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We take a comprehensive approach to the study of regulatory control of gene expression in melanocytes that proceeds
from large-scale enhancer discovery facilitated by ChIP-seq; to rigorous validation in silico, in vitro, and in vivo; and
finally to the use of machine learning to elucidate a regulatory vocabulary with genome-wide predictive power. We
identify 2489 putative melanocyte enhancer loci in the mouse genome by ChIP-seq for EP300 and H3K4mel. We
demonstrate that these putative enhancers are evolutionarily constrained, enriched for sequence motifs predicted to bind
key melanocyte transcription factors, located near genes relevant to melanocyte biology, and capable of driving reporter
gene expression in melanocytes in culture (86%; 43/50) and in transgenic zebrafish (70%; 7/10). Next, using the se-
quences of these putative enhancers as a training set for a supervised machine learning algorithm, we develop a vocabulary
of é-mers predictive of melanocyte enhancer function. Lastly, we demonstrate that this vocabulary has genome-wide
predictive power in both the mouse and human genomes. This study provides deep insight into the regulation of gene
expression in melanocytes and demonstrates a powerful approach to the investigation of regulatory sequences that can be

applied to other cell types.

[Supplemental material is available for this article.]

Regulation of gene expression at the level of transcription is an
essential process in all organisms. In eukaryotes, DNA sequence
elements known as enhancers play a major role in regulating
transcription. Enhancers direct an increase in the expression of
one or more target genes in cis, and their activity is typically re-
stricted to specific cell types. Though the molecular mechanisms
by which enhancers function are not fully understood, it is gen-
erally accepted that they are composed of short sequence motifs
that bind transcription factors (TFs) (Noonan and McCallion
2010). These TFs recruit transcriptional coactivators such as EP300,
CREBBP, and members of the Mediator complex (Panne et al. 2007;
He et al. 2011b), and this enhancer-bound complex of TFs and
coactivators then mediates an increase in the expression of a target
gene at least in part through direct interaction with the basal
transcriptional machinery present at the gene’s promoter (Ong
and Corces 2011; Chepelev et al. 2012). Epigenetic modifications
are also thought to play a significant role in enhancer function, as
it is well established that histones in the vicinity of enhancers bear
characteristic modifications, including H3K4mel (Heintzman
et al. 2007, 2009) and H3K27Ac (Creyghton et al. 2010).

The identification of enhancers in eukaryotic genomes is
challenging, due in large part to the expansive search space of
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noncoding sequence in which enhancers can reside. The recent
integration of chromatin immunoprecipitation (ChIP) with mas-
sively parallel/next-generation sequencing (ChIP-seq) or micro-
array hybridization (ChIP-chip) facilitates the identification of loci
bound by enhancer-related proteins and/or modified histones in
a cell or tissue type of interest. Among the many ChIP targets used
in this way to identify putative enhancers, the transcriptional
coactivator EP300 and the histone modification H3K4mel have
proven particularly effective (Heintzman et al. 2007, 2009; Visel
et al. 2009a; Blow et al. 2010; Bulger and Groudine 2011). Though
ChIP-seq and ChIP-chip have dramatically increased the through-
put with which putative enhancers can be identified, it remains
important to thoroughly analyze the identified loci using bio-
informatics-based tools and reporter assays before drawing con-
clusions about their function.

Enhancer identification is one step in a larger effort to un-
derstand the DNA sequence features that underlie enhancer
function. These sequence features provide insight into the mo-
lecular mechanisms of transcriptional regulation and can be used
to predict the impact of variation in regulatory sequence, much in
the same way that the canonical genetic code can be used to pre-
dict the impact of variation in protein-coding sequence. We apply
a recently developed strategy to identify sequence features pre-
dictive of enhancer function (Lee et al. 2011), which uses a super-
vised machine learning algorithm based on the concept of a sup-
port vector machine (SVM). Importantly, this strategy does not
require any prior knowledge of TF binding specificities and thus
has the potential to identify completely novel predictive sequence
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Enhancer discovery and regulatory vocabulary

features. Furthermore, this strategy performs well on large se-
quence sets, allowing for accurate prediction of additional en-
hancer sequences genome-wide.

In this study we investigate regulatory control of gene ex-
pression in epidermal melanocytes, the pigment-producing cells
that generate skin and hair color. These cells also play a central role
in several pathological phenotypes, including melanoma, albi-
nism, and vitiligo (for review, see Lin and Fisher 2007). These
qualities, along with extensive knowledge about the key TFs and
developmental origins of melanocytes (Silver et al. 2006; Hou and
Pavan 2008; Thomas and Erickson 2008), make this lineage an
attractive model system for the study of enhancers. We employ
ChIP-seq for EP300 and H3K4mel to identifty melanocyte en-
hancers genome-wide. We use a novel set of criteria that takes into
account both EP300 and H3K4me1 to define a single set of putative
enhancers, and validate these enhancers through a series of in
silico, in vitro, and in vivo analyses. Having validated the identi-
fied enhancers, we use them as a training set for a machine
learning algorithm, developing a comprehensive vocabulary of
6-mers predictive of melanocyte enhancer function with power to
predict additional melanocyte enhancers
in the mouse and human genomes. Our
data establish an extensive body of knowl-
edge about regulatory control in melano-
cytes, which is relevant to phenotypic
variation and disease. Moreover, we dem-
onstrate a comprehensive approach that
integrates ChIP-seq and machine learning
to discover lineage-dependent enhancers
and reveal the sequence vocabulary un-
derlying their function.
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peak is flanked on both sides by strong H3K4mel enrichment.
To further assess the relationship between EP300 and H3K4mel
in melanocytes, we examined the distribution of H3K4mel
ChIP-seq reads relative EP300 peaks genome-wide. We found that
H3K4mel enrichment flanking EP300 peaks is a striking genome-
wide trend (Fig. 1C,D), similar to observations made in other cell
types (Heintzman et al. 2007, 2009; Ghisletti et al. 2010).

A specific EP300/H3K4mel ChlP-seq signature identifies
melanocyte enhancers genome-wide

To identify a finite set of putative enhancers, we looked genome-
wide for loci bearing the signature observed at previously charac-
terized melanocyte enhancers, i.e., at which an EP300 peak is
flanked by H3K4mel enrichment. First, we identified a set of
H3K4mel-flanked regions at which adjacent H3K4mel peaks are
separated by between 100 and 1500 bp (n = 21,189). This distance
of 100-1500 bp was chosen based on the range of intervals be-
tween adjacent H3K4mel peaks at known melanocyte enhancers
(Supplemental Fig. S1). Next, we identified all EP300 peaks that
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We sought to identify a large set of puta-
tive melanocyte enhancers from which
we could derive a predicative sequence
vocabulary. We began our enhancer iden-
tification by performing ChIP-seq for both
EP300 and H3K4mel in a line of immor-
talized melanocytes (melan-a) derived from
Ink4a-Arf-null mice on a C57BL/6] back-
ground (Bennett et al. 1987; Sviderskaya
et al. 2002). We identified 3622 and 59,965
ChIP-seq peaks for EP300 and H3K4mel,
respectively. We expected a priori that both
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EP300 and H3K4me1 would be enriched at
melanocyte enhancers loci, based on simi-
lar findings in other cell types (Barski
et al. 2007; Heintzman et al. 2009; Visel
etal. 2009a; Wang et al. 2009). Consistent
with these observations, we confirmed
the presence of enrichment for these
factors at previously characterized me-
lanocyte enhancers (Fig. 1A,B; Supple-
mental Table S1). More specifically,
we observed that a central EP300 peak
overlaps these enhancers and that this
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Figure 1. EP300 and H3K4me1 ChlIP-seq signature at melanocyte enhancers. (4, left) Schematic of
chr15:78,984,500-79,034,500 (UCSC Genome Browser; mm9) showing Sox10 and previously char-
acterized melanocyte enhancer Sox10 MSC#5. (Right) Detailed view of the region immediately sur-
rounding Sox10 MSC#5 (chr15:79030709-79033709), showing ChIP-seq data for EP300 (green) and
H3K4me1 (blue) in melan-a. Rectangles are ChIP-seq peaks, and colored vertical bars below peaks show
density of ChIP-seq reads in 10-bp bins. Gray bars at the bottom of inset show the phastCons score
(Euarchontoglires). (B) Same scheme as in A, but showing the interval chr7:94,575,283-94,662,322
containing the Tyr gene and previously characterized melanocyte enhancer Tyr DRE-15kb. Interval
shown to the rightis chr7:94655287-94658287. (C) Number of ChIP-seq reads for H3K4me1 (blue, left
axis) and EP300 (green, right axis) in a 5-kb window around the summits of 3622 EP300 peaks (averaged
in 100-bp bins). (D) Heatmap showing the number of H3K4me1 ChIP-seq reads in a 3-kb window
around 3,622 EP300 peaks.
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overlap an H3K4mel-flanked region. This approach, represented
schematically in Figure 24, yields 2489 loci at which an EP300
peak falls in a region flanked by H3K4mel peaks. Hereafter we
refer to these 2489 loci as “putative melanocyte enhancers”
(Supplemental Tables S4-S7). These putative melanocyte en-
hancers include previously reported enhancers at Tyr and Sox10
(Murisier et al. 2007; Antonellis et al. 2008), as well as novel en-
hancers at a number of other genes central to melanocyte biology,
including Mitf, Tyrp1, Kit, and McIr (Supplemental Fig. S2). For
downstream analysis, we use the summit of the EP300 peak as
a surrogate for the center of a given enhancer, and where neces-
sary, we use the boundaries of the EP300 peak as surrogates for the
enhancer’s boundaries.

Several additional lines of evidence support the imputed
function of these 2489 putative melanocyte enhancers. First, the
putative melanocyte enhancers show evolutionary sequence con-
straint (Fig. 2B), providing independent evidence of their func-
tional significance. Second, these putative melanocyte enhancers
are enriched for sequence motifs predicted to bind key melanocyte
TFs, including SOX10 and MITF, as detected by DREME (Fig. 2C;
Bailey 2011). Mutations in SOX10 and MITF in humans cause
Waardenburg syndrome (WS), a pleiotropic neural crest disorder
with characteristic pigmentary defects (SOX10 mutations cause
WS type 2E OMIM:611584 and 4C OMIM:613266; MITF muta-
tions cause WS type 2A OMIM:193510) (McKusick 1998; http://
omim.org/), and both TFs are involved in the pathogenesis of
melanoma (Cronin et al. 2009; Harris et al. 2010). Third, analysis
with GREAT (McLean et al. 2010) reveals that genes proximal to
the putative melanocyte enhancers (within ~50 kb; see GREAT
methods) are significantly associated with Gene Ontology (GO)
terms relevant to melanocyte biology, including melanoma,

melanosome, pigmentation, and melanocyte differentiation (Ta-
ble 1). Furthermore, using previously reported gene expression
data for the melan-a line (Buac et al. 2009), we found that pu-
tative melanocyte enhancers are enriched near the most highly
expressed genes and depleted near genes that are not expressed at
appreciable levels (Fig. 2D), reflecting the expected distribution of
active melanocyte enhancers.

Although the 2489 putative melanocyte enhancers are
enriched within 100 kb of highly expressed genes, they are not
enriched in a 1-kb window immediately adjacent to the tran-
scription start site (TSS) of these genes (Fig. 2E). This suggests that
the enhancers identified are truly distal-acting and include very
few, if any, proximal promoter elements. In contrast, EP300 peaks
that are not flanked by H3K4me1l are far more likely to overlap
annotated TSSs (Fig. 3A). This trend is also true for additional
cell types in which data are available from the ENCODE and
modENCODE Project consortia (The ENCODE Project Consortium
2007; The modENCODE Project Consortium 2009). Furthermore,
in these cell types the non-H3K4mel-flanked EP300 peaks show
markedly higher levels of ChIP-seq enrichment for RNA poly-
merase II and the promoter-associated modification H3K4me3
(Fig. 3B). Consistent with these observations, we noted several
melan-a EP300 peaks at the promoters of melanocyte-related genes
that have H3K4me1 enrichment on one side (upstream of the TSS)
but are not flanked (Supplemental Fig. S3). Somewhat surprisingly,
EP300 peaks that are not flanked by H3K4me1 also show higher
levels of binding for CTCF in the ENCODE cell types examined
(Fig. 3B). CTCF plays a central role in the function of insulator
elements (Bell et al. 1999) and in physical organization of chro-
matin (Phillips and Corces 2009). In further comparing H3K4me1-
flanked and non-H3K4mel-flanked EP300 peaks, we found that
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Figure 2. H3K4meT-flanked EP300 peaks have multiple characteristics of melanocyte enhancers. (A) Visual representation of our approach to identify
putative melanocyte enhancers (described in text and Methods). (B) Average phastCons score (vertebrate, mm9) in a 1.5-kb window around the summit
of 2489 putative melanocyte enhancers. (C) Top four motifs enriched in sequences of putative enhancers, with corresponding E-values (enrichment
P-value times number of motifs tested; calculated by DREME) and factors predicted to bind to these motifs. (D) Number of putative enhancers in 1-MB
window (100-kb bins) around the TSS of 2000 genes with the most abundant transcripts in melan-a (dark red), 2000 genes with least abundant transcripts
in melan-a (light red), and 2000 randomly selected genes (white; average of five sets with SD represented by error bars). (E) Similar analysis to D, but

using a 10-kb window and 1-kb bins.
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Table 1. Gene Ontology (GO) terms associated with genes proximal to putative melanocyte

We also assayed three previously charac-

enhancers terized melanocyte enhancers for refer-
GO category Melanocyte-related GO term P-value ence, which directed expression at levels
11-fold, 42-fold, and 51-fold higher than
Biological process Pigmentation 1.3 x 107  theminimal promoter alone, respectively
Melanocyte differentiation 1.5 % 10’; (Supplemental Fig. $4B). However, it should
Pigment cell differentiation 2.0 X107 be noted that these three enhancers are
l?ﬂee\ll:LOIETﬂeer;;i)loqil??I’eor(‘jteastslon 2; § }8,5 not directly comparable to our test se-
Mouse phenotype Abnormal hair follicle melanocyte morphology 3.1x10°°  quences because the critical regions of
Abnormal melanocyte morphology 1.5x 10°%  these enhancers have been refined in pre-
Abnormal extracutaneous pigmentation 6.8 x 1078 vious studies. In this assay, a given en-
Hypopigmentation 8.3 x 107; hancer will show highest activity when
Abnormal hair follicle melanin granule morphology 1.8 X 10~ . . . .
Absent hair follicle melanin granules 23x10°° the amplified region contains the motifs
White spotting 2.7 %103 critical for enhancer function with as lit-
Abnormal melanosome morphology 7.4 X 10:2 tle additional sequence as possible.
ébl?ormal Tel?”OblaSt migration zi i 1874 To further validate the biological
Disease ontology l\/?elc':]goig: color 4.1 x 10-19  activity of the putative enhancers, we
Melanocytic neoplasm 7.4 x 10°'° tested the ability of a subset (n = 10) to
Waardenburg syndrome 9.3x10°¢ appropriately direct melanocyte expres-
Cellular component Melanosome 1.3x 107"

sion of a GFP reporter in vivo in trans-

H3K4mel-flanked peaks have higher levels of EP300 enrichment
than non-H3K4me1-flanked peaks (P = 2.5 X 10~%) (Fig. 3C).
Collectively, these data show that our set of 2489 candidate
loci is highly enriched for bona fide melanocyte enhancers. By
selecting only those EP300 peaks that overlap H3K4me1l-flanked
regions, we obtain a set of putative melanocyte enhancers with
stronger EP300 binding that includes fewer regions containing
sequence features of nonenhancer regulatory elements such as
promoters and insulators. Importantly, these characteristics of our
approach are particularly well suited to the creation of a training
set from which key sequence features of enhancers can be ex-
tracted. Furthermore, our results add to a growing body of evidence
linking EP300 and H3K4mel to enhancer function and suggest the
existence of functionally distinct subsets of EP300 peaks that can
be distinguished to some extent by proximal histone modifications.

Identified melanocyte enhancers direct reporter expression
in melanocytes in vitro and in vivo

Given the evidence already supporting the role of the identified
putative melanocyte enhancers in melanocyte regulatory control,
we next sought to validate their biological activity in reporter as-
says. To this end, we first selected 50 putative enhancers at random
from the full set of 2489 and analyzed each one for its ability to
direct expression of a luciferase reporter gene in the melan-a line.
We found that 86% (43/50) of enhancers tested increase reporter
expression greater than threefold relative to the minimal promoter
alone (Fig. 4A; Supplemental Table S2). Moreover, 72% (36/50) of
enhancers tested increase reporter expression more than fivefold,
and 48% (24/50) increase expression more than 10-fold relative to
the minimal promoter alone. As there is considerable variation in
the activity of melanocyte enhancers in this assay, we tested an
additional 10 regions as negative controls. These regions were
matched to our putative enhancers in average size and GC content
but did not have significant EP300 or H3K4me1l ChlIP-seq enrich-
ment. None of these negative control regions increase reporter
expression more than threefold relative to promoter alone (Sup-
plemental Fig. S4A). As expected, the difference in reporter ex-
pression between putative enhancers and negative control regions
is highly significant (P = 9.6 X 1077 by two-tailed t-test) (Fig. 4B).

genic zebrafish. We used an established

pipeline for analyzing putative enhancers
in zebrafish (Fisher et al. 2006a,b; McGaughey et al. 2008; Prasad
et al. 2011), which we have previously used to analyze melanocyte
regulatory elements at Sox10 (Antonellis et al. 2008) and GPNMB
(Loftus et al. 2009). The 10 putative enhancers tested were chosen
at random from the 50 analyzed in vitro as described above. We
found that 70% (7/10) of enhancers tested direct GFP expression
in the melanocytes of mosaic transgenic zebrafish (Fig. 5; Sup-
plemental Table S3). The observed reporter expression is consis-
tent with what we have seen previously when assaying melano-
cyte enhancers (Loftus et al. 2009) and is highly specific to
melanocytes (Supplemental Fig. S5). We do not see consistent ex-
pression in other tissues with any of the seven positive constructs,
with two exceptions that result from inherent artifacts of the assay:
(1) We always see background GFP expression in the yolk (into
which the construct is injected at day 0); and (2) we often see ex-
pression in skeletal muscle, which we suspect is caused by a cryptic
regulatory sequence in the backbone of the reporter construct that
we have been unable to locate. One melanocyte-negative construct
(putative enhancer 25) did drive consistent expression in ganglia
of the peripheral nervous system (PNS). Interestingly, the PNS and
melanocytes both arise from the neural crest during embryonic
development.

The results of these functional assays demonstrate that the
majority of putative melanocyte enhancers can direct gene ex-
pression in melanocytes both in vitro and in vivo, providing strong
additional evidence that the identified loci function as melanocyte
enhancers.

Machine learning reveals sequence features that underlie
melanocyte enhancer function

To more thoroughly investigate the sequence composition of me-
lanocyte enhancers, we used the putative enhancers identified by
ChlIP-seq as a training set for a supervised machine learning algo-
rithm based on the statistical framework of a SVM (Lee et al. 2011).
This approach as applied to embryonic mouse enhancers from
other tissues is presented in detail by Lee et al. (2011). Briefly, the
SVM finds an optimal decision boundary to distinguish the set
of enhancers from random genomic regions using sequences of
length k (k-mers) as features. Here, we used the putative melanocyte
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Figure 3. EP300 peaks that overlap H3K4meTl-flanked regions have

distinct properties. (A) Percent of EP300 peaks that directly overlap an
annotated TSS (UCSC Genes; [dark green] peaks that overlap H3K4me1-
flanked regions; [light green] peaks that do not overlap H3K4me1-flanked
regions). Data for Heart (C57bl/6 mouse tissue taken at 8 wk), mES
(Mouse ES-Bruce 4), and GM12878 generated by ENCODE and
modENCODE consortia. (B) Average number ChlP-seq reads per peak for
Pol2 (top row), H3K4me3 (middle row), and CTCF (bottom row) in a 2-kb
window around the summits of indicated EP300 peaks (H3K4me1-flanked
indicated by fl and dark green; non-H3K4me1-flanked, n-fl and light
green). Three columns show data from the heart, mES, and GM12878,
respectively. (C) EP300 ChlIP-seq fold enrichment (determined by MACS)
of EP300 peaks that overlap H3K4me1-flanked regions (fl; darker green),
and EP300 peaks that do not overlap H3K4me1-flanked regions (n-fl;
lighter green). Corresponding P-values calculated by two-tailed t-test.
Numbers of peaks are as follows: melan-a fl, 2489; n-fl, 1133; heart fl,
3324; heart n-fl, 23,236; mES fl, 1258; mES n-fl, 20,062; GM12878 fl,
3404; and GM12878 n-fl, 6703.

enhancers as positive sequences, a 50X larger set of random ge-
nomic regions as negative sequences, and the full set of 2080 dis-
tinct 6-mers as features. We have previously found that 6-mers and
7-mers are more informative in these analyses than are k-mers of
other lengths, and we prefer 6-mers for robustness and ease of in-
terpretation (Lee et al. 2011). SVM training assigns a weight, w, to

each feature (6-mer), which determines its relative contribution
to the decision boundary. The SVM discriminatory function,
fsvm(X) = wx + b, represents the distance of a sequence x from the
decision boundary and determines the predicted class, enhancer or
nonenhancer, of the sequence x. This approach, which we call the
kmer-SVM classifier, has three major advantages: (1) It identifies
the specific sequences recognized by TFs active in melanocytes and
provides independent support for our putative melanocyte en-
hancers based on previously known biology; (2) it allows the
identification of additional melanocyte enhancers outside the
original set of 2489 putative enhancers; and (3) it allows an indirect
assessment of the quality of our putative enhancer set based on its
sequence properties.

After training, we assessed the kmer-SVM classifier by its
ability to accurately predict the class of reserved test sets via five-
fold cross validation, as shown by the area under (au) the receiver
operating characteristic curve (ROC) and precision-recall curves
(PRCs) in Figure 6, A and B. The kmer-SVM trained on putative
melanocyte enhancers achieved auROC of 0.912 and auPRC of
0.297, providing independent verification of the quality of our
experimental enhancer identification.

A key feature of the kmer-SVM is that it produces a list of
features—in this case all unique 6-mers (n = 2080)—and the cor-
responding weight assigned to each feature by the SVM (Supple-
mental Table $10). The SVM weight represents the relative con-
tribution of a given 6-mer to the overall predictive power of the
classifier. Collectively, the list of weighted 6-mers provides a se-
quence vocabulary that is useful in interpreting the primary se-
quence of melanocyte enhancers. Importantly, the most predictive
6-mers (i.e., those assigned the largest SVM weights) correspond to
binding sites for TFs known to be directly involved in melanocyte
biology, including MITE, SOX10, and FOS/JUN (Fig. 6C; Supple-
mental Fig. $6). These 6-mers, and the 6-mer predicted to bind
TEAD], are in agreement with motifs found by DREME to be en-
riched in the training set (see Fig. 2C). It is also notable that one of
the top 6-mers (ranked fourth) is predicted to bind PAX3, a key
regulator of melanocyte differentiation (Lang et al. 2005) which
can cause Waardenburg syndrome type 1 and type 3 when mutated
(OMIM:193500 and OMIM:148820, respectively). In addition,
CREB1, SOXS, and RUNX-family TFs (predicted to bind 6-mers
ranked fifth, eighth, and ninth, respectively) have been shown to
play roles in regulating gene expression in melanocytes (Tada et al.
2002; Raveh et al. 20035; Saha et al. 2006; Kingo et al. 2008; Stolt
et al. 2008; Kanaykina et al. 2010; Mizutani et al. 2010).

Sequenced-based predictions identify additional enhancers
in the mouse and human genomes

Having trained the kmer-SVM classifier, we next sought to de-
termine whether we could use it to predict additional melanocyte
enhancers genome-wide from primary sequence alone. Though
these computational predictions are not likely to be as accurate as
ChIP-seq, demonstrating that the kmer-SVM can predict bona fide
enhancers is a powerful validation of the sequence vocabulary of
weighted 6-mers on which the predictions are based. Furthermore,
the ability to make enhancer predictions from sequence is partic-
ularly useful in genomes for which ChIP-seq data are not readily
available. To make enhancer predictions genome-wide, we first
segmented the mouse genome into 400-bp regions with 300 bp
overlap and scored all regions with the kmer-SVM. The top 10,000
regions were chosen for further analysis, corresponding to an SVM
cut-off score of 1.0 and yielding a precision of 0.74 and recall of
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Figure 4. Putative melanocyte enhancers direct reporter expression in melan-a. (A) Fold increase in luciferase reporter expression directed by indicated
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not shown in box plot (nos. 14, 22, 27, 46).

0.05 estimated from the PR curve in Figure 6B. We then eliminated
any predicted regions overlapping the original training set (508
regions overlapping 348 enhancers from the original training set)
and merged any overlapping regions. None of the six previously
characterized melanocyte enhancers in Supplemental Table S1
overlap a kmer-SVM prediction, though it should be noted that
four are included in the training set as they were bound by EP300
and flanked by H3K4mel (Tyr DRE-15kb, Sox10 MCS4, Sox10
MCSS, Sox10 MCS9).

Ultimately, we obtained a set of 7361 predicted melanocyte
enhancers (Supplemental Table S8). These predicted enhancers
show strong sequence constraint (Fig. 7A), albeit to a lesser extent
than the original set of putative enhancers. In addition, the pre-
dicted enhancers also show an EP300 and H3K4mel ChIP-seq
signature reminiscent of the original enhancer set (Fig. 7B). This
suggests that the kmer-SVM predictions share underlying biology
with the original set of 2489 putative enhancers, though the ChIP-
seq signal at these loci is much lower than at regions detected by
peak calling (Supplemental Fig. S7). We further analyzed the ability
of a subset of the kmer-SVM-predicted enhancers to direct ex-
pression of a luciferase reporter in vitro in melanocytes (n=11). We
found that majority of enhancers tested direct luciferase expres-
sion in vitro more than threefold higher than the minimal pro-
moter alone (8/11; 73%), and several drove expression more than
fivefold (6/11; 55%) and 10-fold higher (3/11; 27%) (Fig. 7C;
Supplemental Fig. S8A). We also tested the enhancer activity of
three predicted enhancers in vivo using the same assay described
above for ChIP-identified enhancers, and found that two of the
three sequences assayed directed expression of GFP in the melano-
cytes of transgenic zebrafish (Supplemental Fig. S8B; Supplemental

Table S3). GFP expression was mostly specific to melanocytes,
though one predicted enhancer (no. 1) also directed expression in
the CNS and otic vesicle. It should be noted that the predicted
enhancers assayed here were chosen from among the predictions
with the highest SVM scores rather than at random (see Methods).

To further demonstrate the power of this approach, we also
made genome-wide enhancer predictions in the human genome in
the same way as described above for mouse. We identified 7788
predicted melanocyte enhancers in the human genome (Supple-
mental Table S9). Like the mouse predictions, the human pre-
dictions show strong sequence constraint (Fig. 7D), even though
conservation was not taken into account when making predic-
tions. The predicted human enhancers display elevated levels of
DNase I hypersensitivity (HS) in human primary melanocytes
(data generated by The ENCODE Project Consortium) (Fig. 7E),
which is a feature of active enhancers (Song and Crawford 2010;
Song et al. 2011). Moreover, the degree of overlap between the
kmer-SVM predictions and DNase I HS peaks is markedly higher in
primary melanocytes and melanoma cell lines than in unrelated
cell types (Fig. 7F), suggesting that the activity of the predicted
enhancers is largely specific to the melanocyte lineage.

The ability of the kmer-SVM classifier to make valid genome-
wide predictions in the mouse and human genomes clearly dem-
onstrates the high information content of the 6-mer vocabulary
derived from our original training set. The kmer-SVM predictions
also augment the catalog of putative melanocyte enhancers iden-
tified in this study by adding an additional 7361 predicted en-
hancers in the mouse and 7788 in humans. Furthermore, the fact
that a classifier trained on mouse sequences can make accurate
predictions in the human genome clearly demonstrates the utility

Genome Research 2295
www.genome.org



Gorkin et al.

the case of nucleosomes at androgen-
responsive enhancers in pancreatic can-
cer cells by He et al. (2010).

Though other studies have employed
ChIP-seq for EP300 alone to identify
putative enhancers with notable success
(Visel et al. 2009a; Blow et al. 2010), we
chose to focus specifically on EP300
peaks flanked by H3K4mel peaks as this
approach minimized the inclusion of
nonenhancer sequence features with the
potential to obscure the sequence vo-
cabulary underlying enhancer function.
Though not the primary focus of this
study, we show that there are significant
differences between the subset of EP300
peaks that are flanked by H3K4mel and
those that are not and that these differ-
ences are consistent across unrelated cell
types. These differences suggest that
there is considerable value in using both
EP300 and H3K4mel data sets together
for enhancer discovery, and that future
studies to further unravel the relationship
between EP300 and H3K4mel are likely
to yield important insights into enhancer
biology.

enh #29 The rates of functional validation we

Figure 5. Putative enhancers direct reporter expression in melanocytes of transgenic zebrafish em-
bryos. (A) Dorsal view of melanocytes on the head of wild-type zebrafish embryo at 3 d post-fertilization
(dpf). (B) Same view as A after treatment with epinephrine, which causes contraction of pigment
granules to the center of the cell and enables the visualization of GFP at the periphery of melanocytes in
transgenic embryos. (C-/) Representative images for all seven enhancers positive in this assay showing
GFP-positive melanocytes in transgenic (mosaic) embryos at 3 dpf after treatment with epinephrine.

Numbering is consistent with Figure 4.

of this approach in identifying enhancers in genomes for which
ChlIP-seq data are not available, and provides direct proof of
regulatory sequence vocabulary conserved between mouse and
human.

Discussion

In this study, we demonstrate an approach to the investigation of
regulatory sequences that integrates ChIP-based enhancer dis-
covery with computational interrogation of sequence composi-
tion. The comprehensive nature of this approach represents a sig-
nificant step forward in our ability to decipher the sequence basis
of regulatory control of gene expression. Importantly, our strategy
can be applied to any cell type of interest for which ChIP-seq and
functional validation are feasible. We began this study by em-
ploying ChIP-seq for EP300 and H3K4mel to discover a large set
of previously unidentified putative melanocyte enhancers. In our
melan-a ChIP-seq data, we observed a striking relationship between
EP300 and H3K4mel, similar to that observed in other cell types
(The ENCODE Project Consortium 2007; Heintzman et al. 2007,
2009; Ghisletti et al. 2010). The bimodal pattern of H3K4me1 ChlIP-
seq signal around EP300 peaks likely reflects the tendency of en-
hancers to be nucleosome depleted (Boyle et al. 2008; Song et al.
2011), and thus the flanking H3K4mel signal arises from posi-
tioned nucleosomes marked by H3K4mel on either side of the
enhancer. A similar phenomenon was elegantly demonstrated in

observed (86% in vitro and 70% in vivo)
are consistent with validation rates of
ChIP-seq identified enhancers reported
previously, though there is considerable
variation between studies (Heintzman et al.
2009; Visel et al. 2009a; Blow et al. 2010;
Ghisletti et al. 2010). There was general
agreement in activity between the in vitro
and in vivo assays used here. Six of seven elements showing ac-
tivity in vivo also showed activity in vitro (threefold threshold). In
addition, the enhancer with the strongest activity in vitro (no. 22)
clearly had the strongest activity in vivo as well, as judged by the
level of fluorescence in GFP-expressing melanocytes, the number
of positive embryos observed, and the number of positive mela-
nocytes per positive embryo. However, putative enhancer 3 drove
melanocyte expression in vivo even though its enhancer activity
was not significant in vitro, and conversely, three enhancers that
drove expression in vitro did not drive expression in vivo in mosaic
transgenic zebrafish (nos. 20, 25, and 30). These discrepancies
between the results of the in vitro and in vivo functional assays
used here could be the result of differences among the model or-
ganisms (mouse and zebrafish, respectively), the minimal pro-
moters in the reporter constructs (E1B and FOS, respectively), or
other limitations of the respective reporter assays. Our results
demonstrate the importance of using multiple complimentary
assays to assess the function of putative enhancers.

We observed that the orientation of the amplicon tested rel-
ative to the minimal promoter had a dramatic impact on the en-
hancer activity of sequences assayed in vitro. This is not likely to
reflect an orientation dependence of the enhancer in its native
genomic context. Rather, it is likely an artifact of the placement of
the sequence in the synthetic context of a reporter construct. The
orientation effect likely arises from the fact that the distance be-
tween an enhancer and minimal promoter in a reporter construct
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Figure 6. Analysis of kmer-SVM classifier trained with putative mela-
nocyte enhancers. (A) Receiver operating characteristic curve for kmer-
SVM classifier trained on putative melanocyte enhancers, with overall area
under curve (auROC = 0.912) (B) Precision-recall curve with area under
curve (auPRC = 0.297). (C) 6-mers with highest positive predictive value
to kmer-SVM classifier, and factors predicted to bind each 6-mer. (*) No
PWM in queried databases. Match based on similarity to published
binding specificities (see Methods).

can strongly influence its functional output. This distance effect
can be observed with as little 50 bp separating the two components
(Nolis et al. 2009) and can manifest as orientation-dependent ac-
tivity when testing an amplicon in which the critical sequence
components (TF binding sites) are skewed to one side. In such a
case, a given amplicon will show higher activity in the orientation
that places its critical components closest to the minimal pro-
moter, and lower (in some cases even undetectable) activity in the
orientation that places its critical components furthest from the
minimal promoter. Indeed, our strongest putative enhancer (no.
22), which mediates an increase of >100-fold reporter expression in
the “forward” orientation and drives strong melanocyte expres-
sion in vivo, does not drive detectable expression in vitro in the
“reverse” orientation (Supplemental Table S2).

The similarity between the motifs identified by DREME (Fig.
2C) and the 6-mers identified by the kmer-SVM classifier (Fig. 6C)
is strong evidence that these sequences are binding motifs for TFs
that play significant roles in melanocyte biology. The identifica-
tion of motifs predicted to bind SOX10 and MITF is consistent with
the well-characterized roles for these TFs in the melanocyte line-
age. JUN and FOS are major effectors of the MAP kinase signaling
cascade, which is critical to the proliferation of melanocyte cells in
culture (Swope et al. 19995). In addition, constitutive activation of
the MAP kinase pathway is a hallmark of melanoma (Dutton-
Regester and Hayward 2012). The enrichment for a motif predicted
to bind members of the TEAD family may reflect an as yet un-
appreciated role for TEAD TFs in melanocytes. To our knowledge,
no TEAD family member has been previously shown to play a
specific biological role in melanocytes. However, TEAD2 has been
shown to bind an enhancer active in neural crest, the develop-
mental precursor to melanocytes (Degenhardt et al. 2010). This

binding causes an increase in the expression of Pax3, itself a TF
that is predicted to bind one of the most highly weighted 6-mers
(Fig. 6C).

Motifs predicted to bind other TFs involved in melanocyte
biology could have escaped detection due to high variation in
consensus sequence, low enrichment relative to negative control
sequences, or inherent biases in the algorithms used here for motif
detection. Additionally, our EP300/H3K4mel-based approach
likely identifies only a subset of enhancers active in melanocytes.
This particular subset of enhancers may be more highly enriched
for some TF binding sites than for others. Mechanistically distinct
subsets of enhancers have been reported in other cell types (He
et al. 2011a). Though beyond the scope of this study, ChIP-seq for
additional factors and in additional melanocyte-related cellular
substrates would likely help to distinguish potential differences
between subsets of enhancers.

Taken collectively, the melanocyte enhancers and corre-
sponding sequence vocabulary described here greatly enhance our
understanding of the regulation of gene expression in melano-
cytes. Furthermore, they are relevant to human phenotypes and
disease risk caused by variation in regulatory sequences. To date, at
least 18 distinct genome-wide association studies (GWAS) have
identified 52 SNPs associated with melanocyte-related pheno-
types, including skin color, hair color, freckling, tanning response,
number of cutaneous nevi, melanoma risk, and vitiligo (Hindorff
et al. 2011). Many of these associations are likely to reflect causa-
tive variants that impact regulatory sequences (Hindorff et al.
2009; Visel et al. 2009b). This study, and others like it, promises to
aid the identification of causative variants underlying genome-
wide associations, as well as the molecular mechanisms by which
they act.

Methods

ChlIP-seq

Melan-a cells were propagated according to guidelines from
Sviderskaya et al. (2002). ChIP was performed according to the
method previously described (Lee et al. 2006). Alternative lysis
buffers to those in the referenced protocol were used as follows:
lysis buffer 1 (5 mM PIPES, 85 mM KCl, 0.5% NP-40, and 1X Roche
Complete, EDTA-free protease inhibitor), lysis buffer 2 (50 mM
Tris-HCI, 10 mM EDTA, 1% SDS, and 1X Roche Complete, EDTA-
free protease inhibitor), and lysis buffer 3 (16.7 mM Tris-HC], 1.2 mM
EDTA, 167 mM NaCl, 0.01% SDS, 1.1% Triton X-100, and 1X
Roche Complete, EDTA-free protease inhibitor). Sonication was
performed using a Bioruptor (Diagenode) with the following set-
tings: high output; 30-sec disruption; 30-sec cooling; total soni-
cation time of 35 min with addition of fresh ice and cold water to
water bath every 10 min. Four micrograms of ab8895 (Abcam) and
10 p.g of antibody sc-585 (Santa Cruz Biotechnology) were used for
H3K4mel and EP300 ChlIP, respectively. IP wash conditions were
adjusted from the protocol referenced above as follows: Each im-
munoprecipitation (IP) was washed twice with low-salt wash
buffer (0.1% SDS, 1% Triton X-100, 2 mM EDTA, 20 mM Tris-HC],
150 mM NaCl), twice with high-salt wash buffer (0.1% SDS, 1%
Triton X-100, 2 mM EDTA, 20 mM Tris-HCI, 500 mM NaCl), and
twice with LiCl wash buffer (0.25 M LiCl, 1% IGEPAL CA630, 1%
deoxycholic acid [sodium salt], 1 mM EDTA, 10 mM Tris-HCI) and
rinsed once with PBS (pH 7.4). At least two biological replicates
were performed for each antibody, with each replicate consisting of
a ChIP sample and an input (pre-IP) sample. Each replicate was per-
formed with ~1 X 108 melan-a cells. ChIP libraries were submitted
to NIH Intramural Sequencing Center, and each was sequenced on
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Figure 7.

kmer-SVM classifier predicts additional enhancers in the mouse and human genomes. (A-C) Mouse predictions; (D-F) human. (A) Average

phastCons score (vertebrate, mm9) in a 1.5-kb window around the centers of the 7361 kmer-SVM-predicted mouse melanocyte enhancers. (B) Number of
ChlP-seq reads for H3K4me1 (blue line, left axis) and EP300 (green, right axis) in a 5-kb window around the centers of 7361 predicted melanocyte
enhancers (averaged in 100-bp bins). (C) Box plot summarizing results of reporter assays for 10 negative regions (top, orange) and 11 predicted enhancers
(bottom, gray). P=0.01803 by two-tailed t-test. (D) Average phastCons score (vertebrate, hg19) in a 1.5-kb window around the centers of the 7788 kmer-
SVM-predicted human melanocyte enhancers. (E) Number of DNase-seq reads from human primary melanocytes in a 2-kb window (averaged in 100-bp
bins) around the centers of predicted enhancers (orange) and randomly selected regions matched in size and GC content (gray). (F) Percentage of
predicted human melanocyte enhancers (n = 7788) that overlap DNase HS peaks in six cell types, which are either derived from melanocytes (orange) or

not (beige).

one lane of an Illumina GA2 yielding >20 million reads per sample,
with the exception that each EP300 ChIP library was sequenced on
two lanes for increased coverage depth.

Analysis of ChlP-seq data: peak calling

EP300 peaks were called using the Model-based Analysis for ChIP-
seq (MACS) algorithm (Zhang et al. 2008). Peaks were called for
each replicate independently, and only those that were called in
both replicates (n = 3622) were selected for further analysis. Co-
ordinates reported are from Replicate 1. H3K4mel peaks were
called using cisGenome (Ji et al. 2008) because it tends to call sep-
arate peaks corresponding to each apex of the bimodal distribution
of H3K4mel signal flanking enhancers, whereas MACS tends to call
the entire bimodal distribution as a single peak. The Two Sample
Peak Calling option in cisGenome was used, which allows both
replicates to be entered simultaneously to produce a single set of
output files. Default settings were used for both peak callers, except
that ‘half window size W’ was set to 4 for cisGenome.

Distribution of ChIP-seq reads relative to features of interest

The total number of sequencing reads covering each base in a
window of indicated size (x-axis) around the summit/center of the
set of genome regions of interest (ChIP-seq peaks/kmer-SVM pre-
dictions) was calculated with a custom script. The total number
of reads covering each base in the window was then smoothed in
100 bp bins, and is represented as ‘reads’ (y-axis) in Figures 1C and
7, B and E. For Figure 3B and Supplemental Figure S7, a subsequent
calculation was performed in which the total reads in each bin was
divided by the number of genome regions in the set of interest, to

facilitate comparison between sets of different sizes. This normal-
ized measure is represented as “Avg reads per peak” (y-axis) in
Figure 3B and Supplemental Figure S7. The heatmap in Figure 2D
was generated with the heatmap tool in the Cistrome Analysis
Pipeline (Liu et al. 2011) using a bed file of 3622 EP300 peaks
(300-bp regions centered the peak summits), and a wig file of
H3K4mel ChIP enrichment generated by MACS as standard
output from peak calling.

ENCODE data

ENCODE data in Figures 3 and 7 were processed as described
above for melan-a data. Much of the data handling for these analyses
was performed with Galaxy (Giardine et al. 2005; Blankenberg
et al. 2010; Goecks et al. 2010).

In silico analysis of putative enhancers:

Average phastCons score

Average phastCons score plots (Figs. 2B, 7A,D) were generated
with the Conservation Plot tool as part of the Cistrome Analysis
Pipeline using an interval file of H3K4me1l-flanked EP300 peaks
(300-bp intervals around peak summits) (Fig. 2B) or kmer-SVM
predicted enhancers (Fig. 7A,D).

Motif analysis

DREME (Bailey 2011) was used to identify enriched motifs (Fig.
2C). Sequences of 2489 putative melanocyte enhancers (centered
on the EP300 ChIP-seq peak summit and extending +150 bp) were
used as input. Default settings for motif size (mink = 3, maxk = 7)
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were used. Motifs were submitted to TOMTOM (Gupta et al. 2007)
as part of the MEME Suite (Bailey et al. 2009) to predict binding
factors corresponding to each enriched motif, and the top verte-
brate TF match was reported unless otherwise indicated in text. In
the case of MITF and PAX3 (Figs. 2C, 6C; Supplemental Fig. S6),
match was made based on high similarity to published binding
specificities (Bentley et al. 1994; Chalepakis and Gruss 1995;
Yasumoto et al. 19995), as there is no position weight matrix (PWM)
for either of these TFs in the databases queried by TOMTOM
(JASPER and UniProbe).

GO analysis

GREAT (McLean et al. 2010) was used to identify GO terms en-
riched among genes proximal to putative enhancers. The associa-
tion rule was set as follows: proximal, 50 kb upstream and 50 kb
downstream (any gene in this interval relative to input regions is
included); plus distal, up to 500 kb (if no gene is present in the
proximal interval, the closest gene in this distal interval is in-
cluded). For details, see McLean et al. (2010).

Distribution of enhancers relative to genes expressed at different levels
in melan-a

Previously published melan-a microarray data were used (Buac
et al. 2009). For analyses in Figure 2, only genes represented on the
array with a corresponding TSS in RefSeq (n = 17,957) were used.
These genes were ranked by raw expression level in melan-a (probes
averaged, mean of three replicates). Custom scripts were used to
calculate the number of putative enhancers within 500 kb (in bins
of 100 kb) (Fig. 2D) and 5 kb (in bins of 1 kb) (Fig. 2E) of TSSs of the
top 2000 and bottom 2000 genes on the ranked list, as well as for
five sets of 2000 genes selected randomly from this list.

Luciferase assays

All tested sequences (putative enhancers, negative regions, kmer-
SVM predictions, and previously characterized enhancers) were
PCR amplified from mouse genomic DNA (Promega, no. G309A)
and TA-cloned with the pCR8/GW/TOPO TA Cloning kit (Life
Technologies). The luciferase reporter construct contains the firefly
luciferase gene downstream from a minimal EIB promoter (Anto-
nellis et al. 2006). Test sequences were inserted into a gateway
cloning site upstream of the promoter with a directional LR reaction
(Gateway cloning from Life Technologies). All sequences were tested
in both orientations, and data from the orientation with the
highest expression were used for downstream analysis to give the
most accurate representation of the potential of each sequence to
drive expression in melanocytes. For negative control regions, a set
of 2000 regions was generated in which the regions were matched
to the putative enhancers in size, GC%, and repeat fraction, but
with aread count below for EP300 and H3K4mel. Ten regions were
selected at random from this set for functional testing. For all lu-
ciferase assays, melan-a cells were plated in 24-well format (40,000
cells/well) and transfected next day with 400 ng of luciferase re-
porter and 8 ng of pCMV-RL Renilla expression vector (Promega)
using 2 L Lipofectamine 2000 per well (Life Technologies). Cell
lysate was collected at 48 h post-transfection and assayed with the
Dual-Luciferase Reporter Assay System (Promega) using a Tecan
GENiosPro Microplate Reader (Tecan Group). Three biological
replicates were performed for each construct.

Zebrafish transgenesis

All tested sequences were PCR amplified and TA-cloned as de-
scribed above (see Luciferase Assays). The GFP reporter construct,

described previously (Fisher et al. 2006b), contains a gateway re-
combination cassette (Life Technologies) upstream of a minimal
(FOS) promoter and EGFP. The reporter used here was moditied
slightly by insertion of an eye-specific regulatory element from
the zebrafish crybbl1 locus (chr10:45,529,501-45,530,122; Zv9)
downstream from EGFP to facilitate screening for successful
transgenesis independent of the test sequence. Zebrafish trans-
genesis was performed as previously described (Fisher et al. 2006b).
Briefly, each construct was injected into >150 wild-type (AB) em-
bryos at the one- to two-cell stage with Tol2 transposase mRNA to
facilitate efficient and random integration of the reporter construct
(flanked by tol2 recombination arms) into the zebrafish genome.
Embryos were screened for GFP expression at 3 d post-fertilization
(dpf), a timepoint at which melanocytes are well developed and
the embryos are most amenable to comprehensive screening. Em-
bryos were also screened at 2, 4, and 5 dpf, albeit less thoroughly,
and no significant differences in expression from 3 dpf were ob-
served. At least 10 positive embryos were imaged at 3 dpf for each
positive construct. For high-magnification fluorescent images of
melanocytes (Fig. 5; Supplemental Fig. S8), zebrafish were treated
with epinephrine 5-10 min prior to imaging (4 mg/mL) in order
to contract pigment granules toward the center of the cell and
thus facilitate visualization of GFP at the periphery. For full-body
lateral images (Supplemental Fig. S5) embryos were raised in
1-phenyl 2-thiourea (PTU) from 24 hpf until imaging to inhibit
melanin synthesis. All Images were taken on a Nikon AZ100
Multizoom microscope with NIS-elements software. All zebrafish
work was performed under an approved protocol (FI10M369),
reviewed by the Johns Hopkins Institutional Animal Care and Use
Committee.

Kmer-SVM classifier

To generate a high-confidence training set, we defined a new set of
400-bp regions that maximizes the overall EP300 ChIP-seq signal
within each of the 2489 putative melanocyte enhancers after re-
moving any enhancers which were >70% repeats. We used repeat
masked sequence data (mm9) from the UCSC Genome Browser
to calculate repeat fractions. For negative sequences, we found a
50X larger set of random genomic 400-bp sequences by match-
ing GC and repeat fraction of the positive set. Additionally,
we excluded any potential EP300-bound regions with Poisson
test P-value <0.1 (10 ChIP-seq reads). At each sampling step,
we randomly selected a region from the positive set, calculated
the GC content and the repeat fraction, sampled a genomic se-
quence that matched these properties, and repeated sampling
until we obtained 50X sequences. We performed standard fivefold
cross validation to assess the performance of our kmer-SVM clas-
sifier. We measured the quality of the classifier by calculating the
auROC, which plots the true positive rate vs. the false-positive rate
of the predictions. The PRC is a more reliable measure of perfor-
mance than the ROC when positive and negative sets are un-
balanced, as in our case. Precision is the ratio of true positives to
predicted positives, and recall is identical to the true positive rate in
the ROC. The PRCs can be quantified by the auPRC, or average
precision. TFs predicted to bind top 6-mers were determined as
described above for DREME motifs (see Motif Analysis). Predictions
for functional validation (n = 11) were chosen from the top of a list
of regions ranked by SVM score. These are not the top 11 ranked
predictions overall however, because the list they were chosen
from was generated by an earlier version of the classifier trained on
a slightly different input set. In the final set of predictions, the 11
regions tested are ranked by SVM score as 13, 15, 1, 9, 2, 44, 21,
108, 24, 273, and 203, respectively.
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Data access

The data from this study have been submitted to the NCBI Gene
Expression Omnibus (GEO) (http://www.ncbi.nlm.nih.gov/geo/)
under accession number GSE38498.
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