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Abstract Pigmentation is a complex physical trait with
multiple genes involved. Several genes have already been
associated with natural differences in human pigmentation.
The SLC45A2 gene encoding a transporter protein
involved in melanin synthesis is considered to be one of the
most important genes affecting human pigmentation. Here
we present results of an association study conducted on a
population of European origin, where the relationship
between two non-synonymous polymorphisms in the
SLC45A2 gene — 1526722 (E272K) and rs16891982
(L374F) — and different pigmentation traits was exam-
ined. The study revealed a significant association between
both variable sites and normal variation in hair colour.
Only L374F remained significantly associated with hair
colour when both SNPs were included in a logistic
regression model. No association with other pigmentation
traits was detected in this population sample. Our results
indicate that the rare allele L374 significantly increases the
possibility of having black hair colour (OR = 7.05) and
thus may be considered as a future marker for black hair
colour prediction.
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Introduction

Pigmentation is a complex trait that is mostly under genetic
control. Differences in pigmentation were for many years a
subject of research conducted in evolutionary biology and
dermatology (Jablonski 2004; Rees 2004). These studies
addressed many important issues, such as mechanisms of
pigment formation, the role of pigment in the evolution of
modern humans, its role in protection against UV light and
in vitamin D synthesis, as well as cancer susceptibility
associated with pigmentation status. Differences in pig-
mentation are mostly dependent on melanin, a high-
molecular-weight polymer synthesised in melanocytes
from a tyrosine precursor. The brownish-black form known
as eumelanin is present in higher concentrations in indi-
viduals with darker pigmentation, whilst reddish-yellow
pheomelanin is present in exceptionally high concentra-
tions in individuals with red hair colour and fair skin (Rees
2003). Melanin is packaged into melanosomes, which, in
the case of skin and hair, are passed from melanocytes to
keratinocytes, which form basal and parabasal layers of the
epidermis or build the shaft of the hair. It is presumed that
similarly to the mouse species model, more than 120 genes
are involved in determination of the significant variation
that exists among humans in eye, hair, and skin coloration
(Bennett and Lamoreux 2003). Until now, only a fraction
of human pigment-related genes have been identified,
mainly due to their DNA sequence homology with mouse
pigmentation genes. Several genes have been found to
strongly affect melanin synthesis (Rees 2003). Many of
their variants may cause serious pigmentation disorders,
but at the same time other polymorphisms may be involved
in physiological pigmentation variation. MCIR has been
the subject of the most thorough studies, but initial results
have also been replicated in various populations for such
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genes as ASIP, OCA2, and SLC45A2 (Rees 2004; Kanet-
sky et al. 2002; Rebbeck et al. 2002; Frudakis et al. 2003;
Bonilla et al. 2005; Duffy et al. 2007; Branicki et al. 2008;
Graf et al. 2005; Fernandez et al. 2008). The MCIR gene is
one of the major pigmentation genes. Genetic variation of
the MCIR exon is very high among Europeans and mar-
ginal in Africans (Harding et al. 2000; Savage et al. 2008).
Interestingly, R163Q MCIR polymorphism is present in
about 75% of Asians, while it is relatively rare in other
studied populations (in Poland allele 163Q is characteristic
for approximately 4% of the population) (Branicki et al.
2007). This phenomenon may be explained by a bottleneck
effect in Asia. Some allelic variants of the MCIR gene are
significantly associated with the overproduction of pheo-
melanin and therefore red hair and fair skin colour (Rees
2003). Most studies are in agreement that MCIR is
involved in malignant melanoma and basal cell carcinoma
(e.g., Pastorino et al. 2004; Kanetsky et al. 2006; Brudnik
et al. 2008). It is postulated that a product of the ASIP gene
may antagonize MCIR receptor activation (Voisey and
Van Daal 2002). Indeed, the polymorphism in the 3’-UTR
of the ASIP gene at position 8818 has been associated with
darker pigmentation in humans; thus, involvement of the
ASIP gene in melanogenesis seems to be very likely
(Kanetsky et al. 2002; Bonilla et al. 2005). Pathogenic
mutations in the OCA2 gene are responsible for one of the
most common forms of oculocutaneous albinism in humans
(Oetting et al. 2005). OCA2 was also linked to natural
differences in skin colour (Akey et al. 2001) and soon
became considered as a major gene involved in determi-
nation of iris colour (Rebbeck et al. 2002; Frudakis et al.
2003; Duffy et al. 2007). The latest studies indicate that a
significant amount of variation in eye colour is explained
by an interplay between OCA2 and the gene HERC2,
which is located in its neighbourhood (Kayser et al. 2008;
Sturm et al. 2008). Recent genome-wide association stud-
ies (GWAS) confirmed an important role of the above-
mentioned and other known pigmentation genes, and also
revealed additional loci and polymorphisms involved in
human pigmentation (Sulem et al. 2007, 2008; Han et al.
2008). For example, additional polymorphisms within
ASIP were found to be significantly associated with
freckles, skin sensitivity, and hair colour, and TPCN2 was
discovered as a new gene with significant contribution to
pigmentation variation in humans (Sulem et al. 2008). It is
noteworthy that the product of this latter gene is involved
in calcium transport similarly to other known pigmentation
genes SLC24A4 and SLC24AS. SLC45A2 has also been
proved to have significant impact on pigmentation in
humans. The product of this gene functions as a membrane
transporter and is involved in melanin production. For-
merly known as AIM or MATP, SLC45A2 has been widely
investigated in medical and evolutionary genetics. These

studies enabled association of the SLC45A2 with one of
the most frequent forms of albinism in Japan (Inagaki et al.
2004). Various studies have also shown evidence for
positive selection in the SLC45A2 locus (Yuasa et al 2006;
Soejima et al. 2006; Sabeti et al. 2007; Lao et al. 2007).
Moreover, the SLC45A2 gene has been suggested as a
useful marker for ancestry inference (Yuasa et al. 2004).
Interestingly, Graf et al. (2005) disclosed that some exonic
polymorphisms within this locus are associated with nat-
ural differences in human pigmentation. That initial finding
has recently been confirmed in other population-associa-
tion studies (Han et al. 2008; Fernandez et al. 2008).

The knowledge concerning genetic determinants of
pigmentation is growing rapidly and soon may find some
important applications for cancer prevention as well as in
forensic science for the prediction of human characteristics.
Nowadays, red hair phenotype is being predicted using
assays that rely on examination of the single MCIR gene,
and this allows correct inference in more than 90% of cases
(Grimes et al. 2001; Branicki et al. 2007). Future assays
ought to be more relevant in this matter as they should take
into account differences that have been noticed in red hair
colour inheritance for various populations and perhaps
encompass analysis of additional genes (Pastorino et al.
2004). Studies that have disclosed the significance of the
HERC2 and OCA?2 genes in iris colour inheritance are also
a milestone towards eye colour prediction (Rebbeck et al.
2002; Frudakis et al. 2003; Kayser et al. 2008; Sturm et al.
2008).

This paper presents results of an association study car-
ried out on a population of Europeans living in Poland.
Association was examined between two missense poly-
morphisms within the SLC45A2 and skin type as well as
hair and eye coloration.

Materials and methods
Samples

The study was approved by the Ethics Committee of the
Jagiellonian University in Krakow. The examinations
encompassed 392 unrelated Europeans living in the area of
southern Poland who signed a written consent for use of
their DNA in scientific research. Following sample col-
lection (buccal swabs), a detailed phenotype examination
was performed by a single dermatologist. The data inclu-
ded gender, age, eye colour (blue/grey, green, hazel,
brown/black), hair colour (red, blond, dark blond/brown,
auburn, black) and skin colour (fair including subjects with
I or II phototype and dark including subjects with III or IV
phototype according to the Fitzpatrick scale) (Fitzpatrick
1988).
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Genotyping

DNA was extracted with the organic or silica-based
method and quantified using the fluorimetric method as
described elsewhere (Branicki et al. 2008). Samples were
then subjected to multiplex PCR amplification using a
Qiagen Multiplex PCR kit (Qiagen, Hilden, Germany). The
total reaction volume was 10 pl, and the reaction mixture
consisted of 5 pl of Qiagen Master Mix, about 1-10 ng of
template DNA, primer premix (final concentration
0.125 puM for each primer), and DNase free water. Primers
for rs26722 were according to Yuasa et al. (2004) (for:
AGAGGTTGCAAAGGGCATTC and rev: CCCATGAA
ACTCTTCTCGTCAA) and for rs16891982 according to
Inagaki et al. (2004) (for: AGAGGTGGAGAAGCAGA
GTG and rev: GAAGACATCCTTAGGAGAGAG).
Thirty-two amplification cycles were applied using a tem-
perature profile as recommended by the PCR kit producer
and annealing temperature set at 58°C. A total of 5 ul of
PCR products was used for evaluation of the PCR effi-
ciency, and the remaining 5 pl was purified using an
ExoSap IT kit (Amersham Pharmacia, Freiburg, Germany).
The purified PCR products were then subjected to min-
isequencing using a developed multiplex SNaPshot
protocol. Extension reactions were composed of 2 pl of
SNaPshot mix, 1 pl of extension primer premix, 1 pl of
purified PCR product, and DNase free water up to 10 pl
(Applied Biosystems, Foster City, CA). The extension
primer sequences and final concentrations were as follows:
1s26722:  GTCTGACAAGTACGAGTATGGTTCTATC
(0.5 pM), rs16891982: AAGTCTGACAAGGAAAACAC
GGAGTTGATGCA (0.25 uM), where the underlined
fragment is a target sequence and the remaining part is a
universal tail. Products of minisequencing reactions were
purified with SAP enzyme (Fermentas, Vilnius, Lithuania)
and analysed on an ABI 3100 Avant genetic analyser with
the appropriate protocol for SNP analysis. All amplification
and minisequencing reactions were carried out on a
GenAmp 9700 thermocycler (Applied Biosystems, Foster
City, CA).

Statistical analyses

The obtained genotyping data were tested for agreement
with Hardy—Weinberg expectations using the exact test,
and the degree of linkage disequilibrium between the two

analysed SNPs was evaluated with the permutation test
using the EM algorithm as implemented in Arlequin soft-
ware 3.1 (Excoffier et al. 2005). The analysed positions
were subjected to analysis for their association with dif-
ferent pigment traits using the y* test, and then the odds
ratio effect of SLC45A2 gene variants on hair colour was
evaluated, and a logistic regression model including both
the SNPs was built, in all cases with the help of the SPSS
12.0 computer program.

Results and discussion

The studied population consisted of 238 females and 154
males of European origin. Fair skin (phototype I or II) was
characteristic for 44.1% of individuals, while 55.9% of
individuals had darker skin colour (phototypes III and IV).
Most of the individuals (55.6%) were classified in a group
of blue/grey iris colour, 11.7% had green, 20.9% hazel, and
11.7% brown eye colour. The most frequent hair colour
was dark blond/brown (46.9%) and then blond (15.8%),
black (12.8%), auburn (3.1%). The population sample was
overrepresented by red-haired individuals (21.4%).

We studied two non-synonymous positions (rs26722 and
rs16891982) within gene SLC45A2. The SLCA45A2 is
located on chromosome 5 (5p13.3) and contains seven
exons spanning a region of approximately 40 kb and
encodes a 530 amino-acid protein that is supposed to have
12 transmembrane domains. It has been shown that the
mouse homolog is involved in processing and intracellular
trafficking of tyrosinase, one of the crucial enzymes
required for melanin synthesis (Costin et al. 2003). The
examined polymorphisms were located in exons 3 and 5
and refer to amino-acid changes E272K and L374F,
respectively. Both studied SNPs were found to be in HW
equilibrium (Table 1). The population frequencies for both
SNPs were similar to those characteristic for other popu-
lations of European descent (Table 1). In a large population
study, Yuasa et al. (2006) showed that in the case of L374F
substitution, Germans had a significantly higher frequency
of the 374F allele than French and Italians. Our study
indicates that the Polish population sample is very similar
to the German sample in this respect, as the frequency of
the 374F allele was estimated at 0.977 for Poles compared
to 0.965 for Germans (Yuasa et al. 2006). Various studies
confirmed significant differences in frequencies of this

Table 1 The investigated SNPs, allele frequencies, and results of HW test

GenBank ID Amino-acid change Gene location Nucleotide substitution and frequency HW (P value)
1s26722 E272K Exon 3 G = 0.985 A =0.015 1.0
rs16891982 L374F Exon 5 G = 0.023 C =0977 0.18
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allele among various ethnic groups (Graf et al. 2005; Yuasa
et al. 2006; Soejima et al. 2006). Yuasa et al. (2004) ana-
lysed polymorphisms in Germans and Japanese and
proposed the rs16891982 to be a useful marker for ancestry
inference. The population frequency of the minor 272K
allele was found to be slightly lower in the Polish popu-
lation sample compared to the German population (0.015
and 0.033, respectively) (Yuasa et al. 2006).

An increased proportion of allelic variants L374 and
272K was found in individuals with black hair compared
with those with other hair colours (Table 2). The associa-
tion was stronger for the L374F variable site (}(2 = 18.792,
P < 0.0001) than for the E272K (y* = 9.298, P = 0.002).
Our results indicate that the rare allele L374 significantly
increases the possibility of having black hair colour
(OR = 7.05, 95% CI, 2.580-19.253). Odds ratio for the
272K was estimated at 5.32, 95% CI, 1.619-17.463. The
two analysed SNPs were found to be in extensive linkage
disequilibrium (> = 70.939, P < 0.000001), which
brought into question their independent influence on hair

Table 2 SLC45A2 variants and phenotypic features

Trait SLC45A2 variant

E272K L374F

E/E E/K or K/K F/F L/F or L/L
Gender
Male 147 (95.5%) 7 (4.5%) 146 (94.8%) 8 (5.2%)
Female 233 (97.9%) 5 (2.1%) 229 (96.2%) 9 (3.8%)
Age (years)
<30 60 (96.8%) 2 (3.2%) 60 (96.8%) 2 (3.2%)
30-39 31 (100%) 0 (0%) 29 (93.5%) 2 (6.5%)
40-49 42 (100%) 0 (0%) 42 (100%) 0 (0%)
50-59 57 (95%) 3 (5%) 55 (91.7%) 5 (8.3%)
60-69 72 (98.6%) 1 (1.4%) 71 97.3%) 2 (2.7%)
>70 118 (95.2%) 6 (4.8%) 118 (95.2%) 6 (4.8%)
Hair colour
Red 81 (96.4%) 3 (3.6%) 81 (96.4%) 3 (3.6%)
Blond 62 (100%) 0 (0%) 61 (98.4%) 1 (1.6%)
Dark blond/brown 180 (97.8%) 4 (2.2%) 179 (97.3%) 5 (2.7%)
Auburn 12 (100%) 0 (0%) 12 (100%) 0 (0%)
Black 45 90%) 5 (10%) 42 (84%) 8 (16%)
Eye colour
Blue or grey 214 (98.2%) 4 (1.8%) 211 (96.8%) 7 (3.2%)
Green 42 91.3%) 4 (8.7%) 43 (93.5%) 3 (6.5%)
Hazel 79 (96.3%) 3 (3.7%) 77 (93.9%) 5 (6.1)
Brown or black 45 (97.8%) 1 (2.2%) 44 (95.7%) 2 (4.3%)
Skin colour
Fair skin (I/II) 169 (97.7%) 4 (2.3%) 166 (96%) 7 (4.0%)

Dark skin (III/IV) 211 (96.3%) 8 (3.7%) 209 (95.4%) 10 (4.6%)

colour. Others also reported that these two SNPs were in
complete LD (Graf et al. 2005; Soejima et al. 2006).
Notably, only position L374F remained significantly
associated with hair colour when two SNPs were included
in a logistic regression model (P = 0.0087; OR = 8.4).
Moreover, Soejima et al. (2006) discussed that while the
L374 allele is ancestral, the 272K allele is derived and has
rather low frequency among Africans. Graf et al. (2005)
noticed that the frequency of the 272K allele characteristic
for the Australian Aborigine population was very similar to
the frequency estimated for the Caucasian population,
although these ethnic groups differ significantly in pig-
mentation phenotype. All these findings strongly support
the hypothesis that the action of the L374F is crucial for
variation in pigmentation in European populations, while
the 272K has been linked with pigment differences due to
tight LD observed between these two SNPs.

In the present study, x> testing for association between
L374F, E272K, and skin colour and eye colour did not
support any relationship. This is contrary to Graf et al.
(2005) as they found that these two SNPs were significantly
associated with skin, eye, and hair colour in Caucasians,
and the strongest relationship was noted for both skin and
hair colour. These results were recently replicated by oth-
ers. Han et al. (2008) found that rs16891982 (L374F) is
associated with hair and skin colour as well as tanning
ability. Fernandez et al. (2008) also observed that the L374
allele is linked with darker pigmentation and moreover
plays a protective role from malignant melanoma. This
unexpected partial discordance between our and other
results may be caused by difficulties with replication of
association studies. Such problems are commonly observed
(Gorroochurn et al. 2007) and may be explained by dif-
ferent factors, e.g., interpopulation differences in allele
frequency or LD structure, hidden population stratification,
or allelic heterogeneity (Neale and Sham 2004), as well as
interactions between genes (Moore 2003). Indeed, although
the numbers of analysed samples are similar in this study
and in Graf et al., the frequency of the minor allele L.374 is
lower in case of our population sample (0.023 vs. 0.066 in
Graf et al. 2005). Hence, the most possible reason for the
observed discrepancy is a lack of power to detect the
association with skin colour due to very low frequency of
the L374 allele in our population. Hair is understood as a
form of epidermis, and both hair and skin pigmentations
are similar processes involving pigment transfer from
melanocytes to keratinocytes (Rees 2003). Hence, it is not
surprising that in most cases black-haired individuals have
darker skin colour. However, association between dark hair
and dark skin colour is not a rule, and in case of the studied
population 16% of individuals had black hair and fair skin
(phototype II). This means that these two features must be
at least to some degree under control of different genes.
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Indeed, some studies have shown that different pigmenta-
tion genes may, to a varying degree, affect separate
pigmentation features. The MC1R gene, for example, has a
predominant role in red hair colour inheritance and is
considered to be a major gene involved in skin colour
variation. Numerous studies have negated involvement of
this gene in determination of iris colour variation (Branicki
et al. 2005). Initial data suggest that epistatic interactions
between different genes may also play an important role in
eventual determination of phenotypic features (Akey et al.
2001; Pastorino et al. 2004). Pastorino et al. (2004) sug-
gested that MC1R variants that are responsible for red hair
colour determination may be masked by other genes in
populations with darker pigmentation. However, in the
present study, 3.6% of red-haired individuals were found to
have the L.374 allele associated with darker pigmentation.
All of them had two MCIR alterations, which are consid-
ered as major function mutations strongly affecting
receptor performance (data not present). All these indi-
viduals had fair skin and blue eyes. This indicates a
predominant role of the MCIR gene.

Numerous mutations in the SLC45A2 have been asso-
ciated with strong melanin deficiency in humans, defined as
oculacutaneous albinism type 4; thus, its important role in
melanin synthesis is undisputable (Inagaki et al. 2004;
Rundshagen et al. 2004; Inagaki et al. 2006). So far, only
one exonic SLC45A2 variant has been confirmed to be
involved in normal pigment variation. Increasing attention
in genotype/phenotype association studies is, however,
being paid to gene regulatory regions. For example,
HERC?2 is supposed to influence eye colour by inhibition of
the OCA2 gene expression (Eiberg et al. 2008; Sturm et al.
2008). Han et al. (2008) suggested involvement of IRF4 in
hair colour, skin colour, and eye colour determination.
Interestingly, IRF4 encodes a transcription factor affecting
gene expression in response to interferon and other cyto-
kines. One study showed that polymorphisms in the
promoter region of the SLC45A2 gene are involved in
normal variation of human pigmentation. These polymor-
phisms were found not to be in LD with L374F, thus were
suggested to independently affect phenotypic features
(Graf et al. 2007). In that study the SLC45A2 promoter
positions were associated only with skin colour differences
and not with eye or hair colour. It is noteworthy that Han
et al. (2008) recently analysed both the exonic and pro-
moter SLC45A2 SNPs discovered by Graf’s team and
using multivariable analysis showed that only L374F
remained significantly associated with pigmentation.

The present study provided further evidence supporting
the previous findings of the significance of the rs16891982
(L374F) within the SLC45A2 gene in physiological vari-
ation of human pigmentation. In the studied population
sample of European ancestry, rs16891982 was found to be

@ Springer

significantly associated with hair colour. Further functional
studies are necessary to confirm that the L374F is indeed a
causal variant within the SLC45A2 gene.
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