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ABCB5 is a multidrug resistance (MDR) member of the ATP-binding cassette (ABC) superfamily of active
transporters and represents a marker for chemoresistant malignant melanoma-initiating cells. ABCB5
expression is closely linked to tumorigenicity and progression of diverse human malignancies, including
melanoma, and is functionally required for tumor growth. Here, we genotyped 585 melanoma cases and
605 age-matched controls for 44 ABCB5 tagging single nucleotide polymorphisms (SNPs) to span a region
covering 108.2 kb of the gene on the 7p21.1 locus. We identified three SNPs that were associated with
decreased melanoma risk in additive models: rs10231520 (OR: 0.83, 95% CI: 0.70–0.98), rs17817117
(OR: 0.82, 95% CI: 0.68–0.98), and rs2301641 (OR: 0.83, 95% CI: 0.69–0.98). Additionally, the
rs2301641 SNP was associated with non-red compared to red hair color (OR: 0.38, 95% CI: 0.14–1.03)
in controls. Twelve human melanoma cell lines were genotyped for the rs2301641 SNP, which encodes
a non-synonymous ABCB5 amino acid change (K115E). Functional studies revealed that the E form asso-
ciated with lower melanoma risk correlated significantly with decreased ABCB5 transport capacity
(P < 0.01) and increased melanin production (P < 0.05). Our results identify novel associations of the
ABCB5 K115E polymorphism with human pigmentation phenotype and melanoma risk and point to
potential functional roles of ABCB5 in melanomagenesis. Moreover, they provide a first example that
functional variation in a prospective cancer stem cell marker can be associated with disease risk for
the corresponding malignancy.

� 2013 Elsevier Inc. All rights reserved.
1. Introduction

The lifetime risk of developing malignant melanoma, a highly
aggressive and therapy-resistant skin cancer, escalates yearly and
increases more rapidly than in most adult onset cancers [1]. The
search for melanoma susceptibility genes originated with linkage
studies in familial melanoma cases that revealed primarily high
penetrance, low frequency genetic variants [2]. Genome-wide
studies on large cohorts of melanoma patients have also identified
several genes and polymorphisms of more common, low pene-
trance associated with an increased risk of developing melanoma.
While the majority of these identified polymorphisms are related
to pigmentation, reflecting the importance of gene/environment
interactions such as that of ultraviolet radiation, functionally rele-
vant proteins involved in melanoma progression have also served
as candidate genes for genomic analyses [3].

ABCB5, a multidrug resistance (MDR) member of the ATP-bind-
ing cassette (ABC) superfamily of active transporters [4], is highly
expressed in clinical human melanomas, with low expression in
normal skin [5,6]. In melanoma, ABCB5 marks malignant mela-
noma-initiating cells (MMIC), in which clinical virulence resides
as a consequence of unlimited self-renewal capacity, resulting in
inexorable tumor progression and metastasis [5,7–11]. Further-
more, ABCB5 is associated with clinical drug resistance, tumor
progression and disease recurrence in malignant melanoma
[5,6,8,10,12] and serves as an independent biomarker of disease
recurrence in this malignancy [13]. ABCB5(+) melanoma subpopu-
lations trigger tumorigenesis and promote neoplastic progression
through enhanced self-renewal and proliferative capacity [5].
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Preferential evasion of host antitumor immunity and vasculogenic
mimicry represent further mechanisms responsible for the en-
hanced tumorigenicity of ABCB5(+) melanoma subpopulations
[7,11]. Functionally, ABCB5 has been shown to serve as a drug ef-
flux transporter and drug resistance mediator in melanoma for
multiple chemotherapeutic compounds [14–16]. Additionally,
ABCB5 regulates tumor growth in a drug-transport independent
manner [16]. Consistent with the close association of ABCB5 with
the melanoma-initiating cell phenotype and its functional role in
regulating tumor growth, a germline MITF-activating mutation,
which increases MITF binding to the ABCB5 promoter and in-
creases ABCB5 expression, predisposes to melanoma, and is func-
tionally associated with increased tumor clonogenicity, migration
and invasiveness, as shown by Bertolotto and colleagues in 2011.
Based on the close association of ABCB5 with melanoma initiation,
progression and recurrence, and the functional role of ABCB5 in
regulating tumor growth, we hypothesized that genetically deter-
mined ABCB5 functionality correlates with melanoma risk.

Among single nucleotide polymorphisms (SNPs) of the ABCB5
gene, several, including the rs2301641 SNP, which encodes a
non-synonymous ABCB5 amino acid change (K115E), have been
predicted to be relevant to ABCB5 function based on bioinformatic
analyses [17]. However, experimental evidence for their role in
ABCB5 functionality and their potential association with mela-
noma risk has not been presented to date. Here, we have examined
in a systematic manner whether rs2301641 and/or additional SNPs
of ABCB5 are associated with melanoma risk, by interrogating a
large cohort study of melanoma patients with matched controls.
Three SNPs were significantly associated with a decreased mela-
noma risk. We confirmed the direct association of one of these
SNPs, rs2301641 (K115E), with ABCB5 function and, furthermore,
uncovered a novel association of ABCB5 with pigmentation.
2. Material and methods

2.1. Study population

The nested case-control study consisted of participants from the
Nurses’ Health Study (NHS) and the Health Professional Follow-up
Study (HPFS). The NHS was established in 1976, when 121,700 fe-
male registered nurses between the ages of 30 and 55, residing in
11 larger US states, completed and returned the initial self-admin-
istered questionnaire on their medical histories and baseline
health related exposures. Updated information was obtained by
questionnaires every two years, and blood samples were collected
from 32,826 participants in the NHS cohort between May 1989 and
September 1990. For the HPFS, in 1986, 51,529 men from all 50 US
states in health professions (dentists, pharmacists, optometrists,
osteopath physicians, podiatrists, and veterinarians) aged 40–
75 years answered a detailed mailed questionnaire, forming the
basis of the HPFS, and during 1993–1994, 18,159 study partici-
pants provided blood samples by overnight courier. All the cases
and controls in our study were from the sub-cohorts of NHS and
HPFS who had given a blood specimen. Eligible cases consisted of
pathologically confirmed melanoma cases diagnosed after the
baseline up to 2006 follow-up cycle for both cohorts, who had no
previously diagnosed cancer. Controls were randomly selected
from participants who were free of diagnosed melanoma up to
and including the questionnaire cycle in which the case was diag-
nosed. One or two controls were matched to each case by age
(±1 year). Cases and their matched controls were selected in the
same cohort. All subjects in our study were United States non-His-
panic Caucasians. Finally, we recruited 585 melanoma cases and
605 matched controls. The study protocol was approved by the
Committee on Use of Human Subjects of the Brigham and Women’s
Hospital, Boston, MA.

2.2. Risk factor data

We obtained information regarding melanoma risk factors from
prospective biennial questionnaires. Information on natural hair
color at age 20, mole count on the left arm, and childhood and ado-
lescent tanning tendency were collected in both the NHS and HPFS
prospective questionnaires.

2.3. SNP identification

Polymorphisms evaluated in this study were selected for geno-
typing by an approach of tagging SNPs screening for ABCB5. The
ABCB5 gene locates on chromosome 7p21.1, spanning approxi-
mately 108.2 kb, and all polymorphisms were looked for between
nucleotide 35 kb upstream from the start codon and 5 kb down-
stream of the 30-untranslated region. Based on the HapMap phase
II SNP genotype data, we chose 44 tag-SNPs as surrogates for un-
typed polymorphisms in this gene region using the HapMap Pro-
ject 90 (30 trios) Caucasian samples from a US Utah population
with Northern and Western European ancestry collected in 1980
by the center:centre d’Etude du Polymorphisme Humain (CEPH)
[18]. Briefly, the tag-SNPs (minor allele frequency >0.05) were se-
lected using the Tagger program of (r2 > 0.8), which combines the
simplicity of pair-wise r2 methods [19] with the potential effi-
ciency of multimarker haplotype approaches [20].

2.4. Laboratory assays

We genotyped the 44 tagging SNPs in ABCB5 using the OpenAr-
rayTM SNP Genotyping System (BioTrove, Woburn, MA). Laboratory
personnel were blinded to the case-control status, and blinded
quality control samples were inserted to validate genotyping pro-
cedures; concordance for the blinded samples was 100%. Primers,
probes and conditions for genotyping assays are available upon
request.

2.5. Statistical methods

We used the Chi-square test to assess whether the genotypes
for the 44 SNPs were in Hardy–Weinberg equilibrium among the
controls. The association between each genotype and melanoma
risk was evaluated by determining the P value in unconditional lo-
gistic regression in an additive model, which was according to an
ordinal coding for genotype (0, 1 or 2 copies of SNP minor allele).
For the SNPs with nominal significant association, odds ratios
(ORs) and 95% confidence intervals (95% CIs) were calculated in
both the additive model and the co-dominant model using uncon-
ditional logistic regression, to assess the risk of melanoma for these
genotypes. We evaluated the associations between the variants
and pigmentary phenotypes among controls. We regressed an
ordinal coding for tanning ability (1 = practically none; 2 = light
tan; 3 = average tan; 4 = deep tan) and mole count (1 = none;
2 = 1–2; 3 = 3–5; 4 = 6–9; 5 = 10–14; 6 = 15+) on an ordinal coding
for genotype (0, 1 or 2 copies of the SNP minor allele). For hair col-
or, we used two different statistical models: (i) We tested the asso-
ciation between the ordinal genotype coding and an ordinal coding
of hair color excluding the women with red hair (1 = black;
2 = dark brown; 3 = light brown; 4 = blonde) using linear regres-
sion; and (ii) we used logistic regression to test the association be-
tween the ordinal genotype coding and a binary red hair
phenotype (red hair vs. non-red hair color). In addition, associa-
tions between the SNPs and survival time in melanoma cases were
estimated by using the Kaplan–Meier method and the log-rank
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test, and survival time was calculated from the date of melanoma
diagnosis to the date of death or to last follow-up. All statistical
analyses were two-sided and carried out using SAS V9.1 (SAS Insti-
tute, Cary, NC).

2.6. Cell Culture

The G3361 human malignant melanoma cell line was provided
by Dr. Emil Frei III (Dana-Farber Cancer Institute, Boston, MA),
C8161 melanoma cells by Dr. Mary Hendrix (Children’s Memorial
Research Center, Chicago, IL), LOX and FEMX1 melanoma cells by
Dr. Udo Schumacher (University Hospital Hamburg–Eppendorf,
Germany) and the MeWo, SKMel2, SKMel30, Malme3M, M14,
UACC257 melanoma cells by Dr. Hans Widlund (Brigham and Wo-
men’s Hospital, Boston, MA). Clinical melanoma cells were derived
from a surgical patient specimen provided by Dr. Martin Gasser
(University of Würzburg, Germany) according to an Institutional
Review Board–approved research protocol. Melanoma cells were
cultured as described previously [5].

2.7. Sequencing and primers

The ABCB5 gene-specific oligonucleotide primer pair
50-TGGGATTGTCATTTCCTGTTCTAACC-30 (forward primer) and
50-ACAGCATCTCCTTCTGTCCTCTAAACC-30 (reverse primer) was
used for PCR sequencing analyses performed with 100 ng of
genomic DNA (QIAGEN DNAeasy kit).

2.8. Rhodamine-123. efflux transport assay

Efflux transport capacity for the dye rhodamine-123 (Rh-123), a
hallmark function of ABCB5 [4], was assessed for all of 12 ABCB5-
genotyped melanoma cell lines by flow cytometry as described
previously [4]. ABCB5 positivity among melanoma cells was
Table 1
Characteristics of cases and controls in the nested case-control study.

Characteristic Controls Melanoma
(n = 609) (n = 585)

Age at diagnosis (mean, years) 61.8 61.5
Gender, male (%) 30.2 31.5
Natural hair color at age 20, red (%) 3.0 6.2
Tanning ability, tan or deep tan (%) 69.8 54.0
Moles count on the left arm, 3+(%) 8.9 21.7

Table 2
Association between genotypes and melanoma risk.

SNP Genotype Controls
(n = 609)

rs10231520
CC 232(39.5)
CT 268(45.6)
TT 88(15.0)
Additive modelb

rs17817117
GG 248(41.7)
GC 284(47.7)
CC 63(10.6)
Additive modelb

rs2301641
K155E AA 260(43.6)

AG 268(44.9)
GG 69(11.6)
Additive modelb

a Adjusted by age and gender.
b Assuming an additive effect of the variant alleles.
determined after Rh-123 incubation by counterstaining with an
APC conjugated-ABCB5 monoclonal antibody (mAb) (clone 3C2–
1D12) [4,5]. Rh-123 efflux capacity by ABCB5 in each melanoma
cell line was established by calculating the quotient of [(mean
Rh-123 fluorescence in ABCB5(+) cells at T120)/(mean Rh-123 fluo-
rescence in all cells at T120)] and [(mean ABCB5 fluorescence at
T120)/(mean autofluorescence in all cells)]. The relative ABCB5-
dependent Rh-123 transport capacities of the various melanoma
cell lines were then established by dividing individual values to
the mean of all values. For assessment of the effects of ABCB5
blockade on Rh-123 efflux, efflux studies were performed in addi-
tional experiments for G3361 melanoma cells in the presence of
ABCB5-blocking mAb (clone 3C2–1D12 [4]) or isotype control
mAb (50 lg/ml, respectively).

2.9. Melanin assay

Cellular melanin content was determined spectrophotometri-
cally as described previously [21]. Melanin contents were normal-
ized to total protein concentrations using the Pierce microBCA
Protein Assay Kit (ThermoScientific, Rockford, IL).

3. Results

3.1. Descriptive characteristics of cases and controls

Basic characteristics of cases and controls in our study are pre-
sented in Table 1. Age and gender were two matched variables.
Melanoma cases were more likely to possess red hair color and
more moles on the arms, while the childhood tanning ability of
cases was less than that of controls, similar to the results of our
previous study among women only [22].

3.2. Association between the 44 tag-SNPs in the ABCB5 gene and
melanoma risk

Information on the 44 tag-SNPs in the ABCB5 gene region is pre-
sented in Supplementary Table 1. Among them, there are two non-
synonymous SNPs (rs2301641 and rs6401515), which may have
putative function, and another SNP (rs10254317) which is a synon-
ymous SNP. Forty-one out of the 44 SNPs were successfully geno-
typed with call rate >95%, with the other three in a range of 90–
95%. The distributions of genotypes among controls were in
Hardy–Weinberg equilibrium (P > 0.001, 0.05/44), except for
rs10216013. We evaluated the associations of the genotypes with
Melanoma ORa P value
(n = 585) (95% CI)

260(45.8) 1.00
238(41.9) 0.79 (0.62–1.02)

70(12.3) 0.71 (0.49–1.01)
0.83 (0.70–0.98) 0.026

273(47.8) 1.00
251(44.0) 0.81 (0.63–1.03)

47(8.23) 0.68 (0.45–1.03)
0.82 (0.68–0.98) 0.028

284(49.6) 1.00
237(41.4) 0.81 (0.64–1.04)

52(9.08) 0.70 (0.47–1.04)
0.83 (0.69–0.98) 0.032
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the risk of melanoma in an additive model. We observed nominal
significant associations for three SNPs. In the analyses controlling
for age and gender, we observed that the variant genotypes of
rs10231520, rs17817117 and rs2301641 were associated with de-
creased melanoma risks (OR: 0.83, 95% CI: 0.70–0.98, P = 0.026 for
rs10231520; OR: 0.82, 95% CI: 0.68–0.98, P = 0.028 for rs17817117;
and OR: 0.83; 95% CI: 0.69–0.98, P = 0.032 for rs2301641; assuming
an additive model) (Table 2). These associations remained similar
after further adjusting for risk factors including hair color, child-
hood tanning ability and moles on the arms. We analyzed the
age at diagnosis for the top three SNPs and found no difference
among genotypes (data not shown).
3.3. Association between the three significant SNPs and pigmentary
phenotypes

We evaluated the associations between the three SNPs and pig-
mentary phenotypes including hair color, tanning ability and mo-
les on the arms among controls. We observed that the carriers of
the SNP rs2301641 were more likely to have non-red hair color
compared to red hair color (OR: 0.38, 95% CI: 0.14–1.03). However,
Fig. 1. ABCB5 surface expression and rs230641 genotype. (A) ABCB5 expression deter
cytometry plots from results in A are illustrated for a clinical specimen (left panels)
(means ± SE) across the three ABCB5 rs230641genotypes: A/A (n = 8), A/G (n = 2), G/G (n
in those with non-red hair color, no significant association was
found with hair color (from black to blond). This SNP was not asso-
ciated with tanning ability or mole counts. Besides that, we did not
find any association of the other two SNPs with pigmentary
phenotypes.

3.4. Association between the three significant SNPs and melanoma
survival

Among the 585 melanoma cases, 46 died of melanoma and 84
died from other causes. For disease-specific survival analysis, the
latter were considered as censored data in the analyses. However,
none of the three SNPs showed a significant association with mel-
anoma survival.

3.5. Association between rs2301641 genotype and ABCB5-mediated
Rh-123 efflux capacity

The SNP rs2301641 encodes a non-synonymous ABCB5 amino
acid change (K115E). We further investigated its role in ABCB5
function, given its association with both melanoma risk and
mined by flow cytometry across 12 melanoma cell lines. (B) Representative flow
and a melanoma cell line (A375, right panels). (C) Percentage ABCB5 expression
= 2).



540 J.Y. Lin et al. / Biochemical and Biophysical Research Communications 436 (2013) 536–542
pigmentation. Efflux transport capacity for the dye Rh-123 is a
hallmark function of ABCB5 [4], and was assessed for twelve
rs2301641 SNP-genotyped melanoma cell lines by flow cytometry
as described previously [4]. Four cell lines had the variant allele of
which two had the genotype G/G (A375 and C8161) and two the
genotype A/G (UACC257, SKMel30). The human melanoma speci-
mens under study exhibited variable expression of cell surface
ABCB5 as determined by flow cytometry (Fig. 1A; and B shows flow
cytometry staining examples for two of the twelve examined spec-
imens). However, the rs2301641 ABCB5 genotype exhibited no cor-
relation with levels of ABCB5 expression (Fig. 1C). In a previous
study, we had demonstrated in an ABCB5 gene transfection model
that ABCB5 confers cellular Rh-123 efflux. We first confirmed that
ABCB5 protein expression represents the principle mediator of Rh-
123 efflux in human melanoma cells (Fig. 2): Compared to isotype
control mAb-treated melanoma cells, of which a subpopulation of
10.2% effluxed Rh-123 over a 120 min incubation period at 37 �C,
Rh-123 efflux in ABCB5-blocking mAb-treated cultures (mAb clone
3C2-1D12 [4]) was inhibited by >95% (P < 0.001) (Fig. 2A; typical
results are illustrated in Fig. 2B). The effect of ABCB5 blockade on
Rh-123 efflux was similar in magnitude and not significantly dif-
ferent from incubation of melanoma cells for 120 min on ice, which
Fig. 2. Flow cytometric analysis of ABCB5-mediated Rh-123 efflux function in G3361 m
isotype control mAb treatment or ABCB5-blocking mAb treatment with incubation at 37
transport. (B) Illustrated are representative flow cytometry plots from the results summ

Fig. 3. Association between rs2301641 genotype and ABCB5-mediated Rh-123 efflux cap
genotyped for the rs2301641 ABCB5 SNP (K115E) (means ± SE; ⁄⁄P < 0.01). (B) Relative pig
(means ± SE; ⁄P < 0.05).
blocks ATP hydrolysis and hence ABC transport function [23]
(Fig. 2A; typical results are illustrated in Fig. 2B). Importantly, eval-
uation of relative Rh-123 efflux capacities in melanoma cell lines
genotyped for the rs2301641 ABCB5 SNP (K115E) revealed that
the SNP allele G (Glu [E]) was associated with markedly lower,
89%-reduced Rh-123 efflux capacity compared to the SNP allele A
(Lys [K]) (P < 0.01, Fig. 3A). These functional studies revealed that
the E form associated with lower melanoma risk is significantly
associated with decreased ABCB5 function.

3.6. Association between rs2301641 genotype and pigmentation

Given the additional association of the rs2301641 ABCB5 SNP
with non-red compared to red hair color (OR: 0.38, 95% CI: 0.14–
1.03) in control subjects, we measured melanin concentration, a
measure of pigmentation, in eleven human melanoma cell lines
genotyped for this SNP (K115E). We found that the SNP allele G
(Glu [E]), associated with non-red hair and lower ABCB5 transport
function, was associated with higher pigmentation compared to
the SNP allele A (Lys [K]), associated with red hair and higher
ABCB5 function (relative pigmentation 0.76 ± 0.09 vs. 1.74 ± 0.48,
respectively, mean ± SE, P < 0.05) (Fig. 3B).
elanoma cells. (A) Percent Rh-123-effluxing cells (means ± SE) under conditions of
�C, or with incubation on ice to block ATP hydrolysis and hence ABC-mediated efflux
arized in A.

acity and pigmentation. (A) Relative Rh-123 efflux capacities in melanoma cell lines
mentation in melanoma cell lines genotyped for the rs2301641 ABCB5 SNP (K115E)
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4. Discussion

In this study, we have identified three SNPs of the ABCB5 gene
associated with melanoma risk, and shown for one SNP
(rs2301641), which encodes a non-synonymous ABCB5 amino acid
change (K115E), that the variant genotype that confers decreased
melanoma risk is associated with lower ABCB5 protein function.
Moreover, this variant is associated with enhanced pigmentation.
There are several important implications of our study.

First, our results establish for the first time an association of a
functionally significant ABCB5 gene polymorphism with human
pathology, i.e. the risk of developing melanoma. Bioinformatic in
silico analyses of ABCB5 gene polymorphisms had previously pre-
dicted the K115E amino acid substitution encoded by the
rs2301641 SNP, which changes a positively charged amino acid
to a negatively charged one and localizes to an extracellular loop
of the ABCB5 protein [4], to be potentially deleterious to ABCB5
molecular function [17], a notion now for the first time experimen-
tally supported by our study. Furthermore, our identification that
genetically determined ABCB5 functionality is associated with
melanoma risk is consistent with the established molecular role
of ABCB5 in driving tumorigenic growth [16] and the recent dem-
onstration by Bertolotto and colleagues in a 2011 Nature study that
MITF mutation-dependent induction of ABCB5 expression can pre-
dispose to clinical melanoma development. Our results therefore
point to a functional role of ABCB5 in melanomagenesis, and pro-
vide an intriguing first example that functional variation in a pro-
spective cancer stem cell marker [5,24] can be associated with
disease risk for the corresponding malignancy. Our results there-
fore provide a rationale to further assess the correlations of ABCB5
rs2301641 SNP variability with cancer risk in additional malignan-
cies where ABCB5 is overexpressed on cancer stem cells [16,25], to
potentially improve personalized risk stratification and appropri-
ate screening strategies and preventive medicine measures.

Second, our findings show that genetically determined ABCB5
functionality based on rs2301641 SNP variability correlates with
pigmentation phenotype, in addition to melanoma risk. This find-
ing adds ABCB5 as a new gene to the well-established multiplicity
of genetic links between pigmentation phenotype and melanoma
risk, whereby individuals with lighter pigment and increased sun
sensitivity are at higher risk of developing melanoma [3]. In our
study, we noted a strong association between genetically deter-
mined impaired ABCB5 functionality based on rs2301641 SNP var-
iability and increased melanin production, consistent with the
previously observed inverse relationships between ABCB5 expres-
sion and pigmentation phenotype [5]. This association is further
corroborated by ethnic variation in the rs2301641 SNP. In SNP dat-
abases with >2000 samples including ABI, Perlegen, and SNP 500
Cancer, the frequency of the variant allele G of rs2301641 associ-
ated with lower ABCB5 function is much higher in African and Afri-
can-American populations as compared to Caucasian and Asian
populations. Our finding that a lower functioning ABCB5 allele is
associated with both higher pigmentation and decreased mela-
noma risk is therefore consistent with established observations
of lower melanoma risk in individuals with darker skin.

Finally, given the demonstrated association of the rs2301641
SNP variability with ABCB5 function, and in light of the established
role of ABCB5 as a drug resistance mechanism in multiple malig-
nancies [12,14–16,25], it is likely that this ABCB5 SNP might also
be associated with therapeutic drug responsiveness or resistance
in human malignant melanoma and additional cancers where the
drug resistance mediator ABCB5 is overexpressed at high levels
on cancer stem cells [12,14–16]. Our results therefore provide a
rationale to further explore this potentially clinically relevant
possibility.
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