B,my + Bsmy + Bsms .

We tested for residual systematic inflation in the test statistics by
applying this likelihood-ratio test to all samples taken together
(cohorts 1 and 2) for the GC SNPs that were polymorphic in the
study population and that passed our quality filters for individual
genotyping. Other features of interest in the genotype data (dom-
inance, epistasis, and independence of associations) were mod-
eled by adding corresponding terms to the logistic-regression
models.*

Independence of Associations

Cohort 2 samples were genotyped for 408 SNPs in the region on
chromosome 15 between positions 45,524,265 and 48,470,992
(National Center for Biotechnology Information [NCBI] build
36), where many SNPs showed significant associations with the
phenotype in cohort 1. To assess the independence of these SNP
associations, an association analysis was performed conditioning
on the genotype of the strongest associated SNP in this region,
rs1426654. The conditional association for each other SNP in this
region was assessed with a likelihood-ratio test that compared the
logistic-regression model,

P(L
IOg% = Bo + Byy + Bomy + Bsm, + By

+Bsmy + Bemrs + B7gmp + B8,

with the null model,

P(L)

Ogﬁ = By + Byy + Bom, + Bsm,

+B4my + Bsms + Bems + Br8iop

where g represents the genotypes of the SNP being assessed and
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Sop TEPresents the genotypes of rs1426654. An analogous analysis
with the roles of g and g, reversed was also performed.

Dominance and Interactions

For the three primary SNPs that were found to be strongly as-
sociated with skin reflectance, dominance effects and epistasis
were investigated by adding appropriate terms to the logistic-
regression model. To test for dominance effects, genotypes of
these SNPs were represented by two variables, g, and gy, and
the genotypes AA, Aa, and aa (where A and a represent the two
SNP alleles, arbitrarily designated) were coded as g,.q = (—1,0,1)
and gy, = (—0.5,0.5, — 0.5).* Thus, g, represents deviations
from a multiplicative risk model. A logistic-regression model was
built on the cohort 2 samples, and a likelihood-ratio test was used
to evaluate the significance of the association with gy,

PL
108% = 6() + 61’}/ + 6271'1 + 63”’2 + 64773

+Bsms + Bems + B78aaa + BsSuom
was compared with

P(L)

logﬁ = Bot By + Bomy + Bam, + By,

+Bsmy + Bss + B78ada -

To test for interactions between pairs of SNPs, we constructed
indicator variables of possible combinations of genotypes at the
two loci. Denoting the alleles at SNP 1 by a and A and those at
SNP 2 by b and B, the indicator variables are I, Lags Laans and
Iass, Where, for example, I,,,; = 1 for an individual whose ge-
notype is aA on SNP 1 and bB on SNP 2. These terms were added
to a base model that has additive terms g,4q1, §aaa2 aNd 443 fOT
the three SNPs. The interaction between each pair of SNPs was
then assessed using a likelihood-ratio test, comparing the model

P(L)

OgTH) = Bo + Byy + Bomy + Bym, + By + BTy
+B67s + B:8uaa1 + BsSadaz T BoSada s
+Bl()IaAhB + BllIaABB + 6121AAbB + 6131AABB

with
P(L)
log@ = Bo+ Byy + Bomy + Bym, + Bymy + BTy
+B67s + B:8aaa,1 T BeSadaz T Bofadas -
Results

Determination of the Phenotypic Groups

The population of South Asia, which, in this study, in-
cludes India, Pakistan, Bangladesh, and Sri Lanka, has a
wide natural variation in skin pigmentation and consists
of the most genetically diverse population outside of Af-
rica,*’ which makes it well suited for the investigation of

the complex genetic trait of human skin pigmentation.
Human skin color is largely determined by two biological
components, melanin and hemoglobin, and one major
environmental component, exposure to UV light.*> Mel-
anin is the major determining factor in intrinsic skin pig-
mentation*?; therefore, we were most interested in iden-
tifying genes that affect melanin. The melanin contri-
bution to skin pigmentation can be quantitatively mea-
sured and distinguished from redness caused by hemo-
globin and/or inflammation by reflectance spectropho-
tometry with use of the L* value from the L*a*b* color
system.** Therefore, the highest L* value (maxL*) from
hairless, sun-protected sites on the arm was used to define
intrinsic skin reflectance in this study, thereby controlling
for confounding effects due to sun exposure and hair. To
empirically determine the top 20% and bottom 20% of
the skin-reflectance distribution in the South Asian pop-
ulation, 98 randomly selected individuals of South Asian
ancestry living in the United Kingdom were recruited and
had skin chromameter measurements taken. From the
plot of the distribution of the maxL* values in this set (fig.
1), individuals with maxL* values <56 were classified as
belonging to the low-reflectance quintile (L) with the
darkest skin pigmentation, and those with maxL* values
=63 were classified as belonging to the high-reflectance
(H) quintile with the lightest skin pigmentation of the
distribution. Targeted recruitment of individuals in these
tails resulted in the collection of DNA from 395 and 383
subjects with low and high skin reflectance, respectively,
for the pooled genotyping phase of the study (cohort 1).

Population Structure and Construction of Balanced Pools

The genetic diversity within South Asian populations po-
tentially introduces significant confounding in an asso-
ciation study because of population structure.** To control
for spurious associations due to systematic differences in
ancestry between the L and H groups, we composed the
two DNA pools to be used in the pooled genotyping with
individuals who were matched for ancestry. The genetic
ancestry of the 395 L and 383 H individuals was investi-
gated by individually genotyping them for a set of 312
unlinked GC SNPs. Of the 312 GC SNPs, 294 yielded high-
quality genotype data and were analyzed for population
structure by use of the structure program,** with the use
of models with 1-4 clusters. The results yielded good evi-
dence of more than one distinct genetic population clus-
ter in our set of 778 individuals but yielded little support
for more than two population clusters. The inferred clus-
ter-membership values for a two-cluster model correlate
with reported geographical ancestry. Individuals of south-
ern (mainly Sri Lankan) and eastern (mainly Bangladeshi)
origin have a similar distribution of admixture, which is
distinct from individuals of northwestern (mainly Pun-
jabi) origin (fig. 2).

Using the same genotype data set of 294 GC SNPs and
a method described elsewhere,*** we found significant
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Histogram of admixture proportions in cohort 1 for the geographical ancestry groups. Admixture proportions were determined

for 778 individuals in cohort 1 with use of the structure program for a two-cluster model, with genotypes from 294 GC SNPs. Reported
parental and grandparental ancestry was used to group individuals by region into (A) eastern (mainly Bangladesh), (B) southern (mainly
Sri Lanka), (C) northwestern (mainly Gujarat and Punjab), or (D) mixed origin.

population stratification between the tails of the skin-
reflectance distribution. This result was not unexpected,
since there was a clear bias in the recruitment of individ-
uals for cohort 1 from the three geographical regions with
respect to the reflectance tails (table 1). Under the null
(one-cluster) model of no population structure, for which
the L and H groups are assumed to be well matched, we
observed a large excess of small P values in x* tests for
association with skin color (table 2), and a global test for
population stratification based on the sum of x* statistics*
was highly statistically significant (P<107*°). Using the
inferred ancestry values obtained from the structure pro-
gram with the two-cluster model, we composed the two
phenotypic pools, using a subset of individuals such that
the average proportions of genetic ancestry were similar
between the groups and as many individuals as possible
were retained. This matching required us to exclude ~25%
of the original individuals but reduced the population
stratification considerably, as can be measured by a re-
duction in the sum of x? statistics versus the unmatched
groups (table 2). Although the residual stratification in

the matched groups is statistically significant (P = 3.9 x
107%), the effect of a sum statistic of 400 is comparable to
additional experimental error of ~1% in the pooled allele-
frequency measurements. This error size is smaller than
the actual level of experimental error. On the basis of these
results, we constructed the DNA pools from 286 L and 285
H individuals from cohort 1. Recruitment of individuals
for the replication population, cohort 2, was designed to
reduce the population stratification bias with respect to
skin reflectance, with the use of reported geographical an-
cestry as a marker for the genetic ancestry profiles we de-
tected in cohort 1 (fig. 2).

Pooled Genotyping Results

We attempted to estimate the allele-frequency difference,
Aﬁ, between the L and H pools for 1,620,742 SNPs across
the human genome. Individual measurements of p were
excluded when we could identify specific experimental
errors—saturated signal intensities, inconsistent hybridi-
zation patterns, or low signal-to-background ratios. We
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Table 1. Cohort Distribution for
Regional Ancestry and Skin Reflectance

No. of Individuals
in Reflectance Group

Cohort and Region L H
1:
Northwestern 75 247
Eastern 235 100
Southern 75 2
Mixed 10 34
2:
Northwestern 61 62
Eastern 58 53
Southern 0 0
Mixed _0 _1
Total 514 499

NoTe.—Self-reported ancestry was used to
group subjects by region into eastern (Bangla-
desh), northwestern (Gujarat and Punjab),
southern (Sri Lanka), or mixed origin.

excluded SNPs for which more than one p measurement
per pool failed these quality-control criteria. SNPs for
which the SE of Ap was >0.035 were also excluded, so that
the set of SNPs having the largest absolute Ap were not
dominated by a subset of measurements with very high
experimental variance. “Fitted Ap” values, where infor-
mation from Perlegen’s haplotype map is used to improve
pooled allele-frequency estimates, were generated for a
fraction of the SNPs, called “haplotype-conforming” SNPs.
These fitted Ap values provide more-accurate estimates
than do the measured Ap values of individual SNPs, by
exploiting correlations among SNPs within haplotype
blocks. After all the data-quality filters were applied, we
had high-quality Ap or fitted Ap estimates for 1,502,205
SNPs.

Individual Genotyping for Cohort 1

SNPs were ranked on the basis of absolute Ap or fitted
Ap, from largest to smallest, and 30,000 were chosen for
individual genotyping on the basis of the capacity of a
high-density oligonucleotide array. Selected SNPs from
the pooled genotyping results had a fitted |Ap| >0.06 or

a |Ap| >0.072. A lower threshold was used for haplotype-
conforming SNPs, because their consistency with the
haplotype map provides additional evidence of allele-fre-
quency differences at those positions. An additional set
of 66 candidate SNPs was selected to provide denser cov-
erage of variants in genes known to be involved in the
pigmentation process (table 3), and 312 GC SNPs used to
test for population structure were also included in the
array. Short-range PCR assays were successfully designed
for 30,045 SNPs, 98.9% of those selected for all categories,
and were genotyped with the 778 individuals of cohort 1.
After application of quality filters to the genotypes and
the DNA samples, a total of 25,928 SNPs for 737 individ-
uals, 363 L and 374 H, were used for the association anal-
ysis, including 292 polymorphic GC SNPs. These included
individuals who had been excluded from the balanced
pools constructed for cohort 1; for, unlike pooled geno-
typing, with individual genotypes we can explicitly model
population structure in the association analysis, and,
therefore, the inclusion of all individuals maximizes our
power to detect associations.

Population-Structure Correction in the Association Analysis

Since we observed significant population stratification be-
tween the tails of the skin-reflectance distribution in this
South Asian population, we assessed and adjusted for pop-
ulation structure in the association analysis, using the ge-
notypes of our GC panel of 312 SNPs. Population structure
was modeled jointly for both population cohorts used in
this study, with use of a PCA of the standardized genotypes
on the 292 polymorphic GC SNPs that passed our quality
filters. The significance of the eigenvalues corresponding
to the first several principal components was assessed by
repeating the PCA on 100 scrambled realizations of the
SNP genotype data. The largest three eigenvalues for the
true data set were larger than the largest eigenvalue in any
of the permuted data sets (P <.01); the largest five eigen-
values in the true data set were observed in fewer than
half the permuted data sets. In addition, four of the top
five principal components show significant association
with reported ancestry regions in an analysis of variance
(PC1, P<1.0 x 107'%; PC2, P = .19; PC3, P = 2.9 x 1073

Table 2. Measures of Population Stratification for Skin-Reflectance Pools of Different
Compositions

No. of SNPs with Small P Values

in x? Tests for Association®

Pooling Strategy L/H? P<.0001 P<.001 P<.01 P<0.1 x*Sum Overall P
Expected* 395/383 0 0 3 29 294 .
All of cohort 1 included 395/383 5 9 24 86 740 2.9x107%
Matched by inferred ancestry®  286/285 1 2 8 43 400 3.9x10°°

* Number of individuals included in each of the skin-reflectance phenotypic pools.

® x? tests for association were based on 294 GC SNPs.

¢ The expected number of SNPs with low P values, based on the null hypothesis of no population structure

in cohort 1.

¢ Inferred ancestry values were obtained from the structure program, with the two-cluster model.
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Table 3.

Candidate SNPs

Allele
SNP? Chr Position® Gene! Function® 1 2
rs6058017 20 32320659 ASIP 3’ UTR A G
rs11551042 13 93887736 DCT Down A T
rs1540979 13 93888693 DCT Down T A
rs9516414 13 93893332 Der Int A G
rs9524491 13 93893392 DCT Int T A
rs2892680 13 93893530 Der Int A G
rs1407995 13 93894014 ner Int T C
152296498 13 93894112 Der Int A G
rs12876569 13 93916607 DCT Int C G
rs3212379 16 88512632 MC1R 5" UTR C T
rs3212359 16 88512678 MCIR 5" UTR C T
rs3212360 16 88512718 MC1R 5" UTR C T
rs3212361 16 88512723 MC1R 5" UTR G A
rs3212362 16 88512845 MCIR 5" UTR G A
rs3212363 16 88512942 MCIR 5" UTR A T
rs1805005 16 88513345 MC1R Nonsyn G T
rs1805006 16 88513419 MC1R Nonsyn C A
152228479 16 88513441 MCIR Nonsyn G A
rs2229617 16 88513477 MC1R Nonsyn G A
rs3212364 16 88513485 MC1R Syn G A
rs1805007 16 88513618 MCIR Nonsyn C T
rs1110400 16 88513631 MCIR Nonsyn T C
rs3212365 16 88513633 MC1R Nonsyn G C
rs1805008 16 88513645 MC1R Nonsyn C T
885479 16 88513655 MCIR Nonsyn G A
rs3212366 16 88513753 MC1R Nonsyn T C
rs1805009 16 88514047 MCIR Nonsyn G C
rs3212367 16 88514067 MCIR Syn C T
152228478 16 88514109 MCIR Syn A G
rs3212368 16 88514133 MC1R 3’ UTR G A
rs3212369 16 88514261 MC1R 3" UTR A G
rs3212370 16 88514278 MCIR 3’ UTR C A
rs3212371 16 88514702 MCIR 3’ UTR A G
rs12592271 15 25763517 0CA2 Int G A
rs12592307 15 25763768 0CA2 Syn G A
rs17566952 15 25870480 0CA2 Int G C
rs7170989 15 25874003 0CA2 Int T C
rs11638265 15 25876168 0CA2 Int C T
rs12439067 15 25876220 0CA2 Int G T
5569374775 15 25876236 0CA2 Int G A
rs1800411 15 25885516 0CA2 Syn C T
rs12910433 15 25902239 0CA2 Int C T
rs1037208 15 25904952 0CA2 Int C A
rs2290100 15 25946945 0CA2 Int A G
rs1052165 12 54637613 SILV Syn C T
5569374774 5 33980486 SLC45A2 Down A C
rs250416 5 33983301 SLC45A2 Int G T
rs2278007 5 33987308 SLC45A2 Int A G
rs2287949 5 33990268 SLC45A2 Syn T C
1s26722 5 33999627 SLC45A2 Nonsyn C T
rs183671 5 33999967 SLC45A2 Int A C
rs4547091 11 88550469 TYR Up C T
rs1799989 11 88550571 TYR Up C A
rs1042602 11 88551344 TYR Nonsyn C A
rs12804012 11 88600438 TYR Int G A
rs3793975 11 88600836 TYR Int C T
rs1827430 11 88658088 TYR Int A G
rs28521275 11 88668617 TYR Down G A
rs2075508 9 12688363 TYRP1 Int T C
152762462 9 12689776 TYRP1 Int T C
rs2733832 9 12694725 TYRP1 Int C T
rs2733833 9 12695095 TYRP1 Int T G
rs2733834 9 12698910 TYRP1 Int C G
152762464 9 12699586 TYRP1 3’ UTR A T
rs2382360 9 12700413 TYRP1 Int T C
5569374773 9 12700473 TYRP1 Down T G

* rs or ss identifier in dbSNP.
Chr = chromosome.
Chromosome base position on NCBI build 36.2.
Gene symbol from Entrez Gene.
Int = intronic; nonsyn

b

c

d

e

= nonsynonymous; syn

= synony-

mous; up = within 10 kb of the transcriptional start site; down =
within 10 kb of the transcriptional stop site.

PC4,P = 2.1 x 1073 PCS5, P = 5.9 x 1079), indicating that
these axes of variation likely reflect true features of pop-
ulation structure. We also investigated the relationship be-
tween skin reflectance (classified as “L” or “H”) and the top
10 principal components, using logistic regression with sex
as a covariate. The first and fifth components showed sig-
nificant associations (P = 4.6 x 107> and P = 1.7 x 1073,
respectively). On the basis of these findings, we adjusted
all association analyses for the first five principal com-
ponents in addition to sex. After this adjustment, we
tested for evidence of remaining population structure bias
in the association analysis, using the 292 polymorphic GC
SNPs that passed quality filters. One SNP (rs8041414) was
located in a region on chromosome 15 showing the stron-
gest association with skin reflectance. The results for the
remaining 291 SNPs did not reveal a significant inflation
in single-SNP test statistics for association with skin re-
flectance (mean deviance 1.0232; P = .37). Thus, no fur-
ther corrections for population structure were deemed
necessary in association tests for other SNPs in cohort 1
or cohort 2.

Association Results for Cohort 1

Single-SNP tests for association with skin reflectance were
performed with logistic regression, including sex and five
principal components of the GC SNP genotypes as co-
variates. Likelihood-ratio tests were used to assess the sig-
nificance of associations with SNP genotypes. In total, we
tested 1,502,205 SNPs for association with skin pigmen-
tation. Although there is likely to be some linkage dis-
equilibrium among the SNPs within this population, it
could not be evaluated from our pooled genotyping allele-
frequency estimates. Therefore, we employed a conserva-
tive Bonferroni threshold for significance of association,
o = 0.05/1,502,205 = 3.3 x 1078, and found 42 SNPs as-
sociated at this level of significance across the genome
(table 4). Surprisingly, 39 of the 42 associated SNPs are all
located within a single 2.4-Mb chromosomal region of
15921.1-21.2, between chromosomal positions 45,774,265
and 48,220,992. The strongest SNP association for the en-
tire genome is in this region, with an allele-frequency dif-
ference of 45% between the H and L reflectance groups,
yielding a P value of 1.0 x 10*°. This SNP, rs1834640, is
located 21 kb from the closest gene, SLC24A5. Of the
three SNPs with genomewide significance located out-
side the chromosomal 15q region, two are located within
the TYR gene on chromosome 11; one is in an intron
(rs12295166), and the other is a nonsynonymous poly-
morphism (rs1042602 [p.S192Y]) and is the only SNP in
this set of 42 associations that was selected for individual
genotyping as a candidate SNP (table 4). The last associ-
ated SNP, rs16891982, is also a nonsynonymous poly-
morphism (p.L374F) in the gene SLC45A2 on chromo-
some S.
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Table 4. Associated SNPs Showing Genomewide Significance in Cohort 1

Allele Allele redueney’
SNP? Category” Chromosome  Position® Gene(s)* Function® 1 2 L H P OR (95% CI)®
rs1834640 PG 15 46179457 A G 47 .92 1.01x107*° .08 (.05-.12)
rs12913316 PG 15 46275146 C T .33 .05 4.95x107** 8.9 (5.68-13.97)
rs11070627 PG 15 46258816 MYEF2 Up A T .33 .05  9.52x10°*  8.77 (5.6-13.75)
rs2924566 PG 15 46056053 G A .55 .25 4.17x107%  3.86 (2.88-5.18)
1s4775730 PG 15 46087470 T C .52 .78  3.56x107% .26 (.2-.36)
rs11637235 PG 15 46420445 put Int C T .66 35 6.09x107%  3.44 (2.6-4.54)
rs9788730 PG 15 46098702 A C .65 .89 3.87x107* .23 (.17-.33)
rs10519170 PG 15 46473467 A G .57 .81 1.16x 107" .3 (.22-.41)
1s2965317 PG 15 46049012 C T .33 13 2.44x107"  3.65 (2.58-5.17)
rs2965318 PG 15 46051787 T G .33 A3 4.43%x107" 3.4 (2.44-4.73)
rs16960541 PG 15 46157395 G T .83 .96 1.70x 107 .16 (.1-.27)
rs1820489 PG 15 46472393 C T 41 .19 8.09x107*  2.98 (2.2-4.05)
rs7164700 PG 15 46097633 G A .8 .95  1.04x107* .22 (\14-.34)
rs16960682 PG 15 46306954 SLC12A1 Int G C 84 .97 1.14x10°" .16 (.09-.27)
rs2413890 PG 15 46313654 SLC12A1 Int G T 45 .23 1.07x10"  2.55 (1.92-3.38)
rs16891982 PG 5 33987450 SLC45A2 Nonsyn C G .97 .83 3.21x107"  4.86 (2.88-8.21)
rs16960451 PG 15 46069778 C T .81 .95  4.96x107" .28 (.18-.42)
rs2924567 PG 15 46055778 G T 82 .67 1.74x107'°  2.54 (1.89-3.42)
5569356377 PG 15 46157464 A G .89 .98 3.13x107% .13 (.06-.27)
1s4775727 PG 15 46067503 A T 84 .95 3.91x107" .25 (.16-.4)
1s2924572 PG 15 46039330 T A .22 .08 3.98x107"  3.23 (2.18-4.77)
rs1042602 (& 11 88551344 TYR Nonsyn C A 96 .84  4.48x 107"  4.36 (2.64-7.2)
rs7170781 PG 15 48180287 ATP8B4 Int C G .54 .73 8.85x107%° .45 (.35-.59)
rs1869454 PG 15 46080741 C T .84 .95 1.33x107° .26 (.17-.42)
1s16960450 PG 15 46069520 C T .83 94 1.49x10°° .27 (\17-.42)
1$4774527 PG 15 46971973 SHC4 Int G A .8 .63 1.73x10°° 2.34 (1.76-3.12)
rs16960434 PG 15 46062007 G C .83 94 1.77x10°° .27 (\17-.43)
rs1531916 PG 15 46313563 SLC12A1 Int G A .35 .18 2.69x10°° 2.4 (1.78-3.25)
1s504376 PG 15 45957669 C G .59 4 2.96x107° 2.21 (1.68-2.89)
rs16960453 PG 15 46070428 C G .85 .95 3.07x10°° .27 (.17-.43)
15494230 PG 15 45903689 T C 42 .61  3.60x10°° .47 (.36-.61)
rs12295166 PG 11 88615805 TYR Int T C 95 .77 4.81x10°° 2.84 (1.93-4.17)
rs1843144 PG 15 46311814 SLC12A1 Int G C .34 .18 5.85x10°° 2.35 (1.74-3.17)
rs4774557 PG 15 48220992 T C .55 73 6.47x10°° .47 (.36-.61)
rs1912640 PG 15 45774265 T C .27 .11 7.53x107° 2.57 (1.84-3.61)
rs4775728 PG 15 46078857 C G .87 .95  9.04x10°° .24 (.15-.41)
5569356376 PG 15 45998012 G A 91 98  1.12x10°® .19 (.1-.35)
rs1872304 PG 15 46446080 A G 45 .28  1.95x10°® 2.16 (1.64-2.86)
rs11854994 PG 15 46986684  SHC4, DUT Int G A .69 51 2.32x10°8 2.07 (1.59-2.69)
15784416 PG 15 46800217 G C 22 .1 2.57x10°° 2.68 (1.86-3.86)
rs16961610 PG 15 46847375 CEP152 Int G T .79 91 2.74x10°% .36 (.25-.53)
rs16960843 PG 15 46454117 A G .85 .97 3.28x10°® .27 (.17-.45)

 rs or ss identifier in dbSNP.

b

¢ Chromosome base position in NCBI build 36.2.
¢ Gene symbol from Entrez Gene.

PG = SNP selection based on pooled genotyping results. CS = candidate SNP.

¢ Int = intronic; nonsyn = nonsynonymous; up = within 10 kb of the transcriptional start site.

f Frequency of allele 1 in the reflectance groups of cohort 1.

9 0dds ratios (ORs) and 95% CIs for allele 1 are shown. The OR is the ratio of the likelihood of an individual being in the low-reflectance group

to the likelihood of being in the high-reflectance group.

Replication of Associations in Cohort 2

All of the 42 genomewide-significant SNPs in cohort 1
were individually genotyped with an independent repli-
cate population of 235 individuals (cohort 2). After qual-
ity filters were applied, genotypes of the 42 SNPs in 115
H and 116 L individuals were used in the association
analysis, where single-SNP likelihood-ratio tests were per-
formed in the same manner as were those for cohort 1. A
majority of the associated SNPs, 32 (76%) of 42, yielded

P values with a significance threshold of <.05 (table 5).
These included the nonsynonymous polymorphisms in
TYR and SLC45A2, as well as 30 SNPs in the 2.4-Mb region
on chromosome 15. As was seen in cohort 1, the most
significant association among these SNPs in cohort 2 was
for rs1834640 on 15g21.1, with P = 3.28 x 10" and a
36% allele-frequency difference between the high- and
low-reflectance groups. Treating the two cohorts as a sin-
gle population of 968 individuals in the association anal-
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ysis, instead of independently, yielded different statistical
conclusions for only four SNPs, the intronic TYR SNP
rs12295166 and three chromosome 15 SNPs, which show
genomewide significance in the joint analysis but failed
to reach statistical significance by the previous analysis
(table 5).

Independent Associations on Chromosome 15 in the Vicinity
of SLC24A5

To determine whether the large number of SNP associa-
tions observed within the 15gq21.1-21.2 region were due
to the presence of multiple independently associated
SNPs or to one association having a large effect, we in-
dividually genotyped a dense set of SNPs within this re-
gion for cohort 2. The range for SNP selection was ex-
tended by 0.25 Mb in both directions from the boundaries
established by significant cohort 1 associations in the re-
gion—that is, from positions 45,524,265 to 48,470,992 on
chromosome 15. A total of 408 SNPs were successfully
assayed, and association test results for this set of SNPs
revealed several other significant associations across the
region (table 6 and fig. 3). The most significant association
in this region was observed for rs1426654, a nonsynon-
ymous polymorphism (p.A111T) in SLC24AS, with P =
1.06 x 107" and a 39% allele-frequency difference be-
tween the high- and low-reflectance groups. This SNP is
in strong linkage disequilibrium with the most significant
SNP from the genomewide scan, rs1834640 (R* = 0.93),
indicating that the two probably represent a single asso-
ciated locus.

Furthermore, by performing an association analysis con-
ditional on the genotypes of rs1426654 in cohort 2, we
observed that none of the other SNPs rise above the Bon-
ferroni threshold for significance of conditional associa-
tion in the region (@ = 0.05/407 = 1.23 x 10°*) (fig. 3 and
table 6). When the conditional analysis was performed in
reverse, by evaluation of the association of rs1426654 in
cohort 2 conditional on each of the other 407 SNPs in
this region in turn, the rs1426654 association was found
to be significant at the genomewide level (P<3.3 x 107%)
for all SNPs but rs1834640, with which it is in the strongest
linkage disequilibrium (P = .003 for association of skin
reflectance with rs1426654 conditional on rs1834640;
P = .73 for association with rs1834640 conditional on
rs1426654). Thus, the data are consistent with the exis-
tence of a single strong primary association at rs1426654
in the SLC24AS5 gene, and the multiplicity of apparent
single-SNP associations in this region can be explained by
the pattern of linkage disequilibrium with this SNP (fig.
3). Because of the lack of genomewide individual geno-
typing data for a South Asian population, we are unable
to compare the extent of linkage disequilibrium in this
region with that in the rest of the genome. Of the 407
SNPs genotyped in this region, only rs1834640 is in high
linkage disequilibrium with rs1426654 (R*>0.9), and 3
more SNPs are in moderate linkage disequilibrium (R*>

0.5) (fig. 3). Although we cannot rule out other associa-
tions of small effect within this chromosomal region, the
evidence points strongly to a single association of large
effect size, located at or in strong disequilibrium with the
nonsynonymous SNP rs1426654 within SLC24AS5.

Dominance and Interactions among Three Nonsynonymous
Polymorphisms

The single-SNP association analyses with cohorts 1 and 2
identified three nonsynonymous polymorphisms in three
genes—rs1426654 (p.A111T) in SLC24AS, rs16891982
(p.L374F) in SLC45A2, and rs1042602 (p.S192Y) in TYR—
that show genomewide significance for association with
skin pigmentation, on the basis of a multiplicative model
of risk. Under a simple additive allele-risk model, the
squared correlation (R*) between the dichotomously de-
fined skin-reflectance trait and the genotypes is directly
related to the fraction of the variance of skin reflectance
accounted for by each SNP. The primary associated SNP,
rs1426654 in SLC24AS, has the largest effect on skin re-
flectance of the three SNPs, with R* = 0.33, compared with
R? = 0.036 for rs16891982 in SLC45A2 and R* = 0.025 for
rs1042602 in TYR.

We examined whether there is evidence within the co-
hort 2 data of deviations from a multiplicative model of
risk, such as a dominance effect or interactions among the
loci. We have very good power to detect dominant or
recessive inheritance for rs1426654, which has a high mi-
nor-allele frequency (49% in the L group and 10% in the
H group) and a very large effect on skin reflectance. How-
ever, our power to detect deviations from additive inher-
itance for the other two SNP associations is much lower
because of the smaller size of their effect. Likelihood-ratio
tests were used to assess the significance of an added dom-
inance term, but none of the tests showed significant de-
viations from multiplicative risk (P = .58 for rs1426654,
P = .20forrs16891982, and P = .91 forrs1042602), which
provides no evidence to support dominant or recessive
inheritance for any of the three SNPs.

We next explored whether the three SNPs collectively
explain more of the trait than does the combination of
their single-SNP associations. Interactions were modeled
within the framework of logistic regressions by adding in-
dicator variables corresponding to specific genotype com-
binations for pairs of SNPs. We tested each of the three
pairs separately and found no evidence for pairwise in-
teractions (rs1426654-rs16891982, P = .77; rs1426654-
rs1042602, P = .38; rs16891982-rs1042602, P = .12). There-
fore, our data are most consistent with a simple model
for skin pigmentation comprising additive contributions
from alleles at the three associated nonsynonymous poly-
morphisms. Because our study design used the tails of the
skin-reflectance distribution, we cannot directly deter-
mine the overall fraction of the trait variance in the pop-
ulation that is accounted for by the associated SNPs. Nev-
ertheless, it is evident that these three markers collectively
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Table 5. Results for Associated SNPs in Cohort 2

Frequency®

Joint

SNP* Chromosome  Position® Gene(s)  Function® L H P OR (95% CI)f Cohort P°

rs1834640 15 46179457 .51 .87 3.28x10°" .01 (.00-.04) 3.39x 10 %
rs11070627 15 46258816 MYEF2 Up .31 .06 1.49x107"°  54.67 (13.08-228.52) 6.63x10°“
rs12913316 15 46275146 31 .06 2.30x 107"  46.44 (11.57-186.35) 3.18 x 10~ “
rs16960682 15 46306954 SLC12A1 Int .85 .97 2.32x107° .02 (.00-.12) 1.46x 107"
1s4775730 15 46087470 .52 77 4.40%x107° .14 (.06-.34) 2.10x107*
rs2924566 15 46056053 51 .25 6.25x107° 6.84 (2.84-16.47) 7.65x10°%
rs9788730 15 46098702 .68 .88 7.30x10°° .09 (.03-.27) 6.84 x 107
rs11854994 15 46986684  SHC4, DUT Int 72 48 1.36x107° 6.41 (2.67-15.39) 2.65x10° "
154774527 15 46971973 SHC4 Int .84 .63 1.76 x10° 8.11 (2.96-22.2) 4,09 x 107
rs7164700 15 46097633 .8 94 1.81x107° .05 (.01-.23) 3.07x10°'®
1s504376 15 45957669 .58 .38 5.90x107° 5.77 (2.36-14.09) 3.68x 107 %
rs16960541 15 46157395 .87 97 4.21x10°¢ .05 (.01-.32) 1.93x 10
152924567 15 46055778 .8 .64 9.62x107* 4.7 (1.83-12.05) 1.63x107"
rs11637235 15 46420445 but Int .59 42 1.00x10°° 4.17 (1.72-10.06) 2.53x10 %
rs2965318 15 46051787 .31 .16 2.10x107° 4.91 (1.73-13.9) 1.65x 107"
5569356377 15 46157464 .9 .97  2.35x10°° .06 (.01-.45) 1.73x10° "
rs2965317 15 46049012 .3 .15 3.50x10°° 4.79 (1.63-14.09) 1.97x 107"
rs16891982 5 33987450 SLC45A2 Nonsyn 94 .85 4.56x10°° 7.37 (1.76-30.96) 5.02x10°*
15784416 15 46800217 .21 11 4.83x10°° 4.66 (1.56-13.93) 5.05x 107"
rs10519170 15 46473467 .64 .76  6.84x107° .28 (.11-.72) 1.03x 107
rs1820489 15 46472393 .35 .24 6.98x10°° 3.59 (1.39-9.29) 3.71x10°"
1s2924572 15 46039330 .19 .09  1.09x10°° 5.02 (1.41-17.91) 1.85x 10"
151869454 15 46080741 .88 .95 1.22x107? .14 (.03-.68) 6.05x 107"
rs16961610 15 46847375 CEP152 Int .81 .89 1.32x10°° .25 (.08-.76) 2.80x10° %
rs16960450 15 46069520 .87 .95 1.98x10°? .16 (.03-.79) 1.00x 107"
rs1042602 11 88551344 TYR Nonsyn .94 .87 2.05x10°° 5.05 (1.23-20.74) 6.54 x 10 "
rs16960453 15 46070428 .88 .95 2.38x10°? .16 (.03-.82) 2.86x 107"
154775727 15 46067503 .87 94 2.59%x10°° .18 (.04-.84) 5.38x 107"
rs16960434 15 46062007 .87 94 2.88x10°° .18 (.04-.87) 2.78x 107"
154775728 15 46078857 .88 95  2.98x10°° .17 (.03-.88) 1.23x10°°
rs16960451 15 46069778 .86 94 3.04x10°° .24 (.06-.92) 9.01x107*
5569356376 15 45998012 91 96  4.65x10°° .17 (.03-1.01) 5.93x10°°
rs12295166 11 88615805 TYR Int .89 .81  8.26x10°° 2.25 (.89-5.68) 1.94x107°
$494230 15 45903689 49 .6 8.44x 1077 49 (.22-1.11) 6.24 x 101
rs2413890 15 46313654 SLC12A1 Int RA .31 1.85x 107" 1.77 (.76-4.14) 6.55x 107"
rs1912640 15 45774265 .17 .19 3.47x107° .58 (.18-1.83) 4.64x10°°
151843144 15 46311814 SLC12A1 Int 3 24 4.23x107" 1.44 (.59-3.49) 1.26 x 1077
154774557 15 48220992 .61 62 4.79%x10°" .74 (.33-1.69) 6.20x 10°®
rs7170781 15 48180287 ATP8B4 Int .61 .63 5.04x 107" .76 (.34-1.71) 1.12x 1078
rs1872304 15 46446080 .38 .36 5.60x10°" 1.28 (.55-2.99) 3.89x 1077
rs1531916 15 46313563 SLC12A1 Int .29 24 6.71x107" 1.22 (.49-3.02) 1.67 x 1077
rs16960843 15 46454117 .9 91 9.46x107" .95 (.24-3.79) 1.55x10°°

* rs or ss identifier in dbSNP.
® Chromosome base position on NCBI build 36.2.

¢ Gene symbol from Entrez Gene.
d

¢ Frequency of allele 1 in the reflectance groups of cohort 2.

Int = intronic; nonsyn = nonsynonymous; up = within 10 kb of the transcriptional start site.

f 0dds ratios (ORs) and 95% CIs for allele 1 are shown. The OR is the ratio of the likelihood of an individual being in the low-reflectance

group to the likelihood of being in the high-reflectance group.
9 P value for the combined analysis of both cohorts.

account for a large fraction of the wide variability of skin
pigmentation within South Asians.

Discussion

This is the first genomewide association study, to our
knowledge, to investigate the genetic determinants of nor-
mal skin pigmentation within a human population. With
the use of objective quantitative measurements of mela-
nin content, our study clearly identifies three loci—TYR,

SLC45A2, and SLC24A5—that contribute to the natural
variation in skin pigmentation within a South Asian pop-
ulation. Within each of these genes, we found polymor-
phisms that met genomewide significance on association
tests, with the associations replicated in a second South
Asian cohort. The contributions of these polymorphisms
to skin pigmentation were found to be independent and
additive across genes, with no evidence of dominant or
recessive effects at any of these loci. Collectively, these
three genes account for a large fraction of the wide, nat-
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Table 6. Association Test Results for a 2.4-Mb
Region on Chromosome 15 for Cohort 2

The table is available in its entirety in the online
edition of The American Journal of Human Genetics.

urally occurring variation in skin pigmentation in South
Asians.

Strikingly, our primary associated SNP in SLC24A5 may
explain >30% of the variance of the dichotomously de-
fined skin reflectance in our study population. As a result
of the interplay between the strength of this single-SNP
association and linkage disequilibrium with SNPs in its
vicinity, several other significant associations were ob-
served in a 2.4-Mb region on chromosome 15g21. Al-
though we cannot completely exclude the possibility that
multiple real independent associations exist in this chro-
mosomal 15 region, our conditional analysis shows un-
ambiguously that the association signals on all SNPs in
the region are far less significant than those for the pri-
mary associated SNP in SLC24AS.

This is also one of the first genomewide association stud-
ies to focus on a South Asian population. This population
is known to be highly genetically diverse, and, because
ancestry is known to be highly confounded with skin pig-
mentation, the treatment of population structure was cru-
cial to our association analysis. Our analysis of population
structure was based on the individual genotypes of 968
individuals with 292 unlinked SNPs. Notwithstanding the
limitations imposed by the size of this data set on the
detection of structure,*® the results for these 292 SNPs in-
dicated that we were able to adequately correct for strat-
ification. It is encouraging that, despite the use of a study
population that is genetically diverse and a trait that is
strongly confounded with ancestry, we were able to detect
three true SNP associations.

At the time of this study, mutations in two of these
genes, TYR and SLC45A2, were known to be involved in
different forms of oculocutaneous albinism (OCA1 [MIM
203100] and OCA4 [MIM 606574]),*°° yet their contri-
bution to the normal range of skin pigmentation between
and within populations was just beginning to be studied.
The remaining locus, SLC24AS5, which displays the largest
genetic effect on pigmentation status in the South Asian
population studied here, was an unknown pigmentation
gene during our study. The SLC24A5 gene has since been
shown to play an important role in pigmentation, because
a mutation in this gene was identified as the genetic basis
of the hypopigmentation phenotype in golden zebrafish.*
During the past few years, several candidate-gene admix-
ture studies on a cohort of African Americans and African
Caribbeans has shown that the same three nonsynony-
mous polymorphisms that we found in our South Asian
cohort—rs1042602 in TYR, rs16891982 in SLC45A2, and
151426654 in SLC24A5—are significantly associated with
melanin content measured by reflectometry.'*?****When
taken together with the results of our study, the evidence

is compelling that these three loci are a large component
of the genetic influence of constitutive pigmentation in
these diverse populations.

The importance of these three particular SNPs—
rs1042602in TYR, rs16891982 in SLC45A2, and rs1426654
in SLC24A5—to skin-pigmentation variation within other
populations is likely to be highly variable across the globe.
All three of the SNPs are essentially monomorphic in Af-
rican and East Asian populations and thus are unlikely to
contribute significantly to skin-pigmentation variation
within those groups.'*?*?3° For populations of European
ancestry, the contributions of these three SNPs to intra-
population skin-pigmentation variation are quite distinct
from each other. The SLC24A5 SNP rs1426654 is nearly
fixed for one allele in all European groups.'"'#?>?%3%5! In
comparison, the TYR SNP rs1042602 is highly polymor-
phic in all European populations, but, despite its vari-
ability, previous studies found that this SNP was not sig-
nificantly associated with skin-reflectance measurements
in a white population.'**"?** In contrast to the TYR SNP,
the SLC45A2 SNP rs16891982 displays a gradient of in-
creasing minor-allele frequency in European populations
from north to south'®**** and has been significantly as-
sociated with subjectively measured skin color in a pop-
ulation of European ancestry." It is important to distin-
guish the involvement of these three particular SNPs in
skin-pigmentation variation within populations from the
potential contribution of the three loci (TYR, SLC24A4,
and SLC45A2). For example, two functional promoter var-
iants and another nonsynonymous polymorphism in
SLC45A2, rs26722 (p.E272K), have also been significantly
associated with subjectively measured skin color in a pop-
ulation of European ancestry.”” Whereas the promoter var-
iants in SLC45A2 were not included in our study, rs26722
was assayed in the present study but showed weaker evi-
dence of association with skin-reflectance measurements
in our South Asian population (joint cohort association
P = .02), as compared with the significantly associated
rs16891982 SNP.

Other genes have been implicated either directly or in-
directly with pigmentation-related traits in previous work.
Several reported associations are based on the examina-
tion of markers in pigmentation candidate genes for allele-
frequency differences between populations with known
skin-pigmentation differences''~'**! or are associations
with a different qualitative measure of pigmentation,
such as the Fitzpatrick skin type and subjective classifi-
cation of skin color by visual assessment,*** all of which
make direct comparisons with our results difficult. In con-
trast, other associations reported for skin pigmentation
used quantitative measures of reflectance similar to those
in our study'”'*?"*?*% therefore, our results can be com-
pared directly with those studies. A modest association
has been found between skin pigmentation from reflec-
tance measurements for SNP rs1800404 within the gene
OCAZ2?" in an African American population (P = .01). Al-
though rs1800404 was not assayed in our study, the closest
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Figure 3. Association signals, linkage disequilibrium, and genes in the region 45,524,265-48,470,992 on chromosome 15q21. Negative
log,, association P values (found by logistic regression and likelihood-ratio tests) are displayed for cohorts 1 and 2 and for an analysis
conditioned on rs1426654 in cohort 2. The R? value between each SNP genotyped in the region and the primary associated SNP rs1426654
is also displayed. The SNPs rs1834640 and rs1426654 show the strongest associations in cohort 1 and cohort 2, respectively. Red
horizontal lines are drawn at the Bonferroni-corrected significance threshold for the genomewide scan (a = 0.05/1,502,205 =
3.3 x 107®) for cohort 1 and 2 associations. In the association analysis conditional on rs1426654, no SNPs met a significance level
that would correct for the number of SNPs in the region (o = 0.05/407 = 1.23 x 10~*). This figure was made using the Generic Genome

Browser.”” Chr = chromosome.

OCA2 SNP that was included in our study, rs1037208, lo-
cated 4,414 bp from rs1800404, yielded the most signifi-
cant joint cohort association P value (P = 5.6 x 107°%) of
several OCA2 SNPs that we assayed with individual ge-
notyping. On the basis of International HapMap data for
the CEU sample (Utah residents with ancestry from north-
ern and western Europe),” these two SNPs are in modest
linkage disequilibrium with one another (R*> = 0.35). Al-
though we cannot establish beyond a doubt that these
two SNPs correspond to a single locus in our population,
itis quite plausible that they are highly correlated in South
Asians; therefore, our results may support the prior asso-
ciation of OCA2 and skin pigmentation. Another study
found an association with skin reflectance in a Tibetan
population under an epistatic model (P = .01) for a pair
of SNPs in OCA2 and MCIR"—rs12910433 and a non-
synonymous polymorphism, rs2228479 (p.V92M), re-
spectively. Both these SNPs were individually genotyped
in cohort 1 in our study, and, whereas the OCA2 SNP
rs12910433 showed no evidence of association (P = .3),
the MCIR SNP rs2228479 had the lowest P value (P =
6.8 x 10™*) of several MCIR SNPs that were individually
genotyped. There is no evidence of interactions between

these two SNPs in our study population (P = .91). Lastly,
one SNP in the 3’ UTR of the ASIP gene, rs6058017, has
been associated with darker skin color in female African
Americans'® (P<.001). This SNP was included in our
pooled study but showed no allele-frequency difference
between the low- and high-reflectance groups (|Ap| =
0.008), and attempts to individually genotype this SNP in
cohort 1 were unsuccessful. Since the previous association
showed significant association with only female, but not
male, skin pigmentation, our pooled genotyping strategy
that used mixed sexes would not have the power to find
such an association.

It is important to note that the application of a very
strict Bonferroni correction of 1,502,205 independent tests,
combined with the pooled genotyping design, greatly re-
duces the power of this study to detect real SNP associa-
tions with small effects on skin pigmentation; thus, it is
possible that loci other than TYR, SLC45A2, and SLC24A5
may affect skin-pigmentation variation within the South
Asian population. Furthermore, as was mentioned earlier
in this discussion, several studies comparing allele fre-
quencies of candidate skin-pigmentation SNPs across
multiple global populations present evidence supporting
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an independent genetic mechanism for the lighter skin
pigmentation of East Asians that is distinct from genetic
factors influencing lighter pigmentation in Europeans.'>
%25 Therefore, it is likely that loci other than the three
identified in this study influence skin pigmentation in
other global populations.
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