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HERC2 rs12913832 modulates human pigmentation
by attenuating chromatin-loop formation between
a long-range enhancer and the OCA2 promoter
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Pigmentation of skin, eye, and hair reflects some of the most evident common phenotypes in humans. Several candidate
genes for human pigmentation are identified. The SNP rs12913832 has strong statistical association with human pig-
mentation. It is located within an intron of the nonpigment gene HERC2, 21 kb upstream of the pigment gene OCA2, and the
region surrounding rs12913832 is highly conserved among animal species. However, the exact functional role of HERC2
rs12913832 in human pigmentation is unknown. Here we demonstrate that the HERC2 rs12913832 region functions as an
enhancer regulating OCA2 transcription. In darkly pigmented human melanocytes carrying the rs12913832 T-allele, we
detected binding of the transcription factors HLTF, LEF1, and MITF to the HERC2 rs12913832 enhancer, and a long-range
chromatin loop between this enhancer and the OCA2 promoter that leads to elevated OCA2 expression. In contrast, in
lightly pigmented melanocytes carrying the rs12913832 C-allele, chromatin-loop formation, transcription factor re-
cruitment, and OCA2 expression are all reduced. Hence, we demonstrate that allelic variation of a common noncoding SNP
located in a distal regulatory element not only disrupts the regulatory potential of this element but also affects its in-
teraction with the relevant promoter. We provide the key mechanistic insight that allele-dependent differences in chro-
matin-loop formation (i.e., structural differences in the folding of gene loci) result in differences in allelic gene expression
that affects common phenotypic traits. This concept is highly relevant for future studies aiming to unveil the functional
basis of genetically determined phenotypes, including diseases.

[Supplemental material is available for this article.]

Genome-wide association studies (GWAS) have successfully iden-

tified numerous genetic variants that are significantly associated

with complex diseases or other phenotypic traits (Manolio 2010).

Intriguingly, many of the identified disease or other phenotype-

associated DNA variants are located in noncoding regions of the

human genome. It remains largely unknown if and how these

noncoding DNA variants influence phenotypic traits at the mo-

lecular level. Although linkage with unknown causal DNA variants

is often assumed as a major factor to explain association of non-

coding DNA variants, it has been suggested that some of these

noncoding DNA variants constitute potential regulatory ele-

ments for distal genes (Coetzee et al. 2010; Freedman et al. 2011).

However, so far, this has only been demonstrated for some low-

penetrance disease susceptibility loci (Jia et al. 2009; Pomerantz et al.

2009; Ahmadiyeh et al. 2010; Harismendy et al. 2010; Wright et al.

2010).

Pigmentation of skin, eye, and hair reflects one of the

clearest common phenotypes in humans, but is in fact a complex

polygenetic trait. Several genes are involved in the human pig-

mentation pathway, and many DNA polymorphisms are associ-

ated with human pigmentation variation (Sturm 2009). The SNP

rs12913832 is highly associated with human eye (Eiberg et al.

2008; Sturm et al. 2008; Liu et al. 2009, 2010), hair (Han et al.

2008; Branicki et al. 2009, 2011), and skin (Branicki et al. 2009;

Valenzuela et al. 2010; Spichenok et al. 2011) color variation. This

SNP is the key determinant of human eye color variation and

has strong predictive power for human pigmentation (Liu et al.

2009, 2010; Valenzuela et al. 2010; Branicki et al. 2011; Spichenok

et al. 2011). Interestingly, rs12913832 is not located in a pig-

ment gene, but in intron 86 of the HERC2 gene, 21 kb upstream

of the promoter of OCA2 (Fig. 1A). The OCA2 gene is involved in

human pigmentation since it regulates melanosomal pH, and

mutations in OCA2 cause oculocutaneous albinism type II

(Brilliant 2001). The region directly surrounding HERC2 rs12913832

is highly conserved among animal species (Fig. 1A; Supplemental

Table S1; Sturm et al. 2008), and this SNP strongly associates with

OCA2 expression levels (Cook et al. 2009). However, if and how

HERC2 rs12913832 directly regulates human pigmentation is

currently unknown. It was previously hypothesized that this SNP

acts as a distal regulatory region that either silences or enhances

(Eiberg et al. 2008; Sturm et al. 2008; Sturm and Larsson 2009)

OCA2 expression, but convincing experimental data that would

confirm or reject either one of these hypotheses remain to be

presented.

In this study, we used various molecular approaches to in-

vestigate the functional role of HERC2 rs12913832 in human

pigmentation variation. In darkly pigmented and lightly pig-

mented melanocyte cell lines with different genotypes for HERC2

rs12913832, we investigated the relation between the HERC2

rs12913832 genotype and OCA2 expression, surveyed the epi-

genomic landscape of the region around HERC2 rs12913832,

and mapped the chromatin folding of the OCA2-HERC2 locus.

Our study provides crucial mechanistic insight into how a non-

coding DNA polymorphism can affect a common human phe-
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notypic trait by modulating the chromatin folding of a gene

locus.

Results

Characterization and suitability of the melanocyte cell system

To investigate the potential functional role of HERC2 rs12913832,

we used commercially available primary Human Epidermal Mela-

nocytes of neonatal origin derived from a lightly pigmented (HEMn-

LP) and a darkly pigmented donor (HEMn-

DP) (Cascade Biologics, Invitrogen). The

MCF7 breast-cancer cell line was used for

control purposes. Genotyping, either by

iPLEX (Sequenom) (Liu et al. 2009) or di-

rect DNA sequencing of PCR products, of

SNPs statistically associated with human

pigmentation revealed that HEMn-LP cells

are homozygous for the rs12913832 C-al-

lele, while HEMn-DP cells are homozygous

for the rs12913832 T-allele (Fig. 1B).

structure analysis (Pritchard et al. 2000)

of DNA samples from HEMn-LP and

HEMn-DP cells using 24 ancestry-in-

formative autosomal SNPs together with

a worldwide reference data set (HGDP-

CEPH) (Lao et al. 2010) revealed a proba-

ble European and a probable Sub-Saharan

African genetic origin of the respective cell

donors (Supplemental Fig. S1). Both data

sets are in agreement with the light and

dark skin-color phenotype information of

the HEMn-LP and HEMn-DP cell donors, as

provided by Cascade Biologics.

We investigated the transcription

status of the OCA2 gene in our skin me-

lanocyte system by measuring primary

OCA2 transcripts using quantitative RT-

PCR (qRT-PCR). We observed higher ex-

pression of OCA2 in HEMn-DP cells car-

rying the HERC2 rs12913832 T-allele, than

in HEMn-LP cells carrying the C-allele

(Fig. 1C; p < 0.01), confirming previous

observations (Cook et al. 2009). We also

tested for the presence of RNA polymerase

II (RNA pol II) on the OCA2 promoter using

chromatin immunoprecipitation (ChIP)

using an antibody against the POLR2A

subunit of RNA polymerase II followed by

qPCR (ChIP-qPCR). ChIP is a technology

that identifies chromatin regions bound

by a specific protein (i.e., a transcription

factor) using an antibody specific to the

protein of interest to enrich cross-linked

fragmented chromatin bound by such a

protein from the bulk of the chromatin.

We observed a higher RNA Pol II

recruitment to the OCA2 promoter in

HEMn-DP cells than in HEMn-LP cells

(Fig. 1D; p < 0.05). Both OCA2 gene ex-

pression and RNA pol II recruitment were

very low in MCF7 control cells (Fig.

1C,D). From these results, we conclude that the HEMn-LP/HEMn-

DP melanocyte system constitutes an appropriate system to in-

vestigate the functional effect of HERC2 rs12913832 on human

pigmentation.

Identification of HERC2 rs12913832
as a melanocyte-specific enhancer

HERC2 rs12913832 was previously hypothesized to function as a

regulatory region (Sturm et al. 2008; Cook et al. 2009). Gene reg-

Figure 1. Characterization and suitability of the HEMn cell system: The OCA2 gene is differentially
expressed in HEMn-LP and HEMn-DP cells. (A) UCSC Browser NCBI36/hg18 assembly (http://
genome.ucsc.edu/cgi-bin/hgGateway?db=hg18) overview of the OCA2-HERC2 locus (top panel).
(Middle panel) The region covered on BAC RP11-1365A12. Vertebrate conservation (green); the posi-
tion of rs12913832 (red). (Lower panel) A schematic overview of the region investigated in this study.
Restriction enzyme digestion sites are indicated. (B) Sequence analysis of the region around HERC2
rs12913832 in HEMn-LP (left) and HEMn-DP (right). The genotypes of rs12913832 were determined by
direct sequencing of PCR fragments containing rs12913832. (C ) RT-qPCR analysis of OCA2 primary
transcripts in MCF7 and HEMn cells demonstrates differential OCA2 expression between HEMn-LP and
HEMn-DP cells. Each gene expression analysis is carried out in triplicate and normalized to an endog-
enous reference gene (ACTB). (D) ChIP-qPCR of RNA Pol II binding at the OCA2 promoter in MCF7,
HEMn-LP, and HEMn-DP cells. Enrichment is calculated relative to necdin (NDN), and values are nor-
malized to input measurements. All ChIP analyses are performed in triplicate. Data are represented as
mean 6 SEM; (*) p < 0.05; (**) p < 0.01.
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ulatory regions are characterized by open chromatin and active

chromatin marks (Giresi et al. 2007). Hence we used formalde-

hyde-assisted identification of regulatory elements (FAIRE) and

ChIP-qPCR of histone modifications, to investigate the chromatin

status of the HERC2 rs12913832 region. FAIRE identifies regulatory

DNA regions based on differences in cross-link ability between

chromatin of regulatory DNA regions and the bulk of the chromatin

(Giresi et al. 2007). FAIRE analysis revealed an open chromatin

structure in the region around HERC2 rs12913832 in both HEMn-

LP and HEMn-DP cells, while this region was shown to be closed in

MCF7 control cells (Fig. 2A). In addition, the level of enrichment

identified by this assay was higher for HEMn-DP cells than for

HEMn-LP cells (Fig. 2A; p < 0.05), suggesting that the chromatin of

the HERC2 rs12913832 region is more open when the rs12913832

T-allele is present relative to when the C-allele is present. ChIP-

qPCR analysis detected elevated levels of acetylated histone H3, an

active chromatin mark, at HERC2 rs12913832 in HEMn-LP and

HEMn-DP cells, but not in the MCF7 control cells (Fig. 2B). Both

observations are consistent with the hypothesis that HERC2

rs12913832 acts as a human melanocyte-specific gene regulatory

region.

Enhancers are distal gene regulatory elements that act posi-

tively on gene expression and are enriched for mono-methylation

of lysine 4 on histone H3 (Heintzman et al. 2007). Recently it was

shown that active enhancers additionally accumulate acetylation

of lysine 27 on histone H3 (Creyghton et al. 2010; Rada-Iglesias

et al. 2010). ChIP-qPCR analysis of these chromatin marks revealed

the presence of both enhancer marks on rs12913832 in both

HEMn cell types, but not in MCF7 control cells (Fig. 2C,D). Similar

to the differences observed with the FAIRE assay, higher enrich-

ments for the chromatin marks were found on HERC2 rs12913832

in HEMn-DP cells than in HEMn-LP cells, although these differ-

ences do not reach statistical significance (Fig. 2B–D). The above

observations are consistent with the HERC2 rs12913832 region

operating as an enhancer in skin melanocytes. Interestingly, the

level of the enhancer marks in the HERC2 rs12913832 alleles also

positively correlates with OCA2 expression and the level of mela-

nocyte pigmentation.

We further investigated the enhancer potential of the region

encompassing HERC2 rs12913832 by cloning this region from

HEMn-LP and HEMn-DP cells into a luciferase reporter vector.

Upon transfection of these constructs into human embryonic

kidney cells (HEK293), no substantial increase in luciferase ex-

pression was observed for the vectors containing the putative en-

hancer regions, as compared with the empty vector (Fig. 2E).

However, robust luciferase expression was observed when these

constructs were transfected into G361 melanoma cells, with an

approximately fivefold higher activity for the rs12913832 T-allele

than for the rs12913832 C-allele (Fig. 2E; p < 0.005). Sequencing of

the cloned fragment revealed the presence of another SNP,

rs6497271 (Supplemental Fig. S2A), which could theoretically

modulate the observed enhancer activity. Analysis of chimeras of our

reporter constructs containing different combinations of rs12913832

alleles and rs6497271 alleles, however, demonstrates that the en-

hancer activity of the HERC2 rs12913832 region is not modulated

by rs6497271 (Supplemental Fig. S2B). These findings also con-

firmed the previously reported suggestion of Sturm et al. (2008)

that this SNP could not explain association to the region because of

very low minor allele frequency. Together, these independent exper-

iments demonstrate that the region surrounding HERC2 rs12913832

acts as a melanocyte-specific enhancer whose activity depends on

the allelic status of rs12913832.

Detection of a differential chromatin loop between
the HERC2 rs12913832 enhancer and the OCA2 promoter

Distal enhancers increase the expression of their target genes by

directly contacting the gene promoters via chromatin loops, which

can be detected using chromosome conformation capture (3C)

technology (Palstra 2009). In 3C, formaldehyde is used to trap

interactions between chromatin segments that are in close prox-

imity to each other. The cross-linked chromatin is subsequently

digested using a restriction enzyme followed by intramolecular

ligation under dilute conditions. The relative abundance of liga-

tion products is determined by qPCR and is proportional to the

Figure 2. The region directly surrounding HERC2 rs12913832 acts as
a melanocyte-specific enhancer. (A) Formaldehyde assisted identification
of regulatory elements (FAIRE) demonstrates low nucleosome occupancy
at the rs12913832 region in HEMn-LP and HEMn-DP cells. (B) ChIP-qPCR
of acetylated histone H3 demonstrates active chromatin marks at the
rs12913832 region in HEMn-LP and HEMn-DP cells. (C ) ChIP-qPCR of
histone H3 mono methylated on lysine 4 demonstrates that the
rs12913832 region in HEMn-LP and HEMn-DP cells has enhancer poten-
tial. (D) ChIP-qPCR of histone H3 acetylated on lysine 27 demonstrates
that the enhancer at the rs12913832 region in HEMn-LP and HEMn-DP
cells is active. The enrichments displayed are relative to NDN. ChIP values
for histone H3 marks are normalized to histone H3 occupancy. (E) Lucif-
erase reporter assay demonstrates differential melanocyte enhancer ac-
tivity for the rs12913832 region. The rs12913832 region from HEMn-LP
(C-allele) and HEMn-DP (T-allele) was inserted into a luciferase reporter
plasmid and transfected into HEK293 or G361 melanoma cells. Luciferase
expression is normalized to Renilla luciferase expression. Data are repre-
sented as mean 6 SEM; (*) p < 0.05; (***) p < 0.005.
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frequency with which the various restriction fragments interact.

We inferred that if the region surrounding HERC2 rs12913832 acts

as a melanocyte-specific enhancer for the OCA2 gene, as indicated

by our data, we should be able to detect a chromatin loop between

the HERC2 rs12913832 region and the OCA2 gene. Indeed, locus-

wide 3C analysis of an EcoRI restriction fragment containing

rs12913832 showed, in HEMn-DP cells, an elevated relative cross-

linking frequency for an OCA2 promoter–containing restriction

fragment, indicating a chromatin loop between the rs12913832

T-allele and the OCA2 promoter (Fig. 3A). HEMn-LP cells, however,

showed a lower cross-linking frequency of this fragment (Fig. 3A),

demonstrating a decreased interaction efficiency between the

rs12913832 C-allele and the OCA2 promoter. In contrast, MCF7

control cells showed a linear chromatin conformation (Fig. 3A).

To further investigate the observed differences in chromatin

looping, we aimed for a higher resolution of the 3C experiments.

We therefore used a more frequently digesting restriction enzyme

(ApoI vs. EcoRI) that generates smaller restriction fragments. Anal-

ysis of locus-wide cross-linking frequencies of the ;500-bp ApoI

fragment containing HERC2 rs12913832 demonstrates a chroma-

tin loop between rs12913832 and the OCA2 promoter that is more

prominent in HEMn-DP cells (T-allele) than in HEMn-LP cells

(C-allele) (Fig. 3B; p < 0.05). The difference in chromatin looping

between the two HERC2 rs12913832 alleles and the OCA2 pro-

moter becomes even clearer in the reciprocal analysis of the ApoI

fragment that contains the OCA2 promoter (Fig. 3C; p < 0.005).

Locus-wide 3C analysis in MCF7 control cells revealed a more

linear chromatin organization (Supplemental Fig. S3A,B), and an

interaction between HERC2 rs12913832 and the OCA2 promoter

is absent (Supplemental Fig. S3C; p < 0.005). These data demon-

strate that the formation of a chromatin loop between HERC2

rs12913832 and the OCA2 promoter is melanocyte-specific and is

more efficient when the rs12913832 T-allele is present; this is in

line with the higher OCA2 expression observed in HEMn-DP cells

(T-allele) (Fig. 1C).

Interestingly, in both experiments, an additional peak in cross-

linking frequencies was detected with a restriction fragment down-

stream from the HERC2 gene, suggesting the presence of an addi-

tional regulatory element in this region (Fig. 3B,C). This peak is also

detected in MCF7 cells although at a lower frequency (Supple-

mental Figs. S3A,B, S4A) and therefore probably reflects a consti-

tutive interaction not involved in melanocyte-specific OCA2 reg-

ulation. ENCODE data (The ENCODE Project Consortium et al.

2007) obtained from multiple cell lines and our own ChIP-qPCR

experiments, indeed, demonstrate the presence of chromatin sig-

natures associated with gene-regulatory elements in the OCA2–

HERC2 intergenic region, thereby confirming this notion (Sup-

plemental Fig. S4B,C).

Detection of an allele-specific chromatin loop between the

HERC2 rs12913832 enhancer and the OCA2 promoter in combi-

nation with the previously observed link between rs12913832 al-

leles and OCA2 expression (Cook et al. 2009) demonstrates that the

HERC2 rs12913832 enhancer directly regulates OCA2 expression.

Analysis of transcription factor binding at the HERC2
rs12913832 enhancer

Sturm et al. (2008) performed an in silico analysis of transcription

factor binding sites present in the HERC2 region surrounding

rs12913832. Potential binding sites for HLTF (also known as RUSH

or SMARCA3), MITF, and LEF1 were identified (Supplemental Fig.

S2A), and it was hypothesized that the C-allele of rs12913832

would disrupt the HLTF binding site (Sturm et al. 2008; Sturm and

Larsson 2009). Both HLTF and LEF1 have previously been impli-

cated in enhancer function and chromatin looping (Hewetson and

Chilton 2008; Yun et al. 2009), whereas MITF is a key transcription

Figure 3. A chromatin loop is formed between the HERC2 rs12913832
enhancer region and the OCA2 promoter. (A–C ) Locus-wide cross-linking
frequencies observed in MCF7 (black), HEMn-LP (cyan), and HEMn-DP
(red) cells. The analyzed region of the human OCA2-HERC2 locus is
depicted on the top of each graph. The x-axis shows the approximate
position on chromosome 15 (UCSC Browser NCBI36/hg18 assembly; see
also Fig. 1A). (Black shading) The position and size of the ‘‘fixed’’ re-
striction fragment; (gray shading) position and size of other restriction
fragments analyzed. (Black vertical bars in the locus graph) EcoRI sites;
(red vertical bars) ApoI sites. The cross-linking frequencies are normalized
to the highest interaction within an experiment. (A) Cross-linking fre-
quencies for an EcoRI restriction fragment containing rs12913832 in
MCF7 and HEMn cells. In HEMn cells, high cross-linking frequencies are
observed for a restriction fragment containing the OCA2 promoter. (B)
Cross-linking frequencies for an ApoI restriction fragment containing
rs12913832 in HEMn cells. In HEMn cells, high cross-linking frequencies
are observed for a restriction fragment containing the OCA2 promoter.
Cross-linking frequencies between the restriction fragment containing
rs12913832 and the restriction fragment containing the OCA2 promoter
are higher for the T-allele (red) than for the C-allele (cyan). (C ) Cross-
linking frequencies for an ApoI restriction fragment containing the OCA2
promoter in HEMn cells. High cross-linking frequencies with restriction
fragments surrounding the rs12913832 enhancer region are observed in
HEMn cells. Cross-linking frequencies between the restriction fragment
containing rs12913832 and the restriction fragment containing the OCA2
promoter are higher for the T-allele (red) than for the C-allele (cyan). Data
are represented as mean 6 SEM; (*) p < 0.05; (**) p < 0.01; (***) p < 0.005.
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factor in melanocyte development and pigment gene expression

(Levy et al. 2006). To experimentally verify whether the HERC2

rs12913832 alleles are differentially bound by HLTF, we performed

ChIP-qPCR experiments. HLTF binding was enriched above back-

ground for the rs12913832 T-allele, but not for the C-allele (Fig. 4A;

p < 0.01), providing experimental evidence that the T-to-C muta-

tion reduces HLTF binding to the rs12913832 region. To further

investigate the role of HLTF in OCA2 expression, we overexpressed

HLTF in HEMn-LP and HEMn-DP cells. In HEMn-LP cells, over-

expression of HLTF resulted in reduced OCA2 expression (Fig. 4B).

However, HERC2 expression was also reduced in HEMn-LP and in

HEMn-DP cells, but to a similar extent, which therefore suggests

that the reduced OCA2 expression in HEMn-LP cells is a systematic

response rather than a functional response to HLTF overexpression

(data not shown). In contrast, overexpression of HLTF in HEMn-

DP cells resulted in elevated expression levels of OCA2 (Fig. 4B; p <

0.05), demonstrating a positive role of HLTF in the regulation of

OCA2 expression, and this regulatory role depends on the T-allele

of HERC2 rs12913832.

Reduced recruitment of HLTF, a chromatin remodeler of the

SWI-SNF family (MacKay et al. 2009), to the rs12913832 C-allele

may lead to a more closed chromatin conformation that could

affect the recruitment of other transcription factors such as MITF

and LEF1. Indeed, we found increased binding of MITF and LEF1 to

the region encompassing rs12913832 containing the T-allele, in

comparison to this region containing the C-allele (Fig. 4C,D; p <

0.05). This is in line with a recent study demonstrating that MITF

binds near HERC2 rs12913832 in a melanoma cell line (Strub et al.

2010). Furthermore, in melanoma cells, OCA2 expression is up-

regulated upon overexpression of MITF (Hoek et al. 2008). In

agreement with this, we found that overexpression of MITF in

HEMn-LP cells resulted in increased OCA2 expression (Fig. 4E; p <

0.05), while overexpression of a dominant negative form of MITF

(dnMITF) (Levy et al. 2010) resulted in reduced OCA2 expression

(Fig. 4E; p < 0.05). Interestingly, overexpression of MITF in HEMn-

DP cells failed to increase OCA2 expression, suggesting that binding

of MITF to the rs12913832 enhancer is not limiting in HEMn-DP

cells (Fig. 4E). However, overexpression of the dnMITF in HEMn-DP

cells resulted in decreased OCA2 expression (Fig. 4E; p < 0.005).

Together these data demonstrate that MITF indeed regulates

OCA2 expression. It suggests that MITF preferentially binds to

the HERC2 intron 86 region when it contains the rs12923832

T-allele, which is facilitated by the interaction of HLTF with the

rs12913832 region.

Analysis of pigmentation-associated SNPs other
than HERC2 rs12913832

It remains possible that linkage with another DNA variant may be

responsible for the regulatory effect of a noncoding SNP. To ex-

clude the possibility that pigmentation-linked sequence variants

other than HERC2 rs12913832 might explain our observations, we

genotyped all SNPs within the analyzed 39HERC2/59OCA2 region

that have been linked to pigmentation, including those in linkage

disequilibrium (LD; r2 > 0.8) (Supplemental Table S1). This region

of ;35 kb contains 12 pigmentation-linked SNPs in total. Besides

HERC2 rs12913832, six SNPs have been directly linked to pig-

mentation traits (Liu et al. 2009), while five additional SNPs are in

high LD (r2 > 0.8) with these six SNPs (Supplemental Table S1). The

HEMn-LP and HEMn-DP cells share the same genotype of only one

pigmentation-linked SNP, namely, rs7183877, and have different

alleles for the other five SNPs, whereas for the linked SNPs, the

allelic status for all but one SNP is the same in HEMn-LP and

HEMn-DP cells. The LD-SNP rs7497270 is homozygous in the

HEMn-LP cells (C) and heterozygous in the HEMn-DP cells (CT).

To assess the possible regulatory potential of these additional 11

pigmentation-linked SNPs, we interrogated these sites as well as

several control sites using FAIRE analysis in HEMn-LP and HEMn-

DP cells, and in the MCF7 control cell line (Fig. 5). As we showed

before (Fig. 2A), HERC2 rs12913832 is highly enriched in HEMn

cells as compared with MCF7 cells. The only other site with such

a high enrichment is rs7183877. This site shares the C-allele in

HEMn-LP and HEMn-DP cells and is located only 115 bp away

from HERC2 rs12913832. This close physical location explains its

high enrichment in the FAIRE assay, because FAIRE analysis has

a resolution in the range of 0.5–1.5 kb. From the remaining in-

vestigated sites, only those in the promoter region and in the first

Figure 4. The HERC2 rs12913832 enhancer is regulated by the tran-
scription factors HLTF, MITF, and LEF1. (A) ChIP-qPCR of HLTF at the
rs12913832 region in HEMn-LP (C-allele) and HEMn-DP (T-allele) cells.
HLTF binding is only observed for the T-allele. (B) Overexpression of HLTF
in HEMn-DP cells results in increased OCA2 expression but not in HEMn-LP
cells. (C ) ChIP-qPCR of MITF at the HERC2 rs12913832 region in HEMn-LP
(C-allele) and HEMn-DP (T-allele) cells. MITF binding is only observed for
the T-allele. (D) ChIP-qPCR of LEF1 at the HERC2 rs12913832 region in
HEMn-LP (C-allele) and HEMn-DP (T-allele) cells. LEF1 binding is only
observed for the T-allele. ChIP enrichments displayed are relative to NDN.
(E ) Overexpression of MITF in HEMn-LP cells results in increased OCA2
expression. This is not observed in HEMn-DP cells. Overexpression of
a dominant negative MITF (dnMITF) results in decreased OCA2 expression
in both HEMn-LP and HEMn-DP cells. Expression is relative to ACTB ex-
pression and nontransfected control cells. Data are represented as mean 6

SEM; (*) p < 0.05; (**) p < 0.01; (***) p < 0.005.
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intron of OCA2 have an appreciable although small enrichment in

the FAIRE assay (Fig. 5). Irrespective of their genotypes, this en-

richment appears to be higher in the HEMn-DP cells than in the

HEMN-LP cells, probably reflecting the higher transcriptional

status of OCA2 in the HEMN-DP cells (Fig. 1C,D). We therefore

conclude that none of the SNPs that can be linked to pigmentation

within the ;35-kb HERC2/OCA2 region analyzed other than

rs12913832 has regulatory potential.

Furthermore, of the 12 pigmentation-linked SNPs, only three—

rs12913832, rs7164220, and rs4778241—are significantly con-

served among vertebrate species, which might suggest func-

tionality (Supplemental Table S1). Both

HEMn-LP and HEMn-DP cells share the

C-allele for rs7164220. However, HEMn-

LP and HEMn-DP cells differ in alleles for

rs4778241 (C and A), and therefore it re-

mains possible that the observed allele-

specific chromatin loop between HERC2

rs12913832 and the OCA2 promoter is

caused by this SNP. To investigate this, we

made use of a commercially available cell

line derived from an intermediate pig-

mented donor (HEMn-MP) (Cascade Bi-

ologics, Invitrogen). This cell line is ho-

mozygous for the C-allele of HERC2

rs12913832 but heterozygous for rs4778241

(C and A) (Supplemental Table S1). The

presence of the rs4778241 C-allele gen-

erates an MfeI restriction site, which al-

lowed us to design an allele-specific 3C

assay (Fig. 6A). We used this assay to test

the hypothesis that rs4778241, instead

of HERC2 rs12913832, is responsible

for the observed allele-specific chromatin

loop between HERC2 rs12913832 and the

OCA2 promoter. If this hypothesis holds

true, we would expect to find an increased

interaction of the ApoI restriction frag-

ment containing HERC2 rs12913832

with the ApoI restriction fragment con-

taining the A-allele of rs4778241 (also

present in HEMn-DP cells). Instead,

however, we detected an interaction

between the rs12913832 ApoI fragment

and both the ApoI fragments containing

either the A-allele or C-allele of rs4778241

(Fig. 6B,C), and there seemed to be

a preference (although not statistically

significant) for the rs4778241 C-allele,

which is also present in HEMn-LP cells.

The ApoI restriction fragment containing

HERC2 rs12913832 does not contain any

sequence variation except for HERC2

rs12913832 (Supplemental Fig. 2A),

enforcing the notion that the observed

differential chromatin looping is solely

dependent on the HERC2 rs12913832

allele.

Together these observations make

it highly improbable that the observed

allele-specific chromatin loop between

HERC2 rs12913832 and the OCA2 pro-

moter is caused by a SNP other than HERC2 rs12913832 located in

the 39HERC2/59OCA2 region.

Discussion
Overall, our study provides extensive experimental evidence that the

genomic region directly surrounding HERC2 rs12913832 functions

as a human melanocyte-specific enhancer element that influences

OCA2 gene expression. In particular, we demonstrate that the

HERC2 rs12913832 enhancer communicates with the OCA2

promoter via a long-range chromatin loop, and enhancer activity

Figure 5. FAIRE analysis of pigmentation-associated SNPs other than HERC2 rs12913832 present
within the 39HERC2/59OCA2 region does not reveal additional regulatory elements. (Left side) Tracks from
the UCSC Browser (NCBI36/hg18 assembly; http://genome.ucsc.edu/cgi-bin/hgGateway?db=hg18)
of the investigated 39HERC2/59OCA2 region. Pigmentation-associated SNPs (red); linked SNPs (r2 > 0.8)
(black). The approximate location of the analyzed PCR amplicons is indicated. (Right side) The genotype of
each SNP for HEMn-LP and HEMn-DP. The enrichments displayed are relative to NDN. Data are repre-
sented as mean 6 SEM.
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is mediated by the transcription factors HLTF, LEF1, and MITF. The

HERC2 rs12913832 T-allele robustly recruits these transcription

factors, which, in combination with increased looping to the

OCA2 promoter, facilitates OCA2 expression. We propose that this

leads to enhanced melanin production and the dark pigmentation

phenotype. In contrast, the HERC2 rs12913832 C-allele mutates an

HLTF binding site and diminishes HLTF recruitment, which cor-

relates with decreased MITF and LEF1 recruitment and reduced

chromatin-loop formation. This results in reduced OCA2 expres-

sion and the light pigmentation phenotype.

Linkage with an unknown causal DNA variant may be in-

dicated as a plausible explanation for the regulatory effect of

a noncoding SNP. We consider this hypothesis, however, unlikely

for the following reasons: Our data clearly demonstrate that the

region around HERC2 rs12923832 displays chromatin features

associated with enhancers; it acts as a melanocyte-specific en-

hancer in luciferase reporter assays; it communicates with the

OCA2 promoter region via a chromatin loop; and the transcription

factors HLTF, MITF, and LEF interact with the HERC2 rs12913832

region in an allele-specific manner. Together, this demonstrates

that the HERC2 rs12913832 region constitutes a genuine regula-

tory element for the OCA2 gene. Moreover, other pigmentation

SNPs within the investigated region do not display chromatin

features consistent with enhancer function and do not influence

chromatin looping between HERC2 rs12923832 and the OCA2

promoter region. Considering our data in combination with pre-

viously published indirect evidence such as (1) the gene function

of OCA2 being one of the major pigmentation genes that affects

the amount and quality of melanin in melanocytes (Brilliant

2001); (2) several OCA2 mutations resulting in albinism (Rinchik

et al. 1993; Brilliant 2001); and (3) a strong correlation between

HERC2 rs12913832, OCA2 expression levels, and melanocytic

melanin content (Cook et al. 2009), it is highly likely that HERC2

rs12913832 is the major causal variant for the regulation of OCA2

transcription and hence pigmentation. Our data, however, do not

exclude the possibility that additional regulatory regions for the

OCA2 gene are present within or even outside the HERC2/OCA2 re-

gion, but if existing at all, their effect is expected to be rather minor.

Previously, two different models proposed that the region

around HERC2 rs12913832 acts as a regulatory element that in-

fluences OCA2 expression. Eiberg et al. (2008) suggested that the

HERC2 rs12913832 region functions as a silencer for OCA2 ex-

pression, while Sturm and colleagues (Sturm et al. 2008; Sturm and

Larsson 2009) suggested that the HERC2 rs12913832 region

functions as an enhancer. Clearly, our study provides solid exper-

imental evidence to support the model as proposed by Sturm and

colleagues (Sturm et al. 2008; Sturm and Larsson 2009) and further

extends it, since we demonstrate that the region around HERC2

rs12913832 displays multiple features of an enhancer element and

forms an allele-specific chromatin loop with the OCA2 promoter.

Since both HLTF and LEF1 have previously been shown to be in-

volved in chromatin looping, we find it plausible that the in-

creased binding of these factors to the HERC2 rs12913832 T-allele

is responsible for the observed increased looping of the HERC2

rs12913832 region to the OCA2 promoter (Hewetson and Chilton

2008; Yun et al. 2009). The model proposed by Sturm and col-

leagues suggests that binding of MITF and LEF1 to the HERC2 in-

tron 86 region fully depends on HLTF interaction with HERC2

rs12913832. However, based on our data, this part of the model

requires some refinement. Using ChIP assays, we only detected

MITF and LEF1 binding when the T-allele of HERC2 rs12913832 is

present, but due to the inefficiency of ChIP assays, it is plausible

that we missed low-level binding of these factors to the rs12913832

C-allele. Our overexpression studies demonstrate that the locus

containing the C-allele of rs12913832 is responsive to MITF levels

but irresponsive to HLTF levels. In contrast, the locus containing

the rs12913832 T-allele is responsive to HLTF overexpression and

to expression of the dnMITF but not to increased MITF levels. This

suggests that MITF binding to the HERC2 rs12913832 region in

HEMn cells is in an equilibrium that can be modulated by varying

MITF levels and HLTF binding. Alternatively, other MITF-re-

sponsive OCA2 regulatory elements might be present.

For some disease-associated SNPs such as the cancer risk var-

iants rs6983267 (Pomerantz et al. 2009; Ahmadiyeh et al. 2010;

Wright et al. 2010) and rs11986220 (Jia et al. 2009), or DNA vari-

ants associated with coronary artery disease (Harismendy et al.

2010), it has been reported that they constitute transcription reg-

ulatory elements for distal genes, and the presence of a chromatin

loop between the putative regulatory element and the promoter of

the regulated gene has been demonstrated. However, none of these

studies reports allelic differences in chromatin-loop formation.

One study (Wright et al. 2010) that specifically investigated po-

tential allelic differences in chromatin-loop formation between

rs6983267 and the MYC gene in colon cancer cells failed to dem-

onstrate such an allelic difference. In contrast, our study provides

the key mechanistic insight that allele-dependent differences in

chromatin-loop formation (i.e., structural differences in the fold-

ing of gene loci) functionally contribute to differences in allelic

gene expression. Moreover, the predicted risk associated with

above-mentioned rare disease phenotypes is modest, whereas

HERC2 rs12913832 has strong predictive power for human pig-

mentation phenotypes (Liu et al. 2009, 2010; Valenzuela et al.

2010; Branicki et al. 2011; Spichenok et al. 2011). Therefore, our

study demonstrates that genetic variation in gene regulatory ele-

Figure 6. The chromatin loop between the HERC2 rs12913832 en-
hancer region and the OCA2 promoter is not caused by allelic differences
in the 59 region of OCA2. (A) Schematic overview of the allele-specific 3C
assay. The allele-specific interaction between an ApoI fragment containing
HERC2 rs12913832 and an ApoI fragment containing OCA2 rs4778241 is
investigated. The presence of the C-allele of rs4778241 generates an ad-
ditional MfeI restriction site. Primers 1 and 3 are used to detect the 3C
product, while primers 2 and 3 are used to normalize the ratio of the
A-allele over the C-allele. Ratios are determined by MfeI digestion of PCR
products. The additional MfeI site is used to monitor the completeness of
digestion. (B) Example of gel images of a representative MfeI digestion of
PCR products. In the digested lane, the top band represents the A-allele
and the bottom band the C-allele of rs4778241. (C ) Quantification of
multiple gel images as shown in B. The ratio of the bands generated by
primer pair 2 + 3 after MfeI digestion is set to 1. Data are represented as
mean 6 SEM.
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ments can have a strong influence on common human pheno-

typic traits, which extends previous knowledge from rare pheno-

types and puts it into a new and more general perspective.

We anticipate that many phenotypic traits, pathological and

nonpathological, are modulated by DNA variants in distally lo-

cated regulatory regions. In this study, we demonstrate that it is

feasible to annotate regulatory function to a noncoding SNP and

identify its target gene, using an approach that combines FAIRE,

ChIP, and 3C. All of these techniques can be used at a genome-wide

scale to study the epigenome landscape. Such a genome-wide ap-

proach combined with GWAS data allows us to assign function to

many more noncoding SNPs in future studies that aim to unveil the

functional basis of genetically determined phenotypic variation.

Methods

Cell culture
HEMn-LP (C-0025C; Lot #200708522; Cascade Biologics, Invi-
trogen), HEMn-MP (C-1025C; Lot# 070417901; Cascade Biologics,
Invitrogen), and HEMn-DP (C-2025C, Lot# 6C0474; Cascade Bi-
ologics, Invitrogen) were grown in Medium 254 supplemented
with HMGS according to the manufacturer’s instructions (Cascade
Biologics, Invitrogen). G361, HEK293, and MCF7 cells were cul-
tured in DMEM/10% FCS at 37°C/5% CO2. HLTF was overex-
pressed using a pCDNA5 FRT/TO/FLAG SMARCA3 (MacKay et al.
2009). Transfection was performed using Lipofectamine LTX trans-
fection reagent (Invitrogen) according to the manufacturer’s instruc-
tions. MITF and dnMITF were overexpressed using adeno viral
constructs (a kind gift from Dr. D. Fisher).

Genotyping

Pigmentation SNPs including HERC2 rs12913832 were genotyped
with the iPLEX (Sequenom) multiplex reactions as described by Liu
et al. (2009) using genomic DNA samples derived from the different
cell lines. Genotypes for rs12913832 were confirmed by direct se-
quencing of PCR fragments containing rs12913832. Genotypes of
rs7164220, rs7497270, rs58843292, rs72625136, and rs79494067
were determined by restriction digestion of PCR fragments. To infer
the geographic origin/genetic ancestry of the cell-line donors, 24
autosomal SNPs sensitive to detect continental ancestry were gen-
otyped via two SNaPshot (Applied Biosystems) multiplex reactions
as described elsewhere (Lao et al. 2010). The continental ancestry
of the samples was recovered by performing a structure analysis
(Pritchard et al. 2000) in which data from the HGDP-CEPH panel
served as reference, as described elsewhere (Lao et al. 2010).

Chromatin immunoprecipitation (ChIP)

ChIP was performed as described in the Millipore protocol (http://
www.millipore.com/userguides/tech1/mcproto407), except that
samples were cross-linked with 2% formaldehyde for 10 min at
room temperature. To remove melanin, DNA was column purified
before PCR (OneStep PCR Inhibitor Removal Kit, Zymo Research).
Quantitative real-time PCR (CFX96 Real Time System, Bio-Rad)
was performed using SYBR Green (Sigma-Aldrich) and Platinum
Taq DNA Polymerase (Invitrogen) under the following cycling
conditions: 10 min at 50°C, 5 min at 95°C, 45 cycles of 10 sec at
95°C, 30 sec at 60°C, and followed by a melting curve analysis.
Enrichment was calculated relative to necdin (NDN), and values
were normalized to input measurements. The antibodies used were
RNA polymerase II (POLR2A, N-20; sc-899), LEF1 (H-70; sc-
28687X), MITF (C-17; sc-11002X) from Santa Cruz Biotechnology,
Ac-H3 (#06-599) from Millipore, PanH3 (#ab1791), acetylated

Histone H3 K27 (#4729ab), and mono-methyl histone H3 K4
(#ab8895-50) from Abcam, HLTF (PAB12415) from Abnova. Primer
sequences are listed in Supplemental Table S2.

Formaldehyde-assisted identification of regulatory
elements (FAIRE)

FAIRE was performed as described before (Giresi et al. 2007), except
that selected genomic sites were analyzed by quantitative real-time
PCR (see ChIP). To remove melanin, DNA was column purified
before PCR (OneStep PCR Inhibitor Removal Kit, Zymo research).
Primer sequences are listed in Supplemental Table S2.

Transcription analysis

Total cellular RNA was isolated from the different cell lines with
TriPure Isolation Reagent according to the manufacturer’s in-
structions (Roche Diagnostics) or with the RNeasy Plus Mini kit
(QIAGEN) following the manufacturer’s instructions. To remove
PCR-inhibiting substances such as melanin, RNA samples were
column purified (OneStep PCR Inhibitor Removal Kit, Zymo Re-
search Corporation) following the manufacturer’s instructions.
Subsequent DNase I digestion was performed with Ambion’s Turbo
DNA-free kit (Applied Biosystems) according to the manufacturer’s
protocol. The reverse-transcriptase (RT) reaction was performed
using RevertAid H Minus First Strand cDNA Synthesis Kit (Fer-
mentas GmbH) according to the manufacturer’s instructions.
Quantitative real-time PCR reactions for gene expression analysis
were performed on a LightCycler 480 Realtime PCR System (Roche
Diagnostics Nederland B.V.) with the Lightcycler 480 SYBR Green I
master mix using the following parameters: initial denaturation for
10 min at 95°C, followed by 45 cycles for 10 sec at 95°C, for 30 sec
at 60°C, and for 1 sec at 72°C, followed by a melting curve analysis
and a final cooling step to 40°C. LightCycler 480 System Software
v1.5 (Roche) was used to analyze the qPCR data. The reference
gene ACTB was used to normalize the amplification signal between
the samples of different cell lines, differences in treatment, and
amount of input cDNA. The primer sequences are listed in Sup-
plemental Table S2.

Luciferase assays

A 1450-bp fragment surrounding rs12913832 was PCR-amplified
from genomic DNA obtained from HEMn-LP (C-allele) or HEMn-
DP (T-allele) using the Expand Long Template PCR Kit (Roche). The
PCR fragment was digested with HindIII and PstI, generating a 750-
bp fragment that was subcloned in pBluescript. Sequencing veri-
fied the presence of the correct rs12913832 allele for each con-
struct. Correct clones were digested with BamHI and Asp718I and
cloned into the BglII/Asp718I sites of a modified pGL3-promoter
vector (in which the SV40 promoter and the SV40 39 UTR were
replaced by an HSP promoter and an HSP 39 UTR; Promega).
Constructs were transfected into HEK293 or G361 melanoma cells
using Lipofectamine 2000, and luciferase expression was normal-
ized to Renilla luciferase expression. Chimerical luciferase reporter
constructs containing different combinations of rs12913832 and
rs6497271 alleles were generated by digesting HEMn-LP (C-allele)
and HEMn-DP (T-allele) containing luciferase reporter constructs
with XmnI and religating after swapping the fragments. Con-
structs were sequence-verified.

Chromosome conformation capture (3C) analysis

Chromosome conformation capture (3C) analysis was performed
essentially as described (Palstra et al. 2003; Hagege et al. 2007)
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using EcoRI or ApoI as the restriction enzyme. To remove melanin,
DNA was column purified before PCR (OneStep PCR Inhibitor
Removal Kit, Zymo Research). Quantitative real-time PCR (CFX96
Real Time System, Bio-Rad) was performed using iTaq SYBR Green
Supermix with ROX (Bio-Rad), under the following cycling con-
ditions: 2 min at 50°C, 10 min at 95°C, 45 cycles of 15 sec at 95°C, 1
min at 60°C, followed by a melting curve analysis. Cross-linking
frequencies between samples were normalized using primers in the
nonexpressed human beta hemoglobin LCR and HBE1 (Palstra
et al. 2003). A random template was generated as described pre-
viously (Palstra et al. 2003) using BAC RP11-1365A12 for the
OCA2/HERC2 locus. For the human beta hemoglobin locus, we
used a 185-kb PAC (Palstra et al. 2003). The primer sequences are
listed in Supplemental Table S2.

Statistical analysis

Statistical calculations were performed in Excel, or using R software
(for the data obtained in the ChIP assays AcH3/H3, H3K4Me1/H3,
and H3K27Ac/H3). All P-values were calculated with t-tests.
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