From GWAS to Function:

Transcriptional regulation of pigmentation genes
in humans

Mijke Visser



ISBN/EAN: 9789490122003

Thework presentedinthisthesiswas performedatthe Department of Forensic
Molecular Biology, Erasmus MC University Medical Center, Rotterdam, The
Netherlands. This work was financially supported by the Erasmus MC and
by a grant from the Netherlands Genomics Initiative (NGI)/Netherlands
Organization for Scientific Research (NWO) within the framework of the
Forensic Genomics Consortium Netherlands (FGCN).

®
MIX
Paper from

responsible sources
Ew%c% FSC® C012854

Copyright © Mijke Visser 2015

All rights reserved. No part of this thesis may be reproduced, stored in a
retrieval system, or transmitted in any form or by any means without the
prior written permission of the author.

Layout & Cover design: Mijke Visser
Printed by: Gildeprint - Enschede



From GWAS to Function:

Transcriptional regulation of pigmentation genes
in humans

Van GWAS naar functie:
Transcriptionele regulatie van pigmentatie genen in mensen

Proefschrift

ter verkrijging van de graad van doctor aan de
Erasmus Universiteit Rotterdam
op gezag van de rector magnificus

Prof.dr. H.A.P. Pols

en volgens besluit van het College voor Promoties.
De openbare verdediging zal plaatsvinden op

woensdag 18 maart 2015 om 11:30 uur
door

Mijke Visser
geboren te Leiden

S

- ERASMUS UNIVERSITEIT ROTTERDAM



Promotiecommissie

Promotor: Prof.dr. M.H. Kayser

Overige leden: Prof.dr. J. Gribnau
Prof.dr. A.G. Uitterlinden
Dr. R.A. Poot

Copromotor: Dr. R.J.T.S. Palstra



Table of contents

Chapter 1

Chapter 2

Chapter 3

Chapter 4

Chapter 5

Chapter 6

List of abbreviations page 6
Scope of this thesis page 7
General Introduction page 9

HERC2 rs12913832 modulates human pigmentation by
attenuating chromatin-loop formation between a long-range

enhancer and the OCA2 promoter page 41

Human skin color is influenced by an intergenic DNA
polymorphism regulating transcription of the nearby BNC2
pigmentation gene page 67

Allele-specific transcriptional regulation of IRF4 in
melanocytes is mediated by chromatin looping of the intronic

rs12203592 enhancer to the IRF4 promoter page 101

Genetics of skin color variation in Europeans: genome-wide

association studies with functional follow-ups page 131
Discussion page 159
Summary / Samenvatting page 183
Curriculum Vitae & PhD Portfolio page 189

Dankwoord / Acknowledgments page 193



List of abbreviations

3C
ACH
ATP
BEH
bp
cAMP
CE
chip
CNV
CRM
CTCF
CTD
DBM
DHS
DNA
eQTL
FAIRE
GSH
GWAS
HEK293T
HPS
IGV
kb
kD
LD
MAPK
MCF7
MNP
OCA
PCF
PIC
PKA
RNA
RPII
seq
SNP
TBP
TF
TSS
UVR

Chromosome conformation capture
Active chromatin hub

Adenosine triphosphate
Blue-eyed haploblock

base pairs

Cyclic adenosine monophosphate
Capping enzyme

Chromatin immunoprecipitation
Copy number variation
Cis-regulatory modules
CCCTC-binding factor

Carbonyl terminal domain
DNA-binding domain

DNase | hypersensitivity
Deoxyribonucleic acid

expression quantitative trait locus
Formaldehyde-Assisted Isolation of Regulatory Elements
Glutathione

Genome-wide association study
Human Embryonic Kidney cell line
Hermansky-Pudlak Syndrome
Integrative Genome Browser

kilo bases

Kilo Dalton

Linkage disequilibrium
Mitogen-activated protein kinases
Breast cancer cell line

Multi nucleotide polymorphism
Oculocutaneous albinism

Pause control factor

Preinitiation complex

Protein kinase A

Ribonucleic acid

RNA polymerase |l

sequencing

Single nucleotide polymorphism
TATA-binding protein
Transcription factor

Transcription start site

Ultraviolet radiation



Scope of this thesis

Human pigmentation is one of the most explicit visual traits, which therefore has been
subject of many research studies. With the emergence of large-scale genetic association
studies like GWASs, numerous SNPs have been associated with a phenotype of interest,
such as human eye, hair and skin color. Many of the identified pigmentation-associated SNPs
have been implemented in forensic and/or anthropological applications that are developed
to predict human pigmentation traits. The work described in this thesis aims to understand
the functional biology underlying several of these highly associated pigmentation SNPs.

This thesis starts with a general overview of the current knowledge on human
pigmentation in Chapter 1, including its evolutionary history and biochemistry, the
mechanisms of melanogenesis, and genetic variation of pigmentation genes. It also
summarizes the essentials of transcriptional regulation and the key players involved in this
complex process.

Chapters 2-5 contain the experimental work performed during the course of this
PhD study. Herein | focus on the biological function of SNPs that are strongly associated
with human pigmentation phenotypes. In Chapter 2, | describe a detailed analysis of the
regulatory function of an enhancer element that contains the intronic SNP rs12913832
which is strongly associated with human skin, eye and hair color, and controls expression of
the pigmentation gene OCA2.

Due to the original design of GWASs and the SNP arrays used, the genetic
association signals prioritized in these studies are not necessarily the actual causal or
functional SNPs. These causal SNPs need to be identified in order to study the functional
biology underlying the detected genetic association signals. This is exemplified in Chapter 3,
in which | describe the identification of the actual functional SNP (rs12350739) responsible
for the detected skin pigmentation-associated signal in the BNC2 gene, followed by a
detailed analysis of the transcriptional regulation of that gene and the involvement of
rs12305739 therein.

Regulatory elements, such as enhancers are typically located at large distances
from their target genes, however this generally does not restrict the activity of these
elements, as they are able to regulate transcription over large distances through long-range
interactions. Chapter 4 focuses on chromatin structure to characterize the allele-specific
regulatory mode-of-action of an intronic enhancer in which the pigmentation-associated
SNP rs12203592 is located, and controls expression of the IRF4 gene.

In Chapter 5 | investigate the genetic basis of human skin color by combining a
series of GWASs. This is followed by functional analyses of one of the five genomic regions
harboring skin-color associated SNPs detected in these GWASs. At the time the work on this
thesis was done, this genomic region represented the least understood genetic association
signal at the functional molecular level. Finally, Chapter 6 summarizes the results of the
experimental research described in Chapters 2-5, and | discuss the in silico and experimental
workflow as employed in Chapters 2-5 to unravel the functional biology underlying genetic
association signals in a more general context.
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Chapter 1

Human pigmentation

Pigmentation is one of the most obvious visual characteristics found in living creatures.
Already for centuries biologists have been intrigued with the diversity in human
appearances, especially differences in skin color — being one of the most explicit
phenotypes — has been subject of many research studies. Skin color variation has
a tremendous broad range, going from very pale to very dark, and this variation is
correlated with climates, continents, and/or cultures 2. Genetic architecture of human
skin pigmentation suggests intense selective pressure in the past on important attributes
of the skin, which is the largest organ of our body that most immediately and extensively
interfaces with our environment?. This regenerative and multifunctional organ exceeds 2
m? in adult human, with an average thickness of only 2 mm. It forms a barrier between
the body and the environment and provides protection against ultraviolet radiation (UVR),
toxic reagents, pathogenic infections and mechanical stress®. The skin is essential for the
experience of sensations like temperature, touch and pain. This is mediated through the
different receptors that it contains, and provides the possibility to react appropriately to
these sensations. Furthermore, the skin regulates body temperature through transpiration
and is part of the Vitamin D production machinery, which is essential for stable composition
of bones and teeth®. The skin is formed by the epidermis, which is the outer layer consisting
mainly of keratinocytes; the dermis, which is a thick, dense fibro-elastic connective tissue;
hair follicles; sweat glands; arteries and veins; and nerve (ending)s (Figure 1).

The major hypothesis explaining the evolution of human skin color variation is
that of natural selection; genetic adaptions to environmental changes as a consequence
of human migration out of Africa’. Sunlight is suggested to be one of the most important
environmental variables determining normal pigmentation variation, as a clear correlation
exists between skin pigmentation and UVR’%, also referred to as the tanning response.
In regions of high UVR, a darker skin would benefit from a better protection against
sunburn and skin cancer. However, it is also suggested that variation in pigmentation
evolved to regulate the UVR-penetrance, balancing the need to prevent folate photolysis
but permit sufficient vitamin D photosynthesis’. The precise mechanisms of how UVR
affects and has affected skin color variation remains subject to debate and might not be
solved easily. An alternative hypothesis of sexual selection®, which was postulated already
in 1871 by Darwin'®, explains human pigmentation diversity of skin, hair and eye by
reproductive variation driven through the perceived attractiveness or desirability of a
particular appearance. Neither one of the hypotheses can be ruled out as player in the
evolution of human skin color variation, and it is likely that a combination of the different
types of selection determined the pigmentation diversity of modern humans at different
stages of human evolution, and probably with different levels of impact.

Human skin color variation provides researchers from multiple disciplines,
including anthropologists, geneticists and (molecular and/or cell) biologists, an ultimate
opportunity to study subjects as diverse as human origins and evolution, relationships
between genotypic and phenotypic diversity, and (molecular pathways determining)
biogenesis and movement of subcellular organelles®. With increasing knowledge on DNA,
transcription, translation, gene expression and regulation, research on pigmentation
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Figure 1. Schematic representation of the morphology of human skin. Left: the laminar structure of
skin consists of the subcutaneous (fat) tissue (referred to as the hypodermis(H)), the dermis (D) and
the epidermis (E). Right side: The epidermis is built from four different layers: basal layer (BL), spinous
layer (SL), granular layer (GL) and cornified layer (‘stratum corneum’ (SC)). Melanocytes residing
between the basal layer cells communicate through dendritic processes with 30-40 keratinocytes in
the epidermal pigment unit. Melanin is synthesized by melanocytes in melanosomes, that are
transferred to keratinocytes. (Adapted from Fuchs et al* and Cichorek et al®).

becomes more and more detailed in deciphering the complex mechanisms determining our
variety of pigmentation phenotypes.

Melanogenesis

The color of the skin, hair and eye of mammals is primarily determined by the production
and distribution of pigmented biopolymers known as melanins. Melanins are synthesized
in melanocytes located in the basal layer of the skin epidermis, hair bulb and the iris.
Within the melanocytes, the melanin production (referred to as melanogenesis) takes
place in lysosome-like organelles, called melanosomes. Melanogenesis was first described
by Seiji et al in 1961, after which it has been and still is intensively studied, and is the
subject of several excellent reviews>**4, In skin, the melanosomes are transferred from
the melanocytes to the adjacent keratinocytes that differentiate and migrate to the upper
layers of the skin epidermis®. In hair, the process is similar, melanin is produced exclusively
in the follicular melanocytes, from where they are transferred to surrounding immature
precortical keratinocytes that will differentiate and migrate to form the pigmented hair
shafts®®. Unlike the skin and hair, in which melanin is continuously produced and secreted
to their surrounding keratinocytes?®, in the iris the melanosomes are found only in the
cytoplasm of the melanocytes within the iris stroma?’. Differences in eye color are the
result of variable amounts and quality of the melanosomes and the type of melanin packed
within these organelles®. Epidermal melanocytes distribute their produced melanin to
approximately 40 overlying basal and suprabasal keratinocytes via their elongated dendrites
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and cell-cell contact, creating a so-called pigmentary unit or epidermal melanin unit***®
(Figure 1). Variation in skin (and hair) pigmentation cannot be explained by the number
of melanocytes present in the epidermis, as this is constant in any given area, despite the
level of pigmentation. Instead, this variation is due to several other factors: the shape
and distribution of the melanosomes!*?, the signaling patterns of the pigment-receiving
epidermal keratinocytes?® and the amount and type of melanin produced?!*!6:1821-23,

Biochemistry of Melanogenesis

There are two types of melanin: the yellow-to-reddish brown pheomelanin and the
less-soluble black-to-brown eumelanin!???>, The synthesis of both pheomelanin and
eumelanin starts with the oxidation of L-tyrosine by tyrosinase (TYR) with dopaquinone
(DQ) as the product (Figure 2). In the absence of cysteine, DQ undergoes the intramolecular
addition of the amino group resulting into cyclodopa, which then rapidly undergoes
a redox exchange with another DQ molecule to give Dopachrome. The other product
of this redox reaction, Dopa is oxidized back into DQ by TYR. Dopachrome gradually
decomposes to form mostly DHI, and to a lesser extent DHICA, the latter being catalyzed
by Dopachrome Tautomerase (DCT). Finally, DHI and DHICA are oxidized to form
eumelanins by TYR and Tyrosinase-related protein 1 (TYRP1), respectively. The synthesis
of pheomelanin and eumelanin was initially reported by Raper in 1921% and Mason in
1948%, resulting in the Raper-Mason pathway, which was intensively studied afterwards,
and chemically described recently by Ito et al*®. The quantity and quality of eumelanins,
their ratio of DHI- to DHICA-derived subunits and the degree of their polymerization is
strongly affected by the activities of the involved TYR-related proteins TYRP1 and
DCT?. With cysteine present, dopaquinone rapidly reacts with the sulphydryl (SH)
compound of cysteine to form two cystenyldopa (CD) isomers, 5SCD and to a lesser extent
2SCD*. The next step is a redox exchange between DQ and the SCD’s to form CD-quinones,
followed by a cyclization of the CD-quinones into ortho-quinonimine (Ql). Oxidization then
results into benzothiazine intermediates that are finally polymerized to pheomelanin®?.

Mixed melanogenesis

Melanocytes produce melanin in different mixtures of pheomelanin and eumelanin,
depending on chemical kinetics and complex pathways. The so-called ‘mixed
melanogenesis’ is a three-step pathway starting with the production of CDs, which is an
extremely fast reaction and continues as long as cysteine is present (~1 uM). The second
step is the (relatively slow) oxidation of CD to give pheomelanin, which continues as long
as CD is present (~9 uM). The final step is the synthesis of eumelanin that begins only after
most of the CDs (and cysteine) are depleted?®323*, The ratio of eumelanin and pheomelanin
is therefore determined by the availability of SH compounds in melanosomes?®3*, whereas
the total amount of melanin is determined by the activity of TYR and the availability of
tyrosine®. Besides cysteine, the major SH compound in living cells, glutathione (GSH)
plays an important role in the described eu/pheomelanogenesis switch. Like cysteine,
GSH reacts with dopaquinone to form CDs, and depletion of this molecule (in combination
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Figure 2. Biosynthetic pathways leading to eumelanin and pheomelanin synthesis. Taken from Ito
et al®.

with cysteine) results into the switch to eumelanogenesis. Additionally, both cysteine and
GSH are involved in the regulation of TYR activity, however with distinct effects; cysteine
inhibits the tyrosine hydroxylation reaction, whereas GSH displays an activating effect
on TYR before an inhibitory effect at higher concentrations of GSH*?’. The subsequent
increased or decreased production of DQ than leads to the branching point of eu- and
pheomelanogenesis (Figure 2). In contrast to TYR, the proteins DCT (initially named TYRP2)3®
and TYRP13® are only involved in one side of the melanogenesis pathway, together with TYR
they were shown to form a complex within melanocytes that facilitates their physiological
interactions®.

Molecular genetics of human pigmentation

Constitutive pigmentation is a polygenic trait with many different genes involved. The first
genes identified to be involved in pigmentation biology were the genes encoding enzymes
that regulate (parts of) the melanogenesis pathways, which are described in the previous
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chapter. Research on pigmentation phenotypes either naturally occurring, disease-related
or artificially induced, revealed many new pigmentation genes. How these genes determine
the variation of pigmentation depends largely on the activity of the gene product, and/or
on their level of expression, that needs to be regulated at a highly dedicated level'***3, In
order to explain how this can be organized in the cell we need to go back to the very basics
of the cell; to the DNA and its structural organization in the cell nucleus.

DNA - structure and content

Deoxyribonucleic acid or DNA is the carrier of genetic information in all living organisms.
It is made up of the 4 ‘letters’ - the nucleotides: G (guanine), A (adenine), T (thymine) and
C (cytosine). These nucleotides selectively pair with one other nucleotide forming the
complementary base pairs, G-C and A-T*. Usually, DNA is composed of two anti-parallel
complementary polynucleotide strands assembled into a double helix structure®. The
human genome, i.e. the entire human DNA code, is about 3 billion nucleotides long, it is
divided over 46 chromosomes; two copies (one from the father, one from the mother) of
22 autosomes and 2 sex chromosomes, XX in females, XY in males.

DNA was first discovered in 1869 by Friedrich Miescher. He identified it as nuclein,
as he isolated it from the cells’ nuclei, a name that is preserved in today’s designation
deoxyribonucleic acid*>. However, it took another 70 years before DNA was suggested to
be the carrier of genetic information*?, and soon after it was found that the 4 bases are
always present in fixed ratios due to their base pairing*. In 1952 DNA was confirmed to be
the genetic material®, after which the famous duo Francis Crick and James Watson solved
the structure of DNA, supported by the X-ray analyses of Rosalind Franklin and Maurice
Wilkins®.

The double helix structure of the two intertwined nucleotide strands provides not
enough compaction for the DNA to fit into the cell nucleus which has a typical diameter
of only 6-10 um, as the total length of the human genome is almost 2 meters. Therefore
the DNA is packed into a highly efficient and refined nucleoprotein structure known
as chromatin®®. The central subunit of chromatin is the nucleosome, which consists
of approximately 165 base pairs (bp) of DNA wrapped in two superhelical turns around
an octamer of core histones (assembled by two of each histones H2A, H2B, H3 and H4),
resulting into a five- to tenfold compaction of DNA**’, The DNA between two nucleosomes
is called linker DNA, the length of this linker DNA is variable, ranging from 10 to 80 bp, and
it serves different regulatory functions®. The stretch of nucleosomes can be folded into a
compact fiber and stabilized by the binding of a fifth histone, H1, to each nucleosome and
to its adjacent linker®. It is still poorly understood how further compaction of the chromatin
is achieved to obtain higher-order chromatin, with the highest level of compaction
observed during mitosis, where DNA is packed into metaphase chromosomes*’ (Figure
3). In non-dividing cells, chromatin is distributed throughout the nucleus and organized
into condensed regions, called heterochromatin and into the more open and accessible
regions, called euchromatin. Initially it was assumed that the purpose of chromatin was
solely to package the large genome enabling it to fit in the constraints of the cell nucleus.
However, now it appears that chromatin structure is at least as important for regulating
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Figure 3. Packaging DNA; the
organization of DNA within the
chromatin structure. At the lowest
level of organization, two superhelical
turns of DNA (a total of 165 base
pairs) are wound around the outside
of a histone octamer, resulting into
the nucleosome. Nucleosomes are
connected to each other by linker DNA,
stabilized and compacted into 30 nm

Short region of
DNA double helix

"Beads on a string”
form of chromatin

30-nm chromatin
fibre of packed

nucleosomes chromatin fibre structures, and these
fibres are then further folded into
higher-order structures. The highest
Section of

order of compaction is at the level of
chromosomes, the details of folding
at this particular level, but also at the
earlier levels beyond the nucleosome
structure remain uncertain. Taken
from Felsenfeld et al*’.
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Condensed section
of chromosome

Entire mitotic
chromosome

gene expression.

The human genome can be divided into several functional units, of which the
genes encode the most important information. The best-defined functional units in
the human genome are the protein-coding sequences or genes, of which the number is
currently estimated to be approximately 20.000%°, the majority of these genes are highly
conserved throughout evolution. The synthesis of proteins starts with ‘reading’ the DNA-
sequence of the protein-coding gene region in the genome in a process called transcription.
In contrast to the replication process, in which DNA is copied into another strand of DNA,
during transcription the specific region of DNA encoding the desired protein(s) or the so-
called ‘transcriptional unit’ is copied into an RNA (ribonucleic acid) molecule. These RNA
transcripts are then modified to remove the noncoding sequences (introns), resulting
into the messenger (MRNA), containing only the protein-coding sequences (exons). This
modification process is called splicing. Often individual genes are spliced in different ways
(alternative splicing), allowing a single gene to encode multiple different protein-products.
Following export of the mRNA from the nucleus to the cytoplasm, the mRNA is translated
into proteins by the ribosome. Every three bases of mMRNA (codons) encode an amino acid,
and these amino acids are linked to form a specific protein*. Correctly translated, cleaved
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and folded proteins fulfill most of the labor in the cell, including performing enzymatic
reactions, providing building blocks for the cell matrix and regulating processes like
transcription and translation. Besides proteins, noncoding RNAs (RNA molecules that are
not translated into proteins) are involved in a variety of biological functions. Well-known
ncRNAs are ribosomal RNA (rRNA) and tRNA which were already studied in the 1950s, but
several new types of small and long ncRNAs have been identified in the last decade, and
more are anticipated to follow**°.

Genetic variation

As described above, the DNA sequence that we are born with is basically the same
throughout all our cells, and the majority of that DNA is also identical between individuals.
However, the human genomes also vary quite substantially between individuals, giving
rise to all kinds of (heritable) differences in human phenotypes, like physical appearances
(pigmentation, body height, and many other visible traits), behavioral aspects, and disease(-
susceptibility). Variation of the human genome is due to sequence variation, structural
changes and DNA modifications such as methylation. Sequence variation comprises single
nucleotide and multi nucleotide polymorphisms (SNPs and MNPs, respectively), small
insertions or deletions (indels) of a few nucleotides. Structural variation consists of (larger)
copy number variations (CNVs) like deletions, duplications and mobile-element insertions,
copy-neutral inversions and translocations, and chromosomal aneuploidies®?.

For the purpose of this thesis | will focus only on sequence variations, especially
that of SNPs. SNPs or point mutations are single-base-pair changes in one sequence
compared to another, that occur in >1% of individuals in a sampled population. More than
38 million SNPs (of which 58% were previously unknown) were recently mapped in 14
populations worldwide by the 1000 Genomes Project®. Mapping and especially identifying
SNPs that are associated with a certain phenotype is highly valuable for studying the biology
behind those phenotypes. Genome-wide association studies (GWASs) using high-density
genotyping arrays have already identified more than 11.000 SNPs that are associated with
numerous physiological phenotypes® (http://www.genome.gov/gwastudies), and many
more are anticipated to be identified in the future. GWASs investigate the nonrandom
coinheritance of DNA variants (which is called the Linkage Disequilibrium, or shortly LD)
by scoring the association of hundreds of thousands of SNPs with a specific phenotype®.
Since not all known (and unknown) SNPs can be included on the genotyping chips, two
selection strategies were initially used to build whole genome SNP arrays. One is to
randomly select SNPs that are relatively evenly spaced across the genome, not taking into
account the inter-SNP LD patterns (i.e. Affymetrix SNP arrays). The other strategy is to
select tags for haplotypes (the set of SNPs that are statistically linked with each other), such
as Illumina arrays®. ldentifying the tags can lead to the identification of all polymorphic
sites in the haplotypes region, including the SNP that is likely to influence a molecular or
cellular process, affecting the phenotypic variation (which is called the ‘causal SNP’)¢. SNPs
located in exons are known as coding SNPs, as they change protein-coding DNA sequences.
Non-synonymous SNPs thereby alter an amino-acid in the protein, which might affect the
protein’s functioning.
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Initially it was thought that causative SNPs would be coding; however, it turned out
that the vast majority (more than 80%) of GWAS tag SNPs located in intergenic or intronic
regions. Most intergenic SNPs are located 20-50 kb away from the nearest gene in haplotype
blocks of 10-20 kb, and it was estimated that in 40% of the cases these associated haplotype
blocks do not overlap with known exons®’. The effect of noncoding SNPs, intergenic as well
as intronic, or the potentially associated LD SNPs, is therefore not directed at the protein
functioning, instead they are more likely to influence gene regulation®*°®,

Genetic variation in pigmentation genes — coding SNPs

Numerous genome-wide and candidate-gene association studies have been employed to
find genetic variations with human pigmentation phenotypes, resulting into an extensive
list of pigmentation-associated DNA variants, located in exonic as well intronic and
intergenic regions. | will discuss here coding as well as noncoding DNA variants in several
pigmentation genes with strong effects on pigmentation phenotypes.

The coding region of the human Melanocortin-1 Receptor (MC1R) gene consists
of only one exon and spans less than 16 kb on chromosome 16%. It is highly polymorphic
in non-African populations with numerous allelic variants, most of which result in a single
amino-acid substitution®>®°, MCIR was first identified in mice on the basis of altered coat
color®*®2, The role of MCIR in hair pigmentation is most profound, as certain substitutions
are associated with the red-hair phenotype. This phenotype also includes fair skin, inability
to tan and tendency to freckle, and has been significantly linked to the development of UV-
induced skin cancer®%, however MCIR was also shown to contribute to skin pigmentation
characteristics in the wider non-redheaded population®. MCIR and its mutations have
been extensively studied in different skin types and geographical regions, which led to
different theories on the evolution of human pigmentation. Studies on evolutionary
genetics suggest that in African populations the gene is under a strong functional constraint,
preventing mutations to exist in MCIR that promote pheomelanogenesis in sub-Saharan
Africa or other regions with high UV-radiation®®¢”8, This constraint was probably lost in the
populations that left the African continent, resulting into a high level of nucleotide diversity
in MIC1R leading to a range of lighter pigmentation phenotypes, depending on the severity
of the MCI1R mutation. It remains unclear whether this drive for selection was required
by an enhancer need for UVR-induced vitamin D production despite a reduced protection
from UVR-induced DNA damage or as a result of a yet undiscovered critical pathway*>¢’.

The solute carrier family member SLC24A5, encoding the NCKX5 membrane
transporter protein, was identified as the human homologue of a zebrafish gene that
causes the ‘golden’ phenotype. It appears that only one SNP is responsible for the
(spectrophotometrically-measured) pigmentation effect; rs1426654-A/G changing
Thr111Ala, is fixed in European populations as the threonine allele rs1426654-A, whereas
in African and Asian populations the ancestral alanine allele rs1426654-G is almost fixed®.
The function of SLC24A5 in human pigmentation is not yet known, however it was shown
that in human melanocytes the activity of TYR of the rs1426654-GG and rs1426654-GA
genotypes is about twofold higher than that of the rs1426654-AA genotypes™.

Other coding SNPs and the genes they locate in, were identified to be associated
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with pigmentation phenotypes by studying human pigmentation disorders, like
oculocutaneous albinism OCA and related disorders such as Hermansky-Pudlak Syndrome
(HSP1-8)**™. There are 4 known and well-described types of OCA, ranging from OCA1A
being the most severe type with a complete absence of melanin production throughout
life to the milder forms of OCA1B, OCA2, OCA3 and OCA4, which display some pigment
accumulation over time’%. Recently, additional OCA types have been identified (OCA5-7)
and more types may remain to be discovered”¢. Each of the first four OCA types (OCA1-4)
can be characterized by mutations in one specific gene respectively; TYR, OCA2, TYRP1 and
SLC45A2/MATP?7®,

The latter and the third most common form of OCA, OCA4 was initially described
among the Japanese population”, soon after it was also reported in different European
countries’. It is caused by recessive mutations in the SLC45A2 gene (also known as
membrane-associated transporter protein (MATP)), another member of the solute carrier
family. The molecular function of SLC45A2 is not yet known, although the structure of the
SLCA5A2 protein was predicted as a 12-transmembrane spanning protein’; however, no
substrate for transportation has been identified yet. The variant in SLC45A2 that is most
strongly associated with hair and skin pigmentation is rs16891982 encoding the protein
change Leu374Phe®. In cultured melanocytes the rs16891982Phe/Phe-homozygotes
have reduced SLC45A2 protein levels leading to mislocalization of TYR from melanosomes
to the plasma membrane and incorporation of TYR into exosomes’®®, Another member
of the solute carrier family, SLC24A4, has been genetically associated with eye and
hair pigmentation, skin sensitivity to sun, and increased risk for cutaneous malignant
melanoma®®’. The exact function and its role in pigmentation remains to be determined
for this gene.

Mutations in the pigmentation gene TYR cause OCA1, the most common type of
OCA among Caucasian populations. OCA1 is divided into two sub-categories: the severest
form OCA1A resulting from TYR mutations produce no enzyme or inactive enzyme, and the
less severe OCA1B resulting from mutations in TYR that reduce enzyme activity allowing
some accumulation of melanin over time’>%, Mutations in TYRP1 lead to OCA3, also known
as Rufous oculocutaneous albinism’#, TYRP1 is the most abundant melanosomal protein
of the melanocyte, it contains 537 amino acid residues and shares 40-52 % of amino acid
homology with the TYR protein®. Numerous SNPs in both TYR and TYRP1 were shown to be
genetically associated with eye, hair and skin color variation in Europeans®*#499-%,

The second most prevalent form of OCA worldwide is OCA2. Recessive mutations in
the OCA2 gene are the primary cause of albinism in African populations and genetic studies
on albinism in Caucasians routinely detect (new) mutations in OCA2. Approximately 150
mutations of the OCA2 gene are now known and new ones are still being discovered”°"%,
OCA2 is located in the vicinity of the 15q11-q13 imprinted chromosomal region, which is
associated with the Prader-Willi and Angelman syndromes and some patients with either
one of these syndromes indeed display features of albinism®. The exact function of OCA2
remains unclear although it certainly plays a central role in melanosome biogenesis and
controls the eumelanin content in melanocytes!®. The OCA2 gene is divided into 24 coding
exons spanning approximately 345 kb, the gene encodes a 110 kD protein that contains
12 transmembrane-spanning regions. The so-called P protein is thought to be involved
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in small molecule transport across the melanosomal membrane!®. As such, it regulates
melanosomal pH°? which in turn affects processing, trafficking, and activity of TYR%3104,
For proper OCA2 functioning, melanosomal localization is crucial; it requires a conserved
consensus acidic dileucine-based sorting motif within the cytoplasmic N-terminal region
of the protein'®'%, OCA2 was also suggested to be involved in controlling glutathione
(GSH) metabolism?®, and in regulating the unfolded protein response in the endoplasmic
reticulum?1%_Although many mutations in the OCA2 gene are causative for pigmentation
defects, several (other) polymorphisms in and around the gene have been associated with
normal variation in skin, hair, and iris pigmentation8283110-117 These genetic studies indicate
that the region surrounding the OCA2 gene is one of the main genetic determinants of
pigmentation differences in humans.

Genetic variation in pigmentation genes — noncoding SNPs

Several noncoding SNPs were associated with pigmentation phenotypes, such as the SNP
rs12913832 in HERC2. This gene has no known function in pigmentation biology, but the
SNP rs12913832, located in intron 86 of HERC2, is the most strongly associated SNP with
blue eye color in European populations®!31%7 |t is a near perfect predictor of human
eye color; the C-allele is strongly associated with blue eye-color, the T-allele is strongly
associated with brown-eye color!®'®, The exact molecular mechanism of how this SNP
affects human pigmentation is studied in Chapter 2.

The noncoding SNPs rs2153271 and rs10756819 in intron 1 of Basonuclin 2 (BNC2)
have been genetically associated with freckles®, and skin pigmentation in European® and
East Asian'® populations. Initially, BNC2 was found to be involved in coat pigmentation
in mice®>'?2, and in skin pigmentation patterns in zebrafish!?*!% studies. BNC2 encodes a
DNA-binding zinc-finger protein that is highly conserved and is expressed in many human
tissues, including epithelial and germ cells. Due to its very high conservation status, the
function of BNC2 is probably essential; it is most likely involved in mRNA processing like
mRNA splicing, but it has also been suggested to function as a transcription factor'?>1%, |n
this thesis, Chapter 3 will deal with the impact of the pigmentation-associated SNPs on the
BNC2 gene.

So far, most DNA variants associated with pigmentation were found in or close
to genes that were somehow already shown to be involved in pigmentation, either in
animal studies or in humans. But GWASs might also lead to the discovery of novel factors
involved in the trait studied. This was the case for Interferon regulatory factor 4 (IRF4),
a member of a helix-loop-helix family of DNA-binding transcription factors involved in
downstream regulation of interferon signaling. IRFs are primarily associated with immune
system development and response'?”’. The IRF4 gene is mainly expressed in lymphocytes,
macrophages, B cells and dendritic cells, but interestingly also in melanocytic lineages'?®.
The potential involvement of IRF4 in human pigmentation was reported by Sulem et al
(2007), as they identified an intergenic variant close to IRF4 associated with freckling®:.
Notably, the expression of IRF4 in skin melanocytes and in melanoma cell lines was
described previously!®. Further studies demonstrated that an intronic SNP rs12203592
in intron 4 of IRF4 is strongly associated with hair, eye and skin pigmentation, tanning
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response and nevus count82848:9%115 The biological function of this SNP will be described
further at the end of this chapter and studied in more detail in Chapter 4 of this thesis.

The SNP rs12821256 is strongly associated with blond versus brown hair®, and it is
located in an intergenic region at a distance of 350 kb from the KITLG gene. KITLG encodes
the c-Kit ligand that influences melanocyte proliferation and activates keratinocytes to
produce promelanogenic factors®°. Intronic SNPs located in the LYST gene have also been
found to affect human eye color®. LYST encodes a protein that regulates intracellular
protein trafficking in endosomes, and was identified as pigmentation gene in animal studies
using mice'** and cattle™?.

Agouti signaling protein (encoded by ASIP) is a ligand that antagonizes the function
of MC1R, driving the melanin production towards the pheomelanin route!**!34, Several DNA
variants and haplotypes in the ASIP region at 20g11.2 were shown to be associated with
eye color'®, hair color®®3>, skin pigmentation phenotypes, including skin sensitivity and
freckling®®®513¢ and skin cancer 837713 The region containing the identified variants and
haploblocks at 20q11.2 spans more than 20 genes, including ASIP but also RALY, MYH7B,
PIGU, GSS, EIFS2S and others®. The exact causal DNA variant(s) and gene(s) that give rise
to the pigmentation-association signals have not yet been identified for this region, which
will be explored in more detail in Chapter 5.

How are these intronic SNPs involved in controlling transcription of the
pigmentation genes they are located in? And what is the effect of the SNPs that are
located in intergenic regions, more distant from the genes they might regulate? To answer
these questions the complex mechanisms of controlling gene expression, also known as
transcriptional regulation should be studied. The next paragraphs will deal with the basics
of gene expression, transcription and the more complex mechanisms of transcriptional
regulation.

Gene expression

The level of expression is tightly regulated, each gene can be expressed at different levels
depending on biological function and necessity. As such, the identity of a cell is determined
by the expression profile of all genes?®. The complete set of non-specific and specific
transcripts (including mRNA, ncRNA and all other types of RNA molecules), and their
quantity in a cell, is referred to as the transcriptome of that cell, tissue or developmental
stage/condition'*. A set of approximately 8000 genes are ubiquitously expressed in all
cells. These are the so-called house-keeping genes and are involved in general processes
like metabolism, transcription, RNA processing and translation, but also in building and
maintaining the cytoskeleton, cellular matrix and all kinds of transport. Another several
thousand of genes are differentially expressed between divergent cell types or tissues and
an even smaller set of genes is exclusively expressed in a single cell type or at a certain
developmental stage!*?. For example, genes that are involved in pigmentation, like MITF,
TYR and TYRP1 display highly specific expression patterns in skin melanocytes, whereas in
other cell types expression of these genes is either low or absent. Other genes were found
to be almost exclusively expressed in one specific cell type or tissue and absent in others,
e.g. AMICA1'*® and HBB** in blood, STATH and HTN3'** in saliva and CDSN and LOR® in skin
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epithelial cells.

With the development of hybridization-based technologies like DNA microarrays
and more recently, deep-sequencing technologies like RNA-seq (RNA sequencing), whole
transcriptomes can be mapped and profiled at high-throughput scales, allowing for a very
precise measurement of levels of transcripts and their isoforms in all kinds of cell types,
tissues and developmental stages, and from individuals with different (disease-related)
phenotypes?.

Flexibility for the cell to alter its gene expression profile in response to environmental
cues is crucial for the cell’s optimal functioning and survival. This is mediated via a process
called signaling; through binding of signaling molecules like hormones, cytokines and
growth factors to receptors at the surface of their target cell, or through cell-cell contact,
the target cell is triggered to adjust gene expression profiles via a complex intracellular
cascade of events®. A well-studied example of a signaling molecule is the hormone a-MSH
affecting the MC1R protein. MC1R, a G-coupled receptor, is located on the cell surface of
melanocytes and it is involved in the hormonal regulation of melanogenesis. Upon binding
of agonists like a-MSH to MC1R, the adenylyl cyclase enzyme becomes activated inside the
melanocytes, resulting into increased levels of intracellular cAMP (together referred to as
the PKA pathway or the cAMP-dependent pathway). Up-regulation of the PKA pathway
leads to induced expression levels of various genes, including that of Microphtalmia-
associated transcription factor (MITF), a key player in melanocyte biology (Figure 4)47-14,
In turn, MITF regulates expression of various pigmentation genes™®**!, including TYR, which
ultimately drives eumelanin production®*%1%3, Conversely, upon binding of antagonists like
agouti signaling protein (ASIP) to MC1R, TYR expression decreases, resulting into a switch
to pheomelanin production!®34, Interestingly, even without MC1R present, a-MSH is able
to control melanogenesis, possibly by acting directly in melanosomes*¥’.

Transcription — the basics

As differential expression levels of genes are essential for cells and organisms, the control
of gene expression is regulated at 6 different levels, of which the first level of transcriptional
regulation plays the most important point of control for the majority of the genes®.
Transcription is a complex process that in general proceeds in three sequential stages:
initiation, elongation and termination. The initiation of eukaryotic transcription for protein-
coding genes starts with the binding of the general transcription factors (TFIID, TFIIA, TFIIB,
TFIIF, TFIIE and TFIIH) along with RNA polymerase Il (RPII) at the promoter region of the
gene to form the preinitiation complex (PIC)*, which is facilitated by another evolutionary-
conserved, multiprotein complex called Mediator'**!*>. Mediator is at least as important
for transcription as the PIC; besides interacting directly with RPII, it coordinates the activity
of numerous other co-factors and it is involved in both positive and negative regulation of
transcription®®. RPIl is capable of unwinding DNA, synthesizing RNA and rewinding DNA;
however, it is incapable of recognizing a promoter and initiating transcription, for these
essential functions, the participation of the general transcription factors is required®*.
A subunit of TFIID, the TATA-binding protein (TBP) specifically binds the TATA-box DNA
fragment of the promoter, resulting into the distortion of the DNA and positions the PIC
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Figure 4. Melanogenesis. The trans-membrane MCI1R receptor is activated upon binding of
melanocyte-stimulating hormone (MSH), which leads to a cascade of signaling events; activated
MC1R induces expression of the transcription factor MITF via G protein signaling. In turn, MITF
regulates transcription of several genes involved in melanogenesis, including TYRP1, DCT, OCA2,
TYR and SLC45A2, which drives eumelanin production in melanosomes, followed by distribution of
these melanosomes to neighboring keratinocytes. MC1R activation can be inhibited by ASIP, which

eventually leads to reduced melanogenesis and related processes. Adapted from Law et al*%°.

accurately at the transcription start site (TSS)'*®. Several sequence motifs, such as the
TATA-box, the TSS, the TFIIB recognition element and specific transcription factor binding
sites together are called the Core Promoter Element®. Following this, TFIIH mediates the
melting out of the DNA double helix at the TSS, allowing transcription to begin®. After
several attempts in which RNA transcripts are released shortly after initiation resulting into
truncated transcripts (a process called abortive initiation), RPIl becomes phosphorylated by
TFIIH, leading to the recruitment of the capping enzyme (CE) and the subsequent induction
of promoter clearance. Especially the phosphorylation step is crucial for the switch from
the initiation to the elongation phase; a phosphate group is added by TFIIH to the serine
at position 5 (Ser5P) of the RPII carbonyl terminal domain (CTD), causing a conformational
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change of RPIl as such that it is released from the other factors and enters the elongation
phase of transcription®. The RPIl is paused at 20-60 bases from the TSS by pause control
factors (PCFs) to ensure the complete transition of the RPll-complex to a fully competent
elongating form*1; however, it has also been observed that RPIl is paused during later
stages of elongation. Recently, emerging data indicate that pausing of RPIl during early
elongation is widespread and is an important step in transcriptional output regulation®s,
Progression into the elongation phase is accompanied by a decrease in Ser5P of
the RPII-CTD and an increase of phosphorylation of serine 2 (Ser2P) of the RPII-CTD by the
metazoan RPII Ser2 CTD kinase (P-TEFb (CycT1:Cdk9))*°. Ser2P mediates recruitment of
factors essential for the final stages of transcription to the elongating RPII (like the splicing
machinery and the polyadenylation and termination machinery)®. In general, during
elongation one DNA strand (the template strand) serves as a template to synthesize RNA.
The RNPII traverses the template strand in the 5’ to 3’ direction at a speed of approximately
3-4 kb/min, to create an exact RNA copy, with exceptions for thymines (T) that are replaced
by uracils (U) and for the nucleotides that are composed of riboses instead of deoxyriboses
in the backbone. The transcription cycle ends with cleavage of the new transcript upon
recognition of the termination signal, followed by multiple modifications, such as the
addition of a poly-A tail (polyadenylation) at the 3’-end, capping of the 5’-end and splicing®.

Transcriptional regulation — transcription factors, chromatin modifications and
enhancers

Transcription is regulated by the combined effects of structural properties (the packaging
of DNA) and the interaction of (general and specific) transcription factors on initiation and/
or elongation complexes. The next paragraph will deal with both interconnected levels of
transcriptional regulation (Figure 5). Transcription factors (TFs) can be separated into two
classes, depending on their regulatory level; control of initiation or control of elongation?*.
However, some TFs contribute to control of both transcription stages. TFs are regulatory
proteins that typically recognize and bind small 6-12bp long degenerate sequences of DNA,
called motifs'®®, They are classified by the DNA-binding domains (DBMs) they possess,
subdividing them into groups and families of TFs that are highly related, due to gene
duplication events throughout evolution. As a result, evolutionary related TFs often share
similar DBMs that in some cases leads to redundant functionality in vivo®*. However, in
many more cases, TFs with similar DBMs display highly specific functions, suggesting a high
level of complexity in the regulation of TF-binding. In contrast to the general TFs that are
responsible for the recruitment of the RPIl complex to the genome to initiate transcription
at the promoter region of all genes, (specific) TFs are more restricted to the amount of
genes they transcriptionally regulate, ranging from hundreds to several thousands of
genes'®2, The human genome encodes 2000-3000 TFs, many of which are expressed in a
cell-type specific manner and at relatively high concentrations, as compared to the general
TFs63,

An example of a TF that is highly specific for a particular cell-type is Microphtalmia-
associated transcription factor (MITF), the master transcription factor regulating melanocyte
differentiation, proliferation and survival. MITF is (co)-regulating the transcription of many
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Figure 5. Transcriptional regulation and the different roles transcription factors (TFs) can play herein.
Binding of pioneer TFs to an enhancer element in condensed chromatin leads to the recruitment of
chromatin modifiers, that in turn remodel the enhancer chromatin. The enhancer is now accessible
for cell-type or stimulus-specific TFs to bind. These TFs will then recruit factors that connect the
enhancer to the core promoter, remodel the core promoter, and recruit and stabilize assembly of the
preinitiation complex (PIC). Following initiation, RPIl may be paused at some genes, until TFs recruit
pause-releasing factors such as P-TEFb. (TSS: Transcription Start Site) Adapted from Maston et al*®*.

pigmentation genes, including the melanogenic genes TYR, TYRP1 and DCT (Figure 4),
but it also targets (key) genes involved in a broad variety of other cellular processes!*®*,
Transcription of MITF is regulated by the TFs PAX3, SOX10, LEF1, ONECUT-2, and by MITF
itself, and by the MAPK!> and PKA signaling pathway.

Transcriptional control carried out by TFs is achieved affecting the transcription
processes either directly or indirectly. The direct mechanism involves binding of TFs to
the different units of the general transcription machinery like general TFs and Mediator,
resulting into modulated formation of the PIC. Alternatively, TFs can interact with or recruit
cofactors to factors involved in the pause-release process or elongation. The transcriptional
process is indirectly affected by the induction of chromatin modifications via recruitment
of chromatin modifying complexes, by competing or displacing other TFs or by acting
as pioneer TFs (Figure 5), which are factors that are able to bind DNA within regions of
inaccessible chromatin, creating the opportunity for other TFs to bind and activate
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transcription®160162163 Often transcription factors combine multiple strategies to regulate
the transcriptional output of a gene.

The fundamental unit of chromatin; the nucleosome, also plays a central role in
transcriptional regulation*®. Mobilization of nucleosomes and the modification of histones,
leads to activation or repression of transcription which depends on the specific combination
of histone modifications and on DNA-accessibility. The transcription machinery and TFs
are involved in the recruitment of a range of histone-modifying enzymes (called ‘writers’)
that acetylate, methylate and ubiquitinylate or otherwise chemically modify nucleosomes
across the span of each (in)active gene. With the additional presence of enzymes that
remove these modifications (called ‘erasers’), a highly dynamic pattern of chromatin
modifications can be produced during the combined events of initiation and elongation.
TFs and protein complexes contributing to transcriptional control that bind via these
modifications are called ‘readers’®. Gene activation is accompanied by recruitment of
ATP-dependent chromatin remodeling complexes of the SWI/SNF family; these complexes
mobilize nucleosomes to facilitate access of the transcription machinery and its regulators
to DNA®, Gene repression, generally characterized by less accessible or fully inaccessible
chromatin, can be regulated at different levels; the DNA of genes that are fully silenced is
methylated and its chromatin contains different histone modifications than genes that are
silenced but poised for activation at some later stage®.

The modified amino-acids are predominantly located at the histone tails (the
amino-terminal ends of the histone protein chains) of mainly Histone H3 and H4. The
most frequently studied histone modifications (relevant to transcriptional regulation)
are the ones at histone H3; the acetylation and tri-methylation of lysine 27 (H3K27Ac
and H3K27Me3, respectively), and the mono- and tri-methylation of lysine 4 (H3K4Mel
and H3K4Me3, respectively)*-**’. Modifications can affect one another, and for many it is
known that they are mutually exclusive or are positively or negatively linked to each other.
Together they define the local epigenetic status of the genetic material, which is called the
histone code’®. For example, an actively described gene will display patterns of H3K4Me3
and H3K27Ac (markers for active promoters)*® together with tri-methylation of lysine 36 at
histone3 (H3K36Me3) (a marker for actively transcribed genes), while repressed genes have
patterns of H3K27Me3 (a marker of gene repression)!’® in combination with several other
histone modifications (markers for heterochromatin)'’?. The histone marker H3K4Mel is
associated with enhancer elements, while the histone marker H3K27Ac distinguishes active
enhancer elements from poised/inactive enhancer elements containing H3K4me1l alone'’2.

Besides promoters, additional functional regulatory elements like enhancers,
silencers and insulators (figure 6A), play important roles in transcription regulation. These
regulatory elements are also referred to as cis-regulatory modules (CRMs). Of note,
promoters are also categorized as a class of CRMs'”. The first enhancer was identified in
the early 1980s'’4, since then many enhancers have been described and their functional
properties have been extensively studied®’. Recently, about one million putative enhancers
were identified in the human genome by using a variety of high-throughput techniques
that detect specific chromatin-associated features of enhancers’>’¢. Enhancers consist
of short DNA motifs that act as binding sites for sequence-specific TFs'’’, and most of
the enhancers are located in DNA regions that show substantial sequence conservation.
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However, relative to protein sequences, CRMs, and in particular enhancers are generally
more tolerant to DNA-sequence variation, which allows for evolution to alter enhancer
sequences without causing pleiotropic or lethal effects. Several studies have demonstrated
that changes in regulatory DNA, like enhancers, are responsible for evolutionary adaptation
in natural populations!’® and are probably the most important factors in phenotypic
variation. The chromatin surrounding an (active) enhancer has a high level of specific
histone modifications (as was described above) and is free of nucleosomes, it is therefore
more accessible or ‘open’ for TF binding than nucleosome-dense regions'’®. Upon binding
of the specific TFs to the enhancer, co-activators and/or co-repressors are recruited. The
combination of cues coming from all factors bound to the enhancer determines the activity
of the enhancer®’, and as such, modulates transcription of the target gene which can be
located at a great distance on the linear chromatin template (Figure 6B)*. The activity of
an enhancer is not restricted by the distance between the enhancer and the core promoter
of its target gene. It has been shown in various studies that distant enhancer elements are
brought in close proximity with the core promoter via looping®®®#!, Cell-type specific TFs
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Figure 6. Functions and characteristics of cis-regulatory elements. (A) Schematic representation of
the four common types of cis-regulatory elements (CRMs) and their actions. Enhancers and silencers
can activate or silence their target genes from a distance. Insulators can act as barriers between CRMs
and non-target genes, to prevent interactions and subsequent inappropriate regulation of these
genes. Locus control regions contain combinations of (different) CRMs that cooperate to regulate
transcription of a locus or gene cluster. (B) Proposed model of how an enhancer element regulates
transcription by interacting with the promoter of a target gene via a long-range chromatin loop.
Enhancers are usually bound by multiple transcription factors (TFs), the Mediator complex and other
regulatory proteins (such as chromatin modifiers and co-activators/repressors). They are depleted of
nucleosomes, while adjacent nucleosomes may contain modified histones, such as acetylated lysine
27, and mono-methylated lysine H3 of histone H3 (H3K27Ac and H3K4Mel, respectively). Looping
of an enhancer to a target gene results into clustering of the recruited regulatory factors around the
transcription start site (TSS) of the of the target gene to stimulate transcription.
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that determine the enhancer activity are also involved in the formation (or inhibition) of
enhancer-promoter loops, either directly by establishing the loop or by recruiting co-factors
involved in loop formation”’. Additional proteins involved in stabilizing chromatin loops
in a genome-wide context are CCCTC-binding factor (CTCF) and cohesion, they are both
crucial for large-scale organization of chromatin interactions and as such, play an important
role in transcriptional regulation (for a recent review see!®?). A specific chromatin structure
consisting of several chromatin loops and arranged as such that actively-transcribed genes
and regulatory elements are brought together is referred to as an active chromatin hub
(ACH)*#, which might be reminiscent of the transcription factory®. CTCF contributes to this
structure by bringing different subsets of regulatory elements together'®. The assembly of
genes that are controlled by these enhancers is not random, often it involves gene-clusters
that are functionally related, like the B-globin genes?®®.

Enhancers are modular and flexible elements contributing additively, synergistically,
and sometimes even redundantly to the overall expression pattern of their target genes'¢71%7,
As a consequence of these characteristics, gene-expression levels can be tightly regulated
in a cell-type specific and developmental or differentiation stage-dependent manner, and
can respond quickly to incoming environmental signals. An example of cell-type and gene-
specific enhancer-mediated control is the transcriptional regulation of TYR and TYRP1. In
mouse melanocytes, transcription of both Tyr and Tyrp1 is regulated by distal regulatory
elements acting on the promoter of the genes, whereas in retinal pigment epithelium the
promoter alone is sufficient for expression of the genes. The distal regulatory elements of
Tyr and Tyrp1 do not have similar sequence patterns, although both the enhancer elements
of Tyr and Tyrp1 are activated by direct binding of Sox10, and by (probably indirect) binding
of Mitf in mouse melanocytes'®®, suggesting a similar mode of action.

Studying enhancer characteristics and function

Since the role of enhancers and the interaction with their target genes is an essential
part of transcriptional regulation, studying existing enhancers and especially identifying
novel ones remains the focus of many research efforts. There are several methods for the
identification of CRMs in general, and enhancers in particular, including analysis of (clusters
of) transcription factor binding motifs, mapping of epigenetic features (e.g. histone
modifications and chromatin accessibility), and evolutionary conservation. Although each
method separately provides valuable information, it is advisable to combine the three
approaches as this will improve enhancer prediction tremendously?64167:189,150,

Transcription factor binding motifs can be identified using computational and/
or experimental approaches. Computational methods make use of either sequences
that are enriched in putative regulatory regions or high average evolutionary sequence
conservation of all motif occurrences®’, whereas experimental methods assay a single TF
for binding at a specific region of interest or genome-wide. The technique most commonly
used is chromatin immune-precipitation (ChlIP), followed by quantitative PCR (ChIP-gqPCR)
or deep sequencing (ChIP-seq), for local or global views, respectively®’. The ChIP method
involves co-valently linking the TFs to their in vivo binding sites by chemical cross-linking,
after which the chromatin is sheared and DNA fragments corresponding to the binding sites
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are precipitated with TF-specific antibodies. Bound sequences are then detected by gPCR
or deep-sequencing®®2.

Analyzing evolutionary conservation can be a powerful approach for detecting
regulatory elements, as a high level of sequence conservation between (related) species is
indicative of purifying selection; disruptive mutations are rejected and the corresponding
sequence is designated to be functional. Accelerated evolution across species or within
lineages might reveal functional elements under positive selection, i.e. acquired changes
or mutations in these elements increase fitness'®°. Although powerful for detecting strong,
highly conserved CRMs, this approach has strong limitations especially for identifying
lineage-specific, recently evolved functional elements!®.

With the development of chromosome conformation capture (3C) techniques it
became possible to study nuclear organization at a high resolution. These methods can
elucidate how chromatin fibers are folded into higher order chromatin structures by first
fixing the interactions between chromatin segments that are in close proximity using
formaldehyde. The cross-linked chromatin is digested using a restriction enzyme followed by
intramolecular ligation of DNA fragments that were in close proximity in the nuclear space.
There are several methods that are based on the 3C-technology and depending on which
method is used, subsequent detection of these ligated fragments provides information
about the 3D spatial organization of chromatin on the scale from single gene loci up to the
whole genome®®. In this thesis we made use of the 3C-qPCR method, in which the ligation
products are detected by quantitative gPCR that measures the number of ligation events
between the selected DNA fragment (the viewpoint) and the interacting fragments. This
is the so-called one-to-one method in which the primers are designed near the restriction
ends of the viewpoint fragment and in all the restriction fragments of interest, requiring
hypotheses or expectations of potential interactions®>1%,

Furthermore, the study of epigenetic characteristics in a genome-wide fashion has
been shown to be very effective in identifying functional elements. Consortia of multiple
laboratories, such as the ENCyclopedia of DNA Elements (ENCODE)™” and the US National
Institutes of Health (NIH) Roadmap Epigenomics Mapping Consortium!®® are working
cooperatively to map epigenetic features as histone modifications and TF-binding (using
ChlP-seq), chromatin accessibility (by mapping DNasel hypersensitivity), and expression
patterns (using RNA-seq) in a wide range of cell types.

The most effective and accurate manner to predict CRMs or enhancer elements
is probably a combination of the above described approaches starting with mapping
epigenetic features of chromatin by analyzing histone modifications and chromatin
accessibility, followed by analysis of evolutionary conservation, focusing on the regions
identified in the first step. This approach should reveal the most important regulatory
regions, because in alignments of orthologous sequences from a diverse set of mammals,
the noncoding regions contain blocks of highly conserved sequences surrounded by
blocks of low conservation. These conserved blocks can be interpreted as functional DNA
sequences in which (most) substitutions were rejected during evolution!®. Additional
knowledge obtained from TF-binding analyses will improve the prediction, and will give
further insight into the functionality of the identified regulatory elements (more detailed
information on CRM or enhancer prediction can be found in reviews of Shlyueva et al,
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Hardison et al and Kellis et al'®”:18%1%) For example, a combination of different approaches
was used to identify regulatory elements to produce an atlas of active enhancers. As this
study was done using a large number of different human tissues and cell types, the atlas
provides a valuable resource of enhancers that are active across a great diversity of tissues
and cells'. It is however also possible to identify enhancers that are specific for one single
cell type, which was shown by Gorkin et al*®. Data obtained from ChIP-seq for EP300 (a
transcriptional co-activator) and H3K4Mel (an enhancer marker) in mouse melanocyte
cells, evolutionary conservation and TF-binding motifs predicted to bind key melanocyte
TFs, was combined to predict enhancer elements that are located near genes known to
be involved in melanocyte biology. A subset of these predicted regulatory elements were
investigated in reporter assays in melanocytes in culture and in zebrafish for confirmation,
after which a 6-mers vocabulary was developed that is predictive for mouse and human
melanocyte enhancer function?®,

The inadequate or absent functioning of an enhancer affects transcription of
its target gene, which potentially causes or contributes to a (disease-) phenotype in
humans®”?%, Initially, variations in enhancer elements underlying specific phenotypes were
identified only after the identification of the enhancer itself. But with the arisen availability
of genome-wide screening methodologies, such as GWASs, phenotype-associated DNA
variants could provide directions to researchers for the possible identification of novel
enhancer elements®’. The majority of these associated SNPs are not located in protein-
coding regions; instead, they are located in introns or in intergenic areas, which could imply
that these SNPs have a regulatory function®'. This was shown for various SNPs associated
with disease-phenotypes, such as functional, cancer risk variants at 8924, and regulatory
DNA variants associated with coronary artery disease, congenital heart disease, cardiac
arrhythmias and colorectal cancer®??°, Generally, the associated allele disrupts a TF-
binding motif, which affects the activity of the enhancer and subsequently results into
altered gene expression.

Transcriptional regulation of pigmentation genes: the role of noncoding
pigmentation-associated SNPs

Since numerous noncoding SNPs are associated with disease phenotypes of which several
have been shown to alter an enhancer element, it can be assumed that DNA variants linked
to non-disease related phenotypes, like visible traits or pigmentation variation, are also
involved in transcriptional regulation. Several studies have shown that changes in regulatory
DNA, like CRMs and enhancers, are responsible for evolutionary adaptation in natural
populations’ and are probably the most important factors in phenotypic variation?'%212,

At the onset of my research projects that are included in this thesis, not much was
known on the potential role of noncoding SNPs in transcriptional regulation of pigmentation
genes. However, a functional role had been suggested for the SNP rs12913832 that is
located in intron 86 of the HERC2 gene. HERC2 has no known biological role in pigmentation,
whereas the neighboring gene OCA2 is a well-known pigmentation gene. The region
surrounding rs12913832 is highly conserved among species, it was therefore suggested that
rs12913832 is located within a distal regulatory element which modulates transcription of
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OCAZ2 in either a negative (Figure 7a)''! or positive (Figure 7b)'” way. Eiberg et al reported
that in colon carcinoma cells (Caco-2 cells) a 676bp HERC2 fragment containing rs12913832
significantly reduced expression of the luciferase reporter gene in an reporter assay, and
this effect was stronger with the rs12913832 T-allele present. They therefore hypothesized
that the evolutionary conserved region around rs12913832 functions as a transcriptional
silencer which interacts with the promoter of OCA2, and regulates expression of OCA2 in
an allele-specific manner!. In contrast, Sturm et al (2008) suggested that the evolutionary-
conserved region around rs12913832 acts as an allele-dependent enhancer, rather than
a silencer, regulating OCA2 expression '*’. They proposed a model for the determination

rs12913832 TsS

1 == W 11 1T = [ —
HERC2 gene OCA2 gene

!
TN,
silencer ﬁ

T OCA2 gene

B Qe e

ATP
v 1
rs12913832 OCA2 gene

AT ¢
HLTE v

LEFT" 1 "MITF OCA2 gene c OCA2 gene
enhancer

Figure 7. Proposed models for the region surrounding rs12913832 in intron 86 of HERC2, functioning
as a regulatory element (either a silencer or an enhancer) controlling transcription of the
pigmentation gene OCA2. (A) Model proposed by Eiberg et al, in which the region around rs12913832
acts as a long-range silencer element, which interacts with the OCA2 promoter to control expression
of OCA2. Activity of the proposed silencer is strongest with the rs12913832 T-allele (T) present'’. (B)
Sturm et al proposed a mechanism for the determination of blue-brown eye color in which the region
around rs12913832 functions as an allele-dependent enhancer element. The transcription factor HLTF
recognizes the evolutionary-conserved element containing the rs12913832 T-allele, which results
into a conformational change of the chromatin to a more accessible state, allowing binding of the
transcription factors MITF and LEF1. This change of chromatin state (going from heterochromatin to
euchromatin) spreads to the OCA2 promoter region, which allows for RPII to initiate transcription of
OCA2. With the r12913832 C-allele present, HLTF, MITF and LEF1 are not able to bind, the chromatin
of the HERC2-OCAZ2 locus remains closed, which makes it impossible for RPII to bind, and OCA2 is not
transcribed®.

30



General Introduction

of blue-brown eye color in which the presence of the rs12913832 T-allele allows for the
transcription factor HLTF to bind the potential enhancer, followed by recruitment of the
transcription factors MITF and LEF1. This results into a conformational change of the OCA2
promoter region allowing RPII to bind and initiate transcription of OCA2, and the brown eye
color. With the rs12913832 C-allele present, binding of HLTF and subsequent recruitment
of MITF and LEF1 are prevented. As a consequence, the chromatin at the OCA2 promoter
region remains closed, which results into an absence of OCA2 transcription and the blue
eye color?. In Chapter 2 both models will be explored experimentally, followed by an in-
depth study of the mode-of-action of the region around rs12913832 and the transcriptional
regulation of OCA2.

A clear example of how a pigmentation-associated DNA variant modulates
expression of a nearby gene was presented recently for the KITLG gene and the
pigmentation-associated SNP rs12821256%2. Using sticklebacks, Miller et al were the first
to give quantitative evidence for the involvement of KITLG in skin color variation?4. This
study demonstrated differential expression of KITLG between the different pigmentation
phenotypes of sticklebacks, which is most likely due to mutations in regulatory elements
controlling expression levels of KITLG, rather than coding mutations?!*. Expression of KITLG
(Kit ligand for the Kit receptor) in skin was shown to regulate the number of melanocytes
and melanin distribution during development, it is required for ongoing maintenance
and survival of normal melanocyte numbers in adults?, and is implicated in the onset of
pigmentary disorders?*®?'7, |t was demonstrated that the intergenic SNP rs12821256 that is
strongly associated with hair color variation®, is located in an enhancer element regulating
the expression of KITLG. This enhancer element is located about 350 kb from the TSS of
KITLG, and the SNP rs12821256 alters the binding site for LEF1 transcription factor, thereby
modulating the activity of the enhancer and subsequent expression levels of KITLG*3.

Furthermore, the functional biology behind the pigmentation-associated SNP
rs12203592 located in intron 4 of IRF4 has also been the subject of a recent study. This
noncoding SNP was initially shown to be associated with (male-specific) childhood ALL?,
The ALL-study provided the first evidence that rs12203592 is located within a regulatory
element, controlling expression of IRF4 through binding of transcription factor TFAP2a in
an allele-specific manner. In Burkitt Lymphoma B cells, HEK293T human embryonic kidney
cells and the NCI-H295R human adrenal cells the rs12203592-enhancer element was
shown to bind TFAP2a with more affinity and strongly repress IRF4-promoter activity when
the rs12203592 C-allele was present than when the T-allele was present?'®, A recent study
demonstrated that in melanocytes the transcription factor TFAP2a binds to the enhancer
element together with MITF, which results into activation of /RF4 transcription?'°. However,
in contrast with the results of Do et al?%, increased TFAP2a binding induced by the presence
of the rs12203592 C-allele, leads to increased IRF4-promoter activity and subsequently to
higher levels of IRF4 expression in skin melanocytes®®. This difference in transcriptional
activation might be due to cell-type-specific effects mediated by transcription factors
other than TFAP2a, such as MITF. In Chapter 4 | studied together with my collaborators the
mechanisms of transcriptional regulation of /RF4 in more detail, especially focusing on the
rs12203592 enhancer, in skin melanocytes and melanoma cell lines.
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Abstract

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 pigmentation. It is located within
an intron of the non-pigment 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 which leads to elevated OCA2 expression. In contrast, in lightly pigmented
melanocytes carrying the rs12913832 C-allele, chromatin-loop formation, transcription
factor recruitment, 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 interaction with the
relevant promoter. We provide the key mechanistic insight that allele-dependent differences
in chromatin-loop formation (i.e., structural differences in the folding of gene loci) results
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.

Introduction

Genome-wide association studies (GWAS) have successfully identified 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 non-coding regions of the human genome. It remains largely
unknown if and how these noncoding DNA variants influence phenotypic traits at the
molecular level. Although linkage with unknown causal DNA variants is often assumed as
a major factor to explain association of noncoding DNA variants, it has been suggested
that some of these noncoding DNA variants constitute potential regulatory elements for
distal genes (Coetzee et al. 2010; Freedman et al.). However, so far, this has only been
demonstrated for some low-penetrance disease susceptibility loci (Ahmadiyeh et al. 2010;
Harismendy et al. 2010; Jia et al. 2009; Pomerantz et al. 2009; 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 pigmentation pathway and many DNA polymorphisms are associated with human
pigmentation variation (Sturm 2009). The SNP rs12913832 is highly associated with human
eye (Eiberg et al. 2008; Liu et al. 2009; Liu et al. 2010; Sturm et al. 2008), hair (Branicki et
al. 2009; Branicki et al. 2011; Han et al. 2008), and skin (Branicki et al. 2009; Spichenok et
al. 2010; Valenzuela et al. 2010) color variation. This SNP is the key determinant of human
eye color variation and has strong predictive power for human pigmentation (Branicki et
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al. 2011; Liu et al. 2009; Liu et al. 2010; Spichenok et al. 2010; Valenzuela et al. 2010).
Interestingly, rs12913832 is not located in a pigment 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 Il (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 remains to be presented.

In this study, we used various molecular approaches to investigate the functional
role of HERC2 rs12913832 in human pigmentation variation. In darkly pigmented and
lightly pigmented melanocyte cell lines with different genotypes for HERC2 rs12913832, we
investigated the relation between the HERC2 rs12913832 genotype and OCA2 expression,
surveyed the epigenomic 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 noncoding DNA polymorphism can affect a common human phenotypic
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 Melanocytes 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 direct DNA sequencing of PCR products,
of SNPs statistically associated with human pigmentation revealed that HEMn-LP cells are
homozygous for the rs12913832 C-allele, 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-informative autosomal SNPs together
with a worldwide reference dataset (HGDP-CEPH) (Lao et al. 2010), revealed a probable
European and a probable Sub-Saharan African genetic origin of the respective cell donors
(Supplemental Fig. S1). Both datasets 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 melanocyte
system by measuring primary OCA2-transcripts using quantitative (qRT-PCR). We observed
higher expression of OCA2 in HEMn-DP cells, carrying the HERC2 rs12913832 T-allele, than
in HEMn-LP cells carrying the C-allele (Fig. 1C; p < 0.01), confirming previous observations
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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)
Theregion covered on BACRP11-1365A12. Vertebrate conservation (green); the position 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 are 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 endogenous reference gene
(ACTB). (D) ChIP-gPCR of RNA pol Il binding at the OCA2 promoter in MCF7, HEMn-LP and HEMn-DP
cells. Enrichment is calculated relative to necdin (NDN), and values are normalized to input
measurements. All ChIP analyses are performed in triplicate. Data are represented as mean = SEM; (*)

p < 0.05; (**) p < 0.01.
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(Cook et al. 2009). We also tested for the presence of RNA polymerase Il on the OCA2
promoter using chromatin immuno precipitation (ChlIP) using an antibody against the
POLR2A subunit of RNA polymerase Il followed by gPCR (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 Il recruitment to the OCA2 promoter in HEMn-DP cells than in HEMn-LP cells (Fig.
1D; p < 0.05). Both OCA2 gene expression and RNA polymerase Il 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 investigate 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 regulatory regions are characterized by open chromatin
and active chromatin marks (Giresi et al. 2007). Hence we used formaldehyde-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-gPCR 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 positively on gene expres-
sion 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 enrichments for the chromatin marks were found on
HERC2 rs12913832 in HEMn-DP cells than in HEMn-LP cells, although these differences 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 melanocyte 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
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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-gPCR of histone H3 mono methylated on lysine 4 demonstrates that the
rs12913832 region in HEMn-LP and HEMn-DP cells has enhancer potential. (D) ChIP-gPCR of histone
H3 acetylated on lysine 27 demonstrates that the enhancer at the rs12913832 region in HEMn-LP
and HEMn-DP cells is active. Enrichments displayed are relative to NDN. ChIP values for histone H3
marks are normalized to histone H3 occupancy. (E) Luciferase reporter assay demonstrates differential
melanocyte enhancer activity 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 normalised to Renilla luciferase expression.
Data are represented as mean + SEM (*) p < 0.05; (***) p < 0.005.
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reporter vector. Upon transfection of these constructs into Human Embryonic Kidney
cells (HEK293), no substantial increase in luciferase expression was observed for the
vectors containing the putative enhancer regions, as compared to the empty vector (Fig.
2E). However, robust luciferase expression was observed when these constructs were
transfected into G361 melanoma cells, with an approximately 5-fold 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 enhancer activity of the HERC2
rs12913832 region is not modulated by rs6497271 (Supplemental Fig. S2B). These findings
also confirmed the previously reported suggestion of Sturm et al. (2008) that this SNP could
not explain association to the region due very low minor allele frequency (Sturm et al.
2008). Together, these independent experiments 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 which are in close proximity to each other. The cross-linked
chromatin is subsequently digested using a restriction enzyme followed by intra-molecular
ligation under dilute conditions. The relative abundance of ligation products is determined
by gPCR and is proportional to the 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 EcoRlI 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 (Apol versus EcoRl) that generates smaller restriction fragments. Analysis
of locus-wide cross-linking frequencies of the ~500-bp Apol fragment containing HERC2
rs12913832 demonstrates a chromatin 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
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the OCA2 promoter becomes even clearer in the reciprocal analysis of the Apol 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 demonstrate 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
HEMnN-DP cells (T-allele) (Fig. 1C).

Interestingly, in both experiments, an additional peak in cross-linking frequencies
was detected with a restriction fragment downstream of the HERC2 gene, suggesting the
presence of an additional regulatory element in this region (Fig. 3B,C). This peak is also
detected in MCF7 cells although at a lower frequency (Supplemental Fig. S3A,B, Fig. S4A)
and therefore probably reflects a constitutive interaction not involved in melanocyte specific
OCA2 regulation. ENCODE data (The ENCODE Project Consortium et al. 2007) obtained from
multiple cell lines and our own ChIP-gPCR experiments, indeed, demonstrate the presence
of chromatin signatures associated with gene-regulatory elements in the OCA2-HERC2
intergenic region, thereby confirming this notion (Supplemental Fig. S4B,C).

Detection of an allele-specific chromatin loop between the HERC2 rs12913832
enhancer and the OCA2 promoter in combination with the previously observed link between
rs12913832 alleles and OCA2 expression (Cook et al. 2009) demonstrate that the HERC2
rs12913832 enhancer directly regulates OCA2 expression.

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 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’ restriction fragment;
(grey shading) position and size of other restriction fragments analyzed. (Black vertical bars in the
locus graph) EcoRl sites; (red vertical bars) Apol sites. The crosslinking frequencies are normalized to
the highest interaction within an experiment. (A) Cross-linking frequencies 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 Apol 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 Apol 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 = SEM (*) p < 0.05; (**) p < 0.01; (***)
p < 0.005.
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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
implicated in enhancer function and chromatin looping (Hewetson et al. 2008; Yun et al.
2009), whereas MITF is a key transcription 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 background for the rs12913832 T-allele, but not for the C-allele (Fig. 4A;
p <0.01), providing experimental evidence that the T-to-C mutation reduces HLTF binding to
the rs12913832 region. In order to further investigate the role of HLTF in OCA2 expression
we overexpressed HLTF in HEMn-LP and HEMn-DP cells. In HEMn-LP cells overexpression 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 extend, 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 upregulated 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 over-expression 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
HEMnN-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 to 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
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Figure 4. The HERC2 rs12913832 enhancer is regulated by the transcription factors HLTF, MITF and
LEF1. (A) ChIP-gPCR 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
expression and nontransfected control cells. Data are represented as mean + SEM (*) p < 0.05; (**) p
<0.01; (***) p < 0.005).

regulatory effect of a noncoding SNP. To exclude the possibility that pigmentation-linked
sequence variants other than HERC2 rs12913832 might explain our observations, we
genotyped all SNPs within the analyzed 3’HERC2/5’OCA2 region that have been linked to
pigmentation, including those in linkage disequilibrium (LD; r? > 0.8) (Supplemental Table
S1). This region of ~35kb contains 12 pigmentation-linked SNPs in total. Besides HERC2
rs12913832, six SNPs have been directly linked to pigmentation traits (Liu et al. 2009), while
five additional SNPs are in high LD (r? > 0.8) with these six SNPs (Supplemental Table S1).
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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 to 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 investigated sites, only those in the promoter region and in the first intron of
OCA2 have an appreciable although small enrichment in the FAIRE assay (Fig. 5). Irrespective
of their genotypes this enrichment 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 ~35kb 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 conserved among vertebrate species, which
might suggest functionality (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 remains 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 pigmented donor (HEMn-MP) (Cascade Biologics, Invitrogen). This cell line
is homozygous for the C-allele of HERC2 rs12913832 but heterozygous for rs4778241 (C
and A) (Supplemental Table S1). The presence of the rs4778241 C-allele generates an Mfel
restriction site, which allowed 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 Apol restriction fragment containing HERC2 rs12913832 with the Apol restriction
fragment containing the A-allele of rs4778241 (also present in HEMn-DP cells). Instead,
however, we detected an interaction between the rs12913832 Apol fragment and both
the Apol 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 Apol restriction fragment containing
HERC2 rs12913832 does not contain any sequence variation except for HERC2 rs12913832
(supplemental figure 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 promoter is caused by a
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Figure 5. FAIRE analysis of pigmentation-associated SNPs other than HERC2rs12913832 present within
the 3’HERC2/5’OCA2 region does not reveal additional regulatory elements. (Left side) Tracks from
the UCSC browser (NCBI36/hgl8 assembly; http://genome.ucsc.edu/cgi-bin/hgGateway?db=hg18)
of the investigated 3'HERC2/5’OCA2 region. Pigmentation-associated SNPs are indicated (red); linked
SNPs (r? > 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. Enrichments displayed are relative to
NDN. Data are represented as mean + SEM.
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Figure 6. The chromatin loop between the HERC2 rs12913832 enhancer region and the OCA2
promoter is not caused by allelic differences in the 5’ region of OCA2. (A) Schematic overview of the
allele-specific 3C assay. The allele-specific interaction between an Apol fragment containing HERC2
rs12913832 and an Apol fragment containing OCA2 rs4778241 is investigated. The presence of the
C-allele of rs4778241 generates an additional Mfel 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 Mfel digestion of PCR products. The additional Mfel site is used to monitor
the completeness of digestion. (B) Example of gel images of a representative Mfel 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 Mfel digestion is set to 1. Data are represented as mean + SEM.

SNP other than HERC2 rs12913832 located in the 3’HERC2/5’OCA2 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 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 correlates with decreased MITF and LEF1 recruitment
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and reduced chromatin-loop formation. This results in reduced OCA2 expression and the
light pigmentation phenotype.

Linkage with an unknown causal DNA variant may be indicated 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 enhancer 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 regulatory 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 previously 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 results 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 region, but if existing at all, their effect is expected to be rather minor.

Previously, two different models proposed that the region around HERC2rs12913832
acts as a regulatory element that influences OCA2 expression. Eiberg et al. (2008) suggested
that the HERC2 rs12913832 region functions as a silencer for OCA2 expression, 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 experimental
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 involved in chromatin looping, we find it plausible that the increased
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 colleagues suggests that
binding of MITF and LEF1 to the HERC2 intron 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
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HEMn cells is in an equilibrium which can be modulated by varying MITF levels and HLTF
binding. Alternatively, other MITF responsive OCA2 regulatory elements might be present.

For some disease-associated SNPs such as the cancer risk variants rs6983267
(Pomerantz et al. 2009; Ahmadiyeh et al. 2010; Wright et al. 2010) and rs11986220 (Jia et
al. 2009), or DNA variants associated with coronary artery disease (Harismendy et al. 2010),
it has been reported that they constitute transcription regulatory 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
report allelic differences in chromatin-loop formation. One study (Wright et al. 2010) that
specifically investigated potential allelic differences in chromatin-loop formation between
rs6983267 and the MYC gene in colon cancer cells failed to demonstrate 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 folding 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 pigmentation phenotypes (Liu et al.
2009, 2010; Valenzuela et al. 2010; Branicki et al. 2011; Spichenok et al. 2010;). Therefore,
our study demonstrates that genetic variation in gene regulatory elements can have a strong
influence on common human phenotypic traits, which extends previous knowledge from
rare phenotypes and puts it into a new and more general perspective.

We anticipate that many phenotypic traits, pathological and non-pathological,
are modulated by DNA variants in distally-located 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 these
techniques can be used at a genome-wide scale to study the epigenome landscape. Such
a genome-wide approach combined with GWAS data allows to assign function to many
more noncoding SNPs in future studies that aim to unveil the functional basis of genetically
determined phenotypic variation.
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Methods

Cell culture

HEMn-LP (C-0025C; Lot #200708522; Cascade Biologics, Invitrogen) HEMn-MP (C-1025C
; Lot# 070417901; Cascade Biologics, Invitrogen), and HEMn-DP (C-2025C, Lot# 6C0474;
Cascade Biologics, Invitrogen) were grown in Medium 254 supplemented with HMGS
according to the manufacturer’s instruction (Cascade Biologics, Invitrogen). G361, HEK293
and MCF7 cells were cultured in DMEM/10% FCS at 37°C/5% CO,. HLTF was overexpressed
using a pCDNA5 FRT/TO/FLAG SMARCA3 (MacKay et al. 2009). Transfection was done
using Lipofectamine LTX transfection reagent (Invitrogen) according to the manufacturer’s
instructions. 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 sequencing 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 genotyped 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 Immuno-Precipitation (ChiIP)

ChlP was performed as described in the Millipore protocol (http://www.millipore.
com/userguides/techl/mcproto407), except that samples were cross-linked with 2%
formaldehyde for 10 minutes at room temperature. To remove melanin, DNA was column
purified before PCR (OneStep™ PCR Inhibitor Removal Kit, Zymo Research). Quantitative real-
time PCR (CFX96TM Real Time System, Bio-Rad) was performed using SYBR Green (Sigma)
and Platinum Tag 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. Antibodies used: RNA Polymerase Il (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.
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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 tothe manufacturer’sinstructions (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 Research Corporation) following the manufacturer’s instructions. Subsequent DNase |
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 (Fermentas 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 | 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 gPCR 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. Primer sequences are listed in Supplemental 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 Hindlll and Pstl, generating a 750-
bp fragment which was subcloned in pBluescript. Sequencing verified the presence of the
correct rs12913832 allele for each construct. Correct clones were digested with BamHI and
Asp718l and cloned into the Bglll/Asp718I sites of a modified pGL3-promoter vector (in
which the SV40 promoter and the SV40 3'UTR were replaced by an HSP promoter and an
HSP 3’UTR; Promega). Constructs were transfected into HEK293 or G361 melanoma cells
using Lipofectamine 2000, and luciferase expression was normalized to Renilla luciferase
expression. Chimerical luciferase reporter constructs containing different combinations
rs12913832 and rs6497271 alleles were generated by digesting HEMn-LP (C-allele) and
HEMn-DP (T-allele) containing luciferase reporter constructs with Xmnl and religating after

swapping the fragments. Constructs were sequence-verified.
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Chromosome Conformation Capture (3C) analysis

Chromosome Conformation Capture (3C) analysis was performed essentially as described
(Palstra et al. 2003; Hagege et al. 2007) using EcoRI or Apol as the restriction enzyme. To
remove melanin, DNA was column purified before PCR (OneStep™ PCR Inhibitor Removal
Kit, Zymo research). Quantitative real-time PCR (CFX96TM Real Time System, Bio-Rad) was
performed using iTaq SYBR Green Supermix with ROX (Bio-Rad), under the following cycling
conditions: 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 previously (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). 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; H3K4Mel1/H3 and H3K27Ac/H3). All p-values were calculated

with t-tests.
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Figure S1 Characterization of HEMn cells. Genetic ancestry of HEMn-LP and HEMn-DP estimated
by STRUCTURE using 24 autosomal ancestry-sensitive markers (ASMs) shows a European origin for
HEMnN-LP and an African origin for HEMn-DP, confirming a light skin colour and dark skin colour of the
donors.
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Figure S2 rs6497271 does not influence the activity of the rs12913832 enhancer region. (A) Se-
quence alignment of the cloned rs12913832 enhancer region from HEMn-LP (top) and HEMn-DP cells
(bottom). Positions of rs12913832 and rs6497271 are indicated in bold type and grey shading. The
positions of putative binding sites for HLTF, MITF and LEF1 are indicated by boxes (Sturm et al., 2008).
The position of the Xmnl restriction site used to produce the chimerical luciferase constructs is indicat-
ed by a dotted line. (B) Luciferase reporter assay demonstrates that rs6497271 doesn’t influence the
enhancer activity of the rs12913832 region. Chimerical luciferase reporter plasmids containing the C
or T allele of rs12913832 region in combination with the C or T allele of rs6497271 were transfected
into G361 melanoma cells and luciferase activity was determined. Luciferase expression is normalised
to renilla luciferase expression. Data are represented as mean + SEM (* = p<0.05).
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Figure S3 No chromatin loop is present between the OCA2 promoter and the HERC2 rs12913832 en-
hancer region in MCF7 control cells. (A-B) Locus wide cross-linking frequencies observed in MCF7 con-
trol cells. The analyzed region of the human OCA2-HERC2 locus is depicted on top of each graph. X-axis
shows the approximate position on chromosome 15 (UCSC browser NCBI36/hg18 assembly; NCBI36/
hg18 assembly; http://genome.ucsc.edu/cgi-bin/hgGateway?db=hg18). Black shading shows the po-
sition and size of the ‘fixed’ restriction fragment. Grey shading indicates position and size of other re-
striction fragments analyzed. Black vertical bars in the locus graph indicate EcoRl sites, red vertical bars
Apol sites. Cross-linking frequencies are normalized to the highest interaction within an experiment.
(A) Cross-linking frequencies for an Apol restriction fragment containing HERC2 rs12913832 in MCF7
cells. Relatively low cross-linking frequencies with restriction fragments containing the OCA2 promot-
er are observed in MCF7 control cells. (B) Cross-linking frequencies for an Apol restriction fragment
containing the OCA2 promoter in MCF7 cells. Relatively low cross-linking frequencies with restriction
fragments containing rs12913832 are observed in MCF7 control cells. (C) Comparison of cross-linking
frequencies between an Apol restriction fragment containing rs12913832 and an Apol restriction frag-
ment containing the OCA2 promoter in MCF7 and HEMn cells. Highest interaction is set to 1. Data are
represented as mean = SEM (* = p<0.05; *** = p < 0.005).
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Figure S4 A potential additional regulatory site is present just downstream of the HERC2 gene. (A)
Comparison of crosslinking frequencies between an Apol restriction fragment containing rs12913832
and an Apol restriction fragment containing the region just downstream of HERC2 in MCF7 and
HEMn cells indicates a comparable interaction frequency in all cell lines. Highest interaction is set
to 1. (B) Tracks from the UCSC browser (NCBI36/hgl8 assembly; http://genome.ucsc.edu/cgi-bin/
hgGateway?db=hg18) displaying several chromatin marks associated with regulatory elements
(Top panel) and DNase sensitivity (bottom panel) in the human OCA2-HERC2 intergenic region as
determined by the ENCODE consortium are shown. A region of “enhancer” chromatin marks (boxed)
is detected in the region between HERC2 and OCA2. (C) ChIP-gPCR of Acetylated histone H3 and
histone H3 mono methylated on lysine 4 demonstrates active chromatin marks in the OCA2-HERC2
intergenic region in MCF7 and HEMn-DP cells. A schematic overview of the locus is depicted on top of
the figure. Approximate position on chromosome 15 of the PCR amplicons is indicated with letters A =
26.0392Mb; B = 26.0287Mb; C = 26.0267Mb; D = 26.0210Mb. ChIP enrichment displayed are relative
to NDN. Data are represented as + SEM.
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Supplemental Table S1. Pigmentation SNPs in the 3’ HERC2 / 5’ OCA2 region.

LP MP DP | | phastCons44way
HERC2_rs1129038CT T T C -1.02779
HERC2_rs12593929AG A A AG -0.247969
HERC2_rs12913832AG G G A 1.20791
HERC2_rs7183877AC C C C -0.728937
OCA2_rs4778138AG A GA G -0.0823897
OCA2_rs4778241AC C CA A 0.64885
OCA2_rs7495174AG A AG G -0.897596
OCA2_rs7164220CA C nd C 0.369879
OCA2_rs7497270CT C nd CT -0.0969921
Int_rs58843292GA G nd G -0.441677
Int_rs72625136CT C nd C -1.11182
Int_rs79494067GA A nd A nd

Supplemental Table S2 is available at the Genome Research website.
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Abstract

Single nucleotide polymorphisms (SNPs) found to be statistically significant when associated
with human diseases and other phenotypes are most often located in non-coding regions
of the genome. One example is rs10756819 located in the first intron of the BNC2 gene
previously associated with (saturation of) human skin color. Here we demonstrate that a
nearby intergenic SNP (rs12350739) in high linkage disequilibrium with rs10756819 is likely
the causal DNA variant for the observed BNC2 skin color association. The highly-conserved
region surrounding rs12350739 functions as an enhancer element regulating BNC2 tran-
scription in human melanocytes, while the activity of this enhancer element depends on
the allelic status of rs12350739. When the rs12350739-AA allele is present, the chroma-
tin at the region surrounding rs12350739 is inaccessible and the enhancer element is only
slightly active, resulting in low expression of BNC2, corresponding with light skin pigmen-
tation. When the rs12350739-GG allele is present however, the chromatin at the region
surrounding rs12350739 is more accessible and the enhancer is active, resulting in a higher
expression of BNC2, corresponding with dark skin pigmentation. Overall, we demonstrate
the identification of the functional DNA variant that explains the BNC2 skin color association
signal, providing another important step towards further understanding human pigmenta-
tion genetics beyond statistical association. We thus deliver a clear example of how an inter-
genic non-coding DNA variant modulates the regulatory potential of the enhancer element
it is located within, which in turn results in allele-dependent differential gene expression
affecting variation in common human traits.

Introduction

Pigmentation of human skin is highly diverse between and within human populations; it
varies in color, due to differences in type, amount, and distribution of melanin pigment
present in skin melanocytes, and it varies in skin type determined by its UV-sensitivity (1).
Many genes have been assigned to this highly complex and polygenic human trait (2). With
the latest genetic approaches, such as Genome-Wide Association Studies (GWASs), many
single nucleotide polymorphisms from several genes were identified to be statistically sig-
nificant when associated with variation in human skin pigmentation (3-7). Among the most
well-known and confirmed pigmentation genes are OCA2, HERC2, ASIP, IRF4, MCI1R, TYR,
TYRP1, SLC45A2, and SLC24A5 (8). Recently, a candidate-gene approach study identified
several SNPs that are suggested to be involved in skin pigmentation pathways, most no-
tably rs10756819 located in the BNC2 gene (9). Another SNP in this gene (rs2153271) was
previously found to be associated with freckling (10), and more recently BNC2 was also
identified to be associated with skin pigmentation in East Asian populations (7). Human skin
color is widely assumed to have evolved in humans via adaptation to sunlight as a result of
the Out-of-Africa migration of modern humans (11, 12). Indeed, signatures of positive selec-
tion were successfully identified in several human pigmentation genes (13-15), supporting
this hypothesis. The BNC2 gene was most recently highlighted as one of the genes present
in regions of the human genome that show increased levels of Neanderthal ancestry (16,
17), suggesting that Neanderthals provided modern humans with adaptive variation for skin
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phenotypes involving BNC2 (17).

Basonuclin 2 (BNC2) is one of the most evolutionary-conserved DNA-binding
zinc-finger proteins expressed in many human tissues, including epithelial and germ cells.
BNC2 consists of three separated pairs of zinc fingers, a nuclear localization signal, and a
serine-rich region. Due to its very high conservation status, the function of BNC2 is suggest-
ed to be essential. BNC2 is most likely involved in mRNA splicing or other forms of mRNA
processing (18, 19), but it has also been suggested to function as a transcription factor (20).
BNC2 has 6 promoters and at least 23 (alternative) exons, therefore theoretically resulting
in a large number of almost 90,000 possible isoforms, encoding for over 2,000 different pro-
teins. The main human BNC2 isoform is predicted to encode a 1,099 residue protein with a
molecular mass of 122 kDa, but depending on the isoform this can vary tremendously (21).
BNC2 is detected in all layers of the human epidermis, where it resides in nuclear speckles
(22), while its paralog BNC1 is uniformly present in nuclei and was found to be confined to
the basal cells of stratified squamous epithelia (22).

BNC2 overexpression studies in mice were the first to implicate this gene in pigmen-
tation. Mice mutants overexpressing bnc2 were characterized by melanocytic cell death,
and subsequent loss of pigment at the base of the hair (23). In addition, bnc2 knockout mice
were shown to be lethal at the embryonic stage or within 24 hours of birth, so that it has not
yet been possible to study the role of bnc2 in mouse pigmentation (23, 24). In zebrafish, the
Bonaparte bnc2 mutant has a normal pigment pattern in adolescence, but the adult stripe
pattern is severely disturbed due to extensive loss of pigment cells. Genetic analyses in
zebrafish demonstrated that bnc2 acts non-autonomously to the melanophore lineage and
that it is expressed in the hypodermal cells adjacent to pigment cells during adult pattern
formation. The Bonaparte bnc2 mutants are truncated either just before the coding region
of the first pair of zinc fingers, leading to the loss of all three pairs of zinc fingers, the NLS
and the serine stripe, or it is truncated just after the first pair of zinc fingers, which leaves the
protein with only one functional element, resulting in a milder pigment pattern phenotype
(25). Bnc2 is suggested to promote the development and survival of pigment cells in zebraf-
ish by ensuring adequate expression of pigmentation genes like kitlg and csf1 (26).

The exact role of BNC2, and in particular that of the pigmentation-associated BNC2
SNP rs10756819 in human skin pigmentation, has not yet been elucidated. Recently, three
studies investigated the functional potential of pigmentation-associated SNPs in three oth-
er genomic regions, which led to the identification of enhancer elements regulating tran-
scription of pigmentation genes with a pivotal role for the SNPs located in either a neigh-
boring gene i.e., HERC2 rs12913832 regulating OCA2 expression (27) , in an intron of the
regulated gene itself i.e., IRF4 rs12205392 regulating IRF4 expression (28), or intergenici.e.,
rs12821256 regulating KITLG expression (29). In the present study, we used several molec-
ular approaches in human skin epidermal tissue and cultured melanocytes to study the pig-
mentation status of BNC2, and the involvement of the associated SNP and its LD partners in
the transcriptional regulation of BNC2 in particular. In multiple melanocyte cell lines derived
from differently pigmented skin, as well as in epidermal skin samples from donors of differ-
ent skin color phenotypes, we studied the expression of the BNC2 gene and its correlation
with their pigmentation phenotypes and genotypes. We profiled the chromatin structure of
the BNC2 region to identify potential regulatory elements using chromatin immune-precip-
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itation (ChIP) of H3K27Ac (an active-enhancer mark) in combination with next generation
sequencing (ChIP-seq) and ENCODE data. We provide evidence that a region upstream from
the canonical BNC2 promoter acts as an enhancer regulating the expression of BNC2, and
this transcriptional regulation is dependent on the allelic status of an LD partner of the
pigmentation-associated SNP rs10756819. Furthermore, we also provide evidence for the
presence of an alternative promoter that stimulates expression specifically of the C-termi-
nal part of BNC2 that houses the functional elements (e.g. the zinc fingers, the NLS and the
serine rich region).

Results

Differential BNC2 expression in skin epidermal samples and in melanocyte cell lines

To study the role of BNC2 in human pigmentation, and specifically the variation in the tran-
scriptional regulation of this gene, we used a panel of 29 skin epidermal samples obtained
from donors with different pigmentation phenotypes (12 dark and 17 light, see supplemen-
tal figure S1 for category separation), as well as a melanocytic cell system consisting of 6
commercially available primary Human Epidermal Melanocytes of neonatal origin. The me-
lanocytes were derived from 2 different light pigmented donors (HEMn-LP22 and HEMn-
LP89), from 1 moderately pigmented donor (HEMn-MPO1) and from 3 darkly pigmented
donors (HEMn-DP74, HEMn-DP80 and HEMn-DP83). The characterization of LP22 and DP74
was described previously (27). In addition, HlirisPlex analysis (30) (supplemental tables S1
and S2) of DNA samples from the melanocytic cell lines as well as from the skin epidermal
samples, and STRUCTURE analysis (31) (supplemental figures S2) using 24 ancestry-infor-
mative autosomal SNPs together with a worldwide reference dataset (HGDP-CEPH) (32), of
DNA samples from the melanocytic cell lines confirmed the phenotypic information of the
6 melanocyte-cell donors provided by Cascade Biologics, as well as the phenotypic informa-
tion provided by the donors of the skin biopsies via a questionnaire.

Our first aim was to ascertain the involvement of BNC2 in human skin pigmentation
by investigating the transcriptional status of BNC2 in relation to the pigmentation phenotype
of the skin epidermal samples. RNA and DNA were co-extracted from the epidermal layers,
and mRNA levels of BNC2 in the individual skin epidermal samples were measured using
quantitative (q) RT-PCR. We observed higher expression levels of BNC2 in the dark skin-col-
ored sample group as compared to the BNC2 expression levels in the light skin-colored sam-
ple group (fig 1A, p<0.002). However, the basal layer of the human epidermis consists of
keratinocytes and melanocytes, in a ratio of 5:1, overall the keratinocyte percentage in the
epidermal layer is even higher (about 95%). Every melanocyte in the basal layer is associat-
ed with approximately 36 keratinocytes in the epidermis using their dendrites to transport
pigment-containing melanosomes to the keratinocytes (33). Previously it was shown that
in zebrafish bnc2 is expressed in hypodermal cells adjacent to the pigment cells, thereby
providing an important environment for pigment cell survival (25, 26). Extrapolating from
these results, it was recently suggested that BNC2 is involved in freckle formation in humans
by signaling from keratinocytes to melanocytes (34). In order to investigate whether the
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Figure 1. Expression analysis of BNC2 in skin epidermal samples and in melanocyte cell lines. (A) RT-
gPCR analysis of BNC2 transcripts in light (n=17) and dark (n=12) skin epidermal samples demonstrates
differential BNC2 expression between the light and dark skin-colored sample groups. (B) RT-qPCR
analysis of BNC2 transcripts in 6 melanocyte cell lines, in keratinocytic RNA (HEKa) and in control cell
line MCF7. BNC2 expression is differential between the light (LP22 and LP89) and the moderately and
dark (MPO1, DP74, DP80 and DP83) melanocyte cell lines. BNC2 expression is at 10-fold to 70-fold
lower in HEKa. Each individual gene expression analysis is carried out in triplicate and normalized to
an endogenous control (ACTB). Averaged expression values for the two skin color phenotype groups
(light and dark) of the skin epidermal samples are calculated after normalization with ACTB. Data are
represented as mean = SEM; (*) p < 0.002; (**) P < 0.00004.

observed differential BNC2 expression signal in the skin epidermal sample set originates
from either the melanocytic or the keratinocytic content, we measured the mRNA levels
of BNC2 in our melanocytic cell line system and, in addition, in human keratinocytic RNA
(HEKa, obtained from ScienCell, cat# 2115). This revealed that in humans BNC2 is expressed
at least 10 times higher in melanocytes than in keratinocytes (fig 1B, p<0.002). Furthermore,
the expression of BNC2 is higher in the dark and moderately pigmented cells, as compared
to the expression of BNC2 in the light pigmented cells (fig 1B, p<0.00004). Expression levels
of BNC2 were very low in MCF7 control cells as may be expected (fig 1B).

From these results we conclude that the BNC2 gene is expressed in melanocytes,
it is differentially expressed between light and dark skin epidermal samples, and this corre-
sponds with the finding that BNC2 expression levels are higher in the dark pigmented mela-
nocytic cell lines than in the light pigmented melanocytic cell lines. Furthermore, expression
of BNC2 is at least 10-fold higher in human skin melanocytes as compared to human skin
keratinocytes, suggesting that BNC2 has a role in skin pigmentation from within the me-
lanocytic unit of the human epidermis, which is cell autonomous for the melanocytes as
opposed to what was suggested previously for zebrafish in which bnc2 acts on the pigment
cells from the surrounding hypodermal cells (25, 26). We therefore consider our melanocyt-
ic system a proper system for the investigation of the variation in transcriptional regulation
of BNC2.
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Allele-specific enhancer element upstream of the BNC2 promoter

Jacobs et al. (9) recently identified a pigmentation-associated SNP rs10756819 in the BNC2
gene. This SNP is located in the first intron of BNC2 and is therefore not coding for an amino
acid. Notably, the region surrounding rs10756819 is highly conserved suggesting function-
ality. High conservation of non-coding regions might be indicative of regulatory regions and
previous studies have demonstrated a role for pigmentation-associated non-coding SNPs in
modulating the activity of regulatory regions (27-29). Therefore we reasoned that the posi-
tion of rs10756819 might coincide with a regulatory element that controls BNC2 expression
levels. Regulatory elements in the genome are characterized by several hallmarks (reviewed
recently by Shlyueva et al (35)).

To identify potential enhancer elements that regulate transcription of BNC2, we
profiled the chromatin of the BNC2 region considering several data sets that represent fea-
tures associated with regulatory regions: ChIP-seq analysis in the lightly pigmented mela-
nocytic cell line LP22 and the darkly pigmented melanocytic cell line DP74 of acetylated
histone H3 (H3K27Ac) (Palstra et al, manuscript in preparation), an active chromatin mark
(36); DNasel hypersensitive sites in epidermal skin melanocytes (37); ChlP-seq data for the
transcription factor MITF in melanocytic cells (38), MITF is the melanocyte master regulator
(39); ChlP-seq data in MALME-3M melanoma cells for the transcription factor YY1 (40), a
ubiquitously expressed transcription factor that was reported to play an important role in
melanocyte development by interacting with the melanocyte-specific isoform of MITF (40);
predicted melanocyte-specific enhancers (41) and Phastcons conserved elements inferred
from 46 way alignments of placental mammals (42). An overview of all tracks in the entire
BNC2 region is shown in supplemental figure S3. The profile reveals several regions that
contain potential enhancer features, both in and outside of the BNC2 gene. However none
of these regions with regulatory potential coincide with rs10756819 (figure 2B).

As rs10756819 was identified as a pigmentation-associated SNP by a candi-
date-gene approach that only used SNPs located within genes, and not in intergenic regions,
we reasoned that rs10756819 might be in linkage disequilibrium with the actual causal DNA
variant, which was not previously found due to the applied study design (9). We therefore
investigated the SNPs that are in high (R? > 0.6) linkage disequilibrium with rs10756819
(figure S4a, LD plot, and LD SNPs are listed in table S3a); these so-called LD SNPs are located
within a narrow frame of 70 kb overlapping the 5’ part of BNC2 (figure 2A). Notably, this LD
region is overlapping the LD region of the freckling associated SNP rs2153271 (10). Most of
the LD SNPs are not associated with any chromatin marks indicative of regulatory potential,
although rs2153271 and rs10810650 flank a region of high H3K27Ac enrichment and DNasel
hypersensitivity corresponding to the BNC2 promoter region (figure 2A). Interestingly, two
LD SNPs, rs10810657 and rs12350739, are located in a region 14 kb upstream of the first
and canonical BNC2 promoter (see figure 2C), which is characterized by the presence of
H3K27Ac peaks that are differential between LP22 and DP74, a melanocyte DNasel hyper-
sensitive signal and a strong conservation signal. Furthermore, an enhancer element was
predicted within this region (41) (figure 2C), indicating that this region might be an enhancer
with one or two pigmentation-associated SNPs included.

The rs12350739-A derived allele is most common in Europeans (57%), very rare
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Figure 2. (legend at the bottom of the next page)

in Sub-Saharan Africans (1%), and absent in East Asians is evident from the 1000 Genomes
project data (43). The rs10810657-A derived allele, however, is found in all populations;
its frequency is highest in Europeans (60%) and lowest in sub-Saharan Africans (13%) (43).
Remarkably, rs12350739 is classified as a “regulatory region variant”, whereas rs10810657
is classified as an “intergenic variant” by the Sequence Ontology project (44, 45). To study
the functional potential of these two identified LD SNPs, we investigated the correlation
between their genotypes and the BNC2 expression patterns of the skin epidermal sample
set. DNA samples were used for genotyping of the 3 SNPs (supplementary table S4), while
expression levels of BNC2 were measured in the skin epidermis samples by quantitative
(q) RT-PCR at exon 5-6. We found a strong correlation between the expression levels of
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BNC2 and the genotypes of rs10810657 and rs12350739 (figure 3B-C, p<0.05). We also test-
ed the pigmentation-associated SNP rs10756819 and found that the expression levels of
BNC2 did not significantly correlate with the genotypes of this SNP (figure 3A), supporting
the observation that rs10756819 does not coincide with a region that contains regulatory
potential for BNC2, and is therefore most likely not the causal variant for the variation in
BNC2 transcription. Rs10810657 and rs12350739 are in high LD with each other (R>> 0.8,
supplemental figures S4B and S4C, and supplemental tables S3B and S3C); therefore, com-
binatorial analysis of the rs10810657 and rs12350739 genotypes with the BNC2-expression
levels resulted in a slightly higher significant correlation between the genotypes and the
BNC2 expression levels (figure 3D, p<0.01).

Taken together, these data point towards the presence of a potential regulatory ele-
ment 17kb upstream of BNC2. This region includes two SNPs (rs10810657 and rs12350739)
that are in high linkage disequilibrium with the pigmentation-associated SNP rs10756819.
The expression levels of BNC2 correlate strongly with the genotypes of rs10810657 and
rs12350739, suggesting that the region around these SNPs potentially acts as an enhancer
element.

Characterization of the intergenic BNC2 enhancer rs12350739

Regulatory elements are characterized by open chromatin (46). If the areas around the SNPs
in this particular -17kb region include enhancer elements, we should be able to detect ac-
cessible chromatin at these locations. We therefore used a commercially available assay
that directly measures the accessibility of chromatin to nucleases (EpiQ-assay; BIO-RAD).
This assay revealed (moderately) open chromatin in the area around rs12350739 in cell lines
harboring the GG or GA genotype, whereas in the cell line with the AA genotype the chro-
matin was fully closed (figure 4A). Remarkably, the area around rs10810657 was completely
inaccessible in all cell lines tested (figure 4B). Enhancer elements characterized by a DNase |
hypersensitive peak are often not overlapping with H3K27Ac peaks, but instead are flanked
by two prominent H3K27Ac peaks and overlap a less prominent H3K27Ac signal (47). The

Figure 2. Identification of a potential allele-specific enhancer element upstream of the BNC2 pro-
moter. (A) IGV genome browser (64) shows 100 kb window of the LD region containing the SNPs in
linkage disequilibrium (R2 > 0.6) with the pigmentation-associated SNP rs10756819 (hg coordinates
chr9:16,840,877-16,943,644). To investigate the chromatin for features of enhancer elements, the
following tracks are included: ChIP-seq analysis in LP22 and DP74 of acetylated histone H3 (H3K27Ac),
an active chromatin mark (Palstra et al, manuscript in preparation); DNasel hypersensitive sites in
epidermal skin melanocytes (37); ChlP-seq data for the transcription factor MITF in melanocytic cells
(38); ChIP-seq data in MALME-3M melanoma cells for the transcription factor YY1 (40); predicted me-
lanocyte-specific enhancers (41) and Phastcons conserved elements inferred from 46 way alignments
of placental mammals (42). IGV genome browser shows (B) a zoomed-in frame of the region around
the pigmentation-associated SNP rs10756819. No enhancer features can be detected in this region. In
(C) a zoomed-in frame of the region around potential enhancer element the signals for H3K27Ac are
differential between LP22 and DP74, a DNase | peak is detected and an melanocyte-specific enhancer
element is predicted here. Two SNPs are located in this region: rs10810657 and rs12350739.
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Figure 3. BNC2 expression depends on the
allelic status of rs10810657 and rs12350739.
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SNP rs10810657 is positioned within one of the more prominent flanking H3K27Ac peaks
and at this location the chromatin is not open (DNasel track in figure 2 and EpiQ results in
figure 4B), while the position of rs12350379 is in the middle of the most prominent DNasel
peak and within the predicted melanocyte-specific enhancer element. These observations
together with the allelic distribution and the Sequence Ontology project classification sug-
gests that rs10810657 is probably not the regulatory DNA variant involved in transcriptional
regulation of BNC2, and we therefore focused our further investigations on rs12350379 and
its surrounding region.

H3K27Ac ChIP-seq analysis in LP22 and DP74 revealed several H3K27Ac peaks with-
in the BNC2 region, including the ones in the area around rs12350739 (figure 2C). We con-
firmed the obtained H3K27Ac ChIP-seq results by ChIP-gPCR in LP22 and in 3 additional cell
lines; LP89, DP80 and DP83 (figure 4C). Occupancy of H3K27Ac at rs12350739 was low in
both LP22 and LP89, and relatively high in DP80 and DP83 (figure 4C), H3K27Ac occupancy
at rs12350739 correspond with the genotypes, the epiQ data, and expression levels of BNC2
in these cell lines. There was one exception; LP89 had the active and open rs12350739
genotype and epiQ profile, but expressed BNC2 as low as LP22 did and had a similarly low
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Figure 4. The region around rs12350739 acts as an allele-dependent enhancer. Results of the EpiQ
analyses at (A) the region around rs12350739 demonstrating that the chromatin is accessible for LP89
(GG), MPO1 (AG), DP74 (AG), DP80 (GG) and DP83 (AG), while the chromatin is inaccessible for LP22
(AA) (** p < 0.02) and (B) at the region around rs10810657 demonstrating that the chromatin is fully
closed in all cell lines at this SNP. (C) ChIP-gPCR of H3K27Ac in the rs12350739 region demonstrates
the potential of an active enhancer present at this region in the dark-pigmented cell lines DP80 and
DP83, but not in the light-pigmented cell lines LP22 and LP89 (* p < 0.05). (D) Luciferase reporter
assay demonstrates that the enhancer activity for the rs12350739 region is differential between the
rs12350739-AA allele and the rs12350739-GG allele (*** p < 0.0005). Data are represented as mean
+ SEM.

H3K27Ac signal as LP22 (see discussion).

To investigate whether the region around rs12350739 acts as an enhancer element
we cloned the rs12350739 region into a luciferase reporter vector. Upon transfection into
human embryonic kidney cells (HEK293), no substantial increase in luciferase expression
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was detected for the vectors containing the rs12350739 region with the different alleles of
rs12350739, as compared to the empty vector (figure 4D). However, transfection of the con-
structs in melanoma G361 cell lines resulted in induced luciferase expression for both alleles,
with an 1.5 times higher activity for the rs12350739-GG allele than for the rs12350739-AA
allele (figure 4D, p<0.0005).

Taken together, these results demonstrate that the features of the rs12350739 re-
gion are consistent with those of an enhancer element, and the activity of this region de-
pends on the allelic status of rs12350739.

Additional regulatory elements within the BNC2 locus and an alternative BNC2
promoter

In the initial H3K27Ac chromatin profile of the BNC2 locus, we observed several H3K27Ac
peaks that could represent additional regions with regulatory potential. We selected 4 re-
gions (marked A-D in supplemental figure S3) for further analysis based on the following
criteria; we included regions if they contained a robust H3K27Ac peak and a DNasel hy-
persensitivity signal and if they displayed MITF binding. We investigated the potential con-
tribution of these 4 regions (A-D) in determining pigmentation via the regulation of BNC2
transcription using epiQ analysis, in combination with ChIP-qPCR for the active enhancer
mark H3K27Ac. Region A involves the canonical promoter region of BNC2; we profiled re-
gion A with epiQ; the chromatin of the BNC2 promoter itself was moderately open in all cell
lines, and decreased with distance as such that the chromatin at SNP rs10756819 was closed
(supplemental figure S5A). The association of rs10756819 with the expression pattern of
BNC2 in skin epidermal samples was not statistically significant, whereas the association
of rs2153271 with the expression pattern of BNC2 in skin epidermal samples was highly
statistically significant (p<0.001, data not shown). This was most probably due to the high
linkage of rs2153271 with rs12350739 since the region around rs2153271 lacks chromatin
features indicating regulatory potential. Two regions with regulatory potential stand out in
the 3’ region of the BNC2 gene. Region Cis located in intron 5 of BNC2 and region D is inter-
genic, approximately 80 kb downstream from BNC2 (supplemental figure S5B). EpiQ analysis
revealed moderately open chromatin in both regions, which did not show correlation with
BNC2 expression.

The most prominent H3K27Ac peak within the BNC2 locus is represented by region
B. This region encompasses a MITF binding site together with a tandem DNasel hypersen-
sitive peak and two YY1 sites suggesting that this region actually consists of two regulatory
elements B’ and B”. EpiQ analysis revealed that the chromatin in region B’ was equally ac-
cessible in all cell lines, while accessibility was even more significant in the sub-region B”
(figure 5A). Region B’ exhibited high and differential H3K27Ac ChIP-qPCR signals among the
cell lines tested; LP22 and LP89 displayed low H3K27Ac enrichment as compared to DP80
and DP83 (figure 5B).

Notably, this corresponds with the expression pattern of BNC2; expression of BNC2
is low with low H3K27Ac-enrichment in LP22 and LP89, as compared to higher H3K27Ac-en-
richment and higher expression of BNC2 in DP80 and DP83. Ensembl gene prediction sug-
gests that several protein-coding transcripts originate in this region (ENST00000418777;

77

Chapter 3




Chapter 3

1009 © H3K27Ac
[
T %
40 T T
75% 4
5 I oLp22 E 0
2 oLps9 5 oLp22
3 50% +— oMPO1 S oLpP89
s mDP74 v mDP8O
2 mDP8O 201 mDP83
@ mDP83 °
& 25% 4
10 4
0% 0 - " ;
BNC2 region B' BNC2 region B" BNC2 region B
20 10
~ 16 8 .
2 z
— —
= o2 2
s 12 oLP8s 5 6
a a
¢ oMmpPo1 2 OlLight
5 mDP74 § ®Dark
S8 mDP80 & 4 L
2 mpprs3 ¢
2 2
o «
[7) [7)
x 4 I x5
0 0 1

exon 1-2 exon 3-4 exon 5-6 exon 1-2 exon 3-4 exon 5-6

Figure 5. The identification of an alternative promoter in the BNC2 gene. (A) Results of the EpiQ
analysis demonstrates that the chromatin in regions B’ and B” is highly accessible. (B) The H3K-
27Ac-ChlIP-gPCR signals in region B’ are high and differential between the light-pigmented (LP22 and
LP89) and dark-pigmented (DP80 and DP83) cell lines (* p < 0.05). (C) RT-qPCR analysis of BNC2 tran-
scripts in 6 melanocyte cell lines at one location upstream and 2 locations downstream of the alter-
native promoter within the BNC2 locus demonstrates that BNC2 expression is higher downstream
of the alternative promoter (* p < 0.05), confirming the RNA-seq data. (D) RT-gPCR analysis of BNC2
transcripts in light (n=17) and dark (n=12) skin epidermal samples demonstrates differential BNC2
expression between the upstream location and the two downstream locations within the BNC2 gene
(** p <0.0005). Data are represented as mean + SEM.

ENST00000603713; ENSTO0000603313 and ENST00000468187) (45). Therefore, we suggest
that this region potentially acts as an alternative BNC2 promoter, rather than an enhancer
element. To test this hypothesis, we investigated the occupancy of the major promoter-as-
sociated chromatin mark H3K4Me3 in the BNC2 region in two publicly available H3K4Me3
ChlP-seq datasets obtained from human skin melanocytes . This revealed two strong peaks
in the BNC2 region, one at the canonical promoter and one at region B’. We confirmed the
occupancy of H3K4Me3 by ChIP-gPCR in the light-pigmented cell line LP89 at the canonical
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promoter (supplemental figure S6A) and at region B’ in BNC2 (supplemental figure S6B).

Binding of RNA Polymerase I, similarly tested with ChIP-gPCR in LP89, is relatively
high at the alternative promoter and region B”, which has several features consistent with
an enhancer element, e.g. high H3K27Ac enrichment, low H3K4Me3 enrichment and bind-
ing of MITF and YY1 (supplemental figure S6B). At the canonical promoter binding of RNA
polymerase Il is relatively low (supplemental figure S6A), suggesting that transcription is
higher downstream of the alternative promoter. We therefore analyzed RNA-seq data we
obtained from 4 melanocyte cell lines (LP89, DP80, DP74 and MPO01). This revealed that the
majority of transcripts initiated at exon 3 and not at exon 1 (supplemental figure S6). We
confirmed this finding by RT-gPCR analysis of BNC2 expression levels at 3 different locations
within the gene, using one primer set targeting mRNA upstream of the alternative promoter,
and 2 primer sets targeting the mRNA downstream of the alternative promoter. Transcript
levels measured upstream from the alternative promoter were significantly lower in all cell
line samples, as compared to transcript levels downstream from the alternative promoter
measured at two different locations, while expression patterns remained similar among the
primer sets for all cell lines tested (see figure 5C, p<0.02). Similar results were obtained
when testing these three primer sets in the skin epidermal samples (figure 5D, p<0.0004).

In addition, we have noted the presence of a CpG island located within the potential
alternative promoter region (see supplemental figure S6). Unless under positive selection,
methylated C nucleotides tend to be eliminated during evolution and hence CpG islands are
frequently found in TATA-less promoters (48), as is the case for the canonical promoter of
BNC2. Therefore the presence of this CpG island in exon 3 of BNC2 supports our notion that
region B’ acts as an alternative BNC2 promoter.

From these findings we conclude that an alternative promoter is present at exon
3 in BNC2, as the majority of BNC2 transcripts initiate from this location, and not from the
canonical promoter. Furthermore, the chromatin features are consistent with active en-
hancers and/or promoters, transcription factor binding sites for MITF and YY1 are present
and a CpG island is located in this region.

Discussion

GWASs provide extensive lists of SNPs statistically significantly associated with a variety of
human traits including pigmentation. Many of these highlighted associated DNA variants are
located within non-coding regions (intronic or intergenic) of the genome, and are therefore
not directly affecting protein functions by altering the amino-acid sequences. Therefore,
the biological function behind such statistical associations often remains unknown since the
association can stem from impeding another biological, e.g. regulatory function, or from
linkage to another (functional) SNP (49, 50) probably due to the design of the SNP array
used, and this can only by elucidated by subsequent experimental studies. Here we studied
the biology behind a recently identified skin color association signal in BNC2 and found that
it was not the associated SNP rs10756819 itself but its LD partner rs12350739 located 14 kb
upstream of BNC2 that was likely the functional DNA variant responsible for the skin color
association signal of BNC2.

We demonstrated that the highly conserved region surrounding rs12350739 func-
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tions as an enhancer element for the nearby BNC2 gene, and that this function is dependent
on the allelic status of rs12350739. When the rs12350739-AA allele is present, the chroma-
tin at the region surrounding rs12350739 is fully inaccessible and the enhancer element
was only moderately active. As a consequence, skin epidermal samples with the AA-allele
display a low expression of the BNC2 gene, which corresponds with a light skin pigmenta-
tion phenotype. When the rs12350739-GG allele is present however, the chromatin at the
enhancer is more accessible and the enhancer is active. This results in a higher expression
of BNC2, corresponding with a dark skin pigmentation phenotype.

We have identified rs12350739 as the causal i.e., regulatory DNA variant for the
BNC2 skin color effect by studying the linkage partners of rs10756819, the particular BNC2
SNP that was previously found to be highly associated with skin pigmentation (9). It can be
argued however, that other linkage SNPs are contributing to the variation in transcriptional
regulation of BNC2. We have investigated the region containing the LD block in detail, con-
sidering the hallmarks of active enhancers, and found that only three SNPs are located in the
vicinity of potentially regulatory regions; rs12350739, rs10810657 and rs2153271. Of these
three SNPs, only rs12350739 turned out to be regulatory, and we consider it highly unlikely
that other SNPs are functionally contributing to the transcriptional regulation of BNC2 in
skin melanocytes.

Several candidate regulatory elements are present within the BNC2 gene, and it
might be suggested that one of these elements is responsible for the regulation of BNC2
transcriptional variation. However, we find this hypothesis unlikely for several reasons. First,
BNC2 was shown to be a pigmentation gene (10, 23, 25), and the SNP associated with skin
pigmentation and the LD block linked to rs10765819 are located within a narrow frame
of 70kb surrounding the canonical promoter of BNC2. In this window, only two regions
displayed features of enhancer elements; the promoter and the identified enhancer, and
we clearly demonstrated that the activity of this enhancer depends on the allelic status of
rs12350739, which in turn corresponds with the expression levels of BNC2. Second, we also
showed that the other candidate regions might display features of enhancers, but these fea-
tures are not linked to the expression patterns of BNC2. However, we cannot fully exclude
the possibility that other enhancer elements contribute to the variation in transcription of
BNC2, although in skin melanocytes this potential contribution is probably minor compared
to the effect of the rs12350739 enhancer element we identified here.

Previously, it had been suggested that BNC2 acts on pigmentation through signal-
ing from keratinocytes, rather than from melanocytes (10, 25, 34). We demonstrated here
that BNC2 is differentially expressed in melanocyte cell lines originating from differently pig-
mented donors, which suggests that BNC2 does act on pigmentation through melanocytes,
at least in humans. We showed that the expression levels of BNC2 in melanocytes depend
on the allelic status of BNC2 rs12350739, which in turn corresponds with the pigmentation
phenotype. As was mentioned in the results chapter, there is one exception in our data; the
light-pigmented cell line LP89 expresses BNC2 at low levels but carries the dark skin-color
associated rs12350739-GG allele. Interestingly, genotype-based HlrisPlex analysis predicted
that the LP89-donor has dark eyes and dark hair, even though LP89 is classified by the sup-
plier as a light-pigmented cell line. Moreover, the expression levels of several pigmentation
genes is reduced in LP89 as compared to those in the dark pigmented cell lines (data not
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shown). EpiQ data demonstrates that chromatin at the rs12350739 enhancer region in LP89
is remodeled which is in agreement with the rs12350739-GG genotype. However, in LP89
acetylation of nucleosome H3 at lysine 27 at this region is compromised resulting into simi-
larly low levels as in LP22 (AA-allele), which is in agreement with the BNC2 expression data.
These findings for LP89 suggest that besides the identified rs12350739 enhancer, other,
presumably trans-acting factors contribute to the transcriptional regulation of BNC2, acting
at a step between chromatin remodeling and nucleosome acetylation. However, more work
is needed to fully elucidate this mechanism.

BNC2 is suggested to function in mRNA processing (18, 20) and it was proposed
that in zebrafish it targets the pigmentation genes kitlg and csf1 (26). Although unraveling
the biological function of BNC2 was not the scope of this study, we can confirm a positive
correlation between the expression levels of BNC2 and the 2 proposed targets KITLG and
CSF1 using our RNA-seq data in a subset of 5 human melanocyte cell lines (LP74, LP89,
MPO01, DP74 and DP80, data not shown). This correlation was absent for several other pig-
mentation genes.

BNC2 is known to have 6 promoters and many splicing isoforms, resulting in a po-
tential of nearly 90,000 mRNA isoforms encoding more than 2000 different proteins (21).
Our data clearly shows the presence of an alternative promoter initiating transcription at
exon 3, confirming previous data that suggest the presence of this promoter at the same
location together with the presence of 5 other minor human promoters for the BNC2 gene
(15). DNasel sensitivity data in many different tissues suggest that this alternative promoter
is very abundant (37, 51), but interestingly, the DNasel sensitivity peak 6 kb upstream of the
alternative promoter that we observed in human skin melanocytes (supplemental figure S3)
seems to be tissue-specific as it is only detected in melanoma cell lines (37, 51). It co-local-
ized with H3K27Ac signals in our melanocyte cells and with binding sites for the transcrip-
tion factors MITF and YY1, both essential for melanocyte biology. Furthermore, H3K4Me3
occupancy is low, making it unlikely that region B” acts as another promoter. Instead, RNA
polymerase Il binding at this region is similar to that at the alternative promoter and to
that at the rs12350739 enhancer element. It is therefore likely that this region acts as a tis-
sue-specific enhancer element for the alternative promoter. We found a relatively modest,
allele-dependent increase in luciferase expression for the rs12350739 enhancer element.
It has been reported previously that genes can simultaneously be regulated by multiple
enhancers which affects gene-expression amplitude (52). Likewise, the genotype-depen-
dent enhancer at rs12350739 in combination with the potential enhancer at region B” could
boost BNC2 transcription by both acting on the alternative promoter which might lead to a
differentially expressed isoform that has a specific function in pigmentation pathways.

The DNasel sensitivity peak that we observed for the enhancer element at
rs12350739 is also present in a few other cell types, including fibroblasts, a glioblastoma
cell line, melanoma cells and myometrial cells (37, 51). BNC2 was shown to be involved in
urethral development (53), and recently, an eQTL study identified BNC2 to have a role in
glioblastoma multiforme (54). Furthermore, 12 SNPs in the BNC2 region were identified to
be associated with ovarian cancer susceptibility and with ovarian abnormalities (55, 56).
Notably, these 12 SNPs all fall into the same LD block as rs12350739, and with a DNasel peak
present at the rs12350739 enhancer in myometrial cells, we suggest that the enhancer we
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identified at the region around rs12350739 in skin melanocytes is also active in uterine or
ovarian tissue, which should be followed up in dedicated studies.

Several studies have shown that strongly associated SNPs identified by GWASs can
have important regulatory functions. They are often located in enhancer elements, influ-
encing the transcriptional regulation of the nearby gene in an allele-dependent manner
(recently reviewed in (57-59 )). So far however, only the biological functions of particular
SNPs that were identified directly in the GWASs were elucidated. Here we demonstrate with
the example of BNC2 and skin color that it was not the SNP directly identified by association
testing, but instead one of its LD partners that is likely the regulatory DNA variant responsi-
ble for the association signal. This DNA regulator is located in a highly-conserved enhancer
element outside the associated gene and regulates gene transcription depending on its al-
lelic status, and the resulting differential gene expression in turn affects the trait variation.

Materials and Methods

Skin sample collection

Skin samples were obtained with informed consent of left-over material from patients un-
dergoing plastic or dermatological surgery. Care was taken to only collect healthy skin tissue
that was non-sun exposed and not tanned by solariums. Patients were asked to fill in a
guestionnaire to obtain information concerning the pigmentation of their skin, eye and hair,
and more basic information as age, sex and geographical ancestry. Skin color reflectance
was measured at the inner side of the upper arm with a spectrophotometer (Konica Minolta
CM-600d). Individual typology angles (60, 61) were calculated with the obtained L, a and
b values, and samples were categorized according to the ITA separation of light (above 41
degrees) and dark (under 28 degrees), for a graphical display of the ITA categories of the
skin epidermal sample, see supplemental figure S1. This study was approved by the Medical
Ethical Committee (METC) of the Erasmus MC (number MEC-2012-067).

Epidermal layer separation and RNA/DNA co-isolation from skin samples

All obtained small skin biopsies were immediately stored in RNAlater at 4°C until further
processing. Upon receiving the larger pieces of surgically-removed skin tissue, all tissue oth-
er than skin (blood, fat etc) were removed while working on ice, after which the skin was
cut into smaller pieces of 1 cm”2 on average, and stored in RNAlater at 4°C until further
processing. The epidermal layer of the skin, including the pigment-containing melanocytic
layer, was removed from the dermal layer by first cutting the skin into pieces of around 1mm
wide and 7mm long and incubating the skin pieces for 30 minutes at room temperature
in Ammonium Thio Cyanate solution (3.8% ATC in PBS) (62). After carefully peeling off the
epidermal layer from the dermal layer, the epidermal skin layers were stored in RNAlater at
4°C until RNA/DNA co-isolation, or at -80°C for long-term storage. Epidermal skin tissue was
lysed and RNA and DNA were co-isolated with the Qiagen Allprep mini kit according to the
manufacturer’s instructions for fibrous tissue. To remove PCR inhibiting substances such as
melanin, DNA and RNA samples were column purified (OneStep™ PCR Inhibitor Removal Kit,
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Zymo Research Corporation) following the manufacturer’s instructions. Subsequent DNase
| digestion of the RNA samples was performed with Ambion’s Turbo DNA-free kit (Applied
Biosystems) according to the manufacturer’s protocol.

Cell culture

HEMnN-LP22 (C-0025C; lot # 200708522; Cascade Biologics, Invitrogen), HEMn-LP89
(C-0025C; lot # 200709589; Cascade Biologics, Invitrogen), HEMn-MP01 (C-1025C; lot#
070417901; Cascade Biologics, Invitrogen), HEMn-DP74 (C-2025C, lot # 6C0474; Cascade Bi-
ologics, Invitrogen), HEMn-DP80 (C-2025C, lot # 200707980 Cascade Biologics, Invitrogen)
and HEMn-DP83 (C-2025C, lot # 1211783; Cascade Biologics, Invitrogen) were grown in Me-
dium 254 supplemented with HMGS according to the manufacturer’s instruction (Cascade
Biologics, Invitrogen). G361, HEK293 and MCF7 cells were cultured in DMEM/10% FCS at
37°C/5% CO2. Transfection was done using Lipofectamine LTX transfection reagent (Invitro-
gen) according to the manufacturer’s instructions.

RNA/DNA co-isolation from cultured cells

Total cellular RNA and genomic DNA were isolated from the different cell lines with TriPure
Isolation Reagent according to the manufacturer’s instructions (Roche Diagnostics) To re-
move PCR inhibiting substances such as melanin, DNA and RNA samples were column puri-
fied (OneStep™ PCR Inhibitor Removal Kit, Zymo Research Corporation) following the man-
ufacturer’s instructions. Subsequent DNase | digestion of the RNA samples was performed
with Ambion’s Turbo DNA-free kit (Applied Biosystems) according to the manufacturer’s
protocol.

SNP genotyping

To obtain hair and eye color information for the 6 cell line samples and to confirm the ob-
tained eye and hair color phenotype information of all skin biopsy samples, DNA samples
of both sets were genotyped using the HlrisPlex assay as described by Walsh et al 2013
(30). The interactive HlrisPlex prediction tool was used to predict hair and eye color (30).
Snapshot analysis was used to genotype BNC2 SNPs. In short, primers were designed using
primer3plus software, checked with AutoDimer for unfavorable primer interactions, and, in
case necessary, optimized by increasing primer concentrations. Primer sequences are listed
in supplemental table S5. Multiplex PCR amplification was performed using GeneAmp PCR
Gold Buffer and AmpliTaq Gold DNA polymerase (Applied Biosystems), under the following
cycling conditions: 10 min at 952C, followed by 30 cycles of 15s at 94 C and 45s at 602C, and
a final extension of 5 min at 60 2C in a dual 364-well GeneAmp PCR System 9700 (Applied
Biosystems). After ExoSAP-IT (USB) purification, multiplex single-base primer extension re-
actions were performed using SNaPshot Ready Reaction Mix (Applied Biosystems) in a dual
384-well GeneAmp PCR System 9700 (Applied Biosystems) under the following cycling con-
ditions: 2 min at 96 2C, followed by 25 cycles of 10 s at 96 2C, 5s at 50 2C, and 30s at 60
oC. After SAP-purification of the reaction products, the extended primers were analyzed by
capillary electrophoresis on a 3130x| Genetic Analyzer (Applied Biosystems) using POP-7
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polymer. Data were analyzed using GeneMarker version 2.4.0 software (Softgenetics). To
infer the geographic origin/genetic ancestry of the cell-line donors, 24 autosomal SNPs sen-
sitive to detect continental ancestry were genotyped via two SNaPshot (Applied Biosystems)
multiplex reactions as described elsewhere (32). The continental ancestry of the samples
was recovered by performing a STRUCTURE analysis (31) in which data from the HGDP-CEPH
panel served as reference as described elsewhere (32).

Chromatin Immuno-Precipitation quantitative (ChlP-qPCR) and sequencing (ChIP-
seq)

ChIP was performed as described in the Millipore protocol (http://www.millipore.com/user-
guides/techl/mcproto407), except that samples were cross-linked with 2% formaldehyde
for 10 minutes at room temperature. To remove melanin, DNA was column purified prior
to PCR (OneStep™ PCR Inhibitor Removal Kit, Zymo Research). Quantitative real-time PCR
was performed using Universal SYBR green master mix (Bio-Rad Laboratories) under the
following cycling conditions: 95 °C for 5 min, 45 cycles of 10 s at 95 °C, 30 s at 60 °C and
followed by a melting curve analysis. Enrichment was calculated relative to Necdin (NDN)
and values were normalized to input measurements. Antibodies used: acetylated Histone
H3 K27 (#4729ab) from Abcam, tri-methylated Histone H3 K4 (#07-473) from Millipore and
Polymerase Il (POLR2A, N-20; sc-899) from Santa Cruz Biotechnology. Primer sequences are
listed in supplemental Table S5. Data represent at least two independent experiments. Stu-
dent’s two-tailed t test was used to determine statistical significance. ChIP-seq analysis was
performed as described previously (63).

EpiQ

Q-PCR-based EpiQ chromatin analysis assay (Bio-Rad Laboratories) was performed accord-
ing to the manufacturer’s protocol. To remove melanin, DNA was column purified prior to
PCR (OneStep™ PCR Inhibitor Removal Kit, Zymo Research). Quantitative real-time PCR was
performed using Universal SYBR green master mix (Bio-Rad Laboratories) under the follow-
ing cycling conditions: 95 °C for 5 min, 45 cycles of 10 s at 95 °C, 30 s at 60 °C and followed
by a melting curve analysis. PCR primers are listed in supplemental table S5. Data represent
at least two independent experiments. Student’s two-tailed t test was used to determine
statistical significance.

Transcription analysis

The reverse-transcriptase (RT) reaction was performed using RevertAid™ H Minus First
Strand cDNA Synthesis Kit (Fermentas GmbH) according to the manufacturer’s instructions.
Quantitative real-time PCR reactions for gene-expression analysis were performed using the
iTag Universal SYBR Green Supermix (Bio-Rad Laboratories) with the following PCR param-
eters: initial denaturation at 95 °C for 5 min, followed by 45 cycles at 95 °C for 5 s and 60 °C
for 30 s, followed by a melting curve analysis. Bio-Rad Software v1.5 in combination with
Excel was used to analyze the qPCR data. The reference gene ACTB was used to normalize
the amplification signal between samples, differences in treatment and amount of input
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cDNA. Primer sequences are listed in supplemental Table S5. Data represent at least three
independent gPCR experiments. Student’s two-tailed t test was used to determine statisti-
cal significance.

Luciferase Assays

A 1524bp fragment surrounding rs12350739 was PCR amplified from genomic DNA using
the Expand long template PCR kit (Roche). The PCR fragment was digested with Hael and
Sacl, generating a 599bp fragment which was cloned into the Hael/Sacl sites of a modified
pGL3-promoter vector (in which the SV40 promoter and the SV40 3'UTR were replaced by
an HSP promoter and an HSP 3’UTR) (Promega). Inserts in each construct were verified by
sequencing (Baseclear). Constructs were transfected into HEK293 or G361 melanoma cells
using Lipofectamine LTX (Invitrogen), and luciferase expression was normalised to Renilla
luciferase expression. Primer sequences are listed in supplemental Table S5. Data represent
at least five independent experiments. Student’s two-tailed t test was used to determine
statistical significance.

RNA sequencing

Two hundreds to five hundreds ng of total RNA extracted from the melanocyte cell lines
LP89, MPO1, DP74 and DP80 was used as starting input for the RNA-seq library preparation,
following the protocols provided by Life Technologies. Briefly, total RNA was treated with
RiboMinus Eukaryote kit v2 (Life Technologies) to remove rRNA. Then, rRNA-depleted RNAs
were fragmented using RNaselll. Whole transcriptome library was constructed using the
lon Total-RNA Seq Kit v2 (Life Technologies). Each library template was clonally amplified
on lon Sphere Particles (Life Technologies) using lon One Touch 200 Template Kit v2 (Life
Technologies). Preparations containing the RNA-seq libraries were loaded into 318 Chips
and sequenced on the PGM (Life Technologies).
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Supplemental Figure S1. Categorization of the skin epidermal samples. Graphical representation
of the individual typology angle (ITA) values (49) of the epidermal skin samples shows that the 2
categories; light pigmented and dark pigmented, are completely separated.
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Supplemental Figure S2. Genetic ancestry analysis of the melanocyte cell lines and the skin
epidermal samples. STRUCTURE (31) analysis of the 6 melanocyte cell lines using 24 autosomal
ancestry-sensitive markers (ASMs) (32).
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Supplemental Figure S3. Chromatin profile of the BNC2 region. IGV genome browser (64) shows
860kb window of the BNC2 region (hg coordinates chr9:16,298,464-17,160,559). To investigate the
chromatin for features of enhancer elements, the following tracks are included: ChIP-seq analysis in
LP22 and DP74 of acetylated histone H3 (H3K27Ac), an active chromatin mark (Palstra, manuscript in
preparation); DNasel hypersensitive sites in epidermal skin melanocytes ((37); Phastcons conserved
elements inferred from 46 way alignments of placental mammals (42); SNPs in linkage disequilibrium
(LD>0.6) with the pigmentation-associated SNP rs10756819 (see supplemental table S2a); ChlIP-seq
data for the transcription factor MITF in melanocytic cells (38); ChIP-seq data in MALME-3M mela-
noma cells for the transcription factor YY1 (40); predicted melanocyte-specific enhancers (41); CpG
islands (37) and Ensemble transcripts (45). Based on the minimum criteria of the presence of a robust
H3K27Ac peak and a DNasel hypersensitivity signal, in combination with the presence of a MITF bind-
ing site, 4 regions with potential enhancer activity were selected, marked A-D. Note that the identified
rs12350739 enhancer element is located 14kb upstream of the canonical BNC2 promoter co-located
with a predicted enhancer.
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Supplemental Figure S4. Linkage disequilibrium plots of rs10756819, rs10810657 and rs12350739.
(A) rs10756819; (B) rs10810657 and (C) rs12350739. Plots are generated with SNAP, a web-based tool
(http://www.broadinstitute.org/mpg/snap/ (65)).
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Supplemental Figure S5A. Additional regulatory elements within the BNC2 locus.

IGV genome browser (64) shows (A) 100 kb window of the LD region containing the SNPs in link-
age disequilibrium (LD > 0.6) with the pigmentation-associated SNP rs10756819 (hg coordinates
chr9:16,840,877-16,943,644) and (B) 165 kb window of the BNC2 region including regions marked C
and D (see also supplemental figure S3). The following tracks are included: ChIP-seq analysis in LP22
and DP74 of acetylated histone H3 (H3K27Ac), an active chromatin mark (Palstra et al, manuscript in
preparation); DNasel hypersensitive sites in epidermal skin melanocytes (37); ChIP-seq data for the
transcription factor MITF in melanocytic cells (38); ChIP-seq data in MALME-3M melanoma cells for
the transcription factor YY1 (40); predicted melanocyte-specific enhancers (41) and Phastcons con-
served elements inferred from 46 way alignments of placental mammals (42).

(A) Results of the EpiQ analyses at six different locations in the LD region; the chromatin is inaccessible
at the (negative control) region NC, but also at the regions around rs10756819 and at rs10810657,
it is moderately accessible at the region around rs2153271. The chromatin is open and accessible
at the canonical promoter of BNC2 in region A and at the identified enhancer element surrounding
rs12350739.

93

Chapter 3




Chapter 3

1 1 1 1 1
‘l H3K27Ac ChIP-seq in LP22
iad. . " i letad ao e e Lol FRR— .L i ' "

H3K27Ac ChIP-seq in DP74

Melanocyte Dnase | Sensitivity

s .l-hn....na....d.hl.ln._, o wwh“‘ﬁ%ﬁalﬁnﬁrﬁ?mﬁsﬁm
o0 T VY O T O Y e e 7 TR0 1T (T PRI O i Ay et o v
D C

awnen

Predicted enhancers in melanocytes
MITF ChIP-seq

in melanocytes

YY1 ChlIP-seq in melanoma cells

T e

100%
9 T+ oLp22

Z7*
3 oLpP89
@ 50%
o oMPOL
<
02 mDP74
=
S
‘T‘: 0% T mDP80
o

25% mDP83

region D region C

Supplemental Figure S5B. Additional regulatory elements within the BNC2 locus. (B) Results of the
EpiQ analyses at regions C and D shows moderately accessible chromatin in both regions.
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Supplemental Figure S6A. The identification of an alternative promoter in the BNC2 gene.

IGV genome browser (64) shows the regions around (A) the enhancer region at rs12350739 and the
canonical promoter at exon 1 in BNC2 and (B) exon 2 and 3 of BNC2. To test for the presence of an
alternative promoter at the exon 3 region, two H3K4Me3 ChlIP-seq datasets in human skin melano-
cytes (66) and RNA-seq data of 4 cell lines (LP9, DP80, DP74 and MPO01) were investigated. Number of
transcripts are indicated by peak heights and grey bars. Note that at exon 1 low levels of transcripts are
present, whereas at exon 3 transcripts are present at higher levels. Results of the H3K4Me3 and RNA
polymerase Il ChIP-gPCR analyses at five different locations in the BNC2 region; H3K4Me3 ChIP-qPCR
confirms the presence of the canonical promoter at exon 1 (A), (continued on next page)
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Supplemental Figure S6B. The identification of an alternative promoter in the BNC2 gene.

and the alternative promoter at exon 3 (B), while RNA polymerase Il binding confirms the differences
of transcription levels between exon1-2 and exon3-4. In addition, RNA polymerase Il binding is also
detected at the rs12350739 enhancer element and at region B”.
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Supplemental Tables

Supplemental Table S1

HlrisPlex results

HAIR LP22 LP89 MPO1 DP74 DP80 DP83

Brown 0,119 0,314 0,227 0,168 0,288 0,101

Red 0,005 0,005 0,000 0,000 0,000 0,000

Black 0,050 0,422 0,371 0,828 0,651 0,896

Blond 0,826 0,259 0,402 0,003 0,061 0,003

SHADE

Light 0,948 0,227 0,724 0,004 0,063 0,002

Dark 0,052 0,773 0,276 0,996 0,937 0,998

HAIR color blond (dark) (light) black dark brown/ black

result brown brown black g
a
©

EYE S

Blue 0,899 0,207 0,457 0,000 0,024 0,000

Int. 0,066 0,161 0,162 0,025 0,083 0,006

Brown 0,035 0,632 0,381 0,975 0,892 0,994

EYE color result blue brown blue/int brown brown brown

HirisPlex results of the 6 melanocyte cell lines.

HirisPlex analysis (29) predicts the light pigmented cell line LP22 to have blue eyes and light-shaded
blond hair, whereas the other light pigmented cell donor most probably has dark-brown hair with
brown eyes. The MPO1 cell donor is predicted to have blond hair with blue eyes, and the 3 dark pig-
mented cell donors of DP74, DP80 and DP83 all have dark-brown to black hair, and brown eyes. These
predicts confirm the phenotypic information provided by the cell line supplier (Cascade Biologics).
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Supplemental table S4.

BNC2 genotypes
phenotype|rs10756819 rs10810657 rs12350739
1 dark A T G
2 light A A A
3 dark G T G
4 light A A A
5 light AG AT AG
6 light AG AT AG
7 dark G AT G
8 light A A A
9 light A A A
10 light AG T G
11 light A AT AG
12 dark G T G
13 light AG T G
14 dark AG T G
15 light A AT AG
16 light A A A
17 light A A A
18 light AG A A
19 light AG T AG
20 dark AG AT AG
21 light AG AT AG
22 dark AG T G
23 dark G AT G
24 dark AG AT A
25 dark G AT G
26 dark AG T G
27 dark G T G
28 light AG AT AG
29 light A A A

Genotypes of rs10756819, rs10810657 and rs12350739 in the skin epidermal samples.

Supplemental Table S5 is available at the Human Molecular Genetics website.
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Chapter 4

Abstract

The majority of significant single-nucleotide polymorphisms (SNPs) identified with genome-
wide association studies are located in non-coding regions of the genome; it is therefore
possible that they are involved in transcriptional regulation of a nearby gene rather than
affecting an encoded protein’s function. Previously it was demonstrated that the SNP
rs12203592, located in intron 4 of the IRF4 gene, is strongly associated with human skin
pigmentation and modulates an enhancer element that controls expression of IRF4. In
our study, we investigated the allele-specific effect of rs12203592 on IRF4 expression in
epidermal skin samples and in melanocytic cells from donors of different skin color. We
focused on the characteristics and activity of the enhancer, and on long-range chromatin
interactions in melanocytic cells homozygous and heterozygous for rs12203592. We
found that, irrespective of the trans-activating environment, IRF4 transcription is strongly
correlated with the allelic status of rs12203592, the activity of the rs12203592 enhancer
and that the chromatin features depend on the rs12203592 genotype. Furthermore, we
demonstrate that the rs12203592 enhancer physically interacts with the IRF4 promoter
through an allele-dependent chromatin loop, and suggest that subsequent allele-specific
activation of /RF4 transcription is stabilized by another allele-specific loop from the
rs12203592 enhancer to an additional regulatory element in /RF4. We conclude that the
non-coding SNP rs12203592 is located in a regulatory region and affects a wide range of
enhancer characteristics, resulting into modulation of the enhancer’s activity, its interaction
with the IRF4 promoter, and subsequent allele-specific transcription of /RF4. Our findings
provide another example of a non-coding SNP affecting skin color by modulating enhancer-
mediated transcriptional regulation.

Introduction

Single nucleotide polymorphisms (SNPs) linked to specific phenotypes in genome-wide
association studies (GWA studies) are often located in non-coding regions of the genome.
In contrast to coding variants affecting protein function, these non-coding SNPs are more
complicated to functionally characterize (1). The SNP rs12203592 is located in intron 4 of the
interferon regulatory factor 4 (IRF4) gene, encoding a member of a helix-loop-helix family of
DNA-binding transcription factors involved in downstream regulation of interferon signaling.
IRFs are primarily associated with immune system development and response (2). IRF4 is
predominantly expressed in lymphocytes, macrophages, B cells and dendritic cells, but also
in melanocytic lineages (3). Involvement of this gene has been described in several types of
lymphoma and leukemia (3), including childhood acute lymphoblastic leukemia (ALL) (4),
but also in non-hematopoietic diseases (3). IRF4 was initially implicated in pigmentation
through the association of DNA variants located outside this gene, particularly with freckling
inhumans (5). In succession the intronic SNP rs12203592 was found to be strongly associated
with hair, eye, skin color, tanning response and nevus count (6—10). This non-coding SNP
was also identified to be associated with (male-specific) childhood ALL and in that study the
first evidence was given that rs12203592 is located within a regulatory element, controlling
expression of IRF4 through binding of transcription factor TFAP2a (4). In Burkitt Lymphoma
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B-cells (Raji), HEK293T human embryonic kidney cells and in NCI-H295R human adrenal cells,
the rs12203592 region containing the C-allele was shown to strongly bind the transcription
factor TFAP2a and repress IRF4 promoter activity, while the rs12203592 region with the
T-allele binds TFAP2a with less affinity, and has a less repressive effect on IRF4 expression
(4). More recently it was shown that in skin melanocytes, rs12203592 is located within
a melanocyte-specific enhancer regulating the expression of IRF4 (11). The transcription
factor TFAP2a binds to the enhancer element containing the C-allele with high affinity,
and together with MITF, transcription of IRF4 is activated. When the rs12203592 T-allele
is present, TFAP2a-binding is reduced, which in turn leads to a decreased expression of
IRF4 (11). In addition, the lighter pigmentation phenotype associated with the rs12203592
T-allele was shown to result from impaired activation of tyrosinase (TYR) transcription due
to reduced IRF4 levels (11). The difference between the two studies, describing either
transcriptional repression (4) or activation (11) might be due to cell-type-specific effects
mediated by transcription factors other than TFAP2a and to the fact that TFAP2a can behave
as an activator as well as a repressor in different contexts (12, 13).

In the present study we extend on these previously published results (4, 11)
and provide detailed novel insight in the molecular mechanism of /RF4 activation by
the rs12203592 enhancer. Using several molecular approaches, we investigated the
transcriptional regulation of IRF4 in melanocytes, with a special focus on allelic differences
of the rs12203592 enhancer. We studied the expression of IRF4 and transcription factors
potentially involved in its transcriptional regulation in epidermal skin samples from donors
of different skin color phenotypes and rs12203592 genotypes, in cultured skin melanocytes
derived from differently pigmented skin as well as in two melanoma cell lines. We surveyed
the chromatin profile of the IRF4 locus focusing at specific regulatory sites within the
gene using chromatin immune-precipitation (ChIP) of H3K27Ac in combination with deep
sequencing (ChIP-seq) and the use of ENCODE data, and we mapped the chromatin folding
of the IRF4 locus in cultured skin melanocytes and melanoma cell lines using chromosome
conformation capture (3C) techniques. We demonstrate an allele-dependent activity of
the rs12203592 enhancer, and subsequent differential /RF4 expression. Furthermore, we
show that the rs12203592 enhancer physically interacts with the /IRF4 promoter and we
provide evidence for an interaction with a potential additional regulatory element in intron
7 of IRF4, both interactions depend on the rs12203592 genotype. We propose a model
for the transcriptional regulation of /IRF4, in which we suggest that the activation of IRF4
transcription in melanocytes is determined by the rs12203592 enhancer/IRF4 promoter
chromatin-loop, while the potential rs12203592 enhancer/intron-7 regulatory-element
chromatin-loop mediates stabilization of the chromatin structure resulting into an increased
and stable transcription of IRF4.
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Results

Expression levels of IRF4 depend on the allelic status of rs12203592 in epidermal
skin samples.

To study the correlation between the rs12203592 genotype and IRF4 gene expression
levels, we used a panel of 29 epidermal skin samples obtained from donors with different
pigmentation phenotypes (12 dark and 17 light) and three commercially available primary
Human Epidermal Melanocytes of neonatal origin derived from donors with different
pigmentation phenotypes; one light pigmented donor (LP22) and two dark pigmented
donors (DP74 and DP80) (see 14 for category separation of the epidermal skin samples and
characterization of all samples).

DNA and RNA were co-extracted from the epidermal layers of the skin biopsy
samples and mRNA levels of IRF4 were measured in the individual samples using quantitative
(q) reverse transcriptase (RT)-PCR. DNA samples were used for HlrisPlex analysis, and as
rs12203592 is included in this assay, the genotypes of rs12203592 were obtained from
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Figure 1. IRF4 expression levels depend on the allelic status of rs12203592. RT-qPCR analysis of /IRF4
transcripts (A) in all epidermal skin samples and (B) in only light epidermal skin samples with either
the rs12203592 CC-genotype (all: n=25; lights: n=13) or with the combinational rs12203592 CT- and
TT-genotypes (N=4) demonstrates reduced IRF4 expression when the T-allele is present. (C) RT-qPCR
analysis of IRF4 transcripts in all epidermal skin samples with either dark or light skin color phenotype
indicates no differential expression of IRF4 between the two pigmentation phenotype categories. (D)
RT-gPCR analysis of IRF4 transcripts in three melanocyte cell lines and two melanoma cell lines. IRF4
is differentially expressed between the two cell lines with the rs12203592 CC-genotype (LP22 and
DP80) and the cell line with the rs12203592 CT-genotype (DP74), IRF4 expression is not detected in the
BLM melanoma cell line, while expression of IRF4 is detected at slightly decreased levels in the G361
melanoma cell lines with the rs12203592 CC-genotype when compared with the melanocyte cell lines
with similar rs12203592 genotypes. Each individual gene-expression analysis is performed in triplicate
and normalized to an endogenous control (ACTB). Averaged expression values for the genotype (CC;
CT+TT) and skin color phenotype (light; dark) categories of the epidermal skin samples are calculated
after normalization with ACTB. Data are represented as mean + SEM; * P < 0.05.
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the HlrisPlex results for all epidermal skin samples (14, 15). Analyzing this SNP in a world-
wide set of individuals from 51 populations (HGDP-CEPH) (16) reveals that the minor-
allele-frequency of this SNP is relatively low; it is present in 12% of the average European
populations and it is rare in African population (0.6%) and in Asian populations (1%). Similar
results are obtained when analyzing data from the 1000 Genomes project (17). This is
reflected in the rs12203592 genotypes of the epidermal skin samples we used in this study;
only 1 out of 29 epidermal skin sample is homozygote TT, and 3 epidermal skin samples are
heterozygote CT, all 4 are of European decent (Supplementary Material, Table S1).

We observed statistically significant higher expression levels of IRF4 in the samples
carrying the homozygote CC-genotype (n=23) than in the combined sample set with the
heterozygote CT- and homozygote TT-genotypes (n=4) (Fig. 1A, p=0.02). This confirms
previous notions that transcription of /IRF4 depends on the allelic status of rs12203592 (11).
To exclude the possibility that the detected differential IRF4 expression between CC and CT/
TT samples is caused by the dark phenotype of a large fraction (48%) of the rs12203592-
CC epidermal skin samples, we analyzed the correlation between IRF4 expression and the
rs12203592 genotype in the light sample set only. This analysis revealed that IRF4 is still
differentially expressed between rs12203592 CC and CT/TT alleles when only the light
samples are considered, although the difference is less significant (p=0.048) (Fig. 1B),
which is most probably due to the smaller sample size (n=17). Furthermore, we observed
no significant expression differences for IRF4 between the light and dark epidermal skin
samples (Fig. 1C).

We next investigated the expression patterns of /RF4 in the melanocyte cell lines
LP22, DP74 and DP80. DNA and RNA were co-extracted from the individual cell lines, mRNA
levels were measured using RT-gPCR and DNA samples were used to obtain rs12203592
genotypes using the HlrisPlex (14, 15). Interestingly, this revealed that not a lightly pigmented
but the darkly pigmented melanocytic cell line DP74 is heterozygous for rs12203592
(Supplementary Material, Table S1). Despite the dark phenotype of DP74, expression of IRF4
is lower in this cell line when compared with the expression of IRF4 in LP22 and DP80 (Fig.
1D), which are both homozygote CC for rs12203592 (Supplementary Material, Table S1).

From the results with both samples sets we conclude that IRF4 is differentially
expressed depending on the allelic status of rs12203592, confirming previous observations
(11) and extending on this knowledge, we demonstrate that this differential expression of
IRF4 does not depend on the pigmentation phenotype of the epidermal skin samples and
the melanocytic cell lines used.

Characterization of intronic regulatory elements in IRF4.

The region around rs12203592 was shown to act as an intronic enhancer for IRF4 in
melanocytes (11), and we demonstrated in the previous paragraph that the variation in IRF4
transcription levels strongly depends on the allelic status of this SNP. Regulatory elements
in the genome are characterized by several features (18), including histone modifications,
chromatin accessibility, transcription factor binding and evolutionary conservation. To study
in more detail the mode-of-action of the rs12203592 enhancer, we profiled the chromatin
of the IRF4 region for the presence of acetylated histone H3 (H3K27Ac), which is an active
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chromatin mark (19), using ChIP-seq analyses in the homozygote-CC melanocytic cell
line LP22 and the heterozygote-CT melanocytic cell line DP74 (Palstra et al manuscript in
preparation). These data were combined with previously published data sets for DNasel
hypersensitive sites (DHSs) in epidermal skin melanocytes (20), ChIP-seq data for the
melanocyte master regulator MITF in melanocytic cells (21), ChIP-seq data in MALME-3M
melanoma cells for the more ubiquitously expressed and MITF interacting transcription
factor YY1 (22), and Phastcons conserved elements inferred from 46 way alignments of
placental mammals (23). The locus-wide profile of IRF4 revealed two regions that are clearly
enriched for the active enhancer mark H3K27Ac; the IRF4 promoter region and the region
around rs12203592 (Fig. 2A). When zooming into this highly conserved region around
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rs12203592, we observed that the H3K27Ac enrichment signals are differential between
LP22 and DP74; the signals are more prominent in the LP22 cells carrying the CC-genotype
than in the DP74 cells with the CT-genotype (Fig. 2B). To exclude the possibility that these
differential H3K27Ac signals are due to experimental factors, we investigated H3K27Ac
enrichment at the neighboring DUSP22 gene, which has no known function in human
pigmentation biology. We found that in this region the H3K27Ac signals are not differential
between LP22 and DP74 (Supplementary Material, Fig. S1). Moreover, we reported higher
H3K27Ac signals in DP74 than in LP22 at the intergenic enhancer and at the alternative
promoter of the pigmentation-associated BNC2 gene while the canonical promoter of BNC2
displays equal H3K27Ac enrichment in these cell lines (14). Taken together, we conclude
from these observations that the differences in H3K27Ac enrichment observed in the IRF4
region are not due to technical aspects, but rather to the different rs12203592 genotypes.

Accessibility of chromatin is another important characteristic of enhancer elements
— regions that are active, are generally more open and accessible for protein complexes
like the transcription machinery to bind — and this can be detected by several techniques.
DHS mapping detects regions of chromatin that are more accessible for the DNA digesting
activity of the DNase | enzyme. In a publicly available dataset for DHS signals obtained from
epidermal skin melanocytes (20) such a prominent DHS signal is present at the rs12203592
enhancer (Fig. 2B). To investigate this in our melanocytic cell system, we used a commercially
available assay that directly measures the accessibility of chromatin to nucleases (EpiQ-
assay; BioRad). This revealed that the chromatin at the rs12203592 enhancer is more open
and accessible in the cell lines with the CC-genotype (LP22 and DP80) than in the cell line
with the CT-genotype (DP74) (Fig. 3A).

We next investigated whether the region around rs12203592 indeed acts as an
enhancer element by cloning the rs12203592 region into a luciferase reporter vector. Upon
transfectioninto human embryonic kidney cells (HEK293) no increase in luciferase expression
was detected for the vectors containing the rs12203592 region with the different alleles of
rs12203592 when compared with the empty vector (Fig. 3B). Whereas in G361 melanoma
cell lines luciferase expression is induced for both alleles, with a statistically significantly
higher activity for the rs12203592 C-allele than for the rs12203592 T-allele (Fig. 3B, p<0.05).

Figure 2. Identification of three regulatory elements in the IRF4 locus; the IRF4 promoter, the
rs12203592 enhancer and a potential regulatory element in intron 7. (A) IGV genome browser (24)
shows a 39 kb window of the IRF4 locus. To investigate the chromatin for features of enhancer ele-
ments, the following tracks are included: ChIP-seq analysis in LP22 and DP74 of acetylated histone H3
(H3K27Ac), an active chromatin mark (Palstra et al, manuscript in preparation); DHS sites in epidermal
skin melanocytes (20); ChIP-seq data for the transcription factor MITF in melanocytic cells (21); ChIP-
seq data in MALME-3M melanoma cells for the transcription factor YY1 (22); and Phastcons conserved
elements inferred from 46 way alignments of placental mammals (23). IGV genome browser shows (B)
a zoomed-in frame of the region around the rs12203592 enhancer and (C) a zoomed-in frame of the
region around a potential regulatory element in intron 7. The rs12203592 enhancer displays apparent
characteristics of an active enhancer; strong H3K27Ac signals that are differential between LP22 and
DP74, a robust DHS peak is detected and binding of the transcription factors MITF and YY1 is observed.
Binding of YY1 is also observed in the potential regulatory region in intron 7, as well as a robust DHS
peak, the H3K27Ac signals are modest, but differential between LP22 and DP74.
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Figure 3. The region around rs12203592 displays features of an allele-dependent enhancer. (A) EpiQ
analysis in the melanocyte cell lines reveals that region around rs12203592 is more open and accessi-
ble in LP22 (rs12203592-CC) and DP8O0 (rs12203592-CC), than in DP74 (rs12203592-CT) (* P < 0.001).
(B) Luciferase reporter assay demonstrates that the activity of the rs12203592 enhancer is specific for
the melanocyte lineage and differential between the rs12203592 CC-allele and the TT-allele (** P <
0.05). Data are represented as mean + SEM.

We loaded ChlIP-seq datasets for the transcription factors MITF (21) and YY1 (22)
in the IGV browser (24) and we observed binding of MITF at the rs12203592 enhancer (Fig.
2B), which is consistent with previous observations (11). Additionally, a binding peak of the
transcription factor YY1 is observed at the rs12203592 enhancer. When zooming out from
the enhancer to an overall view of the IRF4 locus (Fig. 2A), we observed two other YY1 peaks,
one at the IRF4 promoter and one in intron 7 of IRF4. Notably, both YY1 peaks coincide with
robust DHS peaks and H3K27Ac-signals in the melanocytic cell lines LP22 and DP74 (Fig. 2C).
Although the H3K27Ac peak in intron 7 is only moderate, it differs in amplitude between
the two cell lines. Furthermore, this DHS peak in intron 7 resembles the tissue-specificity
of the DHS in intron 4; it is present in melanocytes and absent in the majority of the other
cell types tested (Fig. S2). However, in contrast to the DHS signal in intron 4, the DHS peak
in intron 7 is not present in melanoma cells (Fig. S2). Based on the observed features of
this small conserved region in intron 7 that is associated with active enhancers (18), we
suggest that this region represents a potential additional regulatory element for IRF4 in skin
melanocytes.

The detection of three regions that harbor chromatin modifications specific for
regulatory elements, including binding of the transcription factor YY1, demonstrate that the
IRF4 locus contains three regulatory elements; its promoter, the region around rs12203592
and an additional (potential) regulatory region at intron 7 (from here onwards referred to as
the ‘intron-7 YY1 element’). Moreover, the region around rs12203592 acts as a (melanocyte-
specific) enhancer, and the activity of this enhancer depends on the allelic status of the
rs12203592 SNP.
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The rs12203592 enhancer interacts with the IRF4 promoter.

Regulatory elements, in particular enhancers, control transcription of their target gene by
physically interacting with the gene promoter via chromatin loops (25), and it has been
reported that multiple distal enhancers can regulate a target gene simultaneously or
cooperatively (26). Furthermore, cell-type-specific transcription factors, such as MITF or
YY1 not only determine the activity of the enhancer, but they are also involved in formation
of the chromatin loops, either by recruiting co-factors involved in loop formation or by
directly mediating loop formation (25). It has been suggested that the multifunctional
transcription factor YY1 directs long-range chromatin interactions (27) and it was further
demonstrated that YY1 physically interacts and co-localizes with for example cohesin and
other proteins known to be involved in chromatin looping (27). We therefore reasoned that
YY1 binding to the IRF4 promoter, the rs12203592 enhancer, and the intron-7 YY1 element
could mediate loop formation between these elements. In order to study this, we used 3C
(28); this method enables detection of long-range chromatin interactions by trapping the
interactions between chromatin segments that are in close proximity with formaldehyde.
The cross-linked chromatin is subsequently digested using a restriction enzyme followed
by intermolecular ligation under dilute conditions. With gPCR the relative abundance of
ligation products is determined, and this is proportional to the frequency with which the
different restriction fragments interact. Locus-wide 3C analysis using three different Apol
restriction fragments containing the IRF4 promoter (P), the rs12203592 enhancer (E) and
the additional YY1 element (Y), respectively, as anchor point in the melanocytic cell line LP22
(Fig. 4A-C) revealed robust interactions between the IRF4 promoter and the rs12203592
enhancer. Interestingly, interactions between the rs12203592 enhancer and downstream
located restriction fragments, which include the intron-7 YY1 element, remained high, while
the interaction between the IRF4 promoter and these downstream restriction fragments
appeared to be low. Locus-wide 3C analysis in another light-pigmented melanocytic cell line
(LP89; rs12203592-CC) revealed similar interaction patterns (data not shown), in agreement
with the data obtained with LP22.

To gain further insight into the effect of the chromatin loops in IRF4 we studied
two melanoma cell lines BLM and G361. Characterization of BLM and G361 using HlrisPlex
analysis (15) predicted light pigmentation phenotypes for both melanoma cell lines (data
not shown). Furthermore, both melanoma cell lines were homozygote CC for rs12203592
(Supplementary Material, Table S1). Recently, a whole-transcriptome RNA-seq study
described reduced IRF4 expression in melanoma cells when compared with that in skin
melanocytic cells (29). Indeed we detected borderline statistically significantly reduced
mMRNA levels of IRF4 in the G361 cells when compared with that in the melanocytic cell lines
also carrying the rs12203592 CC-genotype (p=0.056), while the expression of IRF4 is fully
absent in the BLM melanoma cell line (Fig. 1D).

We next inquired how this on/off difference of IRF4 expression in the melanoma
cell lines is reflected by the formation of chromatin loops in the IRF4 locus. Locus-wide 3C
analysis using the three different Apol restriction fragments containing the IRF4 promoter,
the rs12203592 enhancer, and the additional YY1 element respectively, as anchor point
in the melanoma cell lines G361 and BLM revealed that in G361 cells a chromatin loop is
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Figure 4. A long-range chromatin loop
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formed between the rs12203592 enhancer and the IRF4 promoter, while in BLM cells this
chromatin loop is absent (Fig. 5A and B), which agrees with the difference in IRF4 expression
observed between G361 and BLM cells. However, in contrast to what we observed in our
melanocyte cell lines, the interaction between the rs12203592 enhancer and the intron-7
YY1 element containing downstream restriction fragments appeared to be low in both G361
and BLM cells (Fig. 5B and C), which in combination with the DNasel Hypersensitivity data
(Supplementary Material, Fig. S2) suggests that a melanocyte-specific interaction between
the rs12203592 enhancer and the intron-7 YY1 element exists.

From these data we conclude that the rs12203592 enhancer regulates IRF4
expression by directly contacting the IRF4 promoter by formation of a chromatin loop.
Furthermore, a possible interaction was detected between the rs12203592 enhancer and
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the intron-7 YY1 element in skin melanocytes; remarkably the presence of this interaction
was not detected in the melanoma cell lines possibly reflecting the absence of DHS signals
in this region.

Differential IRF4 expression does not correlate with the availability of key transacting
factors.

Differential availability of (tissue-specific) TFsin the different samples, rather than modulation
of TF binding at the rs12203592 enhancer, could in principle also explain the differential
expression of IRF4 we and others observed. Using online-available ChIP-seq datasets for
the transcription factors MITF (21) and YY1 (22) we observed binding signals for both TFs
in the rs12203592 enhancer region, which confirms previous data (11). Furthermore, it
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was previously demonstrated that the transcription factor TFAP2a binds to this region,
and it has been suggested that the binding sequence of TFAP2a is altered by rs12203592
(4, 11). We therefore studied the expression of TFAP20, MITF and YY1 in relation to the
pigmentation phenotypes as well as to the rs12203592 genotypes in our samples sets. In
the epidermal skin samples, we observed no correlation between the expression patterns of
TFAP20. or MITF and the rs12203592 genotype (Supplementary Material, Figs S3A and S4A)
or the pigmentation phenotype (Supplementary Material, Figs S3B and S4B). Furthermore,
we also did not detect an effect of the expression patterns of YY1 on the transcription
levels of IRF4, even though YY1 expression correlated with the pigmentation phenotype
of the samples (Supplementary Material, Figs S5A and B). In the melanocytic cell lines, the
expression levels of MITF and YY1 correlated with the pigmentation phenotypes; however,
this correlation was not reflected by either the rs12203592 genotypes of the cell lines or
the expression levels of IRF4 (Supplementary Material, Figs S4C and S5C). Furthermore,
the expression levels of TFAP2a. did not correlate with either the pigmentation phenotypes
or the rs12203592 genotypes of the cell lines (Supplementary Material, Fig. S3C). In the
G361 cells, MITF expression was statistically significantly up-regulated (p<0.005), while IRF4
expression was reduced when compared with the average expression of MITF and IRF4 in the
melanocytic cell lines with similar rs12203592 genotypes (Supplementary Material, Fig. S4C
and Fig. 1D). Consistent with the previous findings (29), MITF expression was dramatically
reduced (Supplementary Material, Fig. S4C) and YY1 expression was strongly elevated
(Supplementary Material, Fig. S5C) in BLM cells in which IRF4 expression was fully absent,
when compared with the expression of MITF and YY1 (P<0.001 and <0.04) in melanocytic
cell lines.

Based on the obtained expression analyses in the epidermal skin samples, the
melanocytic cells and the melanoma cell lines, we conclude that the expression levels and
subsequent availability at the enhancer region of the transcription factors TFAP2a, MITF
and YY1 do not explain the observed differences in activity of the rs12203592 enhancer and
transcription levels of IRF4 in our samples.

Allele-specific characterization of the intronic rs12203592 enhancer in IRF4

Activity of an enhancer is mediated by a broad variety of factors, both ubiquitous and cell-
type specific, that modulate the specific features of the enhancer, such as modifications
of histones, accessibility of the chromatin and loop formation. We have demonstrated
that the availability of the three transacting factors that are presumably involved in the
transcriptional regulation of /RF4 does not correlate with the allele-dependent differences
in IRF4 expression. However, it remains possible that additional unknown factors modulate
the transcriptional regulation of IRF4 instead of the allelic differences of rs12203592. In
principle, if a signal, such as H3K27Ac enrichment or chromatin accessibility, is dependent
on the allelic status of an SNP, this should be detectable using an allele-specific approach in
a cell-line heterozygous for this SNP. In contrast, if the signal is independent of the allelic
status of a SNP the allelic balance of the DNA fragments that give rise to the signal would be
equal in a heterozygote cell line for this SNP since the entire cellular environment including
potentially involved trans-acting factors are the same for both alleles. In order to test this
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Figure 6. Characteristics of the intronic rs12203592 enhancer are strongly depending on the allelic
status of rs12203592. Allele-specific analysis in the heterozygote melanocytic cell line DP74 of (A)
H3K27Ac enrichment; chromatin accessibility measured with (B) EpiQ and (C) FAIRE, (D) primary
transcripts and (E) loop formation detected by 3C using the rs12203592 enhancer as anchor point.
Allele-specific analysis of input (H3K27Ac-ChIP and FAIRE analysis) and undigested (EpiQ) controls
demonstrate equal C/T ratios of ~50/50 (A-C), while (A) the C/T ratio for the H3K27Ac signal enrich-
ment is 79/21, (B) the C/T ratio in the EpiQ sample is 7/93, indicating that the T-allele is protected from
digestion due to a closed chromatin conformation, (C) the C/T ratio of the FAIRE sample is 88/12, con-
firming accessible chromatin with the C-allele, and closed chromatin with the T-allele. (D) Allele-spe-
cific analysis of primary transcripts demonstrates that the majority of the transcripts enclosing the
region around rs12203592 contain the C-allele. (E) The C/T ratios of all restriction fragments analyzed
are higher than 1; however, increased C/T ratios are observed for the restriction fragments that con-
tain the IRF4 promoter (C/T: 2.5) and the intron-7 YY1 element (C/T: 2.3), indicating that the detected
long-range chromatin loops between the rs12203592 enhancer and the IRF4 promoter as well as the
intron-7 YY1 element is more mediated by the C-allele than the T-allele.

hypothesis we used the heterozygote melanocytic cell line DP74 to detect allele-specific
primary IRF4 transcripts, and H3K27Ac, FAIRE and EpiQ signals at the rs12203592 enhancer.
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We PCR-amplified the region around rs12203592 that was captured with the different assays
and sequenced the amplicons. Subsequently, the balance between the fragments with either
the rs12203592 T-allele or the rs12203592 C-allele was determined. As expected, the C/T
ratio in the control samples (ChIP input; without H3K27Ac-enrichment and undigested EpiQ
samples) was ~50/50 (Fig. 6A and B). Conversely, in the H3K27Ac-ChIP sample the C/T ratio
was 79/21 (Fig. 6A and Supplementary Material, Fig. S6A) indicating that the C-allele is more
enriched for H3K27Ac than the T-allele. In contrast, in the EpiQ sample the C/T ratio was
7/93, which implies that the T-allele is protected from digestion indicating a closed chromatin
conformation around the rs12203592 enhancer (Fig. 6B and Supplementary Material, Fig.
S6B). Likewise, FAIRE analysis followed by sequencing analysis to determine the allelic ratio
of rs12203592 confirmed that the C-allele has an open chromatin configuration while the
T-allele is inaccessible (Fig. 6C and Supplementary Material, Fig. S6C).

Since the rs12203592 enhancer is located in intron 4 of the IRF4 gene, it is
transcribed as part of the primary transcript. The C/T balance of rs12203592 in the primary
transcripts in DP74 cells indicates that the majority of the RNA molecules are transcribed
from the C-allele (Fig. 6D and Supplementary Material, Fig. S6D), which is in agreement with
the notion that the C-allele of the rs12203592 enhancer is more active than the T-allele. We
next investigated whether these allelic dis-balances are also reflected in differences in loop
formation between the regulatory elements. For this, we prepared 3C samples from DP74
cells, used the rs12203592 enhancer as anchor point, and sequenced the 3C PCR-products
of five distinct captured regions in the IRF4 locus. For all restriction fragments analyzed,
including the control regions (C1, C3 and C4), the C/T ratio was higher than the allelic ratio of
1. Importantly however, for the fragments that contain the /RF4 promoter and the intron-7
YY1 element this ratio was shifted toward 2.5 (Fig. 6E and Supplementary Material, Fig. S6E).
Our allele-specific 3C analysis thus demonstrates that the C-allele of rs12203592 is more
actively involved in chromatin looping, and the chromatin loops are preferentially formed
with the IRF4 promoter and the intron-7 YY1 element.

Taken together, we demonstrated that the characteristics of the rs12203592
enhancer strongly depend on the allelic status of rs12203592; with the C-allele present, the
region around rs12203592 is highly accessible, it is enriched for the active enhancer mark
H3K27Ac and loops are formed towards the /IRF4 promoter, resulting into increased IRF4
expression that originates from the rs12203592 C-allele. In contrast, with the T-allele present,
the chromatin is closed at the region around rs12203592, it is less enriched for H3K27Ac,
loop formations are less prominent and subsequently the IRF4 expression is reduced. Our
allele-specific 3C analysis also confirms our previous observation that a specific chromatin
loop is formed between the rs12203592 enhancer and the intron-7 YY1 element and reveals
that it is dependent on the allelic status of rs12203592.

Discussion

Enhancers are DNA elements involved in transcriptional regulation, which contain short
DNA motifs that act as binding sites for sequence-specific transcription factors (25). Upon
binding of specific transcription factors to the enhancer, co-activators and/or co-repressors
are recruited. This combination of cues resulting from factors either directly or indirectly
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interacting with the enhancer determines the activity of that enhancer (18) and as such,
controls transcription of the target gene through physical contacts with the core promoter
of that gene (30). The enhancer can act on a gene even if the distance between the enhancer
and the promoter is relatively large. It has been shown in various studies that this physical
distance is overcome by the formation of long-range chromatin loops that bring regulatory
elements like enhancers and promoters in close proximity with each other (31).

Several studies showed that non-coding SNPs that were identified through GWA
studies to be highly associated with a certain phenotype can be located in enhancer
elements regulating transcription of a target gene, and the activities of those enhancers are
modulated depending on the allelic status of the trait-associated SNPs (14, 32—35). Similarly,
the SNP rs12203592 in intron 4 of IRF4, which had been significantly associated with
human pigmentation phenotypes (5-10), was recently described to modulate an enhancer
controlling expression of IRF4 (4, 11).

In the present study, we further investigated the transcriptional regulation of IRF4
in detail and extend on the previously published knowledge regarding the rs12203592
enhancer (4, 11). We found that transcription of IRF4 not only correlates with the rs12203592
genotype in skin melanocytic cell lines but importantly also in a large set of epidermal
skin samples. We demonstrated that the region around rs12203592 displays features of
an enhancer element, and that these features strongly depend on the allelic status of
rs12203592. Furthermore, we show that the rs12203592 enhancer physically interacts with
the IRF4 promoter via a long-range chromatin loop. Our data, especially from the allele-
specific 3C analysis, suggests that this rs12203592 enhancer also interacts in an allele-
dependent manner with an additional regulatory element in intron 7 of IRF4 thereby folding
the IRF4 locus into an intricate structure. Based on previously published studies and the
data obtained in the present study, we propose a model for the transcriptional regulation of
IRF4 in melanocytes. With the rs12203592 C-allele present, the transcription factor TFAP2a
binds to the enhancer in intron 4 (11), which allows for the recruitment of MITF and YY1,
formation of a chromatin loop to the /RF4 promoter and potentially to the YY1 element in
intron 7, resulting into proper and stable transcription of IRF4. With the rs12203592 T-allele,
TFAP2a is unable to bind (11), which leads to reduced recruitment of MITF and YY1, less
stable chromatin loops and consequently, decreased IRF4 expression. Furthermore, the
observed interaction differences of the rs12203592-enhancer with the /IRF4 promoter and
the YY1 element in intron 7 might be due to a shift in equilibrium between the unfolded and
interacting state that depends on the rs12203592 alleles (Fig. 7).

It is likely that other transcription factors are additionally involved in the mediation
and stabilization of the chromatin loops and subsequent transcriptional regulation of IRF4.
Analysis of transcription factor binding [using online available TF-binding prediction software,
‘Promo’  (http://alggen.lsi.upc.es/cgi-bin/promo_v3/promo/promoinit.cgi?dirDB=TF_8.3)
(36)] predicts LEF1 binding at both regulatory regions in IRF4, as well as in the IRF4 promoter
region (Supplementary Material, Figs S7A-C), suggesting that LEF1 might also be involved
in the loop formation and transcriptional activation of IRF4 (Fig. 7). LEF1 has been shown
to be involved in chromatin looping (37) and to interact with MITF (38), resulting into
transcriptional activation of two other human pigmentation genes DCT (38) and OCA2 (32).

The interaction of the rs12203592 enhancer with the potential regulatory element
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Figure 7. Proposed model for the chromatin conformation of the IRF4 locus and subsequent
transcriptional regulation of IRF4, depending on the allelic status of rs12203592 in melanocytes
and melanoma cells. The pigmentation-associated SNP rs12203592 is located in intron 4 of IRF4 and
the region around this SNP functions as an enhancer element. The transcription factor TFAP2a acting
as sequence specific DNA binding factor recognizes the rs12203592 enhancer in an allele-dependent
manner, which then allows for the recruitment of the transcription factors MITF, YY1 and potential
additional transcription factors like LEF1. Chromatin loops are formed between the rs12203592
enhancer and the IRF4 promoter as well as the intron-7 YY1-element, both interactions depend on
the allelic status of rs12203592. With the C-allele present, TFAP2a binds the rs12203592 enhancer,
followed by recruitment of additional factors like MITF, YY1 and potentially LEF1, loop formation and
proper transcriptional activation of the IRF4 gene. The T-allele is unable to bind TFAP2a, which leads
to reduced recruitment of additional factors, reduced loop formation and diminished /RF4 expression
in skin melanocytes. The different interactions between the rs12203592 enhancer and the IRF4
promoter (as well as the intron-7 YY1 element) could be the result of a shift in equilibrium between
the unfolded and interacting state that depends on the rs12203592 alleles, which is indicated by the
double, opposite-directed arrows. In the G361 melanoma cell line, the TFAP2a factor presumably
still binds the rs12203592 enhancer and loop formation towards the IRF4 promoter is established,
however, the loop toward the intron-7 YY1 element is disrupted, resulting in a less stable chromatin
structure and consequently, diminished expression of IRF4. In the BLM melanoma cell line MITF
is absent and no chromatin loops are formed, resulting into a linear chromatin conformation and
silenced IRF4 expression.
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in intron 7 appears not to be crucial for /RF4 activation, as we found this interaction to
be almost absent in G361 melanoma cells, while IRF4 was still transcribed. However, IRF4
expression is reduced in this cell line when compared with that in melanocytic cell lines with
the same rs12203592 genotype (CC), suggesting that this interaction is probably necessary
for stabilization of the chromatin structure, resulting into proper and stable /IRF4 expression.
The biological reason why this interaction with the regulatory region in intron 7 is lost in
G361 cells and the exact mode-of-action of this potential enhancer element remain to be
elucidated.

We recently demonstrated that it is valuable to not only focus on the associated
SNP identified with a GWA study, but also to study the SNPs in linkage disequilibrium (LD)
in order to discover for example the actual causal and functional variant underlying the
studied associated phenotype (14). Although it appears to be straightforward in the present
study that rs12203592 and not one of its LD partners is the functional SNP, we considered
the possibility of an LD SNP to contribute to the transcriptional regulation of IRF4. Not many
SNPs are in LD with /RF4, and of those only one, in relatively low LD (LD=0.242) is potentially
interesting, as this SNP (rs3778607) is located at the border of the YY1 binding site in intron
7 of IRF4. It may be that this SNP modulates the activity of the additional regulatory element
by altering the binding sequence of YY1, thereby contributing to the (de)stabilization of
the chromatin structure and subsequent transcriptional regulation of /RF4, which should be
investigated in future studies.

In the BLM melanoma cells we detected a linear chromatin organization in
the IRF4 locus and that /IRF4 expression was totally absent. Notably, in this cell line the
master regulator of melanocyte development MITF is silenced, probably caused by and/or
resulting into a complex cascade of (silencing) events, that eventually leads to a completely
deregulated chromatin landscape (Fig. 7) and overall gene expression profile, which are
typical features of metastatic cancer cells (39). The exact mechanism behind the loss of
the IRF4 chromatin loops, and whether the loss of these loops indeed directly results into
a fully inactive gene, has to be further investigated but it seems likely that the loss of MITF
expression in these cells plays a crucial role.

Genes often display expression patterns that are highly cell-type specific, ranging
from fully silenced in one cell type to highly expressed in another. In order to achieve
these differential expression patterns, transcription also needs to be regulated in a cell-
type specific manner. As part of the IRF gene family, IRF4 is, besides its well-established
association with pigmentation phenotypes (5-10), mainly involved in immune system
development and response (3) and rs12203592 was shown to be associated with (male-
specific) childhood ALL (4). This study is the first to demonstrate that rs12203592 is located
in an element that regulates IRF4 expression, however with a repressive activity. With the
rs12203592 C-allele present, the enhancer has a repressing effect on IRF4 expression in
three different, non-melanocytic cell lines, rather than the activating effect we and others
(11) detected in skin melanocytic cells. This difference is probably due to the transcription
factors involved in the activity of the rs12203592 enhancer, with TFAP2a as common
transcription factor shown to be involved in all cell types tested and MITF being highly
specific for skin melanocytes. Binding of this transcription factor and recruitment of other
pigmentation-related transcription factors like YY1 can drive the activity of the enhancer

117

Chapter 4




Chapter 4

in an direction more favorable for transcription when compared with that in cells in which
MITF is absent and other cell-type specific transcription factors, possibly with repressive
functions are recruited.

The IRF4 protein encoded by the IRF4 gene is also a transcription factor, which
is thought to play a crucial role in the development of lymphoid cells. Since this gene is
also expressed in melanocytic cells, it is probable that IRF4 is also involved in pigmentation
biology or melanocyte development. Indeed it was shown recently (11) that expression
of TYR, an essential enzyme in melanogenesis, is regulated by cooperation between MITF
and IRF4, which eventually leads to differences in pigmentation. As a consequence, the
differences in TYR expression might therefore explain the strong association of rs12203592
with human skin color variation. Although it was not the scope of our study, we investigated
the expression patterns of TYR in our sample sets and found that the expression of TYR
indeed seems to correlate, although not statistically significantly, with the rs12203592
genotype in the epidermal skin samples (data not shown).

We did not observe a correlation between pigmentation phenotype and rs12203592
genotype in our skin biopsy sample set; however, we believe that this is most probably
due to the small sample size of only 27 individuals rather than the complete absence of
the correlation. The association of rs12203592 with human pigmentation phenotypes
was repeatedly shown in several independent studies (6—10), that used thousands of
individuals as needed for obtaining reliable outcomes in GWA studies of complex traits
such as pigmentation. Additionally, a recent multivariate analysis including nine SNPs from
nine genes that are strongly associated with skin color variation, demonstrated that the
T-allele of rs12203592 has an significant effect on lighter skin color (F.Liu et al, manuscript
in preparation). Owing to a stronger effect of other SNPs on skin color (such as rs12913832
in HERC2 and rs4268748 in MCIR), it is however unlikely to detect a significant effect of
rs12203592 in our small sample set consisting of only four rs12203592 CT/TT-allele samples.

Since the rise of GWA studies and the emerging data resulting therefrom,
several studies have been conducted to functionally analyze the (strongly) associated
DNA variants. Several of those located in non-coding regions either intergenic or intronic
were demonstrated to sit in enhancer elements regulating transcription of a nearby gene.
Recently, the intronic SNP rs12203592 which is highly associated with skin pigmentation was
shown to be located in and modulate the activity of an enhancer controlling the gene IRF4
(11). Here we demonstrate that this SNP not only modulates transcription factor binding and
subsequent enhancer activity, but that this enhancer also physically interacts with the IRF4
gene promoter in an allele-specific manner and with another potential regulatory element
to stabilize the overall chromatin structure in order to achieve stable and cell-type specific
expression of the target gene IRF4.
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Materials and Methods

Skin sample collection and epidermal layer separation

Collection and processing of the skin samples were done as described previously (14), in
short; non-sun exposed skin material that was left-over from patients undergoing plastic
surgery or dermatological surgery were obtained under informed consent and patients were
asked to fill in a questionnaire to obtain information concerning the pigmentation of their
skin, eye and hair and more basic information as age, sex and bio-geographic ancestry. Skin
color reflectance was measured at the inner side of the upper arm with spectrophotometer
(Konica Minolta CM-600d), the obtained L, a and b values were used to calculate the
individual typology angles (ITA) (40, 41) in order to categorize the skin samples according to
the ITA separation of light (above 41°) and dark (under 28°) (14). This study was approved by
the Medical Ethical Committee of the Erasmus MC (number MEC-2012-067).

Upon receiving the skin samples, they were cleaned and cut into small pieces,
and stored in RNAlater at 4°C until further processing. The epidermal layer of the skin,
including the pigment-containing melanocytic layer, was removed from the dermal layer
by incubating the skin samples cut into small pieces of + 1 mm wide and 7 mm long for 30
min at room temperature in Ammonium Thiocyanate solution (3.8% ATC in PBS) (42). The
epidermal layers were then peeled off carefully and stored in RNAlater at 4°C until RNA/DNA

co-isolation, or at -80°C for long-term storage.

Cell culture

HEMn-LP22 (C-0025C; lot # 200708522; Cascade Biologics, Invitrogen), HEMn-DP74
(C-2025C, lot # 6C0474; Cascade Biologics, Invitrogen) and HEMn-DP80 (C-2025C, lot #
200707980 Cascade Biologics, Invitrogen) were grown in Medium 254 supplemented with
HMGS according to the manufacturer’s instruction (Cascade Biologics, Invitrogen). G361,

HEK293 and BLM cells were cultured in DMEM/10% FCS at 37°C/5% Co,.

RNA/DNA co-isolation from skin samples and from cultured cells

Epidermal skin tissue was lysed and RNA and DNA were co-isolated with the Qiagen Allprep
mini kit according to the manufacturer’s instructions for fibrous tissue. From the different
cell lines, total cellular RNA and genomic DNA were isolated with TriPure Isolation Reagent
according to the manufacturer’s protocol (Roche Diagnostics). DNA and RNA samples were
column purified to remove PCR inhibiting substances like melanin (OneStep™ PCR Inhibitor
Removal Kit, Zymo Research Corporation) and subsequent DNasel digestion of the RNA
samples was performed using Ambion’s Turbo DNA-free kit (Applied Biosystems) following
the instructions of the manufacturers.

Transcription analysis

The RT reaction was performed using RevertAid™ H Minus First Strand cDNA Synthesis Kit
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(Fermentas GmbH) according to the manufacturer’s instructions. Quantitative real-time PCR
reactions for gene-expression analysis were performed using the iTaq Universal SYBR Green
Supermix (Bio-Rad Laboratories) with the following PCR parameters: initial denaturation
at 95°C for 5 min, followed by 45 cycles at 95°C for 5 s and 60°C for 30 s, followed by a
melting curve analysis. Bio-Rad Software v1.5 in combination with Excel was used to analyze
the gPCR data. The reference gene ACTB was used to normalize the amplification signal
between samples, differences in treatment and amount of input cDNA. Primers are available
on request. Student’s two-tailed t-test was used to determine statistical significance.

SNP genotyping

The HlrisPlex assay and the interactive HlrisPlex prediction tool were used as
described by (15) to predict hair and eye color for the cell line samples, to confirm
the obtained eye and hair color phenotype information of all skin biopsy samples
and additionally to obtain genotypes of the SNP rs12203592.

Chromatin immuno-precipitation sequencing

ChlP was performed as described in the Millipore protocol (http://www.millipore.
com/userguides/techl/mcproto407), except that samples were cross-linked with 2%
formaldehyde for 10 minutes at room temperature. To remove melanin, DNA was column
purified prior to PCR (OneStep™ PCR Inhibitor Removal Kit, Zymo Research). ChlP-seq
analysis was performed as described previously (43). Antibody used: acetylated Histone H3
K27 (#4729ab) from Abcam.

EpiQ analysis

Q-PCR-based EpiQ chromatin analysis assay (Bio-Rad Laboratories) was performed
according to the manufacturer’s protocol. To remove melanin, DNA was column purified
prior to PCR (OneStep™ PCR Inhibitor Removal Kit, Zymo Research). Quantitative real-time
PCR was performed using Universal SYBR green master mix (Bio-Rad Laboratories) under
the following cycling conditions: 95°C for 5 min, 45 cycles of 10 s at 95°C, 30 s at 60°C and

followed by a melting curve analysis. PCR primers are available on request.

Luciferase assays

Custom500bp gBlocks Gene Fragments (Integrated DNA Technologies) containing either
the C- or T-allele of the rs12203592 enhancer region and Xhol and Bglll restriction sites
were cloned into the Xhol/Bglll sites of a modified pGL3-promoter vector (in which the
SV40 promoter and the SV40 3'UTR were replaced by an HSP promoter and an HSP 3'UTR)
(Promega). Inserts in each construct were verified by sequencing (Baseclear). Constructs
were transfected into HEK293 or G361 melanoma cells using Lipofectamine LTX (Invitrogen),
and luciferase expression was normalized to Renilla luciferase expression. Primer sequences
are available on request. Data represent at least five independent experiments. Student’s
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two-tailed t test was used to determine statistical significance.

Chromosome conformation capture analysis

3C analysis was performed essentially as described (44, 45) using Apol as the restriction
enzyme. To remove melanin, DNA was column purified prior to PCR (OneStep™ PCR
Inhibitor Removal Kit, Zymo research). Quantitative real-time PCR (CFX96TM Real Time
System, BioRad) was performed using iTaq SYBR Green Supermix with ROX (BioRad), under
the following cycling conditions: 50°C for 2 min, 95°C for 10 min, 45 cycles of 15 s at 95°C, 1
min at 60°C, followed by a melting curve analysis. A random template was generated from
a 975 bp custom designed gBlocks Gene Fragments (Integrated DNA Technologies). The
gBlock consisted of a tandem array of ~100bp amplicons covering the Apol restriction sites
of interest within the IRF4 locus (control regions C1-4, the IRF4 promoter, the rs12203592
enhancer and the intron-7 YY1 element) separated by 4bp spacers. The gBlock was digested
with Apol, re-ligated and mixed with genomic DNA to serve as a control template to correct
for differences in primer efficiency. PCR primers are available on request.

Allele-specific analysis

For allele-specific analysis respective templates (cDNA, gDNA and DNA enriched in FAIRE,
EpiQand ChIP experiments) were amplified with primers covering the rs12203592 SNP using
the Expand Long Template PCR system (Roche). Amplicons were gel purified and sequenced
(Baseclear). Allelic ratios were calculated from the peak plot files. PCR primers are available
on request.
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sample |geographical | pigmentation| rs12203592
number | ancestry category genotype
Epidermal Skin Samples
1 Surinam dark cC
2 Netherlands light cC
3 Surinam dark cC
4 Netherlands light CcT
5 Netherlands light CcT
6 Netherlands light cC
7 Curacao dark cc
8 Netherlands light T
9 Netherlands light cC
10 Netherlands light cC
11 Netherlands light cC
12 Surinam dark cC
13 Netherlands light cC
14 Surinam dark cC
15 Netherlands light cC
16 Netherlands light CcT
17 Netherlands light cC
18 Netherlands light cC
19 Netherlands light cC
20 Eritrea dark cC
21 Netherlands light cC
22 Surinam dark cc
23 Surinam dark cC
24 Surinam dark ccC
25 Curacao dark cc
26 Surinam dark cC
27 Curacao dark cC
28 Netherlands light cC
29 Netherlands light cC
Skin melanocytes
LP22 |European light cC
DP74 |African dark CcT
DP80 |African dark CcC
melanoma cell line
BLM |Caucasian light cC
G361 [Caucasian light CcC

Geographical ancestry
information, phenotype and
rs12203593 genotype of skin
epidermal samples, melanocyte
cells and melanoma cell
lines. Geographical ancestry
information is based on place
of birth of the sample donor
and that of their parents and
grandparents. Skin color s
categorized according to the ITA
values as is described previously
(14) and in the materials and
methods section. Genotypes of
rs12203592 are obtained with
the HirisPlex assay (15).
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Supplemental figure S1. H3K27Ac enrichment is not differential between LP22 and DP74 in a
non-pigmentation related region. IGV genome browser (24) shows a 63 kb window of the DUSP22
locus. The following tracks are included: ChIP-seq analysis in LP22 and DP74 of acetylated histone H3
(H3K27Ac), an active chromatin mark (Palstra et al, manuscript in preparation); DNasel hypersensitive
(DHS) sites in epidermal skin melanocytes (20); ChlP-seq data for the transcription factor MITF in
melanocytic cells (21); ChIP-seq data in MALME-3M melanoma cells for the transcription factor YY1
(22); and Phastcons conserved elements inferred from 46 way alignments of placental mammals (23).
No differences in H3K27Ac enrichment are observed at the promoter region of DUSP22 between LP22

and DP74.
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Supplemental figure S2. Tissue-specificity of the rs12203592 enhancer and the intron-7 YY1-element.
Tracks from the UCSC browser displaying DNasel HyperSensitivity (DHS) in the IRF4 locus in a variety
of cell types and tissues. The regions of the rs12203592 enhancer and the intron-7 YY1-element are
boxed. DHS signals for the rs12203592 enhancer are only present in melanocytes (top DHS track) for
both elements, as well as in two melanoma cell lines (DHS track 2 and 3 from the top).

126



Allele-specific transcriptional regulation of IRF4 in melanocytes
is mediated by chromatin looping of the intronic rs12203592 enhancer to the IRF4 promoter

TFAP2a TFAP2a TFAP2a
005 — 005 — 0,2
0,04 0,04 + 015
0,03 0,03 -
01 -
0,02 0,02 - o *
0,01 0,01 0,05 1 F
0,00 0,00 , : 0 , , :
CC CT+TT dark light LP22  DP74  DP8O

Supplemental figure S3. Transcription of TFAP2a in epidermal skin samples and melanocyte cell
lines. (A) RT-qPCR analysis of TFAP2a transcripts in skin epidermal samples with either the rs12203592
CC-genotype (n=25) or with the combined rs12203592 CT- and TT-genotypes (N=4) demonstrates
that TFAP2a is not differentially expressed between CC and CT/TT genotypes. (C) RT-gPCR analysis
of TFAP2«a transcripts in skin epidermal samples with either dark (n=12) or light (n=17) phenotype
indicates no differential expression of TFAP2a between the two phenotype categories. (D) RT-gPCR
analysis of TFAP2a transcripts in three melanocyte cell lines demonstrates that expression of TFAP2a
is lower in the dark melanocyte cell lines (DP74 and DP80) than in the light melanocyte cell line (LP22).
Each individual gene-expression analysis is performed in triplicate and normalized to an endogenous
control (ACTB). Averaged expression values for the genotype (CC; CT+TT) and skin color phenotype
(light; dark) categories of the skin epidermal samples are calculated after normalization with ACTB.
Data are represented as mean + SEM; * P < 0.05.
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Supplemental figure S4. Transcription of MITF in epidermal skin samples, melanocyte cell lines and
melanoma cell lines. (A) RT-gPCR analysis of MITF transcripts in skin epidermal samples with either
the rs12203592 CC-genotype (n=25) or with the combined rs12203592 CT- and TT-genotypes (N=4)
demonstrates that MITF is not differentially expressed between CC and CT/TT. (C) RT-qPCR analysis of
MITF transcripts in skin epidermal samples with either dark (n=12) or light (n=17) phenotype indicates
no differential expression of MITF between the two phenotype categories. (D) RT-qPCR analysis
of MITF transcripts in three melanocyte cell lines and two melanoma cell lines. This reveals that
expression of MITF is significantly lower in the light-pigmented melanocyte cell line (LP22) than in the
dark-pigmented melanocyte cell lines (DP74 and DP80). Expression of MITF is dramatically reduced
in BLM melanoma cells, whereas in G361 melanoma cells MITF is up-regulated as compared to the
expression of MITF in the melanocyte cell lines. Each individual gene-expression analysis is performed
in triplicate and normalized to an endogenous control (ACTB). Averaged expression values for the
genotype (CC; CT+TT) and skin color phenotype (light; dark) categories of the skin epidermal samples
are calculated after normalization with ACTB. Data are represented as mean + SEM; * P < 0.005; ** P
<0.0001; *** P < 0.00001.
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Supplemental figure S5. Transcription of YY1 in epidermal skin samples, melanocyte cell lines and
melanoma cell lines. (A) RT-gPCR analysis of YY1 transcripts in skin epidermal samples with either
the rs12203592 CC-genotype (n=25) or with the combined rs12203592 CT- and TT-genotypes (N=4)
demonstrates that YY1 is not differentially expressed between CC and CT/TT. (C) RT-gPCR analysis of
YY1 transcripts in skin epidermal samples with either dark (n=12) or light (n=17) phenotype indicates
that YY1 is significantly differentially expressed between the two phenotype categories. (D) RT-qPCR
analysis of YY1 transcripts in three melanocyte cell lines and two melanoma cell lines. This reveals
that expression of YY1 is significantly lower in the light-pigmented melanocyte cell line (LP22) than
in the dark-pigmented melanocyte cell lines (DP74 and DP80). Expression of YY1 is up-regulated in
both melanoma cell lines as compared to the expression of YY1 in the melanocyte cell lines. Each
individual gene-expression analysis is performed in triplicate and normalized to an endogenous
control (ACTB). Averaged expression values for the genotype (CC; CT+TT) and skin color phenotype
(light; dark) categories of the skin epidermal samples are calculated after normalization with ACTB.
Data are represented as mean = SEM; * P < 0.05; ** P < 0.01; *** P <0.00001.
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Supplemental figure S6. Primary sequencing data at the region around rs12203592 of the allele-
specific analyses in the heterozygote melanocytic cell line DP74 of (A) H3K27Ac enrichment; chromatin
accessibility measured with (B) EpiQ and (C) FAIRE; (D) primary transcripts and (E) loop formation
detected by 3C using the rs12203592 enhancer as anchor point.
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TFAR2a/MiTF/ji/ ISR

(A) Promoter region

GTTCTIMIGEABGAT TCCTCCGTCTTCCGTTACACGCT HIGBMMBBICGAAGTCCCCTTCGCACCAGATTCCCGCTACTACAC
GCCCCBBRRTTCCCGCCCTGGCCACATCGCTGCAGTTTAGTGATTGACTGBEETCETGAGGTCCTGEBBUINNEGEGAGAT
TCGCATTTCGCACCTCGCCCTTCGCGGGAAACGGCCCCAGTGACAGTCCCCGAAGCGGCGCGCGCCCGGCTGGAGGTGCG
CTCTCCGGGCGCGGCGCGCGGAGGGTCGCCAAGGGCGCGGGAACCCCACCCCGGCCGCGGCAGCCCCCABEETTEACGC

CGGCCCTGABBETCGCCCGCCCGGCCGGCCCCGGCTCTCGGCIBIMMMAGTCCCTCTCCCCAGTCCAACCCCCGGCC

(B) rs12203592 enhancer region

CAGCCCAGGTRIBBTGGAGGGCACTGGGCTCCCTGAGGGEBAGGETGTGTGGGCCAGCTGCCCACHBBCCAGAGAACC
ACAGCAGCCCAGACAGCAGAACTTGEEMITTGCTRIBECTGCTCCAACAGCCCAGAAAAACCCCAGGTCACTGAACGAAT
GTCTCACTTTCCACACGGTGCTGRBMITGGTGTGGATTTTAAGTTGGGGAGGGTCGGGCGTGTCCEEETGTTGGAATATGC

TTCTCAGGTCTTCTGGGAAACAGATGTTTTGTGGAAGTGGAAGATTTTGGAAGTAGTGECTTATCATGTGAAACCACAGGG

CAGCTGATCTCTICABBE TTTCTTGATGTGAATGACAC BN CATCCABIIBBIB GG TAAAAGARGBGAAATTCCCC

TGTGGTACTTTTGGTGCCAGGTTTAGEBBIATGACGAAGCTTTACATAAAACAGTACAAGTATCTBBBITGTCCTTTATGAT

CCT-GAGTG CACTTAGTCTGATGAAGGGTTCACTCCAGTC CGGATGATAAAATGCTTCGGCTGTCAGTCTA

(C) Intron-7 YY1-element region

GGTCTTGGCTTTCATTCCTTCCTCTGTAACCAAGGGCTGTGC TINMBBBEACTGCAGECTCT cABBIGMARG TG TTCACTGA
GGTTCAAGGAGGATGCTGTGAACGTAAAAACTGCAGCTGTGCCAACCAGCTTCTGCATAATTAAGGATTCCCACCAAACA
CTCTCATGTTATCTAGGGTTGGAGEBBIGCTTTCTCAGAGAATTGTGCCAACTCGBBMITCTGATTAGEETGTGTAGGTGTA

GTCTCAGATCACGGCAGTGTGAATGTA ACAGATTCTGACTAAGTCATTTGG

Supplemental figure S7. Prediction of transcription factors in three regulatory regions in the IRF4
locus. Potential binding sites for the transcription factors TFAP2a, MITF, YY1 and LEF1 in the (A)
IRF4 promoter, (B) the rs12203592 enhancer and (C) the intron-7 YY1-element, are predicted using
the online available tool ‘Promo’ (36) (http://alggen.lsi.upc.es/cgi-bin/promo_v3/promo/promoinit.
cgi?dirDB=TF_8.3). TFAP2a binding is predicted at several positions in all three regulatory elements (A-
C), the SNP rs12203592 is located in one of those predicted TFAP2a binding sites (bolded C/T in (B)),
which confirms previous notions (4, 11)a transcription factor with no known role in melanocyte biology,
is strongly associated with sensitivity of skin to sun exposure, freckles, blue eyes, and brown hair color.
Here, we demonstrate that this SNP lies within an enhancer of IRF4 transcription in melanocytes. The
allele associated with this pigmentation phenotype impairs binding of the TFAP2A transcription factor
that, together with the melanocyte master regulator MITF, regulates activity of the enhancer. Assays
in zebrafish and mice reveal that IRF4 cooperates with MITF to activate expression of Tyrosinase (TYR.
Binding of MITF is predicted in the rs12203592 enhancer (B) and in the intron-7 YY1 element (C), but
not in the IRF4 promoter (C), while binding of YY1 and LEF1 is predicted in this promoter region (A) as
well as in the other two regulatory regions (B) and (C).
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Abstract

In the International Visible Trait Genetics (VisiGen) Consortium, we investigated the genetics
of human skin color by combining a series of genome-wide association studies (GWAS) in a
total of 17,262 Europeans with functional follow-up of discovered loci. Our GWAS provide
the first genome-wide significant evidence for chromosome 20g11.22 being explicitly
associated with skin color in Europeans. In addition, genomic lociat 5p13.2, 6p25.3, 159q13.1,
and 16q24.3 were confirmed to be involved in skin coloration. In follow-up gene expression
and regulation studies of 22 genes in 20g11.22, we highlighted two novel genes EIF252
and GSS, serving as competing functional candidates in this region. A genetically inferred
skin color score obtained from the 9 top-associated SNPs from 9 genes in 940 worldwide
samples (HGDP-CEPH) showed a clear gradual pattern in Western Eurasians similar to the
distribution of physical skin color, suggesting the used 9 SNPs as suitable markers for DNA
prediction of skin color, relevant in future forensic and anthropological investigations.

Introduction

Whilst the principal genes influencing eye and hair color are now largely identified, current
knowledge on the genetic basis of skin color variation is still limited (Liu et al. 2013). A
better understanding of human skin color genetics is highly relevant for medicine i.e.,
due to the relationship with many skin diseases such as skin cancer (Chen et al. 2014);
evolutionary biology i.e., due to the widely assumed environmental adaptation in skin color
via positive selection (Sturm 2009); as well as anthropological and forensic applications
of DNA predicting skin color of unknown individuals, including deceased modern and
archaic humans, and unknown perpetrators to provide investigative leads (Kayser and
de Knijff 2011). Recently, we reported a comprehensive candidate gene study identifying
two genes (BNC2 and UGT1A) influencing skin color variation in Europeans (Jacobs et al.
2012). To search for additional DNA variants involved in European skin color variation, the
International Visible Trait Genetics (VisiGen) Consortium conducted a series of genome-wide
association studies (GWASs) followed by a replication analysis in a total of 17,262 Europeans
(Table S1) from three discovery cohorts including: the Rotterdam Study (RS) n=5,857 from
the Netherlands, the Brisbane Twin Nevus Study (BTNS) n=3,459 from Australia, and the
TwinsUK study, n=2,668 from the United Kingdom. Further replication was conducted in the
National Child Development Study (NCDS, United Kingdom), n=5,278. Skin color phenotypes
included quantitative skin color saturation (S), perceived skin darkness (PSD), the Fitzpatrick
scale (FPS) of skin sensitivity to sun (Fitzpatrick 1988), and self-reported skin color darkness
(note that different phenotypes were available in different cohorts, for details see Table S1).
Functional follow-up was performed on the genomic regions identified by the skin color
GWAS.

Results and Discussion

A total of five distinct genomic regions were identified that harbored DNA variants associat-
ed with skin color at genome-wide significant level (p < 5x10°%) including: 5p13.2 containing
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SLC45A2; 6p25.3 containing IRF4; 15913.1 containing OCA2 and HERC2; 16g24.3 contain-

ing MCI1R; and 20q11.22 spanning ~ 1.5Mb containing ASIP (Table S2, Figure S1). Associa-

tion signals observed at
all five loci were highly
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to 50% phenotypic variance (Liu et al. 2010)). HERC2 rs12913832 displayed the strongest
effect, which was larger on PSD (R?=5.02% in RS) than on saturation (R?= 0.497% in RS). All
other highlighted SNPs explained more variance of S than PSD. SNP allele frequencies be-
tween RS and BTNS were largely similar, with the exception of IRF4 rs12203592, for which
the lighter color-associated T allele had a 2.5 fold higher frequency in BTNS (0.234) com-
pared to that in RS (0.092). Consequently, IRF4 rs12203592 was found as the second influen-
tial genetic factor (R?= 3.67%) for PSD in BTNS after HERC2 rs12913832 (R?= 5.38%). These
9 SNPs were used to construct a genetically inferred skin color score in 940 samples from
54 world-wide populations (HGDP-CEPH), which showed a spatial distribution with a clear
gradual increase in skin darkness from Northern Europe to Southern Europe to Northern
Africa, the Middle East and Western Asia (Figure S2); in agreement with the known distri-
bution of skin color across these geographic regions. Outside of these geographic regions,
the inferred skin color score appeared rather similar (i.e. failing to discriminate), despite the
known phenotypic skin color difference between generally lighter Asians/Native Americans
and darker Africans. This demonstrates that although these 9 SNPs can explain skin col-
or variation among Europeans, they cannot explain existing skin color differences between
Asians/Native Americans and Africans. Therefore, these differences in skin color variation
are likely due to different DNA variants not identifiable by this European study.

For four of the five highlighted regions i.e., 5p13.2 (Figure 1A), 6p25.3 (Figure 1B),
15g13.1 (Figure 1C), and 16q24.3 (Figure 1D), the genes responsible for the noted skin color
association signals are well documented i.e., SLC45A2, IRF4, OCA2 |/ HERC2, and MCIR,
respectively (Liu et al. 2013). However, from previous studies it is much less clear which
gene(s) amongst the 20g11.22 SNPs is/are functionally underlying the observed association
(Liu et al. 2013). Unlike the other four regions, the top-associated SNP (rs6059655) in
20q11.22 (Figure 1E) was genome-wide significant only for quantitative skin color saturation
(p =6.36x10* in RS) and was less significant for PSD (p = 4.22x10° in RS; p = 8.58x10°®
in BTNS) and FPS (p = 1.27x107 in TwinsUK, Table S2). Among all other 20q11 SNPs with
p-values smaller than 1x107¢, rs1885120 within MYH7B and rs910873 within PIGU have been
previously associated with melanoma risk (Brown et al. 2008). An intergenic SNP (rs4911466)
has been associated with sun-burning, freckling, red hair, and skin sensitivity to sun (Sulem
et al. 2008). The association signals noted at 20q11.22 span a large haplotype block of ~1.5
Mb containing 22 known genes, among which ASIP, a gene encoding the agouti signaling
protein, and is assumed to be involved in melanogenesis (Suzuki et al. 1997). However,
variants from coding regions of ASIP may not explain the observed association (Sulem et
al. 2008). The SNP rs6059655 in intron 8 of RALY is ~ 182 kBp (hg19) upstream of ASIP. All
other SNPs in this region showing association signals (p < 1x10) with skin color phenotypes
were in moderate or high linkage disequilibrium with rs6059655 (LD r? > 0.4 in our European
data). However, none of them displayed any significant independent association at the
genome-wide level after conditioning for the rs6059655 genotype (all p-values > 0.001).
Haplotype and SNP interaction analyses at 20q11 did not reveal more significant association
signals for other SNPs than rs6059655 alone (Figure S3).

Aiming to explain the skin color association signal observed in the 20q11.22 re-
gion, we investigated the expression patterns of 22 genes in this region. First, we analyzed
whole-transcriptome sequencing data obtained from 6 skin melanocytic cell lines (MCLs)
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Figure 1. Regional Manhattan plots for skin color phenotypes in the Rotterdam Study, the Bris-
bane Twin Nevus Study, and the TwinsUK study. A. chromosome 5p13.2 (33.7-34.2 Mb) containing
SLC45A2; B. chromosome 6p25.3 (0.2-0.7 Mb) containing IRF4; C. chromosome 15q13.1 (28.0-28.7
Mb) containing OCA2 and HERC2; D. chromosome 16q24.3 (89.0-90.2 Mb) containing MC1R; and E. a
large region on chromosome 20g11.22 spanning ~ 1.5Mb (32.3-34.0 Mb) containing ASIP. The —log10
p-values of all SNPs are plotted against their physical positions (hg19). The blue horizontal line stands
for the p-value threshold of 5x10°%. P-value dots are represented in colors and shapes indicating differ-
ent phenotypes from different study cohorts (plink circles = perceived skin darkness in BTNS, green
triangles =» perceived skin darkness in RS, blue squares = quantitative skin color saturation in RS,
and purple pluses =» Fitzpatrick scales in TwinsUK). The physical positions of all known genes in the
regions are aligned below.
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Table 2. Expression profile of 22 genes at 20q11.22 in 6 melanocyte
cell lines and 29 skin epidermal samples of different pigmentation
status.

melanocyte Skin rs1885120 in | Combined
cell lines epidermal | melanocyte
samples cell lines
RNA-seq | qPCR qPCR qPCR p-value

RALY + - ++ - 0.157
EIF252 ++ + ++ - 0.017
ASIP nd nd nd nd nd
AHCY + - + - 0.312
ITCH + ++ ++ - 0.047
DYNLRB1 - - - - 1.0
MAPILC3A + - - - 0.871
PIGU - - - - 0.642
TP53INP2 - - - - 0.759
NCOA6 - ++ + - 0.083
GGT7 - - - - 0.811
ACSS2 - - - - 0.749
GSS - - ++ ++ 0.0007
MYH7B nd nd nd nd nd
TRPC4AP - - - - 0.426
EDEM2 + + + - 0.211
PROCR - - + - 0.327
MMP24 - nd nd nd nd
MMP24-AS1 | - - - - 1.0
EIF6 ++ - - + 0.045
FAM83C nd nd nd nd nd
vacc ++ - - + 0.039

Transcription of 22 genes at 20q11.22 was measured in 6 melanocyte
cell lines, two light pigmented (LP22, LP89), one medium pigmented
(MPO01), and three dark pigmented (DP74, DP80 and DP83) ones using
whole-transcriptome sequencing (1%t data column) and results were
tested for confirmation with RT-gPCR (2" data column). Transcription
of the 22 genes in 29 skin epidermal samples from 17 light skinned
and 12 dark skinned volunteers was measured using RT-gPCR (3™
data column). Correlation between rs1881520 and the expression
of the 22 genes at 20q11.22 in the 6 melanocyte cell lines (4" data
column). P-values of the 4 independent transcription analyses are
combined to determine their significance, corrected by the number
of genes tested (5" column). Correlations are denoted according to
statistical significance: - (p > 0.05), + (p < 0.05), ++ (P < 0.01), and nd
(not detected).

of two light, one mod-
erate, and three dark
pigmented individuals,
followed by confirma-
tory analysis via reverse
transcriptase quantita-
tive PCR (RT-gPCR) of
the 22 genes in the 6
MCLs as well as in 29
skin epidermal sam-
ples (SESs) derived
from 12 dark and 17
light skin colored do-
nors (detailed sample
information is provided
elsewhere (Visser et al.

2014)) (Table 2). In the
whole-transcriptome
sequencing data from
the MCLs, we observed
higher expression levels
in the dark and moder-
ate pigmented melano-
cyte MCLs than in the
light pigmented ones
for 8 of 22 genes (RALY,
EIF252, AHCY, ITCH, MA-
P1LC3A, EDEMZ2, EIF6
and UQCC). Expression
of 3 genes (ASIP, MY-
H7B and FAMS83C) was
not detected, while for
the remaining 11 genes
the expression levels
were not observed to
be significantly different
between the dark and
moderate  pigmented
MCLs and the light pig-
mented MCLs. The ob-
served differential gene
expression was con-
firmed by RT-gPCR for 5
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of the 8 genes (RALY, EIF252, AHCY, ITCH, and EDEM2) in the 6 MCLs as well as in the SESs. In
addition, the genes NCOA6 and GSS that were initially not highlighted by the RNA sequenc-
ing results, showed differential expression between light and dark pigmented samples in the
MCLs as well as SESs for NCOA6, and in the SESs only for GSS (Table 2, Ct-values and p-val-
ues are indicated in Table S4 and Table S5). Expression of 4 of the 22 genes (ASIP, MYH7B,
MMP24 and FAM83C) was not detected in the MCLs nor in the SESs (Table 2, Ct-values and
p-values are indicated in Table S4 and Table S5).

As non-coding SNPs have been reported to be involved in transcriptional regulation
of nearby pigmentation genes (Guenther et al. 2014; Praetorius et al. 2013; Visser et al.
2012; Visser et al. 2014), we next investigated the correlation between the genotypes of
rs6059655 and the transcription of the 22 genes at 20g11.22 in the 6 MCLs and in the 29
SESs. Both sample sets did not have enough genotypic variation for rs6059655 or its LD
partners, therefore no genotype-expression correlation was observed for any of the 22
genes tested. There was, however, one exception; in the 6 MCLs, the genotypes of the LD
SNP rs1885120 (LD r?=0.82) correlated significantly with the expression of GSS (p<0.01), and
potentially significantly with the expression of EIF6 and UQCC (p<0.05) (Table 2, Ct-values
and p-values are indicated in Table S6).

As we found rs1885120 and potentially rs6059655 correlating with the expression
of one or more genes at 20q11.22, we further checked if the physical positions of any noted
SNPs might coincide with a regional regulatory element that affects expression levels of
the correlated gene(s). Using a combination of two newly obtained and several previously
published ChIP-seq data sets we profiled the chromatin at 20q11.22 for features of regulatory
elements (Figure S4). This analysis identified many different promoter and (potential)
regulatory elements within 20g11.22, indicating that the region is indeed transcriptionally
active in both epidermal melanocytes and epidermal keratinocytes. However, none of the
regions identified with regulatory potential coincided with the physical positions of any
noted SNPs.

To further investigate the expression patterns of the 22 genes at 20q11.22 and
their (potential) correlation with pigmentation-SNP genotypes, we checked the expression
quantitative trait locus (eQTL) data in the publically available Multiple Tissue Human
Expression Resource (MuTHER) Study database (Nica et al. 2011). We found for skin biopsy
samples a highly significant association between the expression of ASIP (HumanHT-12
array probe ILMN_1791647 targeting exon 3 of ASIP) and the SNPs rs1885120, rs910873
and rs17305573 (p-value = 1x10°°) (Figure 2A and Table S7), while for the expression of 8
genes at 20q11.22 (EIF2S2, ITCH, MAP1LC3A, GGT7, EDEM2, PROCR, EIF6, and FAM83Cof
which EIF2S2, ITCH, MAP1LC3A, EDEM2, PROCR and EIF6 were highlighted by at least one
of our previous expression analyses more modest associations with SNP-genotypes were
found, however for these 8 genes the expression-associated SNPs resulting from the eQTL
analysis do not overlap with our GWAS results (Table S7). Notably, in the MUuTHER project,
full-layer skin samples were used while in our study only epidermal samples were used.
The difference between our data and that obtained with the MuTHER-eQTL analysis might
be explained by expression of ASIP in the skin dermis rather than in the melanocytes or
keratinocytes located in the skin epidermis.

To test this hypothesis, we analyzed expression patterns of ASIP in the dermis and
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Figure 2. Expression of ASIP in full, dermal, and epidermal layers of skin. A. Plot of eQTL analysis on
ASIP, where expression of ASIPis strongly associated with pigmentation variants rs17305573, rs910873
and rs1885120 in skin full layer biopsy samples. B. ASIP is exclusively expressed in the dermal layer of
skin, and not in the epidermal layer of skin (nd=not detected). Samples derived from the dermal layer
are denoted with ‘D’, samples derived from the epidermal layer are denoted with ‘E’. Sample 1 has the
rs1885120-CC genotype, with a dark-skin phenotype, sample 2 has the rs1885120-CC genotype, with
a light-skin phenotype, sample 3 has the rs1885120-CT genotype, with a light-skin phenotype.

the epidermis of skin biopsy samples obtained from three individuals. This analysis indeed
revealed a robust expression of AS/IP in the dermal samples (not containing melanocytes),
whereas in the melanocyte-containing epidermal samples ASIP was not detected (Figure
2B). In addition, expression of ASIP was found to be higher in the dermal sample from
the rs1885120-CT heterozygote carrier than in the two samples from the rs1885120-CC
homozygote carriers, which confirms the findings of the MUuTHER eQTL study. It is known that
not only epidermal but also dermal components contribute to normal skin pigmentation,
for example dermal fibroblasts are involved in the secretion of several (paracrine) factors
that modulate signaling pathways that are involved in melanocyte function and consequent
skin pigmentation (Yamaguchi and Hearing 2009). As ASIP is a well-known antagonist of the
receptor molecule MC1R located on the cell surface of melanocytes (Suzuki et al. 1997), it
is possible that ASIP becomes secreted by dermal components like fibroblasts to interact
with MC1R. Furthermore, it has been suggested that the epidermal melanin unit not only
consists of melanocytes and keratinocytes, but also involves Langerhans cells present in
the epidermis that also exist in the papillary dermis (Jimbow et al. 1991; Nordlund 2007).
Several human pigmentation disorders, such as ceruloderma, a type of dermal melanosis,
and forms of post-inflammatory hyperpigmentation are due to defects in the dermal layer,
indicating that human pigmentation is indeed not exclusively regulated in the epidermis,
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but also in the dermis (Ortonne 2012). Additionally, a melanocyte reservoir for hair and
skin (re-)pigmentation consisting of melanocyte stem cells (MelSCs) is located in specific
compartments of hair follicles in the dermis (Nishimura 2011). Therefore, it might also
possible that ASIP is expressed in these MelSCs, and becomes silenced upon differentiation
of the melanocytes in the epidermis.

P-values from all above experiments using were combined using Fisher’s method,
resulting into a list of 6 genes at 20q11.22, namely ASIP, EIF252, ITCH, GSS, EIF6 and UQCC
that are indicated with significant functional evidence to be involved in human skin color
variation (combined p-value < 0.05, Table 2). Although the location of rs6059655, as well as
previous studies on the agouti-yellow (AY) deletion in mice (Michaud et al. 1994), suggest an
involvement of the RALY gene in skin pigmentation, our data did not provide enough evidence
supporting RALY as a functional human skin color gene (combined p-value = 0.15). However,
its upstream-neighboring gene EIF2S2, of which the expression was significantly (combined
p-value = 0.02) correlated with pigmentation phenotypes, was also deleted in the same AY
mutation as RALY, and was shown to be involved in other A-mutation phenotypes (Heaney
et al. 2009). Moreover, the gene with the highest significance was GSS (combined p-value
< 0.001, Table 2), which encodes the glutathione synthetase involved in the catalyzation of
the second step of the glutathione (GSH) biosynthesis. GSH is a highly important cellular
antioxidant with multiple cellular functions and major effects on melanogenesis within
melanocytes. For example, GSH was shown to play a crucial role in the switching between
eumelanogenesis and pheomelanogenesis by interacting with the tyrosinase enzyme (del
Marmol et al. 1993) and by reacting with dopaquinone in the tyrosinase pathway (Ito 2003;
Jara et al. 1988). Moreover, GSH was shown to be involved in the oxidative processes of
melanin formation (Panzella et al. 2014), and was differentially detected in skin biopsy
samples of different skin color (Halprin and Ohkawara 1966). Recently, an experimental study
revealed that oral administration of GSH induces depigmentation of skin (Arjinpathana and
Asawanonda 2012). These lines of evidence, together with our association and expression
data, support an important role of GSS in skin coloration. Based on our analysis of the
chromatin profile at the region around rs6059655, it seems unlikely that this SNP acts as
an enhancer element that regulates transcription of GSS (or another pigmentation gene).
Instead, other (yet unknown) markers in LD might do so (as was shown for BNC2 (Visser et
al. 2014)). Alternatively, rs6059655 might be involved in DNA folding or it could tag an indel.

In summary, our replicated GWAS of quantitative skin color provides the first
genome-wide significant evidence for one or more common DNA variants at 20q11.22 being
explicitly associated with skin coloration in Europeans. Furthermore, this study highlights
additional variants associated at genome-wide significant level with skin color arising from
four additional regions containing genes known to be involved in the determination of
pigmentation (5p13.2 containing SLC45A2, 6p25.3 containing IRF4, 15q13.1 containing OCA2
and HERC2, and16g24.3 containing MCI1R). A combination of 9 SNPs from 9 pigmentation
genes was found useful to DNA-predict skin color only in Europeans. Functional analyses
prioritized two genes at 20q11.22, EIF252 and GSS, as the most likely novel candidates
responsible for the observed genetic association; both genes were significantly differentially
expressed in the skin epidermis. We further showed that ASIP is not expressed in the
epidermis containing the pigment layer, but instead in the skin dermis. Consistent with the
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known biology of melanocyte cell regulation (Yamaguchi and Hearing 2009), we demonstrate
that skin color is regulated not only in the pigment layer of the epidermis, but also from
within the dermal layer of skin. Seen together, these findings represent a step forward in the
understanding of the genetic basis of pigmentation variation in humans and are relevant to
DNA phenotyping of skin color for forensic and anthropological applications.

Materials and Methods

Rotterdam Study (RS)

The Dutch European RS (Hofman et al. 2013) is a population-based prospective study con-
sisting of a main cohort and two extensions. The RS is ongoing since 1990 and currently
includes 14,926 participants living in a particular suburb of Rotterdam in the Netherlands.
The Medical Ethics Committee of the Erasmus University Medical Center approved the study
protocol and all participants provided written informed consent. The current study includes
5,857 participants of Northwestern European ancestry, with microarray genotype data and
digital photographs available. No exclusions have been made on skin related diseases. We
used the same set of photographs as obtained and described in our previous eye color
GWAS (Liu et al. 2010). Skin color phenotypes were derived and described in detail in a pre-
vious study (Jacobs et al. 2012); here we focus on skin saturation (mean 0.524, sd 0.063, min
0.278, max 0.808) derived from digital photos and 3-level perceived skin darkness graded
by a dermatologist (very white 14.84%, white 73.68%, white-to-olive 11.48%). Microarray
genotyping was conducted using the Infinium Il HumanHap550K and Human 610 Quad Ar-
rays of lllumina. Details on genotyping and quality controls are described elsewhere (Liu et
al. 2010). Genotypes were imputed using the 1000-Genomes Project as the reference panel
(Phase 1, integrated variant set across 1,092 individuals, v2, March 2012) using the MaCH
and minimac software packages. After all quality controls (MAF > 0.01, marker call rate >
0.97, and HWE > 1x10-6), the final data set included 11,155,022 SNPs with imputation Rsq
>0.4.

Brisbane Twin Nevus Study (BTNS)

The Australian BTNS has recruited adolescent twins, their siblings and parents over the past
22 years into an ongoing study of genetic and environmental factors contributing to the de-
velopment of pigmented nevi and other risk factors for skin cancer. The proband twins are
recruited at age twelve years via schools around Brisbane, Australia, and followed up at age
fourteen. The sample is of Northern European origin (mainly Anglo-Celtic >95%). All cases
and controls gave informed consent to participation in this study, and the study protocol
was approved by appropriate institutional review boards. Skin color at age 12—14 years was
reported by participants as one of three categories: fair/light, medium, or olive/dark.

DNA samples from the BTNS were genotyped by the Scientific Services Division at
deCODE Genetics, Iceland using the lllumina 610-Quad BeadChip; genotypes were called
with the Illumina BeadStudio software. For the GWAS, we first applied filters to SNP data be-
fore evaluating genotyping quality per individual and excluded SNPs with a mean BeadStu-
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dio GenCall score < 0.7. Next, we excluded poorly performing samples (call rate < 0.95) and
SNPs with call rate < 0.95, Hardy-Weinberg equilibrium P < 10-6, or minor allele frequency
<0.01. Following these exclusions, we compared self -reported with genotype inferred fam-
ily relationships, the latter based on genome-wide IBS sharing. Forty eight families with
pedigree errors were identified; 21 samples from these families were excluded to correct
errors which could not be resolved. No SNPs or individuals showed segregation patterns
inconsistent with Mendelian inheritance in >5% of families and SNPs, respectively. Lastly, we
excluded 88 individuals identified as outliers from populations of European descent through
the estimation of genetic ancestry using EIGENSTRAT and data from eleven populations of
the HapMap 3 and five Northern European populations genotyped by the GenomeEUtwin
consortium. Following these exclusions, there remained 529,721 SNPs and 4,296 individuals
with genotype data for analysis. Imputation was undertaken with the use of the phased
data from the HapMap samples of European ancestry (CEU; build 36, release 22) and MACH.
After imputation quality controls (MACH Rsq>0.4), this dataset included 2,558,980 SNPs.

TwinsUK

The TwinsUK study included 2,668 phenotyped participants (97% female and all of Cau-
casian ancestry) within the TwinsUK adult twin registry based at St. Thomas’ Hospital in
London. Twins largely volunteered unaware of the skin research interests at the time of
enrolment and gave fully informed consent under a protocol reviewed by the St. Thomas’
Hospital Local Research Ethics Committee. Genotyping of the TwinsUK cohort was done
with a combination of Illumina HumanHap300 and HumanHap610Q chips. Intensity data for
each of the arrays were pooled separately and genotypes were called with the llluminus32
calling algorithm, thresholding on a maximum posterior probability of 0.95 as previously
described (Small et al. 2011). Imputation was performed using the IMPUTE 2.0 software
package (https://mathgen.stats.ox.ac.uk/impute/impute.html) using haplotype information
from the 1000 Genomes Project (Phase 1, integrated variant set across 1,092 individuals,
v2, March 2012). Imputed genotypes were subsequently converted into a MACH format
(http://www.sph.umich.edu/csg/abecasis/MACH/tour/input_files.html) and analyzed with
mach2qtl  (http://www.sph.umich.edu/csg/abecasis/MACH/download/mach2qtl.source.
V112.tgz).

National Child Development Study (NCDS)

The NCDS is a cohort study of 17000 people born in England, Scotland and Wales in a single
week of 1958. The participants have been extensively phenotyped on multiple occasions,
including a biomedical survey, which was designed to obtain objective measures of ill-health
and biomedical risk factors in order to address a wide range of specific hypotheses relating
to anthropometry: cardiovascular, respiratory and allergic diseases; visual and hearing im-
pairment; and mental ill-health. In 2003, as part of the biomedical survey, 9377 participants
completed an item on skin colour, reporting it on a scale of “light”, “medium” or “dark”.
Individuals were genotyped on both the Immunochip and Metabochip disease centred SNP
arrays. SNPs set were combined, data from duplicated were SNP merged, and monomorphic
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SNPs, SNPs exhibiting Hardy-Weinberg disequilibrium (P < 1e-6) or SNPs with genotyping
failure rate < 0.98 were removed. A total of 298548 SNPs were then available. Imputation
for the regions of interest was performed using IMPUTE2 and the 1000 Genomes Phasel
phased dataset v3 dated 2010-11-23, and the reference set haplotypes estimated using
SHAPEIT2 (ALL.integrated_phasel_SHAPEIT_16-06-14). The current study included 5,278
NCDS participants for whom both skin colour and genotype data were available.

Statistical genetic analyses

GWAS were conducted in RS using linear regression assuming additive genetic effect and
adjusted for sex, age, and 4 main dimensions from MDS analysis, where p-values equal or
smaller than 5x10-8 were considered to be genome-wide significant. A next round GWAS
was conducted conditioning on the genotypes of significant SNPs from a previous GWAS un-
til no more significant SNPs could be identified. Inflation factors were estimated as 1.015 for
skin saturation and 1.011 for perceived skin darkness and were adjusted using the genomic
control method. The GWAS in TwinsUK cohort was conducted using mach2qtl v1.12 (http://
www.sph.umich.edu/csg/abecasis/MACH/download/mach2qtl.source.V112.tgz). The ge-
nomic inflation factor was 1.01 for the Fitzpatrick scale GWAS.

Genome-wide Manhattan and Q-Q plots were generated using R scripts from. Re-
gional Manhattan plots were constructed using software package locus zoom (Pruim et al.
2010). To access the overall genetic contribution on skin coloration, we conducted a mul-
tivariate analysis including 9 DNA variants from 9 genes, i.e., 5 highlighted in the present
study including RALY rs6059655, HERC2 rs12913832, IRF4 rs12203592, SLCA5A2 rs183671,
MC1R rs4268748 and 4 suggested in previous studies (Han et al. 2008; Jacobs et al. 2012; La-
mason et al. 2005; Sulem et al. 2008) including BNC2 rs10756819, TYR rs1393350, SLC24A4
rs17128291, and SLC24A5 rs2924567 (Table 1). Since both quantitative skin color saturation
and the 3-level PSD phenotypes were available in RS, the genetic effects on these two phe-
notypes could be compared. The multivariate analysis including sex, age, and 9 SNPs from
9 genes were conducted in RS and BTNS in an iterative manner to access the R-squared
change due to individual factors using R scripting. Base on this multivariate analysis we fur-
ther inferred a skin color score for 940 samples from 54 populations in the HGDP data-
base (http://www.cephb.fr/en/hgdp/diversity.php) using the sum of the number of dark-
er skin-associated alleles weighted by the regression betas for skin saturation. Conditional
analyses were conducted for all associated regions conditioning on the genotype status of
the top-associated SNP. Haplotype analyses were conducted using R library haplo.stats. Col-
lapsed double heterozygosity analyses in all of the associated regions were conducted as
previously described (Liu et al. 2011). SNP interaction analyses were conducted between
SNPs in the MC1R region and the ASIP region using a previous described F statistic (Liu et al.
2010). Gene transcriptions were compared between genotype carriers (wild-type vs. others)
using a t-test. A combined p-value was derived for each gene by combining p-values from k
independent experiments using Fisher’s combined probability test, i.e., , which is relatively
conservative due to accumulation of df’s.
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Functional genetic analyses

We investigated expression patterns of 22 genes located within the RALY-UQCC region in
6 human skin melanocytic cell lines derived from donors with different skin color (lightly
pigmented LP22 and LP89, moderately pigmented MPO1 and darkly pigmented DP74, DP80
and DP83), in a set of 29 skin samples derived from donors with either light (n=17) or dark
(n=12) skin pigmentation. Left-over patient skin material was collected under informed con-
sent and with approval from the Medical Ethics Committee (METC) of Erasmus MC. Details
about the cell lines, the skin samples and the methods have been described previously(Viss-
er et al. 2014). In brief; the cell lines were grown following the manufacturer’s instructions
(Cascade Biologics, Invitrogen), RNA and DNA were co-extracted using TriPure Isolation Re-
agent, followed by a purification step (OneStep™ PCR Inhibitor Removal Kit, Zymo Research
Corporation) to remove melanin. The skin epidermal and dermal samples were obtained by
separating the epidermal layer from surgically-removed skin biopsies, RNA and DNA were
co-extracted using Qiagen Allprep mini kit, followed by the above described purification
step to remove melanin. The reverse-transcriptase (RT) reaction was performed using Re-
vertAid™ H Minus First Strand cDNA Synthesis Kit (Fermentas GmbH) according to the man-
ufacturer’s instructions. Quantitative real-time PCR reactions for gene-expression analysis
were performed using the iTag Universal SYBR Green Supermix (Bio-Rad Laboratories). RNA
sequencing was performed using a PGM (Life Technologies). RNA samples obtained from
the 6 melanocyte cell lines were first treated with RiboMinus Eukaryote kit v2 (Life Technol-
ogies) to remove rRNA, after which the whole-transcriptome libraries were constructed us-
ing the lon Total-RNA Seq Kit v2 (Life Technologies). Snapshot analysis was used to genotype
the skin-color associated SNPs. Primer sequences are available on request.

We profiled the chromatin of region 20q11.22 spanning the 22 genes (RALY-UQCC)
harboring the identified associated skin-color SNPs. We considered several data sets that
represent features associated with regulatory regions: ChIP-seq analysis in a lightly pigment-
ed melanocytic cell line (LP22), a darkly pigmented melanocytic cell line (DP74) (Palstra
et al, manuscript in preparation), and in a normal human epidermal keratinocytic cell line
(NHEK(Rosenbloom et al. 2013)) of acetylated histone H3 (H3K27Ac), an active chromatin
mark (Creyghton et al. 2010), DNasel hypersensitive sites in epidermal skin melanocytes
and in the NHEK cell line (Rosenbloom et al. 2013); ChlP-seq data for the transcription factor
MITF in melanocytic cells (Strub et al. 2011), MITF is the melanocyte master regulator(Levy
et al. 2006), ChIP-seq data in MALME-3M melanoma cells for the transcription factor YY1(-
Li et al. 2012), a ubiquitously expressed transcription factor that was reported to play an
important role in melanocyte development by interacting with the melanocyte-specific iso-
form of MITF(Li et al. 2012); predicted melanocyte-specific enhancers (Gorkin et al. 2012)
and Phastcons conserved elements inferred from 46 way alignments of placental mammals
(Siepel et al. 2005).
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Figure S1. Manhattan plot of GWAS results for skin color phenotypes in Rotterdam Study, Brisbane
Twin Nevus Study, and TwinsUK study. A, quantitative skin color saturation extracted from digital pho-
tos in the Rotterdam Study (RS, n=5,857); B, 3-level (very white, white, white-to-olive) perceived skin
darkness in Rotterdam Study (RS, n=5,857); C, 3-level (fair/light, medium, or olive/dark) perceived skin
darkness in the Brisbane Twin Nevus Study (BTNS, n=3,456); D, Fitzpatrick scale of sensitivity to sun (6
levels) in the TwinsUK study (n=2,668). The —log10 p-values of all SNPs are plotted against their phys-
ical positions over the genome (hg19). The blue and red horizontal lines stand for the p-value thresh-
olds of 1x10”° and 5x10%, respectively. Known pigmentation genes in the regions showing significant
(p-value<5x10%) association are highlighted in red color.
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Figure S2. Spatial distribution of a genetically inferred skin color score in 940 samples from 54 pop-
ulations of the HGDP-CEPH. The skin color score for 940 world-wide subjects was calculated as the
sum of the number of darker skin-associated alleles weighted by the regression betas for saturation
using 9 SNPs from 9 gene regions (see table 1). Yellow dots represent the geographic location of the
HGDP-CEPH population samples.
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Figure S3. Haplotypes associated with skin color saturation between 3,184 SNPs on 20q11.2. A total of
3,184 SNPs within a large region (32.3-34.0 Mb) on chromosome 20g11.2 were tested in a pair-wise
manner for haplotype association with skin color saturation in the Rotterdam Study. A total of 17
SNPs with at least one P values <1x107 are shown. Left part: LD r2, right part: significance of pair-wise
haplotype association.
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Figure S4. Chromatin profile of 22 genes on 20q11.22. IGV genome browser shows a 1.9 mb window
at 20q11.22 including 22 genes (from RALY to UQCC) containing the skin-color association signals in
this region. To investigate the chromatin for features of enhancer elements, the following tracks are
included: ChIP-seq analysis in a lightly pigmented melanocytic cell line (LP22), a darkly pigmented
melanocytic cell line (DP74) (Palstra et al, manuscript in preparation), and in a normal human epi-
dermal keratinocytic cell line of acetylated histone H3 (H3K27Ac), an active chromatin mark, DNasel
hypersensitive sites in epidermal skin melanocytes and in the NHEK cell line; ChIP-seq data for the
transcription factor MITF in melanocytic cells, MITF is the melanocyte master regulator, ChIP-seq data
in MALME-3M melanoma cells for the transcription factor YY1, a ubiquitously expressed transcription
factor that was reported to play an important role in melanocyte development by interacting with the
melanocyte-specific isoform of MITF; predicted melanocyte-specific enhancers and Phastcons con-
served elements inferred from 46 way alignments of placental mammals. See the method section for
details about data sources.
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Discussion

Parts of this chapter were published in:
Genetic variation in regulatory DNA elements: the case of OCA2 transcriptional regulation.

Mijke Visser, Manfred Kayser, Frank Grosveld and Robert-Jan Palstra
Pigment Cell & Melanoma Research, 27, 169-177 (2013)




Chapter 6

With the emergence of large-scale genetic association studies like GWASs, numerous SNPs
have been associated with a phenotype of interest, and it can be expected that many more
will follow. The biology behind these genetic associations were initially assumed to be rather
straightforward; effecting protein function, because at the time it was thought that causal
SNPs were mostly protein coding. However, it turned out that the vast majority of the GWAS
tag SNPs are located in intergenic or intronic regions. Determining the functional biology of
these noncoding SNPs is much more of a challenge. Pigmentation-related traits have been
extensively studied by genetic studies like linkage analysis, cytogenetics and candidate gene
studies’=, and more recently in several GWASs*, resulting in the identification of novel DNA
variants highly associated with human pigmentation traits. In this thesis, | investigated the
functional biology behind several pigmentation-associated SNPs identified by genome-wide
and candidate-gene association studies.

Transcriptional regulation of pigmentation genes

In the work summarized in this thesis it has been proven highly valuable for the functional
interpretation of pigmentation-associated SNPs to apply combinations of in silico analyses
and various molecular experiments. Our functional studies were initiated with SNPs that
were shown to be strongly associated with pigmentation phenotypes in previous GWASs
(Chapter 2-4) and in novel GWASs on skin pigmentation (Chapter 5).

The SNP rs12913832 located in intron 86 of HERC2 is a near perfect predictor of
human eye color*”. The intronic SNPs rs10756819 and rs2153271 are located in the first
intron of the BNC2 gene and are strongly associated with skin pigmentation® and freckling®,
respectively. Another intronic SNP rs12203592, located in the IRF4 gene, is strongly
associated with human pigmentation in general, including hair, eye and skin pigmentation,
tanning response and nevus count®*2. The GWASs described in Chapter 5 confirm the
significant associations with skin pigmentation of these four SNPs, and in addition a SNP in
the region of the known pigmentation gene ASIP, rs6059655 was identified to be strongly
associated with quantitative skin color saturation.

The functional genetic studies presented in this thesis resulted in detailed, allele-
specific characterizations of three enhancer elements in which the identified causal SNPs
reside, and these functional SNPs modulate transcriptional regulation of three pigmentation
target-genes in a highly tissue-specific manner.

Transcriptional regulation of pigmentation genes — The case of OCA2

Transcription of the pigmentation gene OCA2 is regulated by an intronic enhancer element
located in the neighboring gene HERC2 in skin melanocytes. The SNP rs12913832 is located
in this enhancer and is predicted to alter a DNA binding site for the transcription factor
HLTF. Furthermore, several DNA binding sites for the transcription factors MITF and LEF1
are also predicted to be present within this region®. Both MITF (microphthalmia-associated
transcription factor) and LEF1 (lymphoid enhancer factor 1) are crucial in melanocyte
development®®*!, As a DNA-dependent chromatin-remodeling ATPase, HLTF is involved in
the repositioning of nucleosomes to allow access of transcription factors to their related
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binding sites®. Together with my collaborators, | demonstrated robust binding of HLTF, LEF1
and MITF at the rs12913832-enhancer region when the rs12913832 T-allele is present,
whereas with the C-allele, binding of these transcription factors was not detected at the
region around rs12913832, confirming and refining the proposed model of Sturm et al® (and
at the same time refuting the proposed model of Eiberg et al®). Since HLTF functions as
a chromatin remodeler, it has been suggested that preferential interaction of HLTF with
the rs12913832 T-allele facilitates binding of MITF and LEF1 by allowing access to the
chromatin®. Additionally, LEF1 was previously shown to interact with MITF*® and to be
involved in chromatin looping. We indeed demonstrated a long-range chromatin loop
between the rs12913832 enhancer and the OCA2 promoter that is more prominent when
the rs12913832 T-allele is present (Figure 1), which is probably due to increased binding of
the involved transcription factors.

Additionally, an allele-independent chromatin loop was detected from the
rs12913832 enhancer as well as from the OCA2 promoter towards a potential regulatory
element in the intergenic region between HERC2 and OCA2. Analysis of online available
datasets for accessibility and transcription factor binding in melanocytes, as well as our
ChlP-seq data for acetylated histone 3 (H3K27Ac) (Palstra et al, manuscript in preparation)
suggests the presence of this (and possibly also other) potential regulatory elements within
the OCA2-HERC2 locus (Figure 2).

Many noncoding DNA variants within the OCA2-HERC2 region have been associated

rs12913832
| I—I— 11 10 E

enhancer HERC2 gene OCA2 gene
T-allele \i”ele OLEF1
(Omirr
QrurF
*1512913832-C
#rs12913832-T

OCA2 gene OCA2 gene

Figure 1. Model representing how sequence variation in the distal enhancer element in HERC2
affects transcription of OCA2. The pigmentation-associated SNP rs12913832 is located in an enhancer
element in intron 86 of HERC2. With the rs12913832 T-allele present, the transcription factor HLTF
(grey oval) binds to the enhancer, which allows for the recruitment of MITF (light blue oval) and LEF1
(yellow oval), chromatin loop formation, and proper activation of OCA2, and this results in the dark
pigmentation phenotype. In contrast, with the rs12913832 C-allele present, the enhancer is unable to
bind HLTF, which leads to reduced recruitment of MITF and LEF1 and decreased OCA2 expression, and
this results in the light pigmentation phenotype. Larger dark blue oval: transcription complex, black

arrows: level of transcription.
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Figure 2. Overview of the OCA2-HERC2 locus. |GV genome browser® shows a 400 kb window (top
panel) and 80 kb zoom in (bottom panel) of the OCA2-HERC2 locus in the 15q11-q13 chromosomal
region. ChlP-seq data sets for acetylated histone 3 (H3K27Ac) (Palstra et al, manuscript in preparation)
in light (LP) and dark (DP) pigmented melanocytes are shown in blue. Melanocyte open chromatin by
DNasel HS from ENCODE? is shown in red. Vertebrate conservation by PhastCons is shown in green.
Binding signals of transcription factors MITF?and YY1?* are depicted by black bars. The approximate
position of the blue-eye-associated haplotypes (BEH)?? are indicated as light blue boxes, with the SNPs
that comprise the BEHs depicted in the respective boxes for BEH1, BEH2 and BEH3.

with pigmentation phenotypes at different levels of significance. Most of these DNA variants
fall into three different haplotype blocks; the so-called blue-eye haplotypes (BEHs)??. BEH1
consists of three SNPs located in the 5’ region of the OCA2 gene®, the second haploblock
(BEH2) is located at the 3’ region of HERC25, and it includes the rs12913832 enhancer and
the SNP rs1129038, which is in nearly complete linkage disequilibrium (LD) with rs12913832.
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BEH3 consists of SNPs rs916977 and rs1667394 and it is located more proximal to the HERC2
promoter region?>. Chromatin profiling indicates that both BEH1 and BEH2 contain robust
peaks of DNasel HS (DHS), signals of the active chromatin mark H3K27Ac, and binding
of MITF and YY1 in BEH2 (Figure 2), suggesting regulatory potential. In contrast, BEH3 is
located in a region of low DNase sensitivity, reduced H3K27Ac enrichment and absent TF
binding, suggesting that this region has limited regulatory capacity. Despite the regulatory
potential of the BEH1 and BEH2 regions, no evidence was found for the three SNPs that
comprise BEH1 and rs1129038 being part neither of BEH2 nor for their LD SNPs (R%>0.8) to
be involved in (transcriptional) regulation such as rs12913832. It is therefore highly unlikely
that any of the SNPs other than rs12913832 that belong to the OCA2-HERC2 haplotype is
involved in the allele-specific transcriptional regulation of OCA2; however, this does not
exclude the possibility for a SNP from a different, more distant, haplotype to additionally
affect OCA2 expression.

Recently, a GWAS was performed on eye and skin pigmentation in individuals
from Cape Verde, where extensive West African/European admixture resulted into a wide
range of variation in both eye and skin color?. The SNP rs4424881 located in intron 1 of the
APBA2 gene was identified to be strongly associated with skin color, this gene has no known
function in human pigmentation and is located about 1 Mb away from the OCA2 gene.
Despite of being in the haplotype radius of 1 Mb, rs4424881 belongs to a haplotype set
that is distinct from the OCA2-HERC2 (eye-color) locus. Beleza and colleagues hypothesize
that (an LD SNP of) rs4424881 modulates an enhancer element that might be involved in
the transcriptional regulation of OCA2 affecting skin color specifically, while the rs12913832
enhancer is considered to control OCA2 expression to affect eye color®. Using the IGV
browser®, we looked at the chromatin profile of the region surrounding the haplotype block
of rs4424881, including DHS signals, H3K27Ac enrichment, and transcription factor binding
in melanocytes, and this indeed implicates that at least one of the SNPs in high LD with
rs4424881 (R2>0.8) is located in a potential enhancer element (data not shown).

The differences in OCA2 expression between skin melanocytes with the rs12913832
C-allele and skin melanocytes with the T-allele are relatively modest (Chapter 2, Figure 1C,
and Cook et al?’), as well as the observed differences for the enhancer activity (Chapter 2,
Figure 2E) and melanin content?. OCA2 expression levels in iris melanocytes are unknown,
but it has been reported that blue irises have minimal melanin content, whereas dark
irises contain substantially larger amounts of both eumelanin and pheomelanin?=°, Since
rs12913832 is very strongly correlated with eye color, this suggests that OCA2 expression
levels might differ extensively between blue and dark irises, more so than between light and
dark melanocytes. It is therefore possible that the chromatin environment is more restricted
in iris melanocytes as compared to that in skin melanocytes, driving the rs12913832
enhancer to act as an on-off switch instead of a rheostat. Nevertheless, this leaves open
the possibility of other, more distant enhancers such as the potential regulatory regions in
APBA2, to be involved in controlling OCA2 expression in skin melanocytes. The hypothesis
of such a pigment-tissue specific transcriptional regulation of OCA2 could help explain the
correlation and evolutionary history of skin and eye color, and supports the possibility that
blue eyes were selected independently (and possibly for other reasons) from fair skin?. To
test this hypothesis, future studies should investigate not only the regulatory potential of
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the enhancer in ABPA2 in skin melanocytes, but should use both iris and skin melanocytes
to study tissue-specific patterns of OCA2 expression levels, OCA2 transcriptional regulation,
and activity of the putative enhancers either within the OCA2-HERC2 BEHs or more distant
in APBA2.

Transcriptional regulation of pigmentation genes — The case of BNC2

The BNC2 study described in Chapter 3, is a very appropriate example of how an associated
noncoding tag SNP identified by a candidate-gene approach, leads to the discovery of the
actual causal SNP by studying functional genetics of the tag SNP as well as its LD SNPs
in combination with in silico regulatory datasets. Following the finding of the functional
SNP rs12350739 in the case of BNC2, the region around this SNP was characterized as an
enhancer element involved in the allele-specific transcriptional regulation of BNC2 in skin
melanocytes. Together with an alternative promoter at exon 3 and a potential regulatory
element in intron 2, a model is proposed for the melanocyte-specific and allele-dependent
transcriptional regulation of BNC2 (Figure 3). With the G-allele present, the chromatin
region around rs12350739 is open and more enriched for H3K27Ac, the activity of the
enhancer is relatively high, resulting into increased BNC2 expression (Figure 3A). In contrast,
with the C-allele, the chromatin is closed and not enriched for H3K27Ac and the enhancer
is only moderately active, resulting into decreased BNC2 expression (Figure 3A). Based on
DNase sensitivity data obtained from ENCODE™ in a broad variety of tissues and cell lines,
the combination of DHS signals at the rs12350739 enhancer and the (potential) intronic
regulatory element seems to be highly specific for melanocytes and melanoma cells (Figure
4). Since the majority of the BNC2 transcripts originate from the alternative rather than from
the constitutive promoter, it is likely that the intergenic rs12350739 enhancer together with
the (potential) regulatory element in intron 2 controls transcription of BNC2 by physically
interacting with the alternative promoter via a chromatin loop (Figure 3B), which eventually
leads to a differentially expressed isoform that has a specific function in pigmentation
pathways.

The finding of an alternative promoter in skin melanocytes and potentially more
than one (tissue-specific) enhancer affecting this promoter is not fully unexpected, as it
was already shown that BNC2 has (at least) six promoters and many more splicing isoforms
resulting into more than 90.000 possible mRNA isoforms encoding more than 2000 different
proteins®. However, even though BNC2 is abundant in a variety of tissues and cell types3?33,
its expression and subsequently its cellular functioning is most probably regulated in a
dedicated and highly tissue-specific manner, which also reflects the biological function of
BNC2 that was suggested to be essential, due to its very high conservation status3%343,

Notably, several SNPs falling into the same LD block as rs12350739 are associated
with ovarian cancer susceptibility and with ovarian abnormality®*®*’. Consequently, and due
to the presence of comparable DHS signals at the region around rs12350739 in myometrial
cells'®, we consider it possible that the rs12350739 enhancer is also active in uterine
and ovarian tissue. However, the robust DHS signals detected in skin melanocytes at the
regulatory element in intron 2 are not observed in myometrial cells, which implies that this
potential regulatory element is not involved in the transcriptional regulation of BNC2 in these
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Figure 3. Model depicting how expression of BNC2 is influenced by a DNA variant located in an
intergenic enhancer element together with an alternative promoter and an intronic potential
regulatory element. (A) the actual causal SNP rs12350739 that is in LD with the pigmentation-
associated intronic SNP rs10756819 is located in a tissue-specific enhancer element 14 kb upstream
from the constitutive promoter of BNC2. Furthermore, an alternative promoter and a tissue-specific
potential regulatory element are present at exon 3 and in intron 2, respectively. When the rs12350739
G-allele is present, the chromatin of the region around rs12350739 is accessible and enriched for
H3K27Ac, the rs12350739-enhancer is active, resulting into increased BNC2 expression. In contrast,
with the rs12350739 C-allele present, the chromatin is hardly accessible and not enriched for
H3K27Ac, resulting into a moderately active enhancer and diminished expression of BNC2. (B) As the
majority of BNC2 transcripts originate from the alternative promoter at exon 3, | propose that the
rs12350739-enhancer cooperates with the potential tissue-specific regulatory element in intron 2 to
activate BNC2 transcription, which can be achieved by forming long-range loops from both enhancers
to the alternative promoter, ultimately resulting into a differentially-expressed, tissue-specific isoform
of BNC2. Black arrows: level of transcription.

cells, and we speculate that this results into yet another combination of BNC2 isoforms and
expression levels in this particular cell-type. This serves as another illustration of the highly
dedicated and tissue-specific manner genes that can be transcriptionally regulated.

Transcriptional regulation of pigmentation genes — The case of IRF4

In contrast with the transcriptional regulation of OCA2 and BNC2 as described in the previous
paragraphs, the responsible allele-specific enhancer element that activates /RF4 expression
is located in an intron of the IRF4 gene itself, rather than outside the gene in the intergenic
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region (i.e. BNC2) or in an intron of a neighboring gene (i.e. OCA2). In Chapter 4 | describe
the characterization of this enhancer and the subsequent transcriptional regulation of /IRF4,
and | demonstrate that both are highly tissue-specific as well as strongly dependent on
the allelic status of the pigmentation-associated intronic SNP rs12203592. Besides using
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conventional techniques for the detection of histone mark H3K27Ac, chromatin accessibility,
transcription levels and chromatin loop formation, together with my collaborators | used a
new experimental approach to specifically measure the allelic contribution of rs12203592
to the functional characteristics of the enhancer. This allele-specific approach uses a
heterozygote cell line as test tube in which the cellular environment is stabilized for both
tested alleles. This excludes the possibility of (unknown) trans-acting factors modulating
the transcriptional regulation of the gene instead of the allelic differences of the SNP of
interest. Based on the data obtained in our study, as well as on previously published studies,
we proposed a model for the transcriptional regulation of /RF4 in melanocytes (graphically
displayed in Chapter 4, figure 7). With the rs12203592 C-allele present, the transcription
factor TFAP2a binds to the enhancer in intron 43, which allows for the recruitment of the
transcription factors MITF, YY1, and presumably LEF1, chromatin interactions with the IRF4
promoter and potentially with an additional regulatory element in intron 7, resulting into
proper and stable transcription of IRF4. With the rs12203592 T-allele, TFAP2a is unable to
bind®®, which leads to reduced recruitment of MITF, YY1 and LEF1, less stable chromatin
interactions and consequently, decreased IRF4 expression.

In this study on IRF4, as well as in the studies previously described on BNC2 and
OCA2, additional potential regulatory elements were identified that are likely to be involved
in the transcriptional regulation of these genes. These findings are not surprising, as already
more than a million putative enhancers were identified in the human genome*4, which
outnumbers the amount of genes of approximately 20.000** tremendously, and suggests
that even with a large number of enhancers being poised, still multiple enhancers, both
constitutive as well as tissue specific are involved in the transcriptional regulation of every
gene*,

Transcriptional requlation of pigmentation genes — The case of the 20q11.22 region

Although the studies described in Chapters 2, 3 and 4 exemplify that the functional
characterization of association signals can be relatively straightforward, the study described
in Chapter 5 however demonstrates that this can also be more complex. By combining
a series of GWASs in more than 17.000 Europeans, five genomic regions were identified
harboring SNPs that are significantly associated with skin color phenotypes. The biology of
the genes and SNPs located in four of these regions have been described already previously,
of which two were also described in this thesis (OCA2 in Chapter 2 and /IRF4 in Chapter
4), we therefore aimed to characterize the association signals that were identified in the
fifth region; 20q11.22. The top-associated SNP rs6059655 is located in intron 8 of the
RALY gene, in a haplotype block of ~1.5 Mb containing 22 known genes, including ASIP, a
gene encoding the agouti signaling protein that is known to be involved in pigmentation
biology. Chromatin profiling of the 20911.22 region using in silico regulatory data sets
resulted into the identification of numerous potential regulatory elements in this haplotype
block. However, none of these elements coincided with the physical locations of any of the
associated tag SNPs or their LD SNPs. Expression analyses of the 22 genes in the 20q11.22
region using epidermal cells highlighted two novel genes, EIF252 and GSS, as the most-
likely candidates responsible for the observed genetic associations. Analysis of eQTL data
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in full-layer skin biopsy material, using the online available tool GeneVar revealed a strong
correlation between the expression of ASIP and the genotypes of three associated SNPs.
Remarkably, expression of this gene was detected only in the skin dermis, and not in the
epidermal layers of skin in which the majority of the pigmentation biology takes place. This
implies that the observed association signals might also exert their function in dermal cells
rather than in epidermal cells.

The exact functional mechanisms that link the associated SNPs to the transcription
of the two highlighted genes in epidermal tissue as well as to ASIP in dermal tissue
remains to be elucidated. Several scenarios are open for further investigation, such as the
functional SNP could affect DNA folding, posttranslational control mediated by miRNAs or
transcriptional regulation mediated by IncRNAs or by enhancer elements in which yet to be
discovered associated (LD-)SNPs reside. Since the 20q11.22 region is particularly large, it is
most likely that more than one SNP is functional and it is crucial for all plausible scenarios
to identify the actual causal SNP(s). This may be achieved by investigating the chromatin
profile using additional in silico regulatory datasets suitable for the different scenarios, by
including deeper sequencing of transcripts*® derived from the targeted 20q11.22 region, to
identify rare transcripts such as IncRNAs, by using a variety of computational tools that for
example predict miRNA binding sites and by including more cell lines and tissues to avoid
false positive and negative results obtained due to tissue-specific effects.

Involvement of the studied (new) pigmentation genes in melanogenesis

The elucidation of the functional biology underlying an association signal not only provides
insights into the regulatory function of the causal SNP and the enhancer it (potentially)
modulates, it might also provide novel insights into the biological role of the target gene.
Although it was not the scope of this thesis, | briefly consider the (potential) biological roles
of the main target genes in light of the studied phenotype. In Chapter 2 | describe the allele-
specific transcriptional regulation of OCA2. As a known pigmentation gene, OCA2 plays an
important role in melanogenesis and controls the eumelanin content in melanocytes*. Its
gene product, the P-protein is suggested to be involved in small molecule transport across
the melanosomal membrane®, regulating melanosomal pH, which in turn affects processing,
trafficking and activity of TYR*47,

The allele-specific and tissue-dependent transcriptional regulation of BNC2
is described in Chapter 3. This gene is expressed in many tissues and due to its high
evolutionary conservation its function is thought to be essential. It is most likely involved in
mMRNA processing®*%®, but it has also been suggested to function as a transcription factor®.
Together with my collaborators | demonstrated that BNC2 is differentially expressed in
melanocytes, potentially in the form of a melanocyte-specific isoform and it has been
proposed that BNC2 influences expression of the pigmentation gene KITLG in melanocytes?®.

Chapter 4 describes how an allele-dependent intronic enhancer modulates
expression of the IRF4 gene. As a member of the IRF family, IRF4 functions as a DNA-binding
transcription factor involved in immune system development and response, but it most-
likely also has a role in pigmentation biology or melanocyte development. Recently it was
reported that expression of TYR is regulated by cooperation between MITF and IRF4%.
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Of the three genes highlighted at the 20q11.22 region in Chapter 5, ASIP is most
well-known for its involvement in pigmentation biology, it functions as an antagonist for the
G-coupledreceptor MC1Randassuchitisinvolvedinthe switchingbetween eumelanogenesis
and pheomelanogenesis**. Expression of ASIP, however, was not detected in cultured
melanocytes (Chapter 5 of this thesis, and recently shown by Haltaufderhyde et al*!), or
in the skin epidermis which consists of melanocytes and keratinocytes, while in the skin
dermis, expression of ASIP was robustly detected (Chapter 5 of this thesis). It is known that
besides the skin epidermis, also components from the skin dermis contribute to normal
skin pigmentation, such as dermal fibroblasts®?, and melanocyte stem cells (MelSCs)>.
Dermal fibroblast are known to be involved in the secretion of several (paracrine) factors
that modulate signaling pathways involved in melanocyte function®, it is therefore possible
that ASIP, as an antagonist of MC1R, becomes secreted by these fibroblasts to interact with
MC1R. It is however also possible that ASIP is expressed in other cells, like MelSCs where
it might act on pigmentation in an earlier developmental stage and might become silenced
upon differentiation of the melanocytes in the epidermis. These scenarios, and possibly
others, remain to be studied in future studies in order to pinpoint the exact cell-type and/
or development stage ASIP is expressed in to exert its function in pigmentation biology.
Furthermore, these results also stress the importance of using the proper cell-type or tissue
to study the functional biology behind an association signal and the related gene.

Glutathione synthetase encoded by the GSS gene, is involved in the catalyzation
of the second step of the glutathione (GSH) biosynthesis and it was also highlighted at the
20g11.22 region. This highly important cellular antioxidant has multiple cellular functions
and it exerts major effects on melanogenesis in melanocytes®~’. It was shown to play
an important role in the switching between eumelanogenesis and pheomelanogenesis
through interaction with TYR*, and by reacting with dopaquinone in the TYR pathway®.
Furthermore, the pigmentation gene OCA2 was suggested to be involved in controlling
metabolism of GSH®%,

In contrast to ASIP and GSS, the role in pigmentation biology of the third prioritized
gene at 20q11.22, EIF2S2 remains to be unraveled. The only indirect evidence for such a role
was provided in studies on the agouti-yellow (AY) deletion in mice. The AY mutation deletes
Eif2s2 together with neighboring gene Raly, and causes ectopic expression of agouti, resulting
into several phenotypes, including yellow fur®®°. EJF252 encodes the beta subunit of the
eukaryotic initiation factor (elF2), which plays a central role in translation initiation. During
the early steps of protein synthesis, elF2 forms a ternary complex with GTP and methionine-
loaded initiator tRNA. This complex binds other initiation factors and ribosomal subunits,
to form a pre-initiation complex that binds and scans mRNA, recruits more initiation factors
and ribosomal subunits ultimately resulting into initiation of translation®. The beta subunit
of elF2 (elF2beta) catalyzes the exchange of GDP for GTP, which recycles the elF2 complex
for another round of initiation®. Besides the described phenotypes of the A deletion in
mice, deletion of elF2beta was reported to suppress testicular cancer incidence and reduce
lethality in yellow agouti mice®; however, a (potentially specific translation-initiation) role in
pigmentation was not yet reported, and remains to be investigated in future studies.

In figure 5 | graphically present a simplified combination of signaling pathways
including the main well-known players involved in melanogenesis, and the genes highlighted
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Figure 5. Roles of OCA2, BNC2, IRF4, ASIP, GSS and EIF2S2 in pigmentation biology. Based on
well-known signaling events involved in melanogenesis, as displayed in the introduction of this
thesis (Chapter 1, figure 4), the involvement of the genes studied in the chapters of this thesis are
presented. Binding of melanocyte-stimulating hormone (MSH) activates the trans-membrane MC1R
receptor, resulting into a cascade of signaling events; activated MC1R stimulates expression of the
transcription factor MITF via G protein signaling. As the master regulator in melanocytes, MITF controls
transcription of several genes involved in melanogenesis, including TYR, TYRP1, DCT, SLC45A2, OCA2,
BNC2, IRF4, and presumably GSS and EIF2S2. In turn, BNC2 influences expression of the pigmentation
gene KITLG®, IRF4 cooperates with MITF to regulate transcription of TYR®, and GSS is involved in
biosynthesis of glutathione (GSH), a key component in the eu/pheomelanogenesis swith***¢, GSH
displays a dual effect on TYR, depending on the cellular concentration of GSH. Besides its central role
in melanosome biogenesis, OCA2 was also suggested to be involved in controlling GSH metabolism>®.

MC1R activation can be inhibited by ASIP, resulting into decreased activation of the target genes of
MITF, which eventually leads to a switch to pheomelanogenesis. Adapted from Law et al®*.
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in chapters 2-5 of this thesis. The actual mechanism is much more complex, and | anticipate
that many more factors, genes and genetic variations will be identified to affect the various
stages and processes of pigmentation biology.

From GWAS to function

Based on the functional studies described in this thesis, recently published reports, and
online available data and bioinformatics tools, | will discuss in the coming sections an
approach that can be used as a general research strategy to study the functional biology
behind genetic association signals (Figure 6).

Identification of the putatively causal DNA variant

GWASs have identified more than 11.000 SNPs that are associated with a large variety of
human traits and disease phenotypes®. Due to the original design of GWASs and the SNP
arrays used herein, these SNPs are typically so-called ‘tags’ for haplotypes on which the
directly functional or causal variants reside®®®. A causal variant is a SNP that influences
a molecular or cellular process to affect a human phenotype. Only ~16% of phenotype-
associated loci harbor SNPs that are protein-coding, the remaining SNPs are noncoding
located in intronic or intergenic regions®. The first challenge in elucidating the functional
biology behind these identified genetic association is therefore to pinpoint the actual causal
DNA variant, hence the SNPs that are in (high) LD with the phenotype-associated SNP have
to be included in functional analyses. These LD SNPs can be retrieved using several key
resources, including the HapMap®® and 1000 Genomes’ projects. Bioinformatics tools such
as Haploview’ can be employed to visualize and manipulate downloaded genotype data
covering specific loci, and the SNP Annotation and Proxy (SNAP)”? search tools at the Broad
Institute enables plotting of association data with LD information.

In silico annotation

It has been shown by numerous studies that many noncoding SNPs locate in regulatory
elements and influence gene expression through transcriptional and posttranscriptional
processes’4®1, Several of these regulatory elements are characterized by a range of different
histone modifications depending on the regulatory function of the element including
histone acetylation and methylation, (highly) accessible chromatin, transcription factor
binding, and long-range chromatin interactions (loop formation)®. Large-scale genomics
projects, such as ENCODE®*®, the NIH Roadmap Epigenomics Mapping Consortium®, and
the Functional Annotation of the Mammalian Genome (FANTOM)?, as well as independent
labs are exploring the human genome of numerous diverse cell and tissue types and
across several developmental stages for regulatory characteristics. The data generated by
these projects includes gene and isoform annotations, gene-expression levels analyzed
with expression quantitative-trait loci (eQTL), genome-wide transcription factor binding
and chromatin modifications analyzed with chromatin immunoprecipitation paired with
massively parallel sequencing ChIP-seq, genome-wide chromatin-accessibility analyzed
with FAIRE sequencing and DHS sequencing, long-range chromatin interactions analyzed
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Figure 6. Strategy for functionally analyzing and interpreting genetic association signals. Starting
with phenotype-associated DNA variants resulting from GWASs, the following steps should be
taken to elucidate the functional biology underlying the association signal: 1. Identification of the
putatively causal DNA variant. Include SNPs in linkage disequilibrium (LD) in the following analysis
steps, 2. Analyzing in silico annotations to identify regulatory potential of the (LD-)SNPs, 3. Investigate
gene expression patterns to identify the potential target gene(s), 4. Experimental confirmations of
SNP function by employing a wide range of molecular methodologies and 5. Studying the biological
function of the potential target gene(s). Details of the strategy steps can be found in the text.

with 3C-derived technologies, and evolutionary conservation, providing a broad variety of
regulatory datasets.

As soon as an initial set of candidate SNPs including (high) LD SNPs is established,
several computational (online-available) tools can be applied that specifically query these
large-scale genome-wide datasets to screen the first, relatively large set of candidate
variants for functional characteristics. Haplotype blocks are highly diverse in size, with
an average length of 20-50 kb; however, some loci are >> 100 kb long, containing more
than 1000 variants, while others are much smaller with only several variants that display
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significant associations®. If the associated haplotype locus is not too long, the locus can be
profiled by assessing the datasets without the use of a bioinformatics tool, but instead the
datasets can be loaded into a genome browser like UCSC (http://genome.ucsc.edu/)® or IGV
(www.broadinstitute.org/igv/)®® for visual inspection. Mapping of epigenetic characteristics
using ChlP-seq datasets, combined with accessibility data and evolutionary sequence
conservation can identify potential regulatory elements in a region of interest. Additionally,
several online available bioinformatics tools such as JASPAR®” or TRANSFAC® can be used
to computationally predict TF binding within such a region. Important to note is that with
all applied in silico approaches, using bioinformatics tools and/or visual inspection, false
positive and false negative results can be obtained. This is most probably due to the high
tissue-specific characteristics of regulatory elements, resulting into the possibility to miss
data leading to the absence of valid results (false negative) as well as the possibility of SNPs
being predicted to influence regulatory signals in irrelevant tissues (false positive)®. This
can be essentially avoided by carefully choosing regulatory datasets that are acquired in
relevant cell-types or tissues.

Following the selection of candidate variants, a wide range of experimental
approaches should be applied to confirm and if necessary further pinpoint the functional
variant.

Towards identification of the target gene(s)

SNPs that disrupt a coding sequence of a gene can clearly implicate the corresponding
phenotype-associated gene. However, identifying the target gene of noncoding variants can
be more challenging. Expression of genes is highly heritable and regulated in a dedicated, and
often tissue-specific manner. If a noncoding SNP is involved in the transcriptional regulation
of a gene, the expression of that gene should correlate with the SNP-genotype, which should
be investigated by measuring gene expression levels with Reverse-Transcription quantitative
PCR (RT-gPCR) or (targeted) RNA sequencing, and linking these expression levels with the
genotypes of the SNP(s) of interest. This approach can be applied when already existing
functional evidence prioritizes a candidate gene (e.g. OCA2), or when the associated
haplotype locus contains only a few genes. However, when the haplotype locus is relatively
large containing numerous SNPs and genes, and the target gene(s) is (are) unknown, a less
laborious approach, such as analyzing eQTLs, should first be applied to prioritize candidate
target genes.

Genetic associations that correlate with gene expression are known as expression
quantitative trait loci (eQTL)®*>*, and it was shown in multiple studies that GWAS signals
are enriched with eQTL in a tissue-specific manner. Studying eQTL can therefore be very
useful for (further) understanding genetic association signals, and for the identification and/
or confirmation of (candidate) target genes. Several (online) resources such as GeneVar are
now available to analyze eQTLs®. No prior knowledge of functional mechanisms is needed
for the associations between alleles and target genes, as the eQTL signals are annotated in
an unbiased manner. However, it is particularly crucial to study eQTL effects in appropriate
tissue or cell types, as 50-90% of eQTL are estimated to be tissue-specific®®®* and as already
noted previously, the trait-associated variants are also known to exert tissue-specific
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effects®?. Besides tissue dependency, other influencing factors should additionally be
considered when studying eQTL data, such as cis and trans-acting effects®®, composition of
the haplotype®, coding and noncoding RNAs®, alternative splicing® and variation in mRNA
stability?’”. Finally, experimental confirmation of potential links between genotype and gene
transcription that were highlighted by eQTL analysis is highly recommended.

Experimental confirmations of the putative SNP function

Elucidation of the involved regulatory mechanism and verification of the obtained in silico
and computational prediction data requires extensive experimental studies. As these
regulatory mechanisms are often highly tissue-specific, the use of relevant cell lines and/or
human or mouse tissue is crucial. Molecular methodologies such as ChIP-qPCR and FAIRE
or EpiQ should be employed to study transcription factor binding, histone modifications
and chromatin accessibility at the regions of interest. RT-qPCR analysis should be used to
confirm eQTL data and/or prioritize target genes in (a larger sample set of) relevant cell
lines or tissue. Besides confirmatory analyses, it is also highly informative to include allele-
specific analyses of the regulatory characteristics by selecting suitable cell lines or tissue
samples with different genotypes of the functional variant(s). Ideally, cell lines or tissue
samples that are heterozygote for the functional SNP should be used to compare regulatory
characteristics of the opposite alleles in the same cellular environment, which excludes the
possibility of differential trans-acting factors instead of the allelic differences to modulate the
detected variation in transcriptional regulation. Following (allele-specific) characterization
of a potential enhancer element, its activity can be tested using reporter assays. In these
assays, regulatory elements with either the minor allele or the common allele are cloned
into a promoter-driven reporter construct and transiently transfected into relevant cell lines.
Comparing the effects of the different alleles on the activity of the enhancer then provides
further insight into the mode-of-action of the enhancer element.

Even more powerful are the more recently developed genome-editing technologies
such as TALEN (transcription activator-like effector nuclease) and CRISPR (clustered regularly
interspaced short palindromic repeats)/Cas (CRISPR-associated genes)®®®, that can be
used to artificially generate a cell line or mouse model of genetic association variants by
introducing mutations into the genome. In these model systems the regulatory mechanisms
can be studied by employing molecular methodologies as described above in order to
elucidate the functional biology that underlies the associated variant. Additionally, the
CRISPR/Cas system allows mutagenesis at multiple loci in one cell, which provides the
possibility to study the joint effects of multiple association variants®.

Regulatory elements such as enhancers and silencers are typically located more
than 1 kb away from their target genes, and regulate transcription through long-range
interactions, mediated by the formation of chromatin loops'®. Once a regulatory element
and its target gene(s) have been identified, chromatin conformation capture (3C) analysis
can reveal the presence of potentially allele-specific chromatin interactions between the
enhancer and the promoter(s) of the target gene(s)'*?, which finally provides direct evidence
for a regulatory variant that was initially identified by a GWAS to modulate enhancer activity,
and loop formation between the enhancer and the promoter region of its target gene, and
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subsequently regulates expression of that gene.

Genetic variation in noncoding RNAs

Although most post-GWAS focus on cis-regulatory variation to explain phenotype-
association, itis also possible that associated noncoding DNA variants affect other processes
like RNA splicing or gene expression regulation mediated by noncoding RNAs (ncRNAs).
These regulatory ncRNAs can be separated into two categories; small RNAs (< 200 bp) such as
microRNAs (miRNAs), and long noncoding RNAs (IncRNAs; > 200 bp). Whether all ncRNAs are
functional, and if so, their precise biological function remains to be determined. Numerous
studies reported the involvement of ncRNAs in a broad variety of biological functions®, for
example, miRNAs are implicated to function as post-transcriptional repressors by binding to
3’UTRs of target mRNAs'®. Recent studies indicated that genetic variation directly changing
the miRNA sequence or modifying their complementary sequence on target mRNAs affects
miRNA repressive functions, resulting into altered target gene expression and the associated
phenotypel®+105,

With the emergence of next-generation deep sequencing many IncRNAs that
were initially considered to be junk RNA transcribed from junk DNA, were identified by,
for example, the ENCODE project (>9.000 IncRNAs). Moreover, numerous reports assigned
different functions to individual IncRNAs, including involvement in (different levels
of) transcriptional regulation, scaffolding, and organization of chromatin and nuclear
structure!®?. Some IncRNAs are transcribed from intergenic regions of the human genome?®,
and it was reported recently that these regions often overlap with genomic regions that
are associated with disease risk'”’. Genetic variants might, for example, alter the IcnRNA
sequence, or modulate expression of IncRNAsX"1 Alternatively, genetic variants might
alter the complementary sequence of the target gene. These scenarios all affect IncRNA
function and subsequent transcriptional regulation of target genes, possibly resulting into the
associated phenotype. Studying noncoding RNAs, and the involvement of genetic variations
herein, requires another level of sequencing technologies, as for example standard RNA-
seq is not sufficient to identify rare transcripts such as IcnRNAs. Following identification
of IncRNAs potentially affected by genetic variants, combination of methods, comparable
with the functional approach for regulatory association variants can be applied to elucidate
the underlying mechanism. Furthermore, it was recently discovered that another class of
IncRNAs are transcribed directly from transcriptional enhancer elements (eRNAs), and it is
suggested that these eRNAs are involved in the binding of the Mediator complex to bridge to
the core promoter of the target gene, securing a stable transcription initiation process'*,

Genetic variation in coding regions with regulatory potential

So far, coding SNPs were only considered for their potential to alter protein function or
structure; however, several studies?*'” provide evidence that this assumption needs some
reevaluation. The coding proportion of the human genome is highly redundant, in which
most amino acids can be defined by two or more synonymous codons!®, The observed
ratios of synonymous codons are however highly nonrandom and the choice of codons used
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is greatly biased in some proteins, suggesting additional regulatory mechanisms operating
in certain protein-coding areas of the genome!'®12°, Recently, Stergachis et al''? found that
about 15% of human codons are dual-use codons (‘duons’) that simultaneously specify both
amino acids and TF recognition sites. Furthermore, more than 17% of DNA variants that are
associated with a trait or disease phenotype are located in these regions and potentially
affect transcription factor binding. This is particularly interesting for those coding association
variants that do not alter protein-codes, instead they might modulate regulatory activities of
a duon. The precise mechanisms of these exonic regulatory elements are not yet unraveled,
but one could think of triggering alternative promoters with different transcriptional start
sites resulting into alternative protein products, acting as a distal enhancer element for a
neighboring gene or affecting higher-order chromatin structures. Thus, when studying the
functional impact of genetic associations that are located in exonic regions, one should not
only focus on the protein code, but also on the regulatory potential of that region.

Biological function of the target gene

The final step in going from GWAS to function is to establish the biological role of the
genes regulated and/or affected by the identified functional SNPs. Exploring the biological
function of the proteins encoded by the target genes is undeniably crucial, as these proteins
are directly determining the biological function that underlies the associated phenotype
and will provide valuable insights in the fundamental mechanisms of human complex traits,
such as pigmentation phenotypes, and diseases. Various experimental approaches using
cell lines, primary tissues and in vivo models will need to be applied to fully elucidate the
biological function and the involvement of the target gene in the studied phenotype.

Concluding remarks

The work | describe in this thesis provides and applies a detailed step-wise strategy to
elucidate the functional biology underlying genetic association signals, using pigmentation
traits as a phenotype and study model. Even though the described strategy might provide
strong (experimental) evidence that a SNP is the direct cause of any given phenotypic
association, it is however unlikely that absolute and definitive proof of such a causality
of a noncoding, regulatory SNP will be found. This is most probably due to the fact that
a complex phenotype such as pigmentation is not caused by one particular SNP, but the
result of combinations of causal SNPs, (tissue-specific) regulatory elements and target
genes. Additionally, SNPs can act in unexpected cell types or be involved in yet undefined
mechanisms of which the effects cannot yet be anticipated. It is therefore going to be difficult
to determine the exact contribution of one particular SNP. Nonetheless, the knowledge that
can be obtained at present using the described research strategy as | demonstrated with
this thesis, paves the way to discover and reveal more and more complex mechanisms,
bringing us closer to elucidating the genetic basis of complex traits and diseases. It also
allows us to understand why the SNPs studied in this thesis carry a (strong) predictive effect.
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Summary

Pigmentation is one of the most obvious visual characteristics found in humans. Variation
in human pigmentation is mainly due to differences in amount, type and distribution of
melanin synthesized in melanocytes. Many genes have been shown to be involved in the
pigmentation pathways, and as a result of high-throughput screening of DNA in genome-wide
association studies (GWASs), many single nucleotide polymorphisms (SNPs) were shown to
be associated with pigmentation phenotypes. The majority of the SNPs identified via GWASs
(targeting any given normal or disease-related phenotype, including pigmentation) are
located in noncoding regions of the genome, suggesting a regulatory role. In this thesis, the
functional biology behind SNPs strongly associated with human pigmentation phenotypes
is studied. In Chapter 1, | start with introducing human pigmentation, its evolutionary
history and biochemistry, and the mechanisms of melanogenesis. Followed by a background
summary on the molecular genetics of human pigmentation, which includes a review of the
essentials of transcriptional regulation and the key players involved herein.

In Chapter 2 | present the elucidation of the regulatory function of rs12913832. This
SNP is located in intron 86 of the HERC2 gene and it was shown to be highly associated with
human pigmentation phenotypes. Together with my collaborators, | explored the biological
mode-of-action of this strong genetic association experimentally and concluded that
rs12913832 is located in an enhancer element that regulates expression of the well-known
neighboring pigmentation gene OCA2. The activity of this enhancer depends on the allelic
status of rs12913832; when the rs12913832 T-allele is present, the transcription factors LEF1,
MITF and HLTF are recruited by the enhancer, and a long-range chromatin loop is present
between the enhancer and the OCA2 promoter, resulting in elevated transcription of OCA2
and consequently the dark pigmentation phenotype. In contrast, when the rs12913832
C-allele is present, transcription factor binding and loop formation are reduced, resulting
into decreased OCA2 expression and the light pigmentation phenotype.

The genetic association signals identified by GWASs, are so-called lead SNPs that
tag for haplotypes on which the directly functional or causal SNPs reside. This implies
that SNPs prioritized by GWASs might not be the actual functional SNPs, which should be
revealed before being able to elucidate the functional biology underlying the association
signal. In Chapter 3 | addressed the biology behind the SNP rs10756819 located in the
first intron of the BNC2 gene, and together with my collaborators | found that instead of
this skin pigmentation-associated SNP, a nearby intergenic SNP rs12350739 that is in high
linkage disequilibrium with rs10756819, is most likely the causal SNP for the pigmentation-
association signal. The region around rs12350739 is highly conserved and functions as an
enhancer element regulating expression of BNC2 in human skin melanocytes in an allele-
specific manner. Additionally, | describe the identification of an alternative promoter
initiating BNC2 transcription at exon 3, and a tissue-specific enhancer element located 6 kb
upstream of this alternative promoter. | suggest that the genotype-dependent enhancer at
rs12350739 and the tissue-specific intronic enhancer cooperatively boost BNC2 transcription
by both acting on the alternative promoter, resulting into a differentially expressed isoform
that has a specific function in pigmentation pathways.

Regulatory elements are typically located at large distances from their target
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genes, however this generally does not affect the activity of these elements, as they are
able to regulate transcription through long-range interactions, mediated by the formation
of chromatin loops. Focusing on chromatin structure, | characterized, together with my
collaborators, the allele-specific regulatory function of an intronic enhancer that controls
expression of the IRF4 gene in Chapter 4. We found that irrespective of the trans-acting
environment, the activity and the chromatin features of this intronic enhancer strongly
depend on the allelic status of the SNP rs12203592 that it contains. | also demonstrated that
this rs12203592 enhancer physically interacts with the /IRF4 promoter through an allele-
dependent loop, and | suggest that subsequent allele-specific activation of IRF4 expression
is stabilized by another allele-specific loop from the rs12203592 enhancer to an additional
regulatory element in intron 7 of IRF4.

Although it might be concluded from the studies described in Chapter 2, 3 and
4 that the functional characterization of genetic association signals can be relatively
straightforward, the study in Chapter 5 however exemplifies that this can be rather
complex. In this chapter | described the identification of five genomic regions harboring
SNPs that are associated at a genome-wide significant level with skin color phenotypes. The
molecular biology behind the identified SNPs in the 20g22.11 region, representing the least
understood of the 5 identified genomic regions, was experimentally investigated in detail.
Together with my collaborators, | analyzed transcription patterns of all genes spanning the
association signals at 20g22.11 in relevant tissue and cell lines; and correlated this with their
respective pigmentation phenotypes and with the genotypes of the identified pigmentation-
associated SNPs. Profiling the chromatin at 20g22.11 for features of regulatory elements
revealed that the region is transcriptionally active in epidermal cells; however, none of
the regions identified with regulatory potential coincided with the physical locations of
the identified pigmentation-associated DNA variants. Combining the obtained functional
data prioritized two genes that are likely to be involved in pigmentation pathways; EIF252
and GSS. Additionally, evidence is provided that ASIP, a gene well-known to be involved in
pigmentation pathways, acts on the regulation of skin pigmentation from the skin dermis,
rather than from the skin epidermis.

In summary, | describe the transcriptional regulation of several human pigmentation
genes mediated by enhancer elements that harbor pigmentation-associated (LD-)SNPs.
Activity of the enhancers, and subsequently the expression level of the genes that are
controlled by these enhancers, are modulated depending on the allelic status of these SNPs.
Furthermore, GWASs identified a novel SNP associated with skin color differences at region
20g22.11, and, in combination with functional follow-up, this lead to the identification of
two novel genes that are likely to be involved in pigmentation. Finally, in chapter 6, | discuss
the results of chapters 2-5 in a more general context and describe how the highly valuable
information obtained with GWASs can be functionally interpreted to unravel piece-by-piece
the complex pathways of transcriptional regulation, reflecting important steps to be taken
from statistical genetic association towards understanding the biological function. This
is not only useful in deciphering the functional biology of SNPs associated with common
phenotypes like human pigmentation, but also in studying the biology behind disease-
related SNPs. It also provides a functional explanation on why the SNPs studied here are
suitable to predict human pigmentation traits from DNA.
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Samenvatting

De pigmentatie van de mens is één van onze meest opvallende uiterlijke kenmerken.
De diversiteit in humane pigmentatie wordt voornamelijk bepaald door de variatie in
hoeveelheid, hettype endedistributie van melanine datin melanocyten wordt geproduceerd.
Voor diverse genen is bewezen dat ze betrokken zijn bij pigmentatie pathways. Door middel
van het high-throughput screenen van DNA in genoom-brede associatie studies (GWASs),
is aangetoond dat ook veel single nucleotide polymorfismes (SNPs) gerelateerd zijn met
pigmentatie-fenotypes. Het overgrote deel van de SNPs die geidentificeerd zijn via GWASs
(gericht op elk willekeurig normaal of ziekte-gerelateerd fenotype, inclusief pigmentatie)
bevinden zich in non-coderende regio’s van het genoom, en dit suggereert een regulerende
rol voor deze SNPs. In dit proefschrift is de functionele biologie achter de DNA varianten die
sterk geassocieerd zijn met humane huidskleur, bestudeerd. In Hoofdstuk 1 begin ik met een
introductie van humane pigmentatie; de evolutionaire geschiedenis, de biochemie en de
mechanismes van melanogenesis. Vervolgens geef ik een samenvatting van de moleculaire
genetica van humane pigmentatie, waarin ik ook de essenties van transcriptionele regulatie
en de belangrijkste spelers die hierbij betrokken zijn, bespreek.

In Hoofdstuk 2 presenteer ik de regulerende rol van rs12913832. Deze SNP is
gelegen in intron 86 van het HERC2 gen, en het was aangetoond dat het sterk geassocieerd
is met humane pigmentatie fenotypes. Door middel van verschillende experimenten, heb
ik samen met mijn onderzoekspartners de biologische functie van deze sterke, genetische
associatie uitgezocht, waarbij ik tot de conclusie kom dat rs12913832 gelegen is in een
enhancer (‘versterker’) element dat de expressie van het naastgelegen welbekende
pigmentatie gen OCA2 reguleert. De activiteit van deze enhancer is afhankelijk van de allel-
status van rs12913832; wanneer het rs12913832 T-allel aanwezig is worden de transcriptie
factoren LEF1, MITF en HLTF aangetrokken door de enhancer en is er een lange-afstand
chromatine-lus aanwezig tussen de enhancer en de OCA2 promotor. Dit resulteert in
verhoogde transcriptie van OCA2 en zodoende het donkere pigmentatie-fenotype. Het
tegenovergestelde vindt plaats wanneer het rs12913832 C-allel aanwezig is; de transcriptie
factoren worden verminderd aangetrokken en de chromatine-lus formatie is afgenomen, en
dit resulteert in een verminderde OCA2 expressie en het lichte pigmentatie-fenotype.

De genetische associatie signalen, die geidentificeerd worden in GWASs, zijn
zogenaamde aanwijzende SNPs die haplotypes markeren waar de direct functionele of
causale SNPs zich bevinden. Dit impliceert dat SNPs die geprioriteerd worden door GWASs
niet per se de eigenlijke functionele varianten hoeven te zijn. Dit dient te worden onderzocht,
voordat de functionele biologie dat ten grondslag ligt aan het associatie signaal kan worden
opgehelderd. In Hoofdstuk 3 richt ik me op de biologie achter de SNP rs10756819 gelegen in
het eerste intron van BNC2. Samen met mijn onderzoek partners, heb ik ontdekt dat in plaats
van deze pigmentatie-gerelateerde variant, een nabijgelegen intergene SNP; rs12350739
— dat in hoog ‘gekoppeld disbalans’ (‘linkage disequilibrium’(LD)) is met rs10756819
— hoogstwaarschijnlijk de daadwerkelijk causale DNA variant is voor het pigmentatie
associatie signaal. De regio rondom rs12350739 is sterk evolutionair geconserveerd en
functioneert als een enhancer element dat, op een allel-specifieke manier, de expressie van
BNC2 reguleert in humane huidmelanocyten. Verder beschrijf ik de identificatie van een
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alternatieve promotor welke de BNC2 transcriptie initieert vanaf exon 3, en een weefsel-
specifiek enhancer element dat 6 kb opwaarts ligt vanaf de alternatieve promotor. Ik
suggereer dat de genotype-afhankelijke enhancer bij rs12350739 en de weefsel-specifieke
enhancer in intron 2, codperatief transcriptie van BNC2 stimuleren, door beiden invloed uit
te oefenen op de alternatieve promotor. Dit resulteert in een BNC2-isoform dat differentieel
tot expressie komt met een specifieke functie in de pigmentatie biologie.

Regulerende elementen liggen vaak op grote afstand van hun doelwit genen, maar
dit beinvloedt de activiteit van deze elementen gewoonlijk niet, omdat ze in staat zijn
transcriptie te reguleren door middel van lange-afstand interacties die tot stand komen door
chromatine lussen. In Hoofdstuk 4 beschrijf ik hoe een intronische enhancer de expressie
van het IRF4 gen controleert, waarbij de activiteit en de chromatine-eigenschappen van
deze enhancer onafhankelijk zijn van de trans-agerende omgeving, maar daarentegen wel
sterk bepaald worden door de allel-status van de SNP rs12203592, welke zich in de enhancer
bevindt. Verder beschrijf ik dat deze r12203592-enhancer fysiek contact maakt met de
promotor van IRF4 door middel van een allel-afhankelijke chromatine lus, en suggereer ik
dat allel-specifieke activatie van IRF4 expressie gestabiliseerd wordt door een andere allel-
specifieke chromatine lus tussen de rs12203592-enhancer en een alternatief regulerend
element in intron 7 van IRF4.

Alhoewel vanuit de studies beschreven in Hoofdstuk 2, 3 en 4, geconcludeerd
kan worden dat de functionele karakterisatie van genetische associatie signalen redelijk
rechttoe-rechtaan is, laat de studie beschreven in Hoofdstuk 5 duidelijk zien dat dit
behoorlijk complex kan zijn. In dit hoofdstuk beschrijf ik de identificatie van 5 genomische
regio’s die SNPs herbergen, en die significant geassocieerd zijn (op een genoom-breed
niveau) met huidskleur fenotypes. De moleculaire biologie achter de geidentificeerde
SNPs in één van de 5 regio’s dat vooralsnog het minst verklaard is, de 20g22.11 regio, is
experimenteel in detail onderzocht. We hebben de expressie patronen geanalyseerd van
alle genen waarin de associatie signalen in de 20g22.11 regio gelegen zijn in relevante
weefsels en cel lijnen, en we hebben deze gen expressie patronen gecorreleerd met de
respectievelijke pigmentatie fenotypes en met de genotypes van de geidentificeerde DNA
varianten. Het chromatine profiel van de 20g22.11 regio met kenmerken van regulerende
elementen onthulde dat de regio transcriptioneel actief is in zowel epidermale melanocyten
als epidermale keratinocyten. Desalniettemin viel geen enkele regio dat geidentificeerd was
als potentieel regulatoir samen met de fysieke locatie van de geidentificeerde SNPs die
geassocieerd zijn met huidpigmentatie. Door de verkregen data te combineren konden twee
genen, namelijk EIF252 en GSS, worden geprioriteerd als genen die waarschijnlijk betrokken
zijn bij pigmentatie pathways. Daarbij laat ik ook zien dat ASIP, een welbekend pigmentatie
gen, invloed uitoefent op de regulatie van huidpigmentatie vanuit de dermis en niet vanuit
de epidermis van de huid.

Samenvattend; ik beschrijf hoe de transcriptionele regulatie van verscheidene
pigmentatie genen beinvloed wordt door enhancer elementen waarin pigmentatie-
geassocieerde (LD-)SNPs gelegen zijn. Deze SNPs beinvioeden de activiteit van deze
enhancers, en dientengevolge de expressie niveaus van de genen die onder controle staan
van deze enhancers, op allel-specifieke wijze. Bovendien werd door middel van GWASs
een SNP in de 20g22.11 regio geidentificeerd als geassocieerd met huidskleurverschillen,
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en in combinatie met functionele vervolganalyses resulteerde dit in de identificatie van
twee nieuwe genen die waarschijnlijk betrokken zijn in pigmentatie biologie. Ik besluit
dit proefschrift in Hoofdstuk 6 met een algemene discussie waarin ik de resultaten van
Hoofdstuk 2-5 in een meer algemene context plaats. Ook beschrijf ik hoe de waardevolle
informatie die verkregen wordt met GWASs gebruikt kan worden om stukje bij beetje de
complexe pathways van transcriptionele regulatie te ontrafelen. Tevens worden essentiéle
stappen besproken, die genomen moeten worden om vanuit een statistische genetische
associatie, de onderliggende biologische functie te begrijpen. Dit is niet alleen bruikbaar
bij het ontcijferen van de functionele biologie achter de SNPs die geassocieerd zijn met
algemene fenotypes zoals pigmentatie van de mens, maar ook bij het bestuderen van de
biologie achter ziekte-gerelateerde DNA varianten. Het levert ook een biologische verklaring
op waarom de SNPs die in dit proefschrift bestudeerd zijn, geschikt zijn om pigmentatie
eigenschappen te voorspellen.
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