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Orphan CpG islands define a novel class of highly active enhancers
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ABSTRACT
CpG islands (CGI) are critical genomic regulatory elements that support transcriptional initiation and are
associated with the promoters of most human genes. CGI are distinguished from the bulk genome by
their high CpG density, lack of DNA methylation, and euchromatic features. While CGI are canonically
known as strong promoters, thousands of ‘orphan’ CGI lie far from any known transcript, leaving their
function an open question. We undertook a comprehensive analysis of the epigenetic state of orphan CGI
across over 100 cell types. Here we show that most orphan CGI display the chromatin features of active
enhancers (H3K4me1, H3K27Ac) in at least one cell type. Relative to classical enhancers, these enhancer
CGI (ECGI) are stronger, as gauged by chromatin state and in functional assays, are more broadly
expressed, and are more highly conserved. Likewise, ECGI engage in more genomic contacts and are
enriched for transcription factor binding relative to classical enhancers. In human cancers, these
epigenetic differences between ECGI vs. classical enhancers manifest in distinct alterations in DNA
methylation. Thus, ECGI define a class of highly active enhancers, strengthened by the broad
transcriptional activity, CpG density, hypomethylation, and chromatin features they share with promoter
CGI. In addition to indicating a role for thousands of orphan CGI, these findings suggests that enhancer
activity may be an intrinsic function of CGI in general and provides new insights into the evolution of
enhancers and their epigenetic regulation during development and tumorigenesis.
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Introduction

Vertebrate genomes are heavily methylated, CpG-poor, predom-
inantly heterochromatic terrains disrupted by CpG islands
(CGI), essential CpG dense regulatory elements. CGI are defined
by a lack of DNA methylation, transcriptional competence, and
heightened euchromatic features,1 such as enrichment of
H3K4me3 and H3K9/27Ac. These regions are found at the pro-
moters of nearly two-thirds of human protein-coding genes. As
such, CGI have been canonically studied for their role in permit-
ting transcriptional initiation. CGI-associated promoters demon-
strate broader expression patterns across tissues and tend to be
stronger than CpG-poor promoters.2 These properties are con-
tingent on remaining unmethylated, as hypermethylation of
CGI leads to the recruitment of repressive complexes containing
histone deacetylases and chromatin remodelers3 resulting in the
silencing of the associated gene.4–6 This is a cardinal method by
which cancer cells inactivate tumor-suppressor genes.7–9

CpG sites are targeted for DNA methylation during develop-
ment10 unless actively protected by methylation of histone H3
lysine 4 (H3K4), a mark found principally at promoters and
enhancers and associated with transcriptional initiation.11

Methylated cytosine is mutagenic due to a propensity to
undergo deamination to thymine, leading to the paucity of
CpG sites throughout the genome12 and marking CpG-rich
regions as being of potential functional importance. Yet, half of
CGI do not in fact overlap known transcription start sites

(TSS) and thousands lie far from any known transcript. While
many of these ‘orphan’ CGI are likely promoters of unanno-
tated transcripts, their prevalence suggests there may be roles
for CGI other than as strict promoters.

Enhancers are regulatory elements that act at a distance to
promote gene transcription independent of position or orien-
tation. Enhancers are similar to CGI in that their levels of
DNA methylation are inversely correlated with their activ-
ity.13,14 We also recently demonstrated that following treat-
ment with decitabine, a chemotherapeutic demethylating
agent, strong enhancers and promoter CGI are more resilient
to de novo methylation than weak enhancers.15 Indeed, recent
work has demonstrated that enhancers and promoters possess
a unified chromatin architecture, characterized by the pres-
ence of H3K4me, H3K9/27Ac, DNAse hypersensitivity, evi-
dence of paired bidirectional transcriptional initiation, and
transcription factor binding. Measures of transcript stability
provide the most reliable method to distinguish the two, with
promoters giving rise to one or two stable transcripts, and
enhancers strictly unstable (eRNA) transcripts.16

The striking similarity of enhancers and promoters sug-
gests that CGI, especially those without evidence of a nearby
gene, may act as enhancers.17,18 Here, we undertake a com-
prehensive analysis of orphan CGI chromatin topology
across over one hundred cell types. We demonstrate that
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most orphan CGI appear to be active enhancers in at least
one cell type. These enhancer CGI (ECGI) are much more
powerful than classical enhancers in their ability to drive
transcription by a variety of measures, manifesting open
chromatin across a broader variety of cell types, with height-
ened genomic contacts, and stronger enrichment for tran-
scription factor binding. These features contribute to the
evolutionary conservation of CpG density relative to other
enhancers and to distinct susceptibilities to alterations in
DNA methylation in cancer.

Results

Orphan CpG islands exhibit features of active enhancers

Given the established role for CGI in promoting transcrip-
tional initiation, we first sought to characterize the relation-
ship between CGI across the genome with known
transcripts, focusing on UCSC CGI19 (n D 27,718) and the
GENCODE (V25) transcript database20,21 (Fig. 1A). Strik-
ingly, only 45% (n D 12,548) of CGI contain an annotated
TSS for a protein-coding gene. In contrast, 32% (n D 8899)
are found within a protein-coding gene, and 3% (n D 920)
are within 2 kb of, but do not directly overlap a gene (peri-
genic). An additional 6% of CGI overlap or are within 2 kb
of noncoding (ncRNA) transcripts [n D 1131 long noncod-
ing (ncRNA), n D 837 other ncRNA, see Methods], and
2.5% are found near or overlapping pseudogenes. We term
the 10% of remaining CGI (n D 2693) ‘orphan’ CGI
because they cannot be annotated to any known transcript.
This distribution suggests that many or most CGI in the
genome may not be acting strictly as promoters.

Given that enhancers and promoters are characterized by
a similar epigenetic environment, we hypothesized that
orphan CGI may be enhancers. To test this, we defined
putative enhancers using two established methods: regions
containing overlapping peaks of H3K4me1 and
H3K27Ac22,23 across 120 cell types (22 ENCODE,24 98
Roadmap Epigenomics Project,25 see Methods), as well as
regions annotated as enhancers in chromatin state maps
based on Hidden Markov Models (chromHMM)26 in 136
cell types (9 ENCODE, 127 Roadmap). Using these defini-
tions, fully 92% of orphan CGI overlapped an enhancer in
one or more cell types (2241 overlapped enhancers by both
definitions, 197 peak only, 33 HMM only; Fig. 1B, C).

Given the prevalence with which orphan CGI can confi-
dently be called enhancers, we investigated whether other clas-
ses of CGI (containing a TSS or otherwise transcript-
associated) could be classified as enhancers (Fig. S1A). We find
that promoter CGI are especially likely to contain H3K4me1/
H3K27Ac peaks (in »60% of cell lines examined; Fig. S1A),
although each class, especially perigenic CGI, were likely to
contain enhancer peaks in at least a quarter of cell lines. We
found no evidence of enhancer activity for 8% (n D 227) of
orphan CGI, which we term ‘remnant’ CGI. Overall, orphan
CGI overlapped an HMM-defined enhancer in a median of 15
cell types or by H3K4me1/H3K27Ac peak overlap in 20 cell
types. We term those orphan CGI that overlap regions that

satisfy both enhancer criteria in at least one cell type (n D
2241) enhancer CGI or ECGI.

To study ECGI in greater detail, we focused on those that
overlapped both an H3K4me1/H3K27Ac peak and an HMM-
defined enhancer in one of 3 cell lines: H1 human embryonic
stem cells (H1ESC, n D 180), human mammary epithelial cells
(HMEC, n D 205), and K562 (n D 169), a human myelogenous
leukemia line. We chose these lines for their phenotypic diver-
sity (stem cell, normal differentiated cell, and cancer cell) and
because each is well-studied with an abundance of publicly-
available epigenomic data sets. For comparison, we defined
non-CGI classical enhancers in each cell line by the same crite-
ria (H3K4me1/H3K27Ac peaks that overlap HMM enhancers,
n D 11863 HMEC, n D 12138 H1ESC, n D 7610 K562), as well
as CGI overlapping the TSS of protein-coding genes, apparent
canonical promoter CGI (n D 12548).

Distinguishing promoters from enhancers is not straightfor-
ward; however, Core et al.16 recently characterized initiation
regions in mammalian genomes by comparing the TSS of stable
transcripts detected by CAGE, which captures 50 7-methylgua-
nylate capped, steady-state transcripts like mRNAs or lncRNAs,
vs. those detected by GroCap, which detects the TSS of all
nascent transcripts, including unstable ones like eRNAs or
upstream antisense RNAs (uaRNAs). They found that
enhancers could be defined by unstable transcript pairs, and
promoters by a stable transcript paired with either an unstable
uaRNA or another stable transcript. Focusing on ECGI and
non-CGI classical enhancers active in K562 cells (Fig. 1D), we
found that ECGI, like classical enhancers, exhibit strong enrich-
ment for unstable-unstable pairs, in stark contrast to promoter
CGI and other non-CGI promoters (Gencode TSS>2.5 kb from
a CGI), which tend to be enriched in stable-stable or stable-
unstable pairs (for unstable-unstable pairs in ECGI vs. promoter
CGI: Odds Ratio (OR) D 6.36, P D 6.4E-19, Fisher’s Exact).
Indeed, no other class of transcript-associated CGI exhibited the
preponderance of putative eRNA (unstable) pairs displayed by
orphan CGI (Fig. S1B,C). Intragenic, perigenic, and ncRNA
CGI were equally likely to contain unstable as stable transcripts,
which likely mark alternative promoters, a documented role of
CGI distinct from enhancer function,27 whereas promoter CGI
were enriched in stable pairs as expected (Fig. S1B,C). Notably,
CGI associated with known pseudogenes were unlikely to
exhibit detected transcript pairs at all, or to overlap enhancer
chromatin peaks, consistent with their transcriptional inactivity.
Together, the prevalence of enhancer chromatin features and
unstable transcripts suggest that many CGI lying near or within
known extant transcripts may also exhibit enhancer activity.
These data are also robust evidence that ECGI are not simply
unannotated promoters, but are in fact enhancers.

DNA hypomethylation is a key feature of promoter CGI, but is
also linked to the activity of enhancers.13,14 To assess DNAmeth-
ylation patterns at ECGI, we used whole-genome bisulfite
sequencing (WGBS) data from normal breast tissue (TCGA)28 to
compare the average levels of DNA methylation at promoter
CGI, ECGI, and enhancers, as defined in HMEC (Fig. 1N). We
find that, like promoter CGI, active ECGI display minimal DNA
methylation (<10%), while classical enhancers exhibit much
more variable methylation, typically 50–80%. Because DNA
hypomethylation is intrinsically linked to CpG density, we
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Figure 1. Most orphan CpG islands exhibit an enhancer chromatin state. (A) CpG Islands were categorized hierarchically by distance to the nearest Gencode annotated
gene. Shown is the number of CGI that overlap the TSS of a protein-coding gene (TSS), those that overlap a protein coding gene but not the TSS (intragenic), those that
lie in proximity (C/¡2 kb) of a protein coding gene (perigenic), or those that are within 2 kb of, or overlap, a long non-coding RNA (lncRNA), other non-coding RNAs
(ncRNA), or a pseudogene. CGI more than 2 kb from any of these gene classes were considered orphan CGI (see Methods). (B) Enhancers were defined either as the over-
lap of H3K4me1/H3K27Ac peaks or by an HMM chromatin state as annotated in over 100 cell lines (see Methods). The histograms represent the number of cell lines in
which orphan CGIs overlap an enhancer by each definition. (C) Distribution of orphan CGI meeting one or both enhancer definitions in at least one cell line. (D) Stable or
Unstable transcript pairs as defined in K562 cells15 were intersected with promoter CGI, the TSS (C/¡500 bp) of other coding genes that not within 2.5 kb of a CGI, ECGI,
and classical enhancers active in K562 cells. Shown is the fraction of each set of genomic regions that overlap stable, unstable or mixed transcript pairs. (E) Distribution of
the average DNA methylation in WGBS data from normal breast tissue (TCGA) across promoter CGI (those overlapping a coding TSS), ECGI active in HMEC cells, and classi-
cal enhancers active in HMEC cells (those orphan CGI or other regions meeting both the H3K27Ac/H3K4me1 peak and HMM enhancer definition). (F) Density of the GCC
content (%GC) and CpG content (Observed/Expected) among promoter CGI, vs. ECGI and classical enhancers active in HMEC cells. (G-N) Analysis of H3K27Ac or H3K4me1/
2/3 at promoter CGI, HMEC ECGI, and HMEC classical enhancers. (G-J) Distribution of the density (reads/kb) for the indicated chromatin mark among genomic loci in each
class. Line indicates median, boxes are the first and third quartiles and whiskers represent the highest and lowest values within 1.5 times the inter-quartile range. (K-N) rel-
ative tag densities for the indicated chromatin mark was determined in 10 bp bins for C/¡2.5 kb from the center of each genomic feature class as determined from ChIP-
seq data from HMEC cells (ENCODE). (O) Distribution of the ratio of H3K4me3 to H3K4me1 tag densities across genomic loci in each class.
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quantified the GC content and CpG density of ECGI (Fig. 1F).
While ECGI and promoter CGI have similar GC content (median
70% GCC for both, P D 0.45), ECGI are slightly less CpG dense
(median 0.82 observed/expected for ECGI vs. median 0.86 for
promoter CGI, P D 4.28E-9). However, both CGI classes exhibit
far higher GC content and observed/expected CpG density than
do classical enhancers.

Given the ways DNA methylation is known to affect his-
tone modifications and other epigenetic features, we next
examined the chromatin state of ECGI relative to promoter
CGI and other enhancers. Focusing initially on the endoge-
nous chromatin state of features defined in HMEC cells, we
found that ECGI tend to have overall higher levels of
H3K27Ac than either classical enhancers or promoter CGI
(Fig. 1G,K), suggestive of highly active chromatin. Levels of
H3K4 methylation have been used to distinguish enhancers

from promoters, with enhancers defined as having high levels
of H3K4me1, and promoters H3K4me3. However, neither is
exclusive as the strongest enhancers exhibit H3K4me3 and it
is the ratio of H3K4me3 to H3K4me1 that has been tightly
correlated with transcriptional intensity.16 Consistent with this
idea, ECGI, like classical enhancers, exhibit substantial
H3K4me1 (Fig. 1H,L), which is absent in promoter CGI.
Interestingly, ECGI uniquely possess abundant H3K4me2
(Fig. 1 IM), a less-studied mark usually linked to the transition
between H3K4me1/3.29,30 ECGI also display modest levels of
H3K4me3 (Fig. 1J,N) and an intermediate ratio of H3K4me3/
H3K4me1 (Fig. 1O), much greater than that of classical
enhancers, but lower than that of canonical promoter CGI.
Together, these data suggest that ECGI display a chromatin
state similar to that of the most active enhancers, and distinct
from that of promoter CGI.

Figure 2. ECGI are stronger than CpG-poor enhancers (A-D) Nascent transcription and chromatin features associated with open/ active chromatin at ECGI and classical
enhancers. Shown is the distribution of tag densities (reads/kb) of nascent transcription (GroSeq, MCF7 cells), active chromatin features (H3K27Ac, H3K9Ac ChIP-seq), or
open chromatin (DNase-seq; HMEC cells) across genomic loci in each enhancer class. (E) Promoter CGI, ECGI, and classical enhancers active in the indicated cell type were
overlapped with genomic regions called as super enhancers as defined by the super enhancer archive (SEA). Shown is the fraction of genomic loci in each class overlap-
ping any super enhancer in SEA. (F) Distribution of enhancer activity scores, defined by the ratio of GFP reporter mRNA to DNA copy number in lentiMPRA (see Methods).
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ECGI are stronger than classical enhancers

The finding that ECGI exhibit a higher H3K4me3/H3K4me1
ratio and less DNA methylation than classical enhancers sug-
gests that they may be more active than classical enhancers. To
investigate this relationship, we ascertained the levels of other
features often used to gauge enhancer activity: GroSeq tag den-
sity, a measure of nascent transcription or eRNA produc-
tion,31,32 enrichment of H3K27Ac, H3K9Ac, and DNase
hypersensitivity, a measure of open chromatin (Fig. 2A-D). We
find that ECGI display much stronger enrichment for each of
these features of activity than do classical enhancers [ECGI vs.
classical enhancers: GroSeq, P D 6.1E-22; H3K27Ac, P D
3.48E-16; H3K9Ac, P D 2.48E-54; DNase hypersensitivity, P D
1.72E-7; Mann-Whitney U].

Super enhancers represent a powerful subset of enhancers
that exhibit the greatest genomic enrichment of features critical
to enhancer function: typically defined by H3K27Ac levels or
the degree of binding of transcriptional co-regulators like
Mediator and BRD4, among others .33 Utilizing the super
enhancer archive (SEA) database,34 we found that »20% of
ECGI are putative super enhancers, compared with less than
10% of classical enhancers and less than 5% of promoter CGI
(combined ECGI vs. enhancers, ORD 3.84, PD 1.02E-30; Fish-
ers exact) (Fig. 2E).

The above data suggest that ECGI represent a subset of
enhancers distinct from classical enhancers in terms of
strength. Thus, we next sought to ascertain the functional
enhancer activity of ECGI. Inoue et al.35 recently screened over
2000 putative enhancer elements by cloning them into a GFP
enhancer-reporter vector capable of integrating into the
genome in an assay known as lentiviral massively parallel
reporter assay, in which the strength of such elements is deter-
mined by comparing the GFP reporter mRNA levels with the
DNA copy number in transfected cells. We compared the activ-
ity of ECGI, other CGI, and other putative enhancers tested in
the assay, and found that both ECGI (n D 13) and CGI in gen-
eral (n D 171), exhibited much stronger ability to enhance tran-
scription than other elements (n D 2055) [Fig. 2F; ECGI vs.
non-CGI elements, P D 0.00051; other CGI vs. non-CGI ele-
ments, P D 3.26E-20; ECGI vs. other CGI, P D 0.2]. We also
examined two additional functional enhancer screens con-
ducted in mouse cells, FIREWACh36 and CapStarr-seq37 (See
Supplemental Data). In both assays, we found that mouse CGI
in general, but especially those conserved as human ECGI,
exhibit stronger enhancer activity than classical enhancers (Fig.
S2). However, human ECGI that have lost their CpG density in
the mouse showed a much reduced ability to enhance tran-
scription. These results indicate that while CGI in general can
exhibit potent enhancer activity, ECGI in particular are func-
tionally stronger than classical enhancers, dependent upon the
conservation of their CpG density.

ECGI are more broadly active than typical enhancers

We next addressed the degree of cell type specificity exhibited
by ECGI vs. classical enhancers by comparing the fraction of
tested cell lines in which each feature also exhibited marks of
active enhancers (H3K4me1/H3K27Ac peaks). We found that

the ECGI in each cell line (H1ESC, HMEC, K562) were active
in a median of 50–75% of cell lines examined, compared with a
median of just 25–30% of typical enhancers (Fig. 3A, combined
ECGI vs. enhancers P D 6.39E-116; Mann-Whitney U).

Moreover, ECGI and classical enhancers defined in HMEC
exhibit the highest levels of each feature of enhancer activity:
H3K4me1, H3K27Ac, H3K9Ac, and DNase hypersensitivity in
HMEC cells, as expected (Fig. 3B-E). Yet, H1ESC and
K562-derived ECGI also exhibit significant enrichment for
each of these features in HMEC cells, consistent with constitu-
tive activity for a substantial proportion. In contrast, classical
enhancers from these lines tend to lose these features and
appear inactive in HMEC cells, consistent with more cell-type
restricted activity. Consistent with this idea, both H1ESC and
K562-defined ECGI as well as classical enhancers were enriched
in H3K27me3 in HMEC relative to the cell type of origin
(Fig. 3F), demonstrating Polycomb-mediated repression. How-
ever, in contrast to classical enhancers, ECGI were unlikely to
be marked by H3K9me3 (Fig. 3G), consistent with their DNA
hypomethylation. We found similar trends toward cell type
restricted activity when comparing the chromatin state of
ECGI vs. classical enhancers in H1ESC and K562 cells (Fig.
S3). These data indicate that ECGI are more likely than classical
enhancers to be active across multiple cell types. When they do
undergo silencing, ECGI and classical enhancers both exhibit
H3K27me3, but only classical enhancers appear prone to
H3K9me3-mediated repression.

ECGI are hubs of genomic contacts

The ability of enhancers to form physical loops with gene
promoters is a critical feature of their activity.38 We find that
ECGI exhibit greater enrichment than classical enhancers for
proteins involved in enhancer/promoter contacts including
CTCF,39 Cohesin,40 and BRD441,42 (Fig. 4A) (combined P-value
for ECGI in all 3 lines vs. classical enhancers in all 3 lines CTCF
P D 1.44E-12, Cohesin P D 4.45E-18, BRD4 P D 7.11E-90].
Using K562 Hi-C data, which detects all physical contacts in an
unbiased manner,43 we find that ECGI, like promoter CGI,
exhibit a much greater contact frequency than classical
enhancers do (Fig. 4B), regardless of the cell line in which they
are active. However, ECGI defined in K562 exhibited the stron-
gest enrichment, indicating modest cell-type specificity
(combined ECGI vs. enhancers P D 5.52E-129, K562 ECGI vs.
other ECGI P D 2.21E-5; Mann-Whitney U). Similar results
were observed in CTCF and RNA Polymerase II ChiAPet data
(ENCODE), which exposes only contacts between fragments
containing these factors and thus more likely to be of functional
relevance44 [combined CTCF OR D 5.12, P D 1.96E-51, Pol II
OR D 4.48, P D 1.55E-56; Fisher’s exact; Fig. 4C].

Topologically associated domains (TADs) are large genomic
regions within which physical interactions are likely to occur.
TADs are vital to gene regulation and nuclear organization,
often serving to partition active from inactive chromatin.45

Because CTCF and Cohesin are important to the formation of
TADs, we examined the distance to TAD boundaries for ECGI
and classical enhancers previously determined in high-resolu-
tion Hi-C studies in GM12878 cells.43 We find that ECGI, like
promoter CGI, on average lay much closer to TAD boundaries
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than do classical enhancers (combined ECGI vs. enhancers P D
2.06E-30; Mann Whitney U; Fig. 4D), suggesting a role for
ECGI in global nuclear organization, or a requirement for tight
regulation of their chromatin state.

ECGI are enriched in GC and CpG-rich transcription factor
binding sites

Enhancers are enriched in transcription factor (TF) binding
sites and TF binding is correlated with their activity and chro-
matin state,33,46 leading us to investigate the identity and degree

of TF binding at ECGI. The JASPAR database contains approx-
imately 1.1 million annotated binding sites for »130 TFs based
on binding motif sequence.47 We find that ECGI, like promoter
CGI, contain »2–4 potential TF binding sites per kilobase,
while most classical enhancers had one or no sites (combined
P D 2.16E-38; Mann-Whitney U; Fig. 5A). Overall, binding
sites for 33 TFs were significantly enriched (OR > 1; P < 0.05)
in ECGI relative to classical enhancers (Fig. 5B). Strikingly, we
find that the top 7 most enriched TF motifs (SP2, E2F4, E2F1,
NRF1, ZBTB33, E2F6, and EGR1) had GC contents greater
than 50% and contained a CpG site, leading us to quantify the

Figure 3. ECGI are more widely active than CpG-poor enhancers A) Distribution of the percent of analyzed cell lines (n D 120) in which the loci in each class exhibit
enhancer activity (overlap an annotated H3K4me1/H3K27Ac peak in that cell type). B-G) Distribution of the ChIP-seq or DNase-seq tag density (reads/kb) for the indicated
chromatin feature as measured in HMEC cells (ENCODE) among ECGI or classical enhancers active in the indicated cell type.
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association between these intrinsic features of CGI and TF
motif density. Consistent with the high GC content and CpG
density of CGI in general, especially relative to that of classical
enhancers (Fig. 1F), we find that there is a direct correlation
between the GC content of a motif and its relative enrichment
in ECGI vs. classical enhancers (Pearson correlation r D 0.54;
P D 0.00172; Fig. 5C). Furthermore, even within a GC-rich
context, motifs containing a CpG were much more likely to be
enriched in ECGI vs. classical enhancers (median CpG-motif
OR D 62.5 vs. median non-CpG-motif OR 5.2, P D 2.5E-4;
Mann-Whitney U; Fig. 5D). To determine whether this enrich-
ment of GC/CpG-rich motifs corresponded to the degree of
actual TF binding to chromatin in cells, we used ENCODE
ChIP-Seq data performed in K562 cells to compare binding of
6 of the top-scoring TFs at K562-specific ECGI and classical
enhancers. Binding for each of these factors was strongly
enriched at ECGI relative to classical enhancers [SP1, P D

2.18E-26; SP2, P D 6.04E-35; EGR1, P D 3.89E-71; NFYA, P D
1.06E-10; NFYB, P D 2.37E-27; E2F4, P D 7.44E-91; Mann-
Whitney U; Fig. 5E], demonstrating that not only are ECGI
highly enriched in TF motifs, they are much more likely to be
bound by these TF proteins in chromatin relative to classical
enhancers.

ECGI are conserved as CpG islands

The concentration of CpG-rich TF motifs in ECGI suggests
that their CpG density may be fundamental to their ability to
act as enhancers. We thus took two approaches to determine
the conservation of ECGI across mammals and vertebrates:
examining the frequency with which ECGI also met the UCSC
criteria for CGI in other animals, and the phyloP48 conserva-
tion scores for individual residues. This analysis revealed that
ECGI are typically conserved as CGI throughout placental

Figure 4. ECGI are hubs for genomic contacts (A) Distribution of the average CTCF (from H1ESC), cohesin/Rad21 (from MCF7 cells), or BRD4 (from MM.1S) ChIP-seq tag
densities (reads/kb) among promoter CGI vs. ECGI or classical enhancers active in the indicated cell type. Genomic loci defined as in Fig. 1. (B) Annotated intrachromoso-
mal contacts as defined by Rao et al.42 were extracted from K562 cell Hi-C data, overlapped with the genomic loci in each class, and the average strength of all contacts
per locus was determined. Shown is the distribution of the mean intrachromosomal contact strength among promoter CGI vs. ECGI or classical enhancers active in the
indicated cell type. (C) The fraction of loci in each genomic class that overlap an annotated contact as determined by ChIA-Pet of CTCF in K562 cells or of RNA polymerase
(POLR2A) in MCF7 cells (ENCODE). (D) Median distance from TAD boundaries among genomic loci in each class as called in GM12878 cell Hi-C data.42
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mammals (Fig. 6A), although not to the same extent as pro-
moter CGI, and are rarely conserved as CGI in non-mamma-
lian vertebrates (Fig. 6B). Notably, the mouse has significantly
fewer CGI than most mammals (n D 16026 vs. human n D
28691 based on UCSC criteria), and they appear to have prefer-
entially lost ECGI, rather than canonical promoter CGI
(Fig. 6B). CpG dinucleotides in ECGI were likewise selectively
conserved both among placental mammals (combined P D
1.46E-65; Mann-Whitney U; Fig. 6C) and among vertebrates

(combined P D 3.18E-27; Mann-Whitney U; Fig. 6D) relative
to those in classical enhancers, while non-CpG residues exhib-
ited similar mammalian conservation rates in ECGI and classi-
cal enhancers (combined P D 0.101) and were even slightly less
conserved across vertebrates than were those in classical
enhancers (combined P D 2.44E-5). Promoters are known to
be more conserved than enhancers in general,49 and promoter
CGI have even greater retention of CpG dinucleotides than
ECGI do across mammals and vertebrates (Fig. 6A,B),

Figure 5. ECGI are enriched in transcription factor binding (A) Distribution of the density (per kb) of transcription factor binding sites (Jaspar database) among promoter
CGI vs. ECGI or classical enhancers active in the indicated cell type. (B) Relative enrichment of each transcription factor binding motif in the cumulative pool of ECGI called
in HMEC, K562, and H1ESCs relative to that in all classical enhancers from the same cell lines. Shown is the odds ratio (OR) of enrichment of each motif among ECGI vs.
that of classical enhancers, C/¡95% confidence interval for each motif for which the ratio was >1 (P<0.05, Fisher’s exact). The GC content of each motif is indicated by
the blue shaded bar color, and the error bar color indicates whether the motif contains a CpG (red, with CpG; black, without CpG). (C) Relationship between GC content
of enriched motifs vs. OR of enrichment. Shown is the linear regression of the relationship, with shadows representing the 95% confidence interval. (D) Distribution of
Odds Ratios of enrichment for those enriched motifs that contain or do not contain a CpG site. (E) Distribution of the ChIP-seq tag densities (reads/kb) for representative
transcription factors whose motifs are enriched in ECGI among genomic loci classified as ECGI or classical enhancers active in K562 cells.
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consistent with their higher likelihood of meeting CGI criteria
in other animals. This may reflect the biologic role of ECGI as
enhancers that serve as adaptable accessories to genes, rather
than as promoters critical to the integrity of specific genes.

We noted that relative to ECGI, remnant CGI (orphan CGI
with no evidence of enhancer activity in any of the analyzed
cell lines) are less often conserved as CGI in placental mam-
mals, prompting us to examine their chromatin state (Fig. 6E).
We find that Remnants are strikingly depleted in CTCF bind-
ing, and instead exhibit heterochromatic H3K9me3 and
H3K27me3 when compared with ECGI and classical enhancers
active in HMEC. Consistent with their relative absence of
CTCF binding,50 remnant CGI are almost completely DNA
methylated in embryonic stem cells (ENCODE), whereas most
ECGI are protected from methylation (Fig. 6F). This distinction

in conservation between ECGI and remnants disappears in the
more distantly related marsupials and monotremes, as well as
in non-mammalian vertebrates (Fig. 6A,B), suggesting that
ECGI may have diverged functionally early in the evolution of
placental mammals, initiating the decay of remnant CGI CpG
density coinciding with the loss of selective pressure to remain
unmethylated.

Active ECGI are resistant, and inactive ECGI are prone, to
methylation changes in cancer

The selective conservation of CpG sites within ECGI relative
to other enhancers suggests that, as seen at promoter CGI,
there has been a selection against CpG methylation in these
regions in the germline across evolutionary time, and that

Figure 6. ECGI CpG density is highly conserved in mammals Genomic coordinates annotated as CGI from each species indicated (UCSC) were lifted over to the human
genome (hg19). Shown is the fraction of human CGI in each class that overlapped a CGI in the indicated mammals (A) or other vertebrates (B). Distribution of the average
placental mammal (C) or vertebrate (D) phyloP score for CpG dinucleotides (top) or other residues (bottom) among human promoter CGI, ECGI, or classical enhancers
active in the indicated cell type. E) Distribution of average ChIP-Seq tag densities (read/kb) for the indicated chromatin feature (CTCF, H3K27me3, H3K9me3) among
ECGI, classical enhancers and Remnant CGI as defined in HMEC cells. F) Density of the mean DNA methylation level for ECGI or Remnant CGI as determined from H1ESC
whole genome bisulfite sequencing.
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their hypomethylated status is critical to their function. To
investigate possible mechanisms underlying the persistent
hypomethylation of ECGI, we first examined the levels of 5-
hydroxymethylation (5hmC), a known intermediate in passive
and active DNA demethylation,51,52 using a 5hmC Capture-
Seq data set from IMR90 cells53 (Fig. 7A). Strikingly, we find
that ECGI from each cell line examined were uniquely marked
by high levels of 5hmC, compared with both promoter CGI
and classical enhancers from the same cell line, suggesting

active turnover of DNA methylation. Promoter CGI are also
suggested to be protected from DNA methylation by R-loops,
RNA-DNA hybrids that form co-transcriptionally preferen-
tially at G-skewed and GC-rich regions.2,54,55 Interestingly,
ECGI exhibit substantial enrichment for R-loops, approaching
that of promoter CGI (Fig. 7B). In contrast, classical
enhancers exhibit almost no detectable R-loop formation, con-
sistent with the differences in DNA methylation and nascent
transcription between these groups (see Fig. 1E and Fig. 2A).

Figure 7. Active ECGI are resilient to aberrant methylation in cancer (A) Distribution in tag density (reads/kb) of 5-hydroxymethylcytosine (5hmC) among promoter CGI vs.
ECGI or classical enhancers active in the indicated cell type (5hmC Capture-seq data; IMR90 cells). (B) Mean normalized DRIP-seq (primary fibroblasts) tag densities in
10 bp bins for C/¡2.5 kb from the center of promoter CGI vs. ECGI and classical enhancers active in HMEC. (C, D) Density of the average methylation level (b) per feature
as determined by 450K Methylation Array in normal breast tissue (n D 97) or primary breast tumors (n D 781, TCGA). ECGI active in HMEC vs. inactive in HMEC are those
CGI that overlap H3K27Ac/H3K4me1 peak and HMM enhancer definitions in HMEC vs. those called active in at least one other cell line assayed by the same criteria but
absent from HMEC. Classical enhancers active vs. inactive in HMEC were similarly defined but do not overlap a CGI. (E) Volcano plot showing the change in the average
DNA methylation (b value) per genomic feature among normal or breast tumor samples. Blue features are those ECGI/Enhancers significantly hypomethylated (FDR<0.01
and change in b < ¡0.2), and red features are those significantly hypermethylated (FDR<0.01 and change in b > 0.2). Active and inactive ECGI vs. classical enhancers
are as defined in panels C and D. (F) Relationship between the average DNA methylation (b value) for each ECGI/ Enhancer between normal and breast tumor samples.
Lines represent an average change in b of 0.2. Active and inactive ECGI vs. classical enhancers are as defined in panels C and D.
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The aberrant hypermethylation of typically unmethylated
promoter CGI has been linked to tumor suppressor gene silenc-
ing.56 Likewise, alterations in enhancer methylation state have
been implicated in tumorigenesis, cancer progression, and
metastasis.13,57 To investigate ECGI methylation in human
cancers, we used 450K Infinium Methylation array data from
97 normal breast and 781 breast tumor samples (TCGA con-
sortium) to compare the average methylation state of ECGI
and classical enhancers active in HMEC vs. those only active in
other cell lines. We defined significant methylation changes as
those with an FDR <0.01 and an absolute change in b > 0.2.

ECGI active in HMEC were unmethylated in normal tissue
and were resistant to methylation changes in primary breast
tumors (3.4% hypermethylated, none hypomethylated). While
most ECGI inactive in HMEC were also unmethylated, a sub-
stantial proportion are methylated in normal breast tissue
(26.5% with average b > 0.7). In cancer, these inactive ECGI
were prone to hypermethylation, while few undergo hypome-
thylation (10.3% hypermethylated, 2.1% hypomethylated).
These data suggest that persistent ECGI activity is necessary to
repel aberrant DNA methylation (Fig. 7 C-F). In contrast,
active classical HMEC enhancers exhibit a variable methylation
pattern in normal breast tissue (median b D 0.6, Fig. 7C-F),
and are more prone to methylation changes than active ECGI
(4.4% hypermethylated, 6.1% hypomethylated in active classical
enhancers vs. 3.4% hypermethylated and 0% hypomethylated
in active ECGI). As expected, classical enhancers inactive in
HMEC tended to be more methylated in normal breast tissue
than active ones (median b D 0.72), but unlike inactive ECGI,
inactive classical enhancers were more prone to hypomethyla-
tion (1.1% hypermethylated, 5.9% hypomethylated) in breast
cancers. Thus, ECGI are highly resistant to methylation while
active, but a subset of silent ECGI may gain methylation either
normally during cell-type specification or aberrantly during
carcinogenesis. In contrast, classical enhancers appear less
resistant to DNA methylation than ECGI, even if active, which
can lead to aberrant hypo- or hyper-methylation in tumors.
Together, these data show that the pervasive disparities
between classical and ECGI in chromatin state, architecture,
and conservation manifest as sweeping differences in DNA
methylation dynamics during development and carcinogenesis.

Discussion

Research has largely focused on the canonical role of CGI as
strong promoters, even though many ‘orphan’ CGI in the
human genome exist far from any known transcript. At pro-
moter CGI, the lack of DNA methylation ensures the preserva-
tion of CpG density, the binding of GC and CpG-binding
transcription factors, and recruitment of active chromatin
modifiers, ultimately creating a permissive environment for
transcriptional initiation.1 Indeed, several groups have also
documented transcriptional initiation at orphan CGI, typically
ascribing it to promoter function.27,58 However, Mendizabal
et al.18 recently noted that many CGI resemble enhancers in
terms of chromatin state. Indeed, transcriptional initiation is
also a key feature of enhancers, and recent work has shown
that promoters and enhancers share a common epigenetic
architecture, with the strongest enhancers resembling weak

promoters in terms of their chromatin state.16 Here, we demon-
strate the extension of this promoter-enhancer relationship,
establishing that most orphan CGI are in fact putative
enhancers, or ECGI.

ECGI resemble classical enhancers in many ways, but
possess the elevated GC content, hypomethylation, and
CpG density that empower promoter CGI. Like at promoter
CGI, these features license recruitment of TFs and chroma-
tin modifiers, but result in enhancer-like H3K4me1 and
unstable transcripts, rather than promoter-like H3K4me3
and stable transcripts. Just as promoter CGI are stronger
and more euchromatic than other promoters, ECGI display
higher eRNA production, histone acetylation, H3K4me3/
me1 ratios, and functional ability to drive gene expression
than do classical enhancers. The greater strength of ECGI is
likely a direct reflection of their importance, and ECGI are
also enriched in highly active ‘super’ enhancers that have
been assigned pivotal roles in development, pluripotency,
and oncogenesis by driving the expression of genes essential
to lineage and proliferation regulation.33,59,60

Indeed, enhancer activity may be a feature of CGI in
general, not just orphans. Critically, we find that many
transcript-associated CGI also frequently overlap putative
enhancers and exhibit strictly unstable transcripts. Addi-
tionally, in screens of enhancer activity even gene-associated
CGI were more capable than other elements of enhancing
expression. This suggests a role as enhancers for thousands
of additional genic CGI that lack a TSS. Embedded
enhancer activity also may be a mechanism by which
canonical CGI promoters achieve higher and broader gene
expression across cell types than other promoters.1

Nuclear architecture, the formation and location of DNA:
DNA contacts, is central to gene regulation, enforcing chroma-
tin boundaries and enabling enhancers to act on promoters.61

ECGI display far more of these contacts that classical enhancers
do, and they exhibit far greater enrichment of factors like
CTCF, cohesin, and Brd4 that orchestrate these loops, suggest-
ing they engage in more or tighter contacts. CTCF, which regu-
lates recruitment of cohesin, likely prefers ECGI to classical
enhancers because it is unable to bind methylated DNA.50,62 As
enhancers must contact promoters to act, these loops are likely
essential to ECGI activity, and recent work has linked aberrant
nuclear disorganization to carcinogenesis.63 Indeed, aberrant
methylation of the PTSG2 promoter CGI in cancer cells abol-
ishes CTCF/cohesin binding, silences the gene, and disrupts
architecture across the locus.64

CTCF is just one of many methylation-sensitive transcrip-
tion factors that enhancers rely on for their activity.52 As a
whole, TF binding motifs have higher GCC content than the
genome average,1 and are generally more common in both pro-
moter CGI and ECGI than in classical enhancers. In chromatin,
TFs with GC-rich and CpG-containing motifs accumulate to
much greater levels at ECGI than at classical enhancers, and
several these play critical roles in carcinogenesis. SP1 overex-
pression occurs in many cancers and is linked to poor
survival,65 ELK4 translocations can drive prostate cancer,66 and
EGR1 regulates the survival of endocrine-resistant breast can-
cer cells,67 for example. Enrichment of these factors suggests
that ECGI may play integral roles in carcinogenesis by
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mediating the ability of TFs to activate their target genes, or by
acting as deep sinks to titrate TF pools, an effect which may be
exacerbated by cancer-related methylation changes, perturbing
TF binding and activity elsewhere.68

The CpG density and hypomethylation that permit TF bind-
ing are linked evolutionarily by the mutagenicity of methylated
cytosine. The conservation of promoter CGI stems from the
specific conservation of CpG sites, rather than other nucleoti-
des, suggesting that there is selective pressure to maintain CpG
density and that this is the critical factor in their activity.69

ECGI exhibit the same phenomena, but to a lesser extent than
promoter CGI. This likely reflects the diminished H3K4me
state of ECGI relative to promoter CGI, and the fact that
enhancers evolve more rapidly than promoters.49 Indeed, we
find evidence for previously active ECGI in remnant CGI: those
CGI that are not transcript-associated and did not exhibit
evidence of enhancer activity in any cell line. Unlike ECGI,
remnants are heavily methylated and heterochromatic, similar
to the promoter CGI associated with pseudogenes, leading to
their loss over time. Although some remnants may represent
the promoters of lost transcripts, many are likely decommis-
sioned ECGI, given their distance from detectable pseudogenes.
This finding highlights that a persistent function, and selection
to remain unmethylated, is necessary to maintain CpG density,
and suggests that ECGI have had important roles in mamma-
lian evolution.

The conservation of CpG sites and hypomethylation sug-
gest ECGI have mechanisms to repel DNA methylation.
The TET enzymes, which catalyze the oxidation of 5-methyl
cytosine residues, have been implicated in maintaining
enhancer activity by preserving DNA hypomethylation.70

Consistent with this idea, 5hmC is found at especially high
levels in super enhancers,71 and DNA methylation preferen-
tially accumulates in enhancer regions in cancers that expe-
rience loss of TET2 function.72 We find that 5hmC is also
heavily enriched at ECGI, compared with either promoter
CGI or other enhancers. H3K4me3 and R-loops inhibit
DNA methyltransferase recruitment at promoter CGI, but
ECGI may lack full protection because of their lower
H3K4me states and R-loop formation. Thus, ECGI may
experience higher rates of DNA methylation, eliciting a
greater need to remove it. Alternatively, hydroxymethylation
may serve a functional role at ECGI independent of its role
as an intermediate in 5mC turnover, by either buffering the
binding of 5hmC-sensitive TFs73,74 or by specifically recruit-
ing 5hmC readers, several candidates of which have recently
been identified.75

It is well established that hypermethylation of promoter CGI
often silences tumor suppressor genes during cancer progres-
sion, and that hypomethylation of intragenic CGI can unleash
certain oncogenes like hTERT.76 More recently, methylation
changes at classical enhancers during carcinogenesis have been
linked to altered activity and changes in gene expression.57,77 In
fact, it has been suggested that enhancers exhibit more DNA
methylation changes in cancer than other genomic compart-
ments, and that these changes can modulate the expression of
known oncogenes like KIT and ESR1 at a distance.77 Here, we
show that ECGI inactive in HMEC cells (but active in another
cell type) are especially prone to methylation changes, with

more than 10% exhibiting significant hypermethylation in
primary breast tumors. Bae et al.17 recently suggested broad
hypermethylation of enhancer-like CGI that lack TSS in cancer.
However, they did not distinguish intragenic and other tran-
script-associated CGI in their analysis, which we find often
contain stable transcripts (Fig. S1B) making many likely pro-
moters. Indeed, while we do find that more than half of ECGI
active in HMEC cells have lost H3K27Ac (and presumably
their activity) in MCF7 breast cancer cells, few of these become
hypermethylated in primary breast tumors. Furthermore, we
also find that dozens of ECGI inactive in HMEC acquire aber-
rant H3K27Ac in MCF7 cells (Fig. S4). These findings suggest
that, rather than indiscriminant hypermethylation, there is fre-
quent decommissioning of active ECGI (often independent of
methylation changes) as well as cryptic activation of inactive
ECGI during oncogenesis. Given their massive activity and role
in genome organization, even modest changes in the unique
chromatin state of ECGI may impact cancer progression and
survival by directly or indirectly perturbing gene expression.

Thus, we have identified that ECGI represent a novel class of
enhancers, more powerful than classical enhancers by every
measure and prone to aberrant DNA methylation changes in
cancer. These findings point to a common evolutionary origin
of CpG-rich promoters and enhancers, with enhancer CGI rep-
resenting a subset of enhancers that possess many of the
features of promoter CGI likely due to similar evolutionary
pressures to maintain activity. This helps resolve the longstand-
ing mystery of orphan CGI function and illuminates new
aspects of enhancer and CpG island biology critical to under-
standing the chromatin dynamics that drive development and
carcinogenesis.

Methods

CpG island and enhancer annotation

CpG Islands, as defined by UCSC (hg19), were annotated based
on their relationship with GenCode (V25, hg19) transcripts,
hierarchically as those: 1) containing a protein-coding TSS; 2)
contained within a protein-coding gene; 3) within 2 kb of a pro-
tein-coding gene (perigenic); or within 2 kb or overlapping 4) a
lncRNA; 5) other ncRNA (miRNA, rRNA, scRNA, snRNA,
snoRNA, ribozyme, sRNA, antisense RNA, or scaRNA); 6)
pseudogenes (including protein-coding or any other). Other
CGI were considered to be ‘orphan’ CGI.

For enhancer definitions, cell lines examined as part of the
ENCODE and Roadmap Epigenomics project that had avail-
able H3K4me1 and H3K27Ac ChIP-Seq called peaks or an
HMM chromatin state map were used. ENCODE lines with
peak definitions were: A549, astrocytes, CD14C, skin fibro-
blasts, DND41, GM12878, H1ESC, HCT116, HeLa, HepG2,
HMEC, HUVEC, K562, keratinocytes, lung fibroblasts, myo-
tubes, osteoblasts, Panc1, and skeletal myoblasts; and with
HMM definitions: GM12878, H1ESC, HepG2, HMEC, HSMM,
HUVEC, K562, NHEK, and NHLF.

Roadmap cells with the following EIDs were used for peaks
and HMM definition: E003, E004, E005, E006, E007, E008,
E011, E012, E013, E014, E015, E016, E017, E019, E020, E021,
E022, E026, E029, E032, E034, E037, E038, E039, E040, E041,
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E042, E043, E044, E045, E046, E047, E048, E049, E050, E055,
E056, E058, E059, E061, E062, E063, E065, E066, E067, E068,
E069, E071, E072, E073, E074, E075, E076, E078, E079, E080,
E084, E085, E087, E089, E090, E091, E092, E093, E094, E095,
E096, E097, E098, E099, E100, E101, E102, E103, E104, E105,
E106, E108, E109, E111, E112, E113, E114, E115, E116, E117,
E118, E119, E120, E121, E122, E123, E124, E125, E126, E127,
E128, E129, or just for HMM: E001, E002, E009, E010, E018,
E023, E024, E025, E027, E028, E030, E031, E033, E035, E036,
E051, E052, E053, E054, E057, E070, E077, E081, E082, E083,
E086, E088, E107, E110. For ENCODE HMMs, categories 4–7
(Strong and Weak Enhancers) were considered, and for Road-
map HMMs, categories 6, 7, and 12 were used (Genic
Enhancers, Enhancers, Bivalent Enhancers). For peak defini-
tions, enhancers were defined as the overlap of H3K4me1 and
H3K27ac peaks within each cell line. Orphan CGI that over-
lapped enhancers by both peak and HMM definition were used
for ECGI analysis in the text. Given the lower resolution of
HMM, where enhancers are used as a comparison, they repre-
sent regions of overlapping H3K4me1 and H3K27Ac peaks,
that at least partially overlap an HMM enhancer.

As a negative control for the transcription stability analysis,
5 thousand random intergenic regions (at least 2 kb from any
Gencode transcript) of 500 bp (for similarity to ECGI and
enhancers) were chosen. Non-CGI promoters were defined as
C/¡ 500 bp from any protein-coding transcript in Gencode
without a CGI within 2 kb of the TSS.

For CGI from other animals, CGI tables were downloaded
from UCSC, and lifted to hg19 using chains available from
UCSC. Genomes used are as follows: bonobo (Pan paniscus,
PanPan1), baboon (Papio anubis, PapAnu2), mouse (Mus mus-
culus, mm9), cat (Felis catus, FelCat5), manatee (Trichechus
manatus, TriMan1), opossum (Monodelphis domestica, Mon-
Dom5), platypus (Ornithorhynchus anatinus, OrnAna1),
chicken (Gallus gallus, GalGal4), alligator (Alligator mississip-
piensis, AllMis1), turtle (Chrysemys picta, ChrPic1), western
clawed frog (Xenopus tropicalis, XenTro3), coelacanth (Latime-
ria chalumnae, LatCha1), zebrafish (Danio rerio, DanRer10),
and lamprey (Petromyzon marinus, PetMar2).

ChIP-Seq and chromatin analyses

ENCODE ChIP-Seq data sets were downloaded as mapped
BAM files. Tag densities for genomic features were determined
using R/Bioconductor packages GenomicRanges, GenomicA-
lignments,78 and Rtracklayer,79 and visualized using ggplot2.80

The Mann-Whitney U test is used for significance tests of dif-
ferences in tag density. Accession numbers are as follows:
HMEC H3K4me1 GSM733705, HMEC H3K4me2
GSM733654, HMEC H3K4me3 GSM733712, HMEC
H3K27Ac GSM733660, HMEC H3K9Ac GSM733713, HMEC
DNase ENCSR000ENV, K562 H3K4me1 GSM733692, K562
H3K27Ac GSM733656, K562 H3K9Ac GSM733778, K562
DNase ENCFF000SVI, K562 H3K27me GSM733658, K562
H3K9me3 GSM733776, H1Esc H3K4me1 GSM733782, H1Esc
H3K27Ac GSM733718, H1Esc H3K9Ac GSM733773, H1Esc
DNase ENCFF658MCK, H1Esc H3K27me GSM733748, H1Esc
H3K9me3 ENCFF769VJB. For data sets for which mapped files
were unavailable (MCF7 GroSeq GSE27463), reads were

mapped to hg19 using Bowtie281 with default settings. For
DRIP-Seq data (GSE57353), tag densities for the DRIP-Seq
library (normal control fibroblasts) were normalized to that of
the input library.

DNA methylation analysis

Processed (Tier 3) data for WGBS and Illumina Infinium
450K methylation array data were downloaded from TCGA
(ID numbers in Table S1). DNA methylation levels at each
feature were calculated by averaging the b values (450K) or
percent methylation (WGBS) for each CpG site or probe
present in each genomic locus using the GenomicRanges R
package.78 The significance of hyper- and hypo-methylation
was determined by an FDR-corrected Wilcoxon rank sum
test, with a 0.2 change in b used as an additional cutoff for
significance.

Transcription factor binding sites

JASPAR47 database putative TFBS bed files for hg19
(»1.1 million binding sites for »130 TFs) were downloaded.
Motif GC content was determined by averaging the combined
GCC likelihood of each residue in the motif. Motifs were con-
sidered to have a CpG site if they contained a site with at least a
50% likelihood of containing a C followed by a site with at least
a 50% likelihood of containing a G. Odds ratios are the preva-
lence of a motif occurring within total kb contained by ECGI
vs. the prevalence in classical enhancers (see above).

Enhancer screens

For lentiMPRA, a file containing each screened region and its
score was downloaded from the supplement of the article.35 In
lentiMPRA, putative enhancer regions are cloned into a lentivi-
ral GFP reporter vector that then integrates into the genome.
Targeted RNA and DNA sequencing are performed, and the
enhancer activity is determined by the ratio of RNA to DNA
copy number. We present only the integrase-competent len-
tiMPRA analysis, but obtained similar results with the inte-
grase-deficient library, although Inoue et al. note that the
integrase-competent method is much more robust in detecting
enhancers.

For mouse assays, FIREWACh36 and CapStarr-Seq,37 files
containing of regions in the input vs. captured libraries (and
enhancer scores and categories for CapStarr-Seq) were down-
loaded from the supplementary materials of each publication.
Both assays clone genomic regions into GFP enhancer-reporter
vectors with subsequent transfection into cells, but FIREWACh
clones putative enhancers upstream of the GFP promoter, while
CapStarr-Seq clones the putative enhancers downstream of the
reporter, enabling expression of the element in a GFP fusion
transcript. FIREWACh relies on the isolation of GFPC cells,
identifying any element able to drive strong GFP reporter tran-
scription, but without further quantification of strength. Cap-
Starr-Seq utilizes targeted RNA sequencing to determine
relative enrichment of each screened region (RNA copy num-
ber), relative to DNA copy number in the input library (cloned
plasmids before transfection) to assign each element an
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enhancer score [fold change (FC) in input DNA copy number
vs. RNA copy number in transfected cells]. Based on this FC,
the authors assigned each element to a category: Inactive
(FC < 1.5), Weak (FC 1.5–3), or Strong (FC > 3).

Hi-C and ChIA-PET

For Hi-C, intrachromosomal combined contact matrices with
scores for each annotated interaction in K562 cells were down-
loaded from GEO, as were TAD boundary locations in
GM12878 (GSE63525). For ChIA-PET, bed files of annotated
contacts were downloaded from ENCODE (CTCF in K562 cells
ENCSR000CAC, POLR2A in MCF7 cells ENCSR000CAA).

Conservation

Phylop48 conservation score files (bigWig) for mammalian and
vertebrate genomes were downloaded from UCSC. For each
feature, the average score for CpG residues and non-CpG resi-
dues was calculated independently.
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