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Although accumulating evidence has demonstrated the key
roles of enhancers in gene expression regulation, the contri-
bution of genome-wide enhancer-enhancer interactions to
developmental decisions remains unclear. Here we explored
the cooperative regulation patterns among enhancers to un-
derstand their regulatory mechanism. We first filtered robust
enhancers in embryonic stem cells (ESCs) through inte-
grating bidirectional transcription, genomic location, and
epigenetic modification. Genome-wide enhancer-enhancer
interactions were then identified based on enhancer-pro-
moter relationships that were derived from Hi-C data. We
further explored the interacting principles of the identified
enhancer-enhancer interactions. The results revealed that
the observed cooperativity occurred mainly between en-
hancers distributed within a 1-kb to 10-Mb distance across
the genome. In addition, enhancer-enhancer pairs had higher
expression correlations than non-interacting pairs. Finally,
we identified robust enhancers during human cardiac
commitment, and we found that enhancers exhibited strong
stage-specific expression patterns. We further inferred the
enhancer-enhancer interactions based on RNA sequencing
(RNA-seq) data in heart development, according to the
regulatory principles characterized from Hi-C data. The
identified enhancer-enhancer interaction networks (EEINs)
presented highly dynamic linkages. Moreover, enhancers
cooperatively targeted many marker genes in each develop-
mental stage to regulate stage-specific functions, which
contribute to the organization of cell identity in heart devel-
opment. Our work will increase the understanding of
enhancer regulation in human heart development.
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INTRODUCTION
Precise temporal regulation of gene expression patterns is essential for
heart development, and disruption of transcriptional networks in
heart development may lead to congenital heart disease.1–3 Studies
have investigated the dynamic changes in the transcriptome during
different stages of cardiac differentiation.4,5 To better understand
development-related changes in gene expression, it is important to
consider changes in mechanisms that regulate gene expression,
such as enhancer regulation.
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We have learned that the genome is folded in three-dimensional
(3D) space inside the cell nucleus, thereby allowing long-range
chromatin interactions and exhibiting more complex gene regula-
tion.6–8 Specially, distal enhancers physically loop to their target
gene promoters and play an important role in the transcriptional
control of genes. Enhancers can be separated from promoters
over extensive and highly variable genomic distances.9 Wamstad
et al.5 previously reported that enhancers play a critical role in
the temporal and cell type-specific activation of gene expression
and stage-specific distal enhancer elements orchestrate cardiac dif-
ferentiation. However, the contribution of genome-wide enhancer-
anchored interactions to human developmental decisions remains
poorly understood.

A very recent study discovered that enhancer-promoter contacts are
highly dynamic and cell type specific during mouse neural differenti-
ation,10 indicating that the 3D genome was globally reorganized dur-
ing development. In addition, studies showed that several enhancers
were predicted to converge on the regulation of a single gene.11–13

Beyond this, local and global chromosome conformation capture
analysis demonstrated that enhancers associate not just in linear
sequence in the form of super-enhancers but also in 3D space and
these enhancer-enhancer interactions contribute to the regulation
of gene expression.14 Although individual enhancer-enhancer inter-
actions already have been uncovered,11–15 genome-wide analysis of
cooperations among enhancers has not yet been conducted.
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Moreover, the role of enhancer-enhancer cooperative regulations
during cardiac differentiation remains unclear.

On the other hand, linking enhancers to their target genes remains a
major challenge. It is a commonly used method to identify enhancer
regulations based on the correlation between chromatin signals at en-
hancers and transcriptional activity of genes. For example, Shen
et al.13 predicted enhancer-promoter pairs based on the correlation
of the chromatin state at enhancer and the RNA polymerase II (Pol
II) intensity at promoter for each possible pair of elements along a
chromosome. Moreover, Lin et al.12 identified putative enhancer-
gene interactions that are contained within the same topologically
associated domain and exhibit significant positive correlations be-
tween enhancer H3K27ac signal and gene expression.

Bidirectional transcription is a marker of active enhancers,16,17 and
the induced bidirectional enhancer RNA (eRNA) as functional tran-
script is required for enhancer-dependent target gene activation
events.18 As the abundance of eRNA is strongly related to enhancer
activity, identifying enhancer regulations based on expression corre-
lation is a relatively effective approach in this research area. The func-
tional annotation of the mammalian genome 5 (FANTOM5) project
cap analysis of gene expression (CAGE) atlas provides enhancer
expression across the majority of human cell types and tissues. Active
enhancers were de novo identified based on the bidirectional tran-
scription signature from CAGE data.17 Yao et al.19 identified robust
enhancer regions expressed in the human brain and constructed
eRNA-gene coexpression networks based on FANTOM5 data to
identify brain region-specific or developmental stage-specific coex-
pression modules. Moreover, Andersson and colleagues17 associated
enhancer-promoter pairs based on pairwise expression correlation,
and they found that transcription is a better predictor of regulatory
targets than chromatin accessibility.

Motivated by the aforementioned observations, we aimed to iden-
tify genome-wide cooperative interactions among enhancers based
on enhancer-target relationships. The workflow mainly included
two modules (Figure 1). First, we filtered robust enhancers in em-
bryonic stem cell through integrating multi-omics information. We
subsequently identified genome-wide enhancer-enhancer interac-
tions based on enhancer-promoter associations that were derived
from Hi-C data, and we further explored the cooperative interact-
ing principles of the interactions, which were confirmed by Hi-C
data with high resolution of GM12878. Second, based on the iden-
tified robust enhancers in the cardiac commitment system, a
sequential differentiation system including human embryonic
stem cells (ESCs), mesoderm (MES), cardiac precursors (CPs),
and cardiomyocytes (CMs), we predicted enhancer-promoter reg-
ulatory associations and enhancer-enhancer cooperative interac-
tions from RNA sequencing (RNA-seq) data, according to the in-
teracting principles characterized from Hi-C data. The assembled
enhancer-enhancer interaction networks (EEINs) showed dynamic
linkages during cardiac development. This work increases the
understanding of the effect of non-coding regulatory elements on
human heart development, and it highlights novel mechanisms un-
derlying enhancer regulation.

RESULTS
Identifying Robust Enhancers in ESCs

Currently, genomic locations of enhancers can be detected by the
mapping of chromatin marks20 or based on bidirectional transcrip-
tional activity.17 As transcription is a marker of active enhancers, we
first identified candidate active enhancers in ESCs based on the
FANTOM5 CAGE atlas, which encompassed �1,000 human pri-
mary cell, tissue, and cell line samples. More than 2,700 enhancers
were expressed in at least one sample above 0.5 TPM (tags per
million) (Figure 2A). As the bidirectional expression of enhancers
in the close vicinity of transcriptional start sites (TSSs) may be diffi-
cult to distinguish from expression at promoter regions,19 we
limited our analyses to intronic and intergenic enhancers. Among
these, 92.4% were intergenic or intronic, consistent with previous
studies.19,21

Given that enhancers tend to be expressed at lower levels22 and that
the FANTOM5 sample size is relatively small, we therefore replicated
enhancer expression from independent total RNA-seq datasets from
GEO, which included 25 ESC samples. The expression of 1,467
enhancer loci was replicated in the independent dataset, with the
detection threshold of 0.5 TPM in at least two distinct samples. In
addition, recent studies have shown that chromatin profiling provides
a powerful means for the characterization of enhancer portions of the
genome.14,20,23 Therefore, in order to further refine our confident
enhancer list, we used histone modification data from the Roadmap
Epigenomics Project24 to assess the overlap of enhancer-specific chro-
matin marks (H3K4me1 or H3K27ac) with the 1,467 enhancer re-
gions. Ultimately, a total of 973 robust enhancers overlapped with
Roadmap H3K27ac or H3K4me1 peaks of ESCs were obtained for
subsequent analysis (Figure 2A).

Characterizing Interacting Principles of Enhancer-Enhancer

Interactions from Hi-C Data

The relevance of 3D physical interactions within chromosomes for
transcriptional regulation and, thereby, for cellular fate at large is
now widely accepted.25 More and more studies have demonstrated
that the relationship between eRNA and mRNA is associated with
physical contact between enhancers and promoters.16,19,25 Moreover,
recent study has already uncovered individual enhancer-enhancer in-
teractions, implying the cooperative regulations between enhancers.
Specifically, Hi-C technology26 renders whole-genome contact
maps by offering the advantage of interrogating all-to-all interactions,
including relatively long-range enhancer-enhancer and enhancer-
promoter interactions, providing opportunities to understand the
structural and functional genome organization.

Identification of Enhancer-Enhancer Interactions

Here, to identify genome-wide enhancer-enhancer interactions
and further reveal the underlying regulatory principles of the
interactions, we first used 3D chromatin interaction data assayed
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Figure 1. Workflow for Inferring Enhancer-Enhancer

Interactions

(A) Genome-wide enhancer-enhancer interactions were

identified based on the enhancer-promoter relationships

that were derived from Hi-C data. (B) Enhancer-promoter

and enhancer-enhancer interactions were predicted in

each developmental stage based on the RNA-seq data

according to the interacting principles from Hi-C data.
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by Hi-C technology in ESCs to identify enhancer-promoter associ-
ations. As a result, a total of 749 Hi-C-defined enhancer-promoter
interactions were identified. Among them, we observed that 49.7%
of enhancers were assigned to only a single gene promoter. On
average, an enhancer was associated with 2.12 gene promoters
(Figure 2B), confirmed by previous studies.12,17,27 Moreover,
17.1% of promoters were associated with 2 or more enhancers
(Figure 2C), indicating that multiple enhancers may work in con-
cert to regulate the expression of a gene.17 We assumed that two
enhancers would loop to a same protein-coding gene simulta-
neously if both of them interact with the gene in 3D space,
implying that these two enhancers would, therefore, have contact
with each other. Based on this hypothesis, we finally identified
92 enhancer-enhancer interactions from enhancer-promoter rela-
tionships in ESCs (Figures 1 and 2D).
842 Molecular Therapy: Nucleic Acids Vol. 17 September 2019
Higher Expression Correlation between

Enhancer-Enhancer Interacting Pairs

Although genome-wide chromatin interactions
have been mapped, it remains to be determined
whether the interactions are bona fide regulatory
interactions to be predictive of expression levels.
To this end, we explored the expression correla-
tions of the identified enhancer-promoter and
enhancer-enhancer interacting pairs. Starting
from the premise that enhancers should be coex-
pressed with their target genes,19 we indeed
found that enhancer-promoter interacting pairs
show significant coexpression compared with
randomly selected pairs (p for Pearson = 0,
p for Spearman = 0.001, permutation test;
Figure 2E).

To further analyze the association between
enhancer regulation and gene expression, we
divided the ESC samples into three groups ac-
cording to enhancer activity. As a result, we
found that the expression of the target gene was
higher in samples where the two regulating en-
hancers were both active (i.e., TPM > 0.5) than
in samples where only one regulating enhancer
was active. Moreover, the target gene expression
was the lowest in samples where the two regu-
lating enhancers were both inactive (Figures
S1A–S1F). These results indicated that the
expression level of target genes is correlated with the number of regu-
lating enhancers. We also observed that the expression levels between
enhancer-enhancer interacting pairs were more highly correlated
(p for Pearson = 0, p for Spearman = 0, permutation test; Figure 2F),
indicating that the two enhancers targeting the same protein-coding
gene were both in active state and transcribed eRNAs simultaneously.

Genomic Distance Distribution of Enhancer-Enhancer

Interactions

We next analyzed the genomic distance distribution of enhancer-
anchored interactions, and we found that the vast majority of the in-
teractions were located within 10 Mb (Figure 2G), consistent with
previous study that 3D interactions with informative connectivity in-
formation occur within a 1-kb to 10-Mb distance.28 This analysis
indicated that cooperativity occurred mainly between enhancers
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Figure 2. Enhancer-Enhancer Interactions Identified from Hi-C Data of ESCs

(A) The pipeline for robust enhancer identification of ESCs. (B) Bar graph detailing the number of enhancers assigned toN promoters. (C) Bar graph detailing the number of genes

assigned to N enhancers. (D) Schematic diagrams indicating how enhancer-enhancer interactions can be extracted from enhancer-promoter associations. (E) Hi-C interacting

enhancer-promoter pairs and (F) Hi-C interacting enhancer-enhancer pairs showsignificant expression correlation comparedwith random interacting pairs. The density plot is for

1,000 times of random procedures, and the arrow points to the average correlation value for true pairs. Both Pearson (blue) and Spearman (green) methods were used. (G)

Distancedistributionof the identifiedenhancer-promoterandenhancer-enhancerpairs. (H) Tracksshowingmulti-omics signalsaround theenhancer-enhancer interacting region.

RNA-seq track is shown in blue, ChIP-seq H3K4me1 profiles are shown in green, and H3K27ac is in purple. Magenta boxes at the bottom correspond to candidate enhancer

regions. The line connecting them indicates enhancer-enhancer interaction. The visualization was presented by WashU EpiGenome Browser.
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Figure 3. Enhancer-Enhancer Interactions Identified from Hi-C Data of GM12878

(A) Distribution of the identified enhancers across the genome. (B) Bar graph detailing the number of enhancers assigned to N promoters. (C) Bar graph detailing the number

of genes assigned to N enhancers. (D) Distance distribution of the identified enhancer-promoter and enhancer-enhancer pairs.
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distributed within a 1-kb to 10-Mb distance across the genome. As an
example, one of our identified enhancer-enhancer interactions is
shown in Figure 2H. Both en_chr6:14211644-14212034 and
en_chr6:14381333-14381628 are intronic enhancers and they interact
with each other in 3D space. Their genomic distance is 169,299 bp.
We could observe RNA-seq reads and histone modification signals
over the enhancer regions (Figure 2H; Figure S1G).

Robustness of the Inferred Enhancer Interacting Principles

Additionally, considering that Hi-C data with high resolution could
give more exact characterization of the distance distribution of
enhancer cooperativity, we therefore analyzed a total of 9,448 chro-
matin loops at 5-kb resolution in GM1287829 to identify enhancer-
promoter relationships. This resulted in the identification of 320
interactions involving 15,803 promoters and 3,123 intergenic or
intronic enhancers (Figure 3A). Likewise, 77.2% of enhancers were
assigned to only a single gene target. On average, 1.33 gene promoters
were connected to a same enhancer in GM12878 (Figure 3B).

Compared with enhancer-promoter interactions detected in ESCs, we
found that 34.7% of promoters were regulated by multiple enhancers
844 Molecular Therapy: Nucleic Acids Vol. 17 September 2019
(Figure 3C), indicating the more globally cooperative regulatory
pattern of enhancers. Importantly, only 2.19% of the enhancer-pro-
moter interactions were located beyond 10 Mb across the genome
(Figure 3D). Moreover, all inferred enhancer-enhancer interactions
were located within a 10-Mb distance, suggesting that the
enhancer-enhancer cooperative interaction occurs within informative
connectivity distance. In addition, a recent study showed that en-
hancers can be separated from promoters by distances ranging
from a few kilobases to a little over 1 Mb.30 Actually, in our analysis,
we found that 63.2% and 83.8% of the enhancer-promoter interac-
tions identified from Dixon et al.31 and Rao et al.,29 respectively,
were distributed within 1 kb to 1 Mb across the genome, consistent
with the previous study.

Here, we evaluated the effect of the local sequence region of
each promoter on the identification of enhancer-promoter interac-
tions. We selected regions surrounding ±1 kb of TSSs as promoters12

to identify enhancer-promoter associations from Hi-C data.
The results revealed that the identified enhancer-promoter associa-
tions were reproducible between different promoter definitions
(Table S4).
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Figure 4. Identification and Characterization of Cardiac Developmental Enhancers

(A) The detailed process for identifying robust enhancers in cardiac development. (B) Heatmap of the top 500 intronic and intergenic enhancers withmost variable expression.

Color represents the FANTOM5 expression level and the cell type is specified in the top bar. (C) Heatmap of the top 500 robust enhancers with most variable expression.

Color represents the RNA-seq expression level and the cell type is specified in the top bar.
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Collectively, these regulatory principles of enhancer-enhancer inter-
actions elucidated that the inferred relationship between enhancer
and enhancer is associated with physical contact between them.

Stage-Specific Expression Pattern of Enhancers during Cardiac

Differentiation

As enhancer activity exhibits a correlation with heart-specific pro-
grams,5 we thus identified robust enhancers integrating FANTOM5
data, RNA-seq data, and histone modification data to systematically
elucidate the role of enhancers during cardiac commitment.

More than 14,000 enhancers were expressed in at least two distinct
samples above 0.5 TPM. Among these, 94.53% were intergenic or in-
tronic (Figure 4A). It has been shown that enhancers are significantly
cell type specific, with a majority being specific to a single cell type.20

Here we also observed that these intergenic or intronic enhancers
showed cell type-specific expression (top 500 enhancers with most
variable expression, Figure 4B), demonstrating the temporally related
expression of enhancers.

Given that enhancers tend to be expressed at lower levels (Figure S2A),
we thus replicated enhancer expression from an independent total
RNA-seq dataset, which included 76 samples consisting of four key
differentiation stages from ESC to CM. The expression of 8,887
enhancer loci was replicated in our independent dataset, with the
same detection threshold of 0.5 TPM in at least two distinct samples.
Enhancer expression at a threshold of R10 uniquely mapped reads
was also measured.32 A total of 6,516 enhancers were confirmed,
the vast majority of which belong to the enhancer set filtered by
TPM-normalized expression (Figure S2B).

In addition, we used histone modification data to assess the overlap of
enhancer-specific chromatin marks with the 8,887 enhancer regions.
Ultimately, a total of 7,195 robust enhancers overlapped with Road-
map H3K27ac or H3K4me1 peaks of ESCs, and heart tissues were ob-
tained for subsequent analysis (Figure 4A). These enhancers showed
stage-specific RNA-seq expression patterns (top 500 enhancers with
most variable expression, Figure 4C), similar to protein-coding genes
(15,803 protein-coding genes were filtered with the detection
threshold of 1 FPKM [fragments per kilobase of transcript per million
fragments mapped] in at least one sample; Figure S2C), thereby indi-
cating that enhancers play important roles in heart development. Spe-
cifically, we collected the marker genes in each stage and discovered
that marker genes were specifically expressed at corresponding stages
(Figure S2D).

We also selected the top 25% of enhancers or protein-coding genes
with the most variable expression to analyze the dynamic expression
pattern. As a result, we also observed the stage-specific expression
pattern of enhancers and genes during cardiac differentiation
(Figure S3).

Enhancer-Enhancer Interaction Landscape during Cardiac

Differentiation

Previous study has shown that transcription is a better predictor of
enhancer targets than chromatin accessibility.17 Therefore, based on
the above interacting features characterized from Hi-C data that
enhancer-promoter pairs show significant coexpression and tend to
distribute within 10 Mb, we further predicted genome-wide
enhancer-promoter associations in heart development based on an
expression correlation with the requirement of informative connec-
tivity distance. Specifically, enhancers were connected to genes within
1 kb to 10 Mb28,30 that exhibited concordant expression changes to
identify specific enhancer-promoter regulations in each develop-
mental stage (Figure 1).

Stage-Specific Enhancer-Enhancer Interactions during Cardiac

Differentiation

Therefore, the EEIN was constructed in each developmental stage
and visualized in a circular ideogram layout using the Circos
Molecular Therapy: Nucleic Acids Vol. 17 September 2019 845
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Figure 5. Enhancer-Enhancer Interactions during Cardiac Development

(A) Circos plot of the identified genome-wide intra-chromosomal enhancer-enhancer interactions in each developmental stage. The outermost layer ring labeled different

colors represents different chromosomes of the human genome. Each link of the four layers inside denotes one enhancer-enhancer interaction of each developmental stage.

The gray links represent background interactions, i.e., the union of interactions of all four stages except the interactions of the current stage. The bar plot in the inner area of

the Circos plot is showing the total number of enhancer-enhancer interactions in each stage and the percentage of specific interactions of each developmental stage. (B) The

representative chromosome 1 is enlarged to see more clearly.
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tool33 (Figures 5A and 5B). These enhancer-enhancer interactions
distributed across all chromosomes (Figure S4A). There were a
hugely varying number of interactions identified, with ESCs having
the most (27,378 interactions in ESCs, 1,497 inMES, 393 in CPs, and
746 in CMs; Figure 6A). This implies that ESCs require more com-
plex enhancer coregulations to initiate development and the
enhancer regulations become more specific with maturation of the
human heart. Moreover, the Spearman’s rank correlation between
the number of regulating enhancers and the expression level of the
gene was 0.93 in ESCs (p < 3.14e�06), which was calculated on
the average value. In addition, we calculated the associations be-
tween gene expression and the number of regulating enhancers
based on the individual data points, and we observed that gene
expression was also significantly correlated with the number of en-
hancers in ESCs (Spearman’s rank correlation rho = 0.28, p <
2.2e�16; Figure S4B).
846 Molecular Therapy: Nucleic Acids Vol. 17 September 2019
The Circos plots of these intra-chromosomal interactions showed
that interactions tended to occur within a relatively short distance,
which was confirmed by a previous study.34 Our analysis also revealed
that there are distinct enhancer-enhancer linkages across the four
stages. The shared interactions between each two stages were very
small (Figure 6B) and the vast majority of the interactions were stage
specific (Tables S5 and S6). As an example, en_chr19:1213864-
1214370 interacts with en_chr19:7482509-7482624 only in ESCs
(Figure 6C). All these results indicate that these significant stage-spe-
cific enhancer-enhancer interactions might contribute to stage-spe-
cific enhancer-enhancer cooperative regulations.

Stage-Specific Function Regulation by Enhancer-Enhancer

Interactions

Importantly, marker genes of the four stages of differentiation
are frequently regulated by enhancers participating in their
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Figure 6. Cell Type-Specific Enhancer-Enhancer Interactions Contribute to the Organization of Cell Identity in Heart Development

(A) Number of enhancer-enhancer interactions in multiple developmental stages. For each developmental stage, the whole bar represents the union of interactions of all four

stages, and the number labeled in the bar refers to the interaction number occurring in the current stage. (B) The overlapped interactions between each two stages. (C)

Interaction between en_chr19:1213864-1214370 and en_chr19:7482509-7482624 is one of the ESC-specific enhancer-enhancer interactions. Tracks show RNA-seq

signals around the enhancer-enhancer interacting region across the four developmental stages. Magenta boxes at the bottom correspond to candidate enhancer regions.

The line connecting them indicates enhancer-enhancer interaction. The visualization was presented by WashU EpiGenome Browser. (D) Enhancer-enhancer pairs from

ESCs cooperatively regulate pluripotency genes NANOG, SOX2, and POU5F1, which can also bind and regulate downstream enhancers to form the core pluripotency

circuitry. (E–H) Enriched Gene Ontology (GO) terms for the target genes associated with the enhancers from networks identified in ESCs (E), MESs (F), CPs (G), and CMs (H),

respectively.
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corresponding interaction network. Enhancers of undifferentiated
ESCs cooperatively regulate pluripotency genes, such as POU5F1/
OCT4, NANOG, and SOX2 (Table 1; Figure 6D), which are pluripo-
tent master transcription factors that can bind enhancer elements
and recruit Mediator to activate much of the gene expression program
of pluripotent ESCs.35–38 Indeed, we found that enhancers collaborate
to form core transcriptional regulatory circuitry consisting of autor-
egulatory and feedforward loops (Figure 6D),39–41 suggesting the
important roles of enhancer interactions in mediating the mainte-
nance of ESC pluripotency. In addition, mesodermal markers
TWIST1 and EOMES, cardiac precursor marker MEF2C, and CM-
specific gene MYH11 are cooperatively regulated by enhancers from
the corresponding developmental stage. These imply that the stage-
specific expression of marker genes can be due to the stage-specific
regulations of enhancer-enhancer interactions.
Finally, functional analysis of enhancer target genes was further
performed and revealed that the enriched categories become CM
specific progressively (Figures 6E–6H). Each stage enriched the ex-
pected functional categories, such as developmental growth, posi-
tive regulation of cell cycle, and embryo development for ESCs
(Figure 6E); stem cell differentiation and positive regulation of
cell growth involved in cardiac muscle cell development for MES
(Figure 6F); primary heart field specification, secondary heart field
specification, and ventricular cardiac muscle tissue morphogenesis
for CPs (Figure 6G); and cardiac conduction, heart contraction,
and regulation of heart contraction for CMs (Figure 6H). Various
general functions related to development and metabolism were
also identified, such as regulation of signal transduction, cell pro-
liferation, cell cycle, and negative regulation of Wnt-signaling
pathway.
Molecular Therapy: Nucleic Acids Vol. 17 September 2019 847
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Table 1. Marker Genes Cooperatively Regulated by Enhancer-Enhancer

Pairs of Each Developmental Stage

Developmental
Stage ESC MES CP CM

Marker genes

CD9, DNMT3B, NANOG,
PODXL, DPPA2, SOX2,
POU5F1, LEFTY1, GAL,
TCL1A, DPPA4, GRB7,
ZFP42, GDF3, TDGF1

TWIST1,
EOMES, T

MEF2C MYH11
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Together, these findings formed a landscape to understand develop-
mental enhancer-enhancer cooperative regulations during lineage
commitment, and they increased our understanding of spatial princi-
ples underlying the chromosomal organization and the effect of
enhancer regulation on human heart development.
DISCUSSION
Enhancers are a new class of gene-regulatory elements controlling
gene expression and cell identity. Gene regulation by cell type-specific
enhancers is fundamental to the organization of cell identity in devel-
opment.42 In the present study, we first identified robust enhancers
integrating widely used features of enhancers, including bidirectional
transcription, genomic location, and epigenetic modification.
Furthermore, we revealed several regulatory principles of enhancer-
enhancer interactions based on Hi-C data to further predict
genome-wide enhancer-enhancer interactions in different develop-
mental stages, based on generally used RNA-seq data. We finally
found that enhancer-enhancer linkages were dramatically dynamic
during human cardiac commitment. On the other hand, to measure
nonlinearly direct dependencies between variables,43 we have applied
the Spearman’s rank correlation to further measure the enhancer-
promoter regulatory associations during heart development. At the
same coexpression threshold, the results revealed that 54.15%,
81.24%, 80.68%, and 83.66% of the enhancer-promoter relationships
based on Spearman correlation in ESCs, MES, CPs, and CMs, respec-
tively, were captured by Pearson correlation.

Enhancers exhibited strong stage-specific expression patterns, indi-
cating that enhancers are essential for precise heart development. In
addition to the stage-specific expression of enhancers, the protein-
coding genes also exhibited strong stage-specific expression patterns
during cardiac differentiation. However, the CTCF protein (CCCTC-
binding factor) was ubiquitously expressed to form loops between
binding sites flanking the globin locus.44 As a looping partner of
CTCF,45–47 cohesin protein complex is also stage invariant, consistent
with previous studies that the domain boundaries are largely invariant
between cell types.31

In this study, we just focused on intra-chromosomal Hi-C interac-
tions and ignored inter-chromosomal interactions. In fact, Lan
et al.34 demonstrated that inter-chromosomal interactions represent
only 5% of all interactions. Moreover in our analysis, we first explored
the regulatory principles of the cooperative interactions based on
848 Molecular Therapy: Nucleic Acids Vol. 17 September 2019
Dixon’s Hi-C data of ESCs, which provides a picture of genomic ar-
chitecture with a resolution of 40 kb. Therefore, the analysis of chro-
matin loops at 5-kb resolution of GM12878 in our study is a good
complement to identify more comprehensive interactions to analyze
the interacting principles.

It was recently found that the Linc1405/Eomes complex can promote
cardiac mesoderm specification and further cardiogenesis, high-
lighting the critical long intergenic noncoding RNA (lincRNA)-medi-
ated mechanism in the regulation of cardiogenesis in vitro and
in vivo.48 In addition to lincRNA, our work illustrated that enhancer
regulation is an additional layer of epigenetic regulation of cardiogen-
esis, which contributes to a better understanding of the cardiac regu-
lation. Another recent study found that cardiac reprogramming fac-
tors synergistically activate enhancers highlighted by Mef2c-binding
sites and that Hand2 and Akt1 coordinately recruit other reprogram-
ming transcription factors (TFs) to enhancer elements.49 The sce-
nario looks very intriguing when combining our enhancer-enhancer
cooperative regulation network. It forms a complicated cardiac re-
programming regulatory network centered at MEF2C involving com-
plex crosstalk between TFs and enhancers, where TFs synergistically
activate enhancers and enhancers in turn synergistically activate
target genes.

In summary, we identified the dynamic enhancer-enhancer interac-
tions during cardiac commitment based on the generally used high-
throughput dataset with relatively low cost by integrating the
FANTOM5 data and RNA-seq data. We demonstrated that cell
type-specific enhancer-enhancer interactions contribute to the orga-
nization of cell identity in heart development. Our work highlights the
power of systems biology approaches to represent a complement for
the current Hi-C technique on the characterization of coordination
among enhancers and delineate the enhancer-enhancer interaction
landscape for heart development. There are both opportunities and
challenges for developing more computational models to identify
enhancer-promoter and enhancer-enhancer interactions in future
studies.

MATERIALS AND METHODS
FANTOM5 Enhancers

Both the genome coordinates and TPM-normalized CAGE expres-
sion data of human enhancers during cardiac commitment (Table
S1) were downloaded from the FANTOM5 data portal.

RNA-Seq Data for Heart Development

Publicly available heart development-related datasets (GEO:
GSE64417 and GSE54969) were downloaded and profiled by high-
throughput transcriptome sequencing (Table S2). The Sequence
Read Archive (SRA) files were converted to FASTQ format using
fastq-dump–split-3 for paired-end reads. Then reads were aligned
to the human reference genome GRCh38/hg38 (University of Califor-
nia, Santa Cruz [UCSC] gene transfer format [GTF] annotation) by
using TopHat50 version (v.)2.1.0 to generate the Binary Alignment
Map (BAM) files.
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To compute the expression level of an enhancer for each sample, we
calculated the count coverage within the enhancer region using the
BEDTools software51 based on the mapped BAM file, and we
measured the expression value as the total number of RNA-seq reads
overlapping the enhancer region, normalized to library size, i.e., TPM.
On the other hand, the gene FPKM values were called by using Cuf-
flinks52 software 2.2.1 release with default parameters.
Histone Modification Data from Roadmap

H3K27ac and H3K4me1 peaks for ESCs and heart tissues were ob-
tained from https://egg2.wustl.edu/roadmap/web_portal/processed_
data.html (Table S3). We downloaded the narrowPeaks and con-
verted their genomic locations to the hg38 build.
3D Chromatin Interaction Data

Calling of Interactions from Hi-C Data of ESCs

The mapped Hi-C summary files of the two replicates of H1 cell
line based on hg18 were downloaded from Dixon et al.31 (GEO:
GSE35156). Hypergeometric Optimization of Motif Enrichment
(HOMER)53 was subsequently used to call significant Hi-C interac-
tions from themapped reads (Figure 1A). It mainly involves two anal-
ysis steps. First we used the makeTagDirectory program to process
paired-end sequencing into a tag directory. Then the analyzeHiC
command with the option “-interactions” was used to search for sig-
nificant interactions in the genome at 40-kb resolution. We combined
the results from the two replicates for further analysis.

Chromatin Loops of GM12878

9,448 chromatin loops detected in the in situHi-C map for GM12878
at 5-kb matrix resolution were downloaded from Rao et al.29 and con-
verted to the hg38 build (Figure 1A).
Identification of Robust Enhancers in ESCs

Robust active enhancers in ESCs were identified based on three steps
of filtration, mainly integrating bidirectional transcription, genomic
location, and epigenetic modification of enhancers. As transcription
is a marker of active enhancers,17 we first identified candidate active
enhancers expressed above 0.5 TPM in at least one sample, based on
the FANTOM5 CAGE atlas and at least two samples in the replicated
RNA-seq datasets, respectively. Therefore, enhancers analyzed in our
study were all representative of active enhancers. Furthermore, en-
hancers were annotated based on GENCODE release 24 to limit those
either intergenic (located more than 2 kb away from a GENCODE
gene) or overlapped with introns, but not overlapped with promoter
regions (TSS ± 2 kb) or exon regions. Finally, robust enhancers were
identified if enhancer regions were marked by epigenetic modification
signals (H3K27ac or H3K4me1 peaks).
Identification of Robust Enhancers during Human Cardiac

Commitment

On the other hand, we identified robust enhancers during human car-
diac commitment based on the similar workflow. Considering the
larger sample size here, the expression values of enhancer candidates
must be above 0.5 TPM in at least two samples in both FANTOM5
and the replicated RNA-seq datasets, respectively.

Identification of Enhancer-Enhancer Interactions Based on

Hi-C Data

Based on the significant intra-chromosomal interactions detected by
HOMER from Hi-C data, the enhancer-promoter interactions were
detected only if they were separately overlapped with two different
bins that significantly contacted each other in 3D space. The overlaps
between enhancers-promoters and bins were searched by using the
BEDTools software. Enhancer-enhancer interactions were identified
if two enhancers both interacted with a same protein-coding gene
in 3D space (Figure 1A).

Construction of the EEIN Based on RNA-Seq Data in Each

Differentiation Stage

The construction of the EEIN in each developmental stage of
cardiac commitment was implemented as the following two steps
(Figure 1B):

Identifying Enhancer-Promoter Regulatory Associations

All genes within 1-kb to 10-Mb distance of an enhancer were selected
as candidate targets, and the Pearson correlation coefficient between
each candidate target gene and the enhancer was further computed
across RNA-seq samples of each differentiation stage. If the coexpres-
sion correlation was at a false discovery rate (FDR) value less than
0.05, we considered the candidate target gene as the confident target.

Constructing the EEIN

On the basis of enhancer-promoter regulatory relationships, we con-
structed an EEIN for each developmental stage. Two enhancers were
defined as association only if they shared at least one target gene. At
last, all enhancer-enhancer interactions were assembled into the
EEIN, where nodes correspond to enhancers, and two enhancers
were connected to each other if they had an association.

Hierarchical Clustering Analysis

Hierarchical clustering analysis was applied to expression of the top
500 enhancers or genes with the most expression variations across
all samples, which was realized by the R package pheatmap. The
dendrogram was constructed based on the average distance
algorithm.

Identification of TF-Enhancer Regulations in ESCs

To identify TF-enhancer regulations, we first downloaded the
enhancer sequences in FASTA format from the UCSC table browser
in the hg38 build. Then, we searched potential binding sites for
transcription factors using the Match tool that is integrated in
TRANSFAC Professional (release 2013.6). The pre-calculated minFP
cutoff was applied for searching the enhancer sequences, and a high-
quality matrix was created. TFs belonging only to the human genome
were retained. We required that there must exist binding sites of TFs
in enhancers and that the TF-enhancer pairs should be coexpressed at
the FDR value less than 0.05 in RNA-seq samples of ESCs.
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Network Visualization

Network visualization was carried out using Cytoscape 3.3.0.54

The Functional Annotation of Enhancer Targets

The gene2go table was downloaded from the NCBI (2016/7/12), and
we extracted human-related biological process (BP) ontology. A
cumulative hypergeometric distribution test was used to identify
the significantly overrepresented biological function categories for
enhancer targeted protein-coding genes. All human genes were
defined as a background gene set. Functional categories with the en-
riched p values < 0.05 were considered in our analyses.

Converting Genome Coordinates

All genomic coordinates were based on the human reference genome
hg38. Genome locations originally provided in hg18 or hg19 were all
converted to the hg38 build using the LiftOver tool in the UCSC
genome browser.55

Randomization Test

To determine the significance of the coexpression of enhancer-pro-
moter and enhancer-enhancer interacting pairs, we performed the
randomization test by randomly selecting enhancer-promoter and
enhancer-enhancer pairs from all possible pairs with the same num-
ber as the true pairs, respectively. We repeated the procedure 1,000
times, and the significance was defined as the proportion of times
in which, in random conditions, the average correlation values were
higher than the real average correlation.
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