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Abstract

Rationale -—There is growing evidence that common variants and rare sequence alterations in
regulatory sequences can result in birth defects or predisposition to disease. Congenital heart
defects (CHDs) are the most common birth defect and have a clear genetic component, yet only a
third of cases can be attributed to structural variation in the genome or a mutation in a gene. The
remaining unknown cases could be caused by alterations in regulatory sequences.

Objective -—Identify regulatory sequences and gene expression networks that are active during
organogenesis of the human heart. Determine if these sites and networks are enriched for disease
relevant genes and associated genetic variation.

Methods and Results -—We characterized chromatin state and gene expression dynamics
during human heart organogenesis. We profiled seven histone modifications in embryonic hearts
from each of nine distinct Carnegie stages (CS13-14, CS16-21, and CS23), annotated chromatin
states, and compared these maps to over 100 human tissues and cell types. We also generated
RNA-seq data, performed differential expression, and constructed weighted gene co-expression
networks. We identified 177,412 heart enhancers, 12,395 had not been previously annotated as
strong enhancers. We identified 92% of all functionally validated heart positive enhancers (n=281,
7.5x enrichment, p<2.2x10716). Integration of these data demonstrated novel heart enhancers are
enriched near genes expressed more strongly in cardiac tissue and are enriched for variants
associated with electrocardiogram measures and atrial fibrillation. Our gene expression network
analysis identified gene modules strongly enriched for heart related functions, regulatory control
by heart specific enhancers, and putative disease genes.
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Conclusions -——Well-connected “hub” genes with heart-specific expression targeted by
embryonic heart-specific enhancers are likely disease candidates. Our functional annotations will
allow for better interpretation of whole genome sequencing data in the large number of patients
affected by CHDs.
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INTRODUCTION

Congenital heart defects (CHDs) are among the most common birth defects, affecting
approximately 1% of live births worldwide, and remain the leading cause of infant mortality
in developed nations.1~3 Despite evidence suggesting a strong genetic component, nearly
60% of CHD cases remain unexplained.*® Environmental causes, familial forms of CHD
and de novo damaging mutations in over 400 genes each explain less than 10% of cases,
while chromosomal abnormalities including aneuploidies and large structural variations are
implicated in over 20% of CHD.5-10 These findings suggest that CHD arises through
combinations of otherwise benign mutations in a large number of genes, unappreciated
genetic-environmental interactions or disruption of regulatory sequences that control heart
development. There are indications that regulatory regions are causative for CHDs. Patients
homozygous for rare variation in a heart-specific regulatory sequence controlling the cardiac
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transcription factor TBX5 have isolated CHD.1! However, the extent to which
developmental regulatory sequences could systematically contribute to CHD has not been
explored.

Recent analysis of gene expression from the heart at multiple stages of human development
indicates the dynamics of gene expression occur primarily during the embryonic period of
human development or the first eight post-conception weeks, aligning well with known
structural and functional changes in the developing heart.>12.13 Dye to the limited nature of
embryonic and fetal tissues and difficulty with performing functional genomics on small
amounts of primary material, several groups have employed directed differentiation
approaches in human and mouse stem cells to model cardiogenesis, providing insight into
global binding of multiple cardiac transcription factors (TFs), conserved cardiac regulatory
networks and cooperativity amongst these specific TFs.14-18 However, these data have not
been systematically compared to human cardiomyocytes and it remains unclear how
faithfully these systems reflect normal human heart development at the gene regulatory
level. Regulatory annotation of the human genome from the ENCODE Project and Roadmap
Epigenome includes primary tissues of the human heart. However, these data are exclusively
from fetal and adult stages after these major molecular and morphological changes have
occurred. These two large consortia employed ChlP-seq of several histone modifications in
combination with machine learning approaches in over one hundred tissues and cell types.
19.20 This approach resulted in the learning of several Hidden Markov models of chromatin
state (ChromHMM) using the combined tissue dataset.

The number of states, and therefore the complexity of the model, depends upon the histone
modifications used. A 15-state model can be learned from the histone modifications
H3K4mel, H3K4me3, H3K9me3, H3K27me3 and H3K36me3 (frequently associated with
active enhancers, active promoters, stable heterochromatin, facultative heterochromatin and
active transcription, respectively). When H3K27ac (associated with active chromatin with
functions ranging from active transcription to active enhancers) is included, an increasingly
complex model of 18 different chromatin states can be called. The addition of five other
histone modifications (H2A.Z, H3K4me2, H3K9%ac, H3K79me2, H4K20mel) and DNA
accessibility (DNAse hypersensitivity) provide the ability to call 25 chromatin states.
Through the use of such an ensemble, multi-tissue approach various types of active and
repressed features are mapped onto the genome and cell type- or stage-specific enhancers
can be readily distinguished.

Here we describe the systematic characterization of chromatin states from human embryonic
hearts at 4-8 post-conception weeks using ChromHMM in a manner that, allows for direct
comparison with over 100 tissues profiled by Roadmap Epigenome. We are able to confirm
previously validated in vivo heart enhancers and identify thousands of previously unknown
embryonic heart-specific regulatory sequences. Integration of chromatin and gene
expression through co-expression analysis identified groups of genes that are coordinately
expressed during early heart development and likely regulated by these heart specific
enhancers. Our multilayered analysis also predicts new genes to be involved in CHD that
warrant further study. These resources are available from the Genome Expression Omibus,
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as a public track hub on the UCSC Genome Browser, or directly from our laboratory website
(https://cotney.research.uchc.edu/heart).

METHODS
Data Availability.

The authors declare that anonymized data have been made publicly available at the Gene
Expression Omnibus (GEO) and can be accessed at via accession numbers GSE137731
(ChlP-Seq) and GSE138799 (RNA-Seq). Because of the sensitive nature of the raw
sequencing data collected for this study, requests to access those data from qualified
researchers trained in human subject confidentiality protocols and approved by an
Institutional Review Board may be sent to the corresponding author. All other supporting
data and materials presented within this article and in the Data Supplement are available
from the corresponding author upon reasonable request.

Human Tissue Samples

Use of human embryonic tissue was reviewed and approved by the Human Subjects
Protection Program at UConn Health (UCHC 710-2-13-14-03). Human embryonic heart
tissue was collected, staged and provided by the Joint MRC/Wellcome Trust Human
Developmental Biology Resource (www.hdbr.org). Tissues were flash frozen upon
collection and stored at —80 °C. Hearts were homogenized by mechanical disruption and
divided between samples for RNA-seq and ChIP-seq. For ChIP-seq, tissues were fixed by
incubation in 1% formaldehyde for 15 minutes at room temperature with agitation before
being quenched by addition of 2.5M glycine to a concentration of 150mM with rotation/
agitation for 10 minutes. For RNA-Seq homogenized tissue was added to Qiazol (Qiagen)
and flash frozen.

A detailed description of the methods and analysis is provided in Expanded Materials and
Methods in the Data Supplement.

For a complete listing of all software, public datasets, and relevant materials please see the
Major Resources Table in the Data Supplement.

RESULTS

Chromatin state profiling of human embryonic heart development

As demonstrated by Roadmap Epigenome, ensemble approaches using many different
biochemical markers are required to more completely characterize how the genome is
utilized in a given biological condition. In order to systematically profile chromatin states of
the developing human embryonic heart, we first employed chromatin immunoprecipitation
followed by next-generation sequencing (ChlP-seq) using antibodies against seven histone
H3 post translational modifications on individual human hearts from 18 embryos spanning
the organogenesis phase of heart development (Figure 1A; Online Figure I; Online Table I).
Overall these raw data were of high quality with high correlation between experiments
performed with the same antibody across separate individual embryos and generally
clustered by marks associated with genome activation

Circ Res. Author manuscript; available in PMC 2021 October 09.


https://cotney.research.uchc.edu/heart
http://www.hdbr.org/

1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

VanOudenhove et al.

Page 5

(H3K4mel,H3K4me2,H3K4me3,H3K27ac, and H3K36me3) versus repression (H3K9me3
and H3K27me3) (Figure 1B and Online Figure 11A). We uniformly processed these data to
allow direct comparison of 127 human cell types profiled by Roadmap Epigenome and 21
human developing craniofacial samples. We then employed an imputation approach to
generate a complete set of 12 global epigenomic signals for each sample using
ChromImpute as previously described by Roadmap Epigenome and employed by our group
for human craniofacial development.19-21 The imputed signals correlated well with primary
signals and predominantly clustered by known biological function as was observed in
Roadmap Epigenome and human craniofacial epigenomic data (Figure 1B and Online
Figure 11B).

Having uniform epigenomic datasets for each heart sample across the developmental series
we then applied the previously generated 15, 18, and 25 state models of chromatin activity
developed by Roadmap Epigenome to segment the genome into chromatin states. The
individual state classifications and color coding for each model are provided in Online
Figure 111 for easy reference. The number of segments identified for each of the 25
chromatin states was similar across all of our eighteen samples (Figure 1C). The pattern of
chromatin state segments identified in our human embryonic heart samples were very
similar to those identified in 127 tissues from Roadmap Epigenome, with the one exception
of significantly increased numbers of poised promoter segments (state 22 from 25 state
model) (Figure 1D). These findings suggest our imputation and segmentation approaches
generated data globally similar to all other human tissues from Roadmap Epigenome
allowing us to make direct comparisons of chromatin state utilization between tissue types
and stages.

Genomic enrichments and biological features of individual chromatin states have been
thoroughly explored in adult tissues, but have yet to be extensively explored during
organogenesis.1®22 Two groups have recently published resources aimed at comprehensive
identification of active regulatory sequences in heart development.2324 However, they have
profiled a limited set of active functional marks from tissue after human heart organogenesis
has largely completed or applied a novel computational framework tuned for prediction of
heart regulatory sequences that has not been extensively compared across human tissues or
more generalized functional annotation tools.23-25 While these resources have both shown
enrichment for /in vivo developmental heart enhancers, they did not characterize other
regulatory states such as repression. Therefore, we aimed to understand what the various
chromatin states we have annotated mean biologically during heart development. To achieve
this, we characterized structural and functional enrichments genome wide for each
chromatin state and compared them to regions identified in a previously published
compendium of heart enhancers and the EMERGE prediction framework.

We first characterized the positions of each chromatin state segment relative to known
functional positions in the genome. We found as expected that segments of the genome
annotated as state 1 from the 25 state model (1_TssA) previously classified as active
transcription start sites (TSS) were located primarily within 10 base pairs of a TSS based on
GENCODE version 25 annotation of the human genome (Online Figure 1VA). Promoter
associated states 2 through 4 (2_PromU, 3_PromD1, 4 PromD2) and bivalent promoter state
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23 (PromBiv) were generally located within 1000 bp of known TSS. The remaining states
from 5 to 21 were progressively more distant from known TSS with heterochromatic
segment annotations (21_Het) being the most distant. Transcription associated states
(5_Tx5, 6_Tx, 7_Tx3, 8_TxWK) and regulatory states located in introns of active genes
(9_TxReg, 10_TxEnh5, 11 TxEnh3, 12_TxEnhW) were closer to TSS than other active
regulatory states.

Amongst the seven putative enhancer states (13_EnhA1l, 14 _EnhA2, 15 EnhAF,
16_EnhW1, 17_EnhW2, 18_EnhAc, 19_Dnase) those segments of the genome annotated to
be strong enhancer states (states 13 through 15) were closer to TSS than weak enhancer
states (states 16, 17, and 19) with state 13 being systematically the closest to known TSS.
State 18 (18_EnhAc), which was defined primarily by H3K27ac signals alone showed
similar distributions of distances relative to TSS as other strong enhancer states (Online
Figure IVVA). Regions assembled in a compendium of heart enhancers by Dickel et al.
showed similar distributions of distance to TSS as strong enhancer states 14, 15, and 18 but
were more distant than state 13. These states were driven in the original Roadmap model by
H3K27ac and H3K4me1l with the Dickel resource being heavily biases toward H3K27ac and
its depositor P300. The strongest enhancer state, state 13, was identified in Roadmap
Epigenome by many more features including presence of H3K27ac, H3K4mel, H3K4me2,
and DNase and conversely the absence of H3K9me3, H3K27me3, H3K36me3, and
H3K79me2, which are uniquely captured in our study. Interestingly, regulatory regions
predicted by EMERGE showed a bimodal distribution with a significant fraction of regions
located directly overlapping known TSS (Online Figure IVA).

When we analyzed the size of segments annotated as each chromatin state, we saw similar
trends across all states with median values typically around 1 kilobase. Larger distributions
were observed at heterochromatic regions (21_Het) and portions of the genome with no
detectable activity or quiescent (25_Quies). When we analyzed the Dickel compendium and
regions annotated by EMERGE we observed significant excursions from the values we
observed for our chromatin state segments. The Dickel compendium identified uniformly
larger regions than enhancer chromatin states identified from our data, while most regions
identified by EMERGE were significantly smaller (Online Figure IVB).

Sequence conservation has been frequently used to identify functional regions of the genome
particularly those with gene regulatory function in intronic or intergenic spaces of vertebrate
genomes.25-29 Regions associated with active TSS or assigned active or bivalent promoter
states were most conserved based on multi-species alignments from 100 vertebrate species
(Online Figure 1VVC).30 Heterochromatic and polycomb repressed states were the least
conserved amongst the 25 chromatin states. Amongst putative enhancer chromatin states,
strong enhancer state 13, weak enhancer state 16, and DNase accessible regions state 19
were the most conserved. Median conservation scores of regions identified by Dickel et al.
were comparable to weak enhancer state 16. Notably EMERGE regions showed amongst the
lowest median conservation scores across all categories greater only than enhancer state 15.

While conservation is an indicator of selective pressure across species, a large portion of the
human genome does not show significant conservation across all vertebrates and might be
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uniquely involved in human disease. Several groups have attempted to bridge this knowledge
gap and developed machine learning techniques to predict deleteriousness of all 8.6 billion
possible single nucleotide variants in the human genome.31-34 These approaches leverage
many different functional genomics datasets, transcription factor binding sites predictions,
and sequence conservation, among others and are informative for identifying regulatory
variants linked to disease. When we interrogated our chromatin states with two of these
scoring metrics (CADD and LINSIGHT), states 20 (ZNF_Repeats) and 21
(Heterochromatin) had the lowest median scores (Online Figures IVD and IVE). TSS and
promoter associated states 1, 2, 3 and 23 had the highest scores predicted by these methods.
Transcribed regions (states 5 through 8) despite being nearer TSS sites had uniformly
depressed CADD and LINSIGHT scores. Strong enhancer state 13 had the highest median
CADD and LINSIGHT scores amongst distal regulatory chromatin states, significantly
higher than all other enhancer states and regions annotated by both Dickel et al. and
EMERGE (Online Figures IVD and IVE).

Combined these results strongly corroborate the functional labels assigned to each of the
chromatin states applied by Roadmap Epigenome. These systematic analyses revealed many
expected distributions for chromatin states relative to known features of the genome and
elevated sequence conservation amongst active regulatory regions. Our results also revealed
a number of similarities between our annotations and previous databases of heart regulatory
sequences. However, our enhancer chromatin states, particularly the strong categories, are
significantly more conserved and harbor significantly more positions predicted to be
involved in human disease than either of these two catalogs of putative heart regulatory
sequences. While indicative of function, these metrics are largely generic and not necessarily
related to the heart. Thus, we next aimed to understand the direct relevance of these
chromatin state annotations for heart development and disease.

Identification of novel human embryonic heart enhancers.

Comparison of enhancers across many different tissues has shown them to be far more
tissue-specific in their activation than promoters.1® To determine if the enhancer segments
from our developing heart chromatin state segmentations are indeed tissue-specific, we
aimed to examine analogous chromatin state annotations quantitatively across as many
tissues as possible. To achieve this we first assembled all segments identified as an enhancer
chromatin state based on the 25 state chromatin model in any tissues profiled by Roadmap
Epigenome, this study, previously generated human craniofacial development samples, and
chromatin data for nuclei isolated from fetal, infant, and adult cardiomyocytes.1921.35 |n our
human embryonic heart samples alone, we identified a total of 177,412 segments that were
reproducibly annotated as one of six putative enhancer states (States 13—-18, EnhA1, EnhA2,
EnhAF, EnhW1, EnhW2, and EnhAc) in at least two samples (Online Table II).

The chromatin state segmentations are powerful tools for genome-wide annotation, but they
have limited utility on their own as the quantitative nature of the underlying data is
discarded. To overcome this obstacle, we leveraged H3K27ac signals from each of these
samples since it has been frequently shown to be highly tissue-specific in its distribution and
generally associated with enhancer activation.19:36 Due to the overall better performance of
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normalized, imputed signals relative to primary ChlP-Seq data, we extracted imputed
H3K27ac p-value signals from 174 samples at 444,413 enhancer segments across the
genome.3” We found strongest global correlations between related tissue types, such as
immune cell types, brain region tissues, and the embryonic heart samples. These data
separated largely into adult versus embryonic groups and subsequently by tissue type
(Figure 2A, Online Figure VA and VB). The embryonic heart samples clustered well with
one another and also showed strong global correlation in H3K27ac signals with the fetal and
adult heart tissue samples profiled by Roadmap Epigenome. Interestingly, the isolated
cardiomyocyte nuclei formed their own distinct cluster and do not separate into adult versus
developing samples. They also showed lower global correlation values with the heart tissues
profiled by Roadmap Epigenome suggesting isolation of nuclei had significant effects on
chromatin state and/or organization in those experiments. A tSNE projection of these data
further confirmed these findings (Figure 2A) and showed the distinct nature of the isolated
cardiomyocyte H3K27ac data (Online Figure VB). Given the potential for strong batch
effects in the cardiomyocyte nuclei data due to isolation and sorting of nuclei prior to ChlP
and the decreased correlation with fetal and adult heart samples we excluded these samples
from downstream analysis. These results confirmed the early developmental stage identity
and the cardiac origins of the tissues profiled in an unbiased, global fashion and further
demonstrated the tissue-specific nature of the putative enhancer sequences and H3K27ac
signals.

To further test the validity of our annotations, particularly the putative enhancer states, we
assessed the number of experimentally tested and validated developmental enhancers by the
Vista Enhancer Browser captured by each of our chromatin states from the 25 state model
(Figure 2B).36 Overall we identified 92% of all validated heart-positive enhancers (n=281)
from the Vista Enhancer Browser, a 7.5-fold enrichment versus active enhancers lacking
activity in the heart (heart-negative) (p<2.2x10716). When we compared each of the
chromatin states ability to specifically identify heart enhancers, we observed as expected that
enhancer chromatin states captured a significantly larger fraction of heart-positive enhancers
than other chromatin states (Figure 2B). Strong enhancer state 13 showed the greatest
fraction of overlap with validated heart enhancers and the greatest fold difference relative to
overlap with heart-negative enhancers. The heart specificity of state 13 was higher than all
other chromatin states and significantly greater than regulatory regions annotated by
EMERGE or Dickel et al.

Interestingly, weak enhancer states 16 and 17, DNase accessibility state 19, and regions
harboring repressive chromatin marks including poised and bivalent promoters and
polycomb repressed states showed an opposite trend in capturing heart-positive versus heart-
negative enhancers. This indicated that these two weak enhancer states (16 and 17) are not
informative for heart regulatory sequences and generally should be interpreted with caution
in other tissues where large numbers of validated enhancers do not yet exist. When we
compared the performance of chromatin states identified by the 15 and 18 state models, we
found decreasing levels of specificity as number of states decreased (Online Figures VIA
and VIB respectively). Strong enhancer segments identified by the 18 state model showed
slightly higher levels of specificity versus EMERGE and Dickel et al (Online Figure VIB).
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Enhancers identified by the 15 state model performed the poorest by this metric with
EMERGE showing significantly higher specificity (Online Figure VIA).

These results suggest the 25 state chromatin model is best able to identify heart specific
regulatory sequences, particularly state 13 enhancers. However, this analysis does not take
into account the ranking of enhancers for heart specificity provided by both Dickel and
EMERGE. It is thus possible that higher ranking regulatory sequences in either resource
may be better able to identify true heart-positives. To test whether this was indeed the case
we measured the ability of strong enhancer states from the 25 state model to recover heart-
positive versus heart-negative enhancers compared with performance of ranked lists from
both EMERGE and Dickel. Area under the curve (AUC) for receiver operating characteristic
curves revealed consistently higher AUC for enhancers identified by the 25 state model
across all time points versus EMERGE with the exception of earliest CS13 samples.
Enhancers identified by Dickel had the lowest AUC values in this analysis (Online Figure
VIIC).

When we directly compared the regions identified by our chromatin states and those by
EMERGE we found the most significant overlaps of EMERGE peaks with active TSS and
active promoter annotations (Online Figure VIIA). The EMERGE signal was overall highly
enriched near TSS and subsequently the active TSS and promoter states (states 1-4) had the
highest EMERGE scores (Online Figure VIIB). When we compared overlap of all chromatin
state segments with the Dickel compendium, we found much less overlap with active TSS
states and higher percentages of sequences that were annotated to be weak enhancer states or
even quiescent in human embryonic development (Online Figure VIIIA). Together these
results suggest that the highest scoring EMERGE peaks are concentrated very close to
known TSS and the 25 state chromatin model is better able to identify tissue-specific
regulatory sequences than both EMERGE and Dickel compendium.

While these results suggest that our chromatin state segmentations are capable of identifying
sequences with heart regulatory capacity, the Vista Enhancer Database has been largely
constructed by testing elements identified with H3K27ac deposition or P300 binding. The
Dickel compendium is based almost entirely on these two marks and the EMERGE
framework has been tuned to find positives from this database. To determine if our
chromatin state segmentations are capable of annotating regulatory sequences identified by
different means we turned to a large set of sequences characterized by binding of seven
cardiac transcription factors in fetal and adult mouse hearts.18 This work demonstrated that
regions bound by five or more transcription factors showed significantly more activity than
regions with H3K27ac signal but lacking transcription factor binding when systematically
tested using a massively parallel reporter assay (MPRA).

When we interrogated regions tested by MPRA that could be identified in the human
genome we found the highest median RNA to DNA ratios for enhancer state segments in our
25 state segmentations. Specifically, we found significantly higher MPRA activity relative to
negative controls in strong enhancer states 14, 15, and 18 (Online Figure IVF). Weak
enhancer state MPRA signals were not significantly different from negative controls. Neither
the Dickel compendium nor EMERGE regions showed significantly different MPRA signals
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from negative controls. These findings indicate our chromatin state segmentations are
capable of identifying regions that are driven by combinatorial transcription factor binding
and not necessarily by H3K27ac.

Thus far our analyses have indicated the strong enhancer states (states 13 — 15 and 18) are
the most specific for developing heart. We reasoned that segments annotated as strong
enhancer states in the developing heart but not so in other tissues might reveal previously
unknown heart-relevant gene regulatory information. When we compared our full set of
strong embryonic heart enhancer segments with analogous annotations from all tissues in
Roadmap Epigenome we identified 12,359 segments that had not been previously annotated
as strong enhancer chromatin states. We refer to these putative enhancers hereafter as
embryonic heart-specific enhancer segments (EHES) (Online Table 11). When we compared
these with regions identified in the Dickel compendium with prenatal biased scoring
enhancers (enhancers with a scoring ratio >2 prenatal/postnatal) or enhancers in the Dickel
compendium identified in the single human fetal sample, we observed small but significant
sharing of annotations (Online Figure VIIIB-E). Combined these results indicated that the
vast majority of our putative embryonic heart-specific enhancer segments (75.6%) have
never been previously identified in any other human tissue or stages of heart development.

Unfortunately, only a handful of the putative embryonic heart-specific enhancer segments
have been functionally tested making it difficult to assess their relevance for heart
development from an /n vivo perspective. While such putative enhancers might be novel we
reasoned they could potentially target genes known to be involved in heart development or
function. To address this, we assigned embryonic heart-specific enhancer segments to the
single nearest gene within 1 megabase using the Genomic Regions Enrichment of
Annotations Tool (GREAT) and found significant enrichment of biological processes related
to heart development and morphogenesis (Figure 2C; Online Table I11). The associated
mouse phenotypes are heavily fortified with those related to abnormal development,
morphology, size, and function of the heart. Additionally, the enriched molecular functions
contain multiple terms related to microfibril and tubulin binding along with voltage-gated
channel activity in the atrioventricular node.

We next analyzed the sequence content of the EHEs for enrichment of TF binding sites
using HOMER (Figure 2D; Online Table 1V). We identified significantly enriched motifs
that matched binding sites of transcription factors involved in heart development such as the
GATA family, the MEF2 family, and TBX20 among others (Figure 2D upper panel).38:39
When we performed de novo motif enrichment using HOMER, we saw enrichment of the
same families of transcription factors with the addition of factors also know to contribute to
heart development, such as NKX2-5 and SMAD signaling (Figure 2D, lower panel).
Through this global analysis we have identified transcription factors likely involved in
human embryonic heart enhancer activation. Functional and motif enrichment within these
EHEs identified from this multi-tissue, unbiased analysis demonstrated the power of these
approaches and suggested that many of the novel sequences we have identified are bona fide
enhancers and likely important for normal heart development.

Circ Res. Author manuscript; available in PMC 2021 October 09.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

VanOudenhove et al.

Page 11

Differential motif utilization of embryonic heart enhancers across development

Having demonstrated enrichment of heart-related TF binding sites in putative embryonic
heart-specific enhancer segments, we wondered if this was a general trend across all of heart
development or if there were temporal shifts in enhancer activation modulated by different
transcription factors during the embryonic period of heart development. To simplify our
analysis, we consolidated the developmental time course into three general periods: early
(CS13), mid (CS16-17), and late (CS23) development (Figure 3A). We identified
differentially activated putative enhancer segments across this trajectory by comparing
H3K27ac and H3K4mez2 signals at all reproducible enhancer segments between each of the
three stages of embryonic heart development (Figure 3B—C and Online Figure 1X).

For putative enhancer segments differentially activated based on H3K27ac signals, we
observed the greatest differences in motif enrichment between early and later stages of
development (Figure 3D). Putative enhancer segments active early were specifically
enriched for pluripotency related TFs like SOX2and OCT4, and multiple members of the
KLF and Forkhead families of transcription factors. Motifs enriched in late putative
enhancer segments included many zinc finger containing TFs, and multiple members of the
T-box, GATA, and PAX families of transcription factors. Notably, enhancer segments more
strongly active in the mid period of heart embryonic development based on H3K4me2
signals showed the most pronounced enrichment of transcription factor motifs (Figure 3E).
Many of the same transcription factor motifs enriched in early and late putative enhancer
segments based on H3K27ac were shifted to enrichment in the mid period, suggesting
dynamics in TF utilization related to chromatin state.

Based on these differences in differentially activated putative enhancer segments, we
hypothesized that the location of these segments and subsequently the genes that they
control might uncover distinct patterns of biological pathway utilization during this
developmental series. We assigned differentially activated putative enhancer segments from
each comparison to the nearest gene and identified the most significantly enriched gene
ontology terms (Figure 3F). In all comparisons, terms associated with cardiac chamber and
septum morphogenesis and development were highly enriched. Genes near putative
enhancer segments most strongly active during the early period were uniquely enriched for
pathways related to bone growth and FGF receptor signaling. Terms associated with
cardiomyocyte differentiation, muscle cell development, and muscle cell contraction were
observed for genes assigned putative enhancers more strongly active in the late period.
These results agree with known dynamics in relative ratios of cardiomyocytes versus other
cell types during these different developmental periods.#9-42 Our bulk tissue experiments are
incapable of disentangling such cell type specific regulatory element utilization. These
differentially active putative enhancer lists are likely enriched for such sequences but
requires single-cell chromatin accessibility methods to confirm.

Identification of embryonic heart specific super enhancers and long-range chromatin
interactions.

To better understand the role these putative enhancer segments might play in cardiac related
diseases, we started by interrogating the embryonic heart-specific enhancer segments for
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known heart related loci. Defects in the cardiac homeobox transcription factor NKX2-5
have been implicated in many different congenital heart defects including conotruncal
malformations, septal defects, and atrioventricular conduction block.*3-47 Most human
patients with NKX2-5associated CHD have heterozygous loss of function mutations and
haploinsufficient mice have significantly depleted protein levels in the heart.#8 Depletion or
complete knockout of NKX2-5results in dysregulation of many downstream target genes in
mice and human cardiomyocytes suggesting it is a master regulator of cardiac.4849
Therefore, identifying regulatory sequences that control NKX2-5 expression specifically in
the developing heart could be valuable information for understanding the unknown genetic
causes of CHDs.

When we inspected the genomic locus containing this gene, we found it was surrounded by
a plethora of strong enhancer state segments including an embryonic heart-specific enhancer
segment immediately downstream of the coding exons (Figure 4A). There are a number of
strong enhancer segments identified uniformly from CS14 to CS23 approximately 50 kb
upstream that are largely repressed in fetal and adult hearts. These regions are particularly
interesting as they cannot be readily identified through sequence conservation based on
comparisons of 100 vertebrate genomes (Figure 4A). Moreover, these coordinately activated
strong enhancer segments are predicted as an embryonic heart super enhancer region that
encompasses over 200 kbs surrounding NKX2-5(n=4,215, Online Table II). This is nearly
four times larger than any other super enhancer annotation for this region based on fetal or
adult human heart samples. Such regions have been associated with tissue-specification loci,
further reinforcing the central role NKX2-5plays in heart development and the novel
information our resource has identified.50-52

We then inspected the locus harboring SCN5A which has been implicated in multiple
cardiac diseases and specifically known to cause ~20-30% of cases of Brugada Syndrome
(Online Figure XA).2354 Here we observed several clusters of strong enhancer segments
upstream, within, and downstream of the gene in heart tissues at multiple stages (adult, fetal,
and embryonic tissue). The downstream cluster of strong enhancer segments has been
previously annotated as a super enhancer region in mouse cardiomyocytes and deletions had
significant effects on SNC5A expression in the heart.5> Our analysis confirmed this finding
but also annotated a super enhancer that encompassed the strong enhancer segment cluster
upstream of the gene. A strong enhancer segment in the 16th intron completely
encompassed a validated enhancer with very specific activity in the mouse embryonic heart.
Additionally, a 13kb LD block (R2=0.95, D’=1, 1000G CEU) that contains multiple variants
associated with cardiac phenotype related variants overlaps this tested enhancer region and
adjacent loci (Online Figure XA, dashed box). These variants included rs41312411
associated with establishment of resting heart rate and P wave duration, rs3922844
associated with establishment of electrocardiogram traits and measures, and rs11708996
associated with Brugada syndrome.56-58

Variants in potential regulatory sequences across this entire locus have been tested for effects
on enhancer activity in cultured cardiomyocytes.>® When we overlaid /n vitro reporter assay
data for putative regulatory sequences harboring alternative alleles on our chromatin state
segmentations we generally observed strongest effects for sequences overlapping strong
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putative enhancers segments (Online Figure XA). Sequences that overlapped quiescent
regions in our segmentations had minimal effects on reporter gene expression indicating they
likely have limited regulatory capacity /n vivo. In addition to these well studied loci we
found that other genes important for normal cardiac function and development, such as
HANDZ and MYOCD, were within super enhancers (Online Figure XB and Online Figure
XC).

Having demonstrated that genes important for normal cardiac function reside within super
enhancers and embryonic heart-specific enhancer segments are enriched for heart relevant
biology, we reasoned heart-specific super enhancers could also identify important,
previously unknown regulatory landscapes or important cardiac genes. When we compared
super enhancer regions globally between the embryonic heart and analogous annotations
from many different tissues using dbSUPER, we identified 1,611 human embryonic heart
specific super enhancers (Online Table 11)89, These regions were strongly enriched for genes
related to transcription regulation or roles in cell junctions (Online Table 1I). One such
example is the cardiac T-Box transcription factor 7BX20, which is required for
cardiomyocyte proliferation in mice and linked to dilated cardiomyopathy in humans.61-63
The large noncoding region adjacent to this gene contains 60 putative enhancers, nearly one
third are EHES, and multiple heart-positive /n vivo enhancers (Figure 4B). The specific
nature of our annotations is readily apparent at this location with the distal noncoding region
and the sequences surrounding the 7BX20TSS are very sparsely annotated across 127
tissues and cell types in Roadmap Epigenome.

Another putative embryonic heart-specific super enhancer of note is approximately 200kb in
length and resides in the large noncoding region upstream of gap junction protein GJAL
Sites throughout this approximately 1Mb region form long range interactions with GJAZ in
human iPSC-derived cardiomyocytes.54 Deletion of heart-specific enhancers of GjaZ in mice
are sufficient to decrease its expression, which has in turn been previously linked to
arrhythmias.256° This set of embryonic heart-specific super enhancers includes many
additional loci that are not currently known to play a role in cardiac development making
them good candidates for future study.

While the examples above demonstrated cis-regulatory landscapes surrounding a single
gene, as indicated for enhancers of GJAZ, such regulatory sequences can interact with their
targets over long distances through chromatin looping. Such loops can be difficult to predict
in silico and given the tissue-specific nature of enhancers appropriate tissues or cell types
have to be utilized to identify biologically relevant interactions. Although the developing
heart is made up of many different cell types, recent single cell RNA-seq analysis of CS16
hearts revealed a significant proportion of cardiomyocytes.56 We therefore hypothesized that
interaction data from cardiomyocytes might allow us to better understand the physical
relationship between our chromatin state segmentations and target genes in a cardiac
relevant context. Thus we integrated our annotations with previously published high-
resolution promoter capture Hi-C (PCHi-C) data from iPSC-derived cardiomyocytes (CMs).
64 \We overlapped the distal anchor points from CMs with the functional annotations from
our human embryonic heart samples using Roadmap adult brain samples as a control. We
then calculated the fold enrichment of interactions for each chromatin state (Figure 4C). The
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largest enrichments in distal anchor points were in strong enhancer and transcription
regulatory states (specifically states 9-11, and 13-15) for both embryonic heart and brain.
However, the largest degree of specificity between embryonic heart versus brain in these
states was identified for strong enhancer states 13 and 14. Little to no significant change in
fold enrichment of interactions between these two tissues was seen in poised, repressed, or
quiescent states (States 22—-25). Overall, these findings confirmed many groups’
observations that strong, tissue-specific enhancers interact with their target gene promoters
in a tissue-specific fashion and further demonstrated the relevance of our annotations for
human embryonic heart development.67.68

Systematic enrichment of heart phenotype and defect associated variants in embryonic
heart enhancers.

Since we observed overlap of putative enhancer segments with disease associated variants at
known cardiac disease related genes, we set out to determine if this finding was
generalizable across all strong putative enhancer segments regardless of their proximity to a
known heart gene. We compiled variants significantly associated with variation in normal
heart phenotypes and congenital heart defects from the GWAS catalog. We then assessed
enrichment of these variants in strong enhancer state annotations from all tissues profiled by
Roadmap Epigenome and the developing human heart. We observed significant enrichment
of variants associated with systolic blood pressure, electrocardiograph traits and measures,
resting heart rate, QRS characteristics, and QT interval in strong enhancer segments
identified in most embryonic heart samples (Figure 5A-D, and Online Figure XIB). The
earliest samples we profiled (CS13) did not show enrichment for any of these traits
suggesting that gene regulatory programs influencing these phenotypes are not active until
after 4.5 post-conception weeks. As a negative control we interrogated variants associated
with Chron’s Disease that have been previously shown to be enriched in enhancers identified
in immune cell types.5% We confirmed this finding and saw minimal enrichment of these
variants in strong enhancer segments identified during human heart development (Online
Figure XIC). We then turned to common variants associated with CHD incidence (Online
Figure XID). Unexpectedly, we found that once we corrected p-values for multiple testing
no set of tissue putative enhancer segments were significantly enriched.

Recent findings in atrial fibrillation (AF) have suggested that sites accessible during fetal
heart development are enriched for variants associated with this disorder.”%-72 However the
functional nature of these sites is unknown, as significant enrichment in fetal heart was
observed only for H3K4me1l peaks, a mark typically associated with poised enhancers.”
This could suggest that enhancers primed in fetal heart development but not yet fully active
are important for AF, but it is unclear if regulatory elements active even earlier or in different
chromatin states may play a role. The availability of full summary statistics for this
particular disease phenotype allowed us to leverage more systematic, genome-wide analysis
of more than 8 million positions in the genome in a linkage disequilibrium aware fashion.5°

To address this issue, we retrieved full summary statistics for a large, multi-ethnic GWAS for
AF and assessed enrichment of associated variants across all 25 chromatin states from all
tissues in Roadmap Epigenome, craniofacial development, and embryonic heart
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development. Our findings confirm enrichment of AF associated variants in fetal and adult
heart active regulatory sequences. Surprisingly, we observed enrichment of AF associated
variants across virtually all embryonic heart strong enhancer states (Figure 5E, Online
Figure XIA, and XIF). The greatest fold enrichment was observed in strong enhancer
segments (ChromHMM state 13) active at the earliest time points we profiled (CS13, OR
6.65, p-value 8.69x10796). Using this approach we also observed enrichment for variants
associated with resting heart rate, QRS interval, and p-wave duration consistently across
strong enhancer states identified in embryonic human heart (Online Figure XIH-J).

Using full GWAS summary statistics from two immune related diseases (systematic lupus
erythematous and Crohn’s disorder, as negative controls), we did not observe enrichment in
any embryonic heart enhancer states (Figure 5F and Online Figure XIG-K). Conversely, we
observed enrichment of Lupus associated variants in active TSS (state 1) and strong
enhancer state segments from immune-related cell types (Online Figure XIE).69.74
Surprisingly, when we assessed all chromatin states identified in embryonic heart samples
we found significant enrichment of Lupus associated variants uniformly across polycomb
repressed segments (state 24) and bivalent promoter segments (state 23) identified in the
embryonic and fetal heart but not adult heart samples (Figure 5F).

Gene expression profiling of embryonic heart development

Thus far we have only analyzed putative regulatory sequences but not discerned what, if any,
effects they may have on gene expression. To begin to understand how chromatin state
changes during heart development influence gene expression, we profiled the transcriptomes
of three biological replicates at each of 8 distinct embryonic stages (CS13, 16-21, and 23),
largely overlapping the time points profiled for chromatin state. This window of time has the
greatest dynamics of gene expression based on comparisons of transcriptomes of developing
hearts from multiple species.1? To leverage a large number of previously published data sets,

we processed our data using a uniform analysis pipeline employed by the recount2 database.
75,76

Processing data in this way allowed us to directly compare our data to all tissues profiled by
GTEX, including 489 samples from adult heart tissue.”” To assess the validity of this
approach, we first clustered all samples from GTEx (n=9662) and our embryonic heart
samples (n=24) based on expression of 36990 genes, using t-distributed stochastic
neighborhood embedding.”® We observed generally good clustering of adult samples by
tissue type, including sub-regions of the brain and the ventricle and atrium of the adult heart.
Embryonic heart samples were tightly clustered and distinct from adult heart samples and
other GTEX tissues. (Online Figure XIIA). Principal component analysis of only the
embryonic heart samples showed good clustering by stage and minimal effects from gender
and RNA quality in the first two components (Online Figure X1IC-E). Overall these results
suggest that our expression data are of high quality and likely informative for understanding
early human heart development.

Genes that are expressed in a limited number of tissues are more likely to be disease related
genes than those with broader expression patterns.”®:80 Based on these general trends, we
hypothesized that genes expressed specifically during embryonic heart development are
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likely involved in cardiac defects. To evaluate this, we employed a measure of specificity
based on the Gini coefficient, a metric originally used to measure income inequality, which
accurately identified genes with tissue and cell-type specific expression.81-83 We identified
347 genes with elevated Gini coefficients (>0.5) and highest expression in embryonic heart
(Figure 6A). These genes were strongly enriched for genes involved in heart development
including 7BX5, IRX4, HAND1, HANDZ, and FGF12 (Figure 6B, lowest panel and Online
Figure XIIB; Online Table V).

The same tissue-specific functional trends were observed when we examined genes with
elevated Gini coefficients and highest expression in either the brain or the spleen,
demonstrating the unbiased nature of this analysis and the specificity of our findings (Figure
6B, upper panels). Genes with the highest degree of embryonic heart specificity (Gini = 0.9)
included known heart developmental transcription factors (NKX2-5, NKX2-6, and TBXZ20),
myosin light chain genes (MYL3, MYL4, and MYL 7), the long noncoding RNA BANCR
and the sino-atrial node associated channel gene, HCN4 (Online Figure XIIB). The single
highest Gini coefficient gene assigned to embryonic heart was LRRCI0, a leucine-rich
repeat containing protein previously identified as having cardiomyocyte specific expression
and linked to human dilated cardiomyopathy.84:85

When we analyzed this list of genes for potential regulatory effects we found that more than
half of the most significant predicted upstream regulators were genes from this list including
MYOCD, TBX5, TBX20, HANDZ2, GATA4, NKX2-5, and NKX2-6 (Online Table VI).
Consistent with these findings, we discovered that promoters of embryonic heart elevated
Gini coefficient genes were significantly enriched for conserved NKX2-5 binding site
motifs (Online Table V1). These findings suggest highly connected direct regulatory effects
amongst these embryonic heart-specific genes. Additionally, we observed EHESs were
enriched for motifs of many embryonic heart elevated Gini coefficient genes (GATA4,
GATA6, TBX20, HANDZ2, and NKX) (Figure 2D; Online Table IV). Combined these
findings show that the Gini coefficient effectively identifies many heart related disease
genes, enables novel inference of regulatory relationships between these genes, and
implicates new genes in heart-related disease phenotypes.

Thus far our gene expression analyses combined all of our samples into a single embryonic
heart category, but dynamics of heart gene expression have been reported to be greatest
during the time points we have profiled.12 To characterize these dynamics we first set out to
identify genes that are differentially expressed in a pairwise fashion between each of the
stages of embryonic heart development. We identified 7,167 differentially expressed
between all sets of time points (Online Figure XIII). The majority of differentially expressed
genes were identified relative to the CS13 time point. \ery few genes were differentially
expressed between time points CS17 to CS23, supporting the finding that gene expression
dynamics are restricted to early heart development in humans.12 Hierarchical clustering of
these differentially expressed genes identified four major groups of genes that show a wave
of expression across this developmental series (Figure 6C and Online Figure XI11A-B).
Genes expressed most strongly in early samples were enriched for functions related to
general embryo development/morphogenesis and cholesterol biosynthesis (Figure 6D, left).
These genes were also enriched for functions related to neuron generation and differentiation

Circ Res. Author manuscript; available in PMC 2021 October 09.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

VanOudenhove et al.

Page 17

suggesting similar early developmental architecture between the heart and brain (Online
Table VII). Genes more strongly expressed at the end of the embryonic period were enriched
for functions related to ion channel activity, growth factor binding, extracellular matrix
organization, and intracellular signaling (Figure 6D, right and Online Table VII). The most
significant enrichment of genes related to heart contraction and cell-cell adhesion were
found in genes most strongly expressed at the CS17 time point (Online Figure XIVA, right
panel). These results indicate we have captured much of the dynamics of gene expression
during early heart development, but that many important events likely happen even earlier
than we can currently examine.

Regulatory effects of embryonic heart enhancers on gene expression.

Since we found that EHESs are strongly enriched for binding sites of heart related
transcription factors and systematically located near genes with heart related functions, we
next wanted to understand the impact such regulatory elements might have on embryonic
heart-specific gene expression. To address this question, we first assigned embryonic heart-
specific enhancers to the single nearest gene. For genes that were assigned an EHE, most
had a modest number assigned (mean = 4), but some genes had greater than 30. When we
interrogated gene expression, we found that an increasing number of EHE assignments was
associated with greater differences in gene expression in embryonic heart tissues relative to
all other tissues from GTEx (Figure 7A). Specifically, genes with greater than 15 embryonic
heart-specific enhancer segments had significantly higher gene expression within embryonic
heart samples than all other GTEX tissues (Figure 7A and Online Figure XIVB). We then
asked if these EHEs could be associated with embryonic heart-specific expression by
measuring the distance of each enhancer to high Gini coefficient genes identified in the
embryonic heart from above. We found significant enrichments of EHES near embryonic
heart-specific genes relative to random permutations of the same number of enhancers
across distances ranging from 5 to 100 kb (Figure 7B).

These results coupled with the enrichment of physical interactions of putative embryonic
heart strong enhancers with promoters active in cardiomyocytes suggested a direct role for
EHEs in driving embryonic heart-specific gene expression. Additionally, the sequence
content of these enhancers indicated they are in turn regulated by many of these embryonic
heart-specific genes pointing to the existence of co-regulated networks of genes activated in
early heart development.

Gene co-expression networks reveal trajectories of coordinated expression during early
heart development.

Genes that are co-expressed across development have been proposed to share similar
regulatory mechanisms and form networks that are important for normal development.’®
Genes co-expressed during early brain development, particularly those that have correlations
with many different genes or “hub” genes, are involved in ASD risk.86-88 We therefore
hypothesized that identifying co-expression networks and resulting hub genes could reveal
novel candidate CHD genes. To build a co-expression network during embryonic heart
development in an unsupervised and unbiased fashion, we employed weighted gene co-
expression network analysis (WGCNA) using all 24 embryonic heart samples we have
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profiled.89 Using this approach 26,122 genes were distributed across 29 modules, 20 of
which showed enrichment for at least one gene ontology category (Online Table VIII). We
identified modules with gene ontology enrichments expected for early heart development
such as embryonic patterning (green, 2,573 genes), muscle cell differentiation (brown4, 945
genes), and sarcomere assembly (violet, 1,267 genes) (Figure 7C).

Multidimensional scaling (MDS) of the module eigengenes revealed inter-module co-
expression, suggesting some modules were more closely related in their expression than
others (Figure 7C). Comparison of trajectories of expression of eigengenes from each
module revealed four groups of gene expression patterns that reflect positioning of each
module in multidimensional scaling space (Figure 7D).8% Groups 1 and 3, which are
diametrically opposed to one another in MDS space, showed downward and upward trends
of expression throughout the embryonic period, respectively. Groups 2 and 4, which are also
opposite one another in MDS space, showed multiphasic but offset patterns of expression.
Group 2 showed a particularly strong wave like pattern between CS16 and CS20. When we
performed gene set enrichment analyses across gene expression from CS16, CS18, and
CS20 we readily observed cyclical enrichment of a number of pathways (Online Figure
XV). These included heart valve development, tissue migration, mitochondrial gene
expression, and several metabolic processes.

Significance tests give context to WGCNA of early developing heart.

To further characterize and validate the WGCNA network, we evaluated the enrichment of
several curated gene lists. As we demonstrated above, binding sites for transcription factors
expressed specifically in the embryonic heart were significantly enriched in embryonic
heart-specific enhancers. This suggested that coordinated regulation between enhancer sites,
the proteins that bind them, and the genes they target might be in action during early heart
development. Five modules were significantly enriched for elevated Gini coefficient genes,
while two modules were significantly enriched for known CHD genes (BH adjusted p <
0.05) (Figure 8A). All of these modules were significantly enriched for genes assigned at
least one EHE. Analysis of our modules with single-cell RNA-seq on a 6.5 post-conception
week human heart, revealed that despite performing bulk RNA experiments our modules are
organized in cell-type relevant patterns.56 Analysis of genes that identify the major cell types
from Carnegie Stage 16 heart revealed that many of the modules in groups 1 through 3 of
our network are significantly enriched for embryonic heart cell-type specific genes (Figure
8A). For example, the brown4 and violet modules which are enriched for gene ontologies
related to the sarcomere and muscle cell development (Figure 7C) concordantly have
significant enrichment for the cardiomyocyte cell types (Figure 8A). The combined
enrichment of both specific gene expression and specific enhancer activation in these
modules suggest the network we have constructed is particularly meaningful during
embryonic heart development (Figure 8A).

To confirm that the WGCNA network is indeed uniquely able to identify heart-relevant
biology we leverage a co-expression network constructed for the developing human brain.86
Analysis of embryonic heart specific genes on this network supported this hypothesis as
only two modules show enrichment for heart high Gini genes (Online Figure XVI). No
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modules were significantly enriched for known CHD genes. Analysis of the CS16 heart cell-
type associated genes revealed modules primarily in group 5 with enrichment but overall the
network lacked the cell-type specificity patterns observed on the heart WGCNA network
(Online Figure XVI).

Disease relevance of WGCNA.

Functional enrichments and significance tests revealed brown4 and violet modules to be
important for normal heart development however they lacked enrichment for known CHD
causing genes. Together these findings indicated these modules are important for normal
heart development and thus we hypothesized might harbor novel CHD genes. To address this
question we leveraged measures of selection against loss-of-function variants from whole
exome and whole genome sequencing of over 140 thousand healthy controls by the Genome
Aggregation Database.%® Genes scoring in the lowest two deciles of the loss-of-function
observed/expected upper bound fraction (LOEUF) measure were shown to be enriched for
known haploinsufficient genes and genes essential for survival in cell culture models. When
we analyzed our gene modules we found significant enrichment of LOEUF decile 1 and 2
genes in the violet and brown4 modules as well as many modules within expression groups 1
through 4 but not those outside these groups.

Notably, the violet module is strongly enriched for sarcomere related genes and the known
CHD gene NKX2-5was a top scoring “hub” node (Figure 8B). This transcription factor has
been previously implicated in cardiac cell structure and function, particularly in sarcomere
organization and falls into the second decile of LOEUF scores.?1-93 Given the purported
importance of hub genes from WGCNA analyses in disease and a critical cardiac TF being
identified as both a hub gene and intolerant to disruption, we wondered if hub genes in our
network might be generally intolerant to loss of function mutations in otherwise healthy
individuals.88:94-96 \When we interrogated hub genes across the entire network we found
significant enrichment of low LOEUF score genes and significant depletion of genes from
the tenth decile (Figure 8C). Genes that have not been implicated in CHD but are
characterized by high connectivity in our network, heart-specific expression, and low
LOEUF scores thus represent novel candidate CHD genes (Online Table 1X).

WGCNA reveals NKX2-5 regulatory program.

Throughout this work many of our results have confirmed a central role of NKX2-51in
human heart organogenesis. Its binding sites are enriched in both embryonic heart-specific
enhancer segments and the promoters of genes with heart-specific expression. In hESC-
derived cardiomyocytes NKX2-5 bound the promoters and directly regulated the expression
of many genes involved in heart development, specifically those involved in voltage-gated
ion channel activity.*® Two prominent genes in the violet module that are directly regulated
by NKX2-5 in human cardiomyocytes are the TFs HEYZ2and /RX4 (Figure 8B, Online
Figure XVII). Both of these have been shown to play a role in ventricular myogenesis in
mice and linked to heart abnormalities in humans.97-99

The existence of these direct targets in the same module built in an unsupervised fashion
from only gene expression data suggests that these modules may reflect direct, physical
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connections of transcription factors and their target genes. To determine if these observations
were representative of larger patterns of regulation, we analyzed all WGCNA modules for
enrichment of the 228 genes directly regulated by NKX2-5in human cardiomyocytes.*® We
found that indeed the violet module is enriched for direct regulatory targets, which were all
well connected “hub” genes, assigned embryonic heart-specific enhancers, and had elevated
heart specific expression values (Gini = 0.5) (Figure 8B).

We also found enrichment of NKX2-5target genes in four other modules (green, lightgreen,
skyblue3, and mediumpurple3) that are enriched for embryonic patterning, ion channel
function, and mitosis (Figure 7C, Online Figure XVIII and Online Table X). Genes that have
the same characteristics as NKX2-5in our networks, specifically high connectivity, tissue-
specific expression, and potential regulation by heart-specific enhancers (Online Table X),
are likely integral to normal heart development. Indeed, several genes identified in this data
driven fashion have been clearly linked to CHD as reported in OMIM including NKX2-6
and TANI3K, while others have been implicated in mouse or are pending further findings in
human to be considered a CHD gene, such as /RX4, HEYZ, and HCN4.

Finally, to further understand the functional relevance of the gene co-expression network we
reasoned that genes might be co-expressed with one another in order to physically interact.
When we assessed our modules for protein-protein interactions (ppi) we found that 15 of our
modules contained significant ppi. This was a highly significant result relative to randomly
constructed modules (Figure 8D) indicating this network has identified coherent connections
for both gene regulation and physical interactions of proteins.

DISCUSSION

Here we have jointly profiled chromatin state and gene expression during the organogenesis
phase of human heart development. Our efforts have dramatically increased the number of
regulatory sequences that are predicted to be active in the developing human heart. We have
validated the function and specificity of these regulatory elements by leveraging a variety of
publicly available data sources including transcription factor binding, /n7 vivo enhancer
assays, genome wide association studies, and chromosome conformation.

We have identified tens of thousands of novel regulatory sequences likely active specifically
in the developing human heart. Even though these are newly identified sequences, they
display characteristics familiar to the heart development field. For example, they are
enriched with binding sites for families of transcription factors long appreciated to play a
role in heart development such as GATA, MEF2, and NKX and are located in close
proximity to genes with documented roles in mammalian heart development. Our systematic
comparisons of gene expression between the developing heart and 25 other human tissues
has allowed us to identify a set of genes with high specificity for expression during heart
organogenesis. The embryonic heart specific enhancers we have identified are enriched near
these developing heart-specific genes. Furthermore, the number of heart specific enhancers
that can be assigned to a gene is correlated with relative expression level compared to all
available human tissues. These findings strongly support a direct role for these regulatory
sequences in driving embryonic heart specific gene expression patterns.
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In addition to individual regulatory sequences we have characterized localized landscapes of
co-activated enhancers commonly referred to as super enhancers. Large regulatory
landscapes have been implicated in tissue specification and tumorigenesis and encompass
genes important for these processes. In our data we identified thousands of super enhancers
across all time points of embryonic heart development, 1,611 of which had not been
previously annotated (Online Table 11). These include embryonic heart specific super
enhancers near important heart genes, 7BX20, GATA4, HAND1, HCN4, IRX3, IRX4, and
IRX®6, among others. Additionally, a significant majority of genes we identified with strong
heart specific expression, including UNC45B, METTL11B, MYL3 MYL4, MYL7, and
AFP, are directly adjacent or completely encompassed by super enhancers active in the
embryonic heart. These findings demonstrate the large number of regulatory inputs that
control tissue specification genes during heart development and suggest a high level of
redundancy to maintain proper gene control.

Numerous studies have shown tissue-specific regulatory regions are enriched for variants
associated with tissue-specific phenotypes and diseases.2:69.74 Qur analysis strongly
confirmed these previous results. Specifically, we showed variants associated with
quantitative differences in a variety of heart phenotypes such as resting heart rate and pattern
of beating were enriched most strongly in embryonic heart enhancers. Most strikingly we
observed consistent enrichment of variants associated with atrial fibrillation in strong
enhancer segments across all of embryonic heart development. Recent studies found
significant enrichment for AF-associated index variants in accessible chromatin from fetal
heart and speculated on a fetal origin of AF.7%71 In the data we have presented here, variants
that confer risk of AF are in established enhancers active even earlier, specifically those
active at 4.5 weeks post conception during the embryonic period of development. This
suggests either AF causes a reversion to an embryonic pattern of gene regulation or
predisposition to adult onset AF is established extremely early in development. Further study
of this phenomenon is clearly warranted and could indicate AF should be considered a
congenital heart defect.

One of the most interesting findings of the GWAS analysis came from analysis of the auto-
immune disorder Lupus that we had initially intended as a control. Heart disease is a
frequent complication in lupus patients and is typically attributed to inflammation of the
heart due to lupus specific antibodies that direct immune cells to attack this organ. These
results could suggest that inflammation activates portions of the genome that are normally
repressed in heart development or that inappropriate activation of regions during heart
development predisposes one to these complications. Importantly these results revealed that
repressed regions can also be systematically enriched for specific disease relevant loci which
has not been previously described for chromatin state segmentation data.

While we confirmed enrichment of a number of cardiac disease and phenotype associated
variants in the strong enhancer segments, the original motivation of this study to identify
enhancers that harbor variants for CHD risk proved untenable. Despite the common nature
of the defects, our results indicate either common variants are not informative for risk of
CHD with regard to regulatory element function or these GWAS studies were insufficiently
powered to identify such effects. Larger numbers of whole genome sequences from CHD
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patients will be needed to determine if rare variants in heart-specific enhancer segments play
a significant role in CHD incidence.

We have for the first time jointly analyzed gene expression and chromatin state for
embryonic human heart development. Our WGCNA identified modules of genes in an
unbiased way, yet when we analyzed these groups of genes we uncovered coherent
biological functions and expression characteristics across this developmental trajectory. We
found that a subset of modules is significantly enriched for both heart specific gene
expression and heart specific enhancer activation. Many of these same modules are also
enriched for known CHD genes and well connected or “hub” genes in these modules are
generally intolerant to loss of function mutations in otherwise healthy individuals. When we
systematically interrogated these networks with binding and functional data for the cardiac
TF NKX2-5, we uncovered clear physical regulatory connections both within the NKX2-5
containing module and other modules. These NKX2-5 connected modules were enriched for
functions this gene has been suggested to regulate, including activation of sarcomere and ion
channel genes and repression of neurogenesis.#9:92:100-103 These findings demonstrate that
our networks represent real biological connections relevant to heart development. Genes
with characteristics similar to NKX2-5, such as specificity of expression, highly connected
to other genes in WGNCA modules, regulated by heart-specific enhancers, and low
tolerance to gene disruption are therefore prime candidates for CHD genes. The gene list we
provide in Online Table 1X is thus of particular interest for further research and potential
CHD diagnostic applications.

We provide all these data sets openly in commonly used formats that are directly comparable
to other large consortia. These can be downloaded from GEO, retrieved via public track hub
functionality on the UCSC Genome browser, or directly from the Cotney lab website. Our
Gini index scoring for over 36,000 genes from 31 tissues is broadly useful for studies of all
of these tissues and identifies both housekeeping and highly tissue-specific genes. We
anticipate the regulatory regions and genes we have identified will be useful in research on
the regulation of heart development, can be used as tissue-specific drivers of reporters, and
provide much needed functional context for noncoding variation in clinical whole genome
sequencing.104
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Refer to Web version on PubMed Central for supplementary material.
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Major Resources Table

Animals (in vivo studies) - None

Species

Vendor or Source

Background Strain

Sex | Persistent ID / URL

Genetically Modified Animals - None

Page 23

Species Vgndor or Background Other. Persistent ID /
ource Strain Information URL
Parent - Male
Parent - Female
Antibodies
Lot#
Target antigen V(;ré?ﬁg : r Catalog # c orYggr:It(:gg on (pbrgzer: gfd Persistent ID / URL
required)
H3K27ac Diagenode C15410196 | 5ug RRID: AB_2637079
H3K4mel Diagenode C15410194 | 2.5ug RRID: AB_2637078
H3K4me2 Abcam ab7766 2.5ug RRID: AB_2560996
H3K4me3 Diagenode C1541003 2.5ug RRID: AB_2616052
H3K27me3 Diagenode C16410195 | 5ug RRID: AB_2753161
H3K36me3 Diagenode C15410192 | 5ug RRID: AB_2744515
H3K9me3 Diagenode C15410193 | 5ug RRID: AB_2616044

DNA/cDNA Clones - None

Clone Name

Sequence

Source / Repository

Persistent ID / URL

Cultured Cells - None

Name

Vendor or Source

Sex (F, M, or unknown)

Persistent ID / URL
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_ Source / :
Description Repository Persistent ID / URL
ChlIP-seq signals, imputed signal files and GEO GSE137731 and
chromatin state segmentations https://cotney.research.uchc.edu/heart/
RNA-seq bigWigs, and counts matrices GEO GSE138799 and
https://cotney.research.uchc.edu/heart/
All data tracks UCSC Track Human Embryonic Heart Tissue Epigenomic and

Hubs Transcriptomic Data from the Cotney Lab at
UConn Health

expression analysis

heart expression data and differential

Generic scripts used in processing ChIP- Github https://github.com/cotneylab/ChIP-Seq
Seq and generating chromatin states
Scripts used in generation of WGCNA of Github https://github.com/cotneylab/RNA-Seq

Other
Description Source / Persistent ID / URL
Repository
Human embryonic heart Joint MRC/ www.hdbr.org

tissue

Wellcome Trust
Human
Developmental

Biology
Resource
Software and Algorithms:
Basemount Illumina https://basemount.basespace.illumina.com/
FASTQC (v0.11.5) Andrews, 2010 http://www.bioinformatics.babraham.ac.uk/projects/fastqc/
RRID:SCR_014583
MultiQC (v1.1) Ewels et al., http://multigc.info/
2016 RRID:SCR_014982

Trimmomatic (v.0.36)

RRID:SCR_011848

Bowtie2 (v2.2.5)

Langmead and
Salzberg, 2012

http://bowtie-bio.sourceforge.net/bowtie2/index.shtml

PhantomPeakQualTools Landtetal., https://code.google.com/p/phantompeakqualtools/
(v.1.14) 2012 RRID:SCR_005331
HOMER (v4.9) Heinz et al., http://homer.ucsd.edu/homer/
2010 RRID:SCR_010881
BEDtools (v2.25.0) Quinlan and https://github.com/arg5x/bedtools2
Hall, 2010 RRID:SCR_006646

MACS2 (2.1.1.20160309)

Feng et al., 2012

https://github.com/tacliu/MACS/

Kent Source Tools (v329)

Kent et al., 2002

https://github.com/ENCODE-DCC/kentUtils

deepTools2 (v2.5.0.1)

Ramirez et al.,
2014

https://github.com/fidelram/deepTools

ChromImpute (v1.0.3)

Ernst and Kellis,
2015

http://www.biolchem.ucla.edu/labs/ernst/ChromImpute/

ChromHMM (v1.12)

Ernst and Kellis,
2012

http://compbio.mit.edu/ChromHMM/
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https://github.com/arq5x/bedtools2
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i Source / .
Description Repository Persistent ID / URL

R Project for Statistical Team, 2017 http://www.r-project.org/

Computing (v3.4.1) RRID:SCR_001905

GREAT (v4.0.4) McLean et al., http://great.stanford.edu/public/html/splash.php
2010 RRID:SCR_005807

DiffBind Stark and https://doi.org/doi:10.18129/B9.bioc.DiffBind
Brown, 2011

rGREAT https://doi.org/doi:10.18129/B9.bioc.rtGREAT

Homerkit https://github.com/slowkow/homerkit

Rtsne https://github.com/jkrijthe/Rtsne

GARFIELD (v2)

lotchkova et al.,
2019

https://www.ebi.ac.uk/birney-srv/GARFIELD/

GREGOR

RRID:SCR_009165

GWAS Studies Used:

GWAS Catalog (retrieved
2019-08-10, All
associations v1.0.2)

Welter et al.,
2014

http://www.ebi.ac.uk/gwas/home
RRID:SCR_012745

Systolic Blodd Pressure
(2046 Associations)

EFO_0006335

https://www.ebi.ac.uk/gwas/home

Atrial Fibrillation (371
Associations)

EFO_0000275

https://www.ebi.ac.uk/gwas/home

Electrocardiograph Traits
and Measures (38
Associations)

EFO_0004327

https://www.ebi.ac.uk/gwas/home

Resting Heart Rate (129
Assocations)

EFO_0005054

https://www.ebi.ac.uk/gwas/home

Congenital Heart Defects
(72 Associations)

EFO_0005207,
EFO_0005269

https://www.ebi.ac.uk/gwas/home

QT interval (311
Associations)

EFO_0004682

https://www.ebi.ac.uk/gwas/home

QRS (186 Associations)

EFO_0005055,
EFO_0007742,

https://www.ebi.ac.uk/gwas/home

Coronary Artery Disease
(936 Associations)

EFO_0000378

https://www.ebi.ac.uk/gwas/home

Crohns Disease (594
Associations)

EFO_0000384

https://www.ebi.ac.uk/gwas/home

QRS Interval GWAS
Summary Statistics (Total
SNPs with calculated p-
value: 26566045)

Wojcik et al.,
2019

ftp://ftp.ebi.ac.uk/pub/databases/gwas/summary_statistics/
WojcikGL_31217584_GCST008054/WojcikG_PMID_gr
s_interval.gz

Resting Heart Rate
GWAS Summary
Statistics (Total SNPs
with calculated p-value:
5264922)

Zhu et al., 2019

ftp://ftp.ebi.ac.uk/pub/databases/gwas/summary_statistic s/
ZhuZ_30940143_GCST007609/
ZhuZ_30940143_ukbb.bolt_460K_selfRepWhite.rhrmean.assoc.gz

Atrial Fibrillation GWAS
Summary Statistics (Total
SNPs with calculated p-
value: 12149979)

Roselli et al.,
2018

https://personal.broadinstitute.org/mvon/AF_HRC_GWAS
_ALLv1l.zip

P-Wave Duration GWAS
Summary Statistics (Total
SNPs with calculated p-
value: 872325)

Christophersen
etal., 2017

ftp://ftp.ebi.ac.uk/pub/databases/gwas/summary_statistic s/
ChristophersenlE_28794112_GCST004826/harmonise d/28794112-
GCST004826-EFO_0005094build37.f.tsv.gz
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i Source / .
Description Repository Persistent ID / URL
Systemic lupus Bentham et al., ftp://ftp.ebi.ac.uk/pub/databases/gwas/summary_statistic s/
erythematous GWAS 2015 BenthamJ_26502338_GCST003156/harmonised/26502 338-

Summary Statistics (Total
SNPs with calculated p-
value: 7915251)

GCST003156-EFO_0002690-build37.f.tsv.gz

Crohn’s Disease GWAS
Summary Statistics (Total
SNPs with calculated p-
value: 154590)

Liu et al., 2015 ftp://ftp.ebi.ac.uk/pub/databases/gwas/summary_statistic s/
LiuJZ_26192919 GCST003044/CD_trans_ethnic_asso
ciation_summ_stats_b37.txt.gz

Nonstandard Abbreviations and Acronyms

AF
AUC
BH
CAAD
CHD

ChlP-seq

ChromHMM
ChromImpute
CS

CM

DHS

EHEs

EMERGE

GATA

GEO
GJA1
GREAT
GTEx

GWAS

atrial fibrillation

area under the curve

Benjamini-Hochberg method

Combined Annotation Dependent Depletion
congenital heart defect

chromatin immunoprecipitation followed by next-
generation sequencing

chromatin state segmentation using Hidden Markov Model
chromatin signal imputation

Carnegie Stage

cardiomyocyte

DNAse hypersensitivity site

embryonic heart-specific enhancer segments

flexible modelling framework to predict genomic
regulatory elements

Family of transcription facts capable of binding the GATA
consensus sequence

Gene Expression Omnibus

Gap Junction Protein Alpha 1

Genomic Regions Enrichment of Annotations Tool
Genotype-Tissue Expression Project

genome-wide association study
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HAND2
HOMER
H2A.Z
H3K4mel
H3K4me2
H3K4me3
H3K9me3
H3K9ac
H3K27ac
H3K27me3
H3K36me3
H3K79me2
H4K20mel
iPSC

KLF

LINSIGHT

LOUEF
NKX2-5
MDS
MEF2
MPRA
MYOCD

PCHi-C

ppi
RNA-seq

SCN5A

SMAD

Page 27

Heart And Neural Crest Derivatives Expressed 2
Hypergeometric Optimization of Motif EnRichment
Histone 2A variant Z

Histone H3 lysine 4 monomethylation

Histone H3 lysine 4 dimethylation

Histone H3 lysine 4 trimethylation

Histone H3 lysine 9 trimethylation

Histone H3 lysine 9 acetylation

Histone H3 lysine 27 acetylation

Histone H3 lysine 27 trimethylation

Histone H3 lysine 36 trimethylation

Histone H3 lysine 79 dimethylation

Histone H4 lysine 20 monomethylation

induced pluripotent stem cell

Kruppel-like factors

Linear Model Inference of Natural Selection from
Interspersed Genomically coHerent elemenTs

loss-of-function observed/expected upper bound fraction
NK2 Homeobox 5

multi-dimensional scaling

myocyte enhancer factor-2

massively parallel reporter assay

Myocardin gene

promoter-capture genome wide chromatin conformation
capture

protein-protein interaction

polyA enriched cDNA coupled with next-generation
sequencing

Sodium Voltage-Gated Channel Alpha Subunit 5

Sma and mothers against decapentaplegic gene family
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TBX5
TBX20
TFs

TSS
WGCNA
1 _TSSA
2_PromU
3_PromD1
4 PromD2
5 Tx5
6_Tx
7_Tx3

8 TxWk

9 TxReg

10_TxEnh5

11 TxEnh3

12 TXEnhW
13 EnhA1l
14 _EnhA2
15_EnhAF
16_Enhw1
17_EnhW?2

18 EnhAc

19_Dnase
20_ZNF/RPT
21_Het

22_PromP

T-box transcription factor 5

T-box transcription factor 20

transcription factors

transcription start site

weighted gene co-expression network analysis
ChromHMM State 1 Active Transcription Start Site
ChromHMM State 2 Promoter Upstream TSS
ChromHMM State 3 Promoter Downstream TSS 1
ChromHMM State 4 Promoter Downstream TSS 2
ChromHMM State 5 Transcribed — 5’ preferential
ChromHMM State 6 Strong transcription
ChromHMM State 7 Transcribed — 3” preferential
ChromHMM State 8 Weak transcription
ChromHMM State 9 Transcribed & regulatory

ChromHMM State 10 Transcribed 5° preferential and
enhancer

ChromHMM State 11 Transcribed 3’ preferential and
enhancer

ChromHMM State 12 Transcribed and Weak enhancer

ChromHMM State 13 Active enhancer 1
ChromHMM State 14 Active enhancer 2
ChromHMM State 15 Active enhancer flank
ChromHMM State 16 Weak enhancer 1
ChromHMM State 17 Weak enhancer 2

ChromHMM State 18 Primary H3K27ac — possible
enhancer

ChromHMM State 19 Primary DNase
ChromHMM State 20 ZNF genes and repeats
ChromHMM State 21 Heterochromatin

ChromHMM State 22 Poised Promoter

Circ Res. Author manuscript; available in PMC 2021 October 09.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

VanOudenhove et al.

Page 29

23_PromBiv ChromHMM State 23 Bivalent Promoter

24 _ReprPC ChromHMM State 24 PolyComb Repressed

25 _Quies ChromHMM State 25 Quiescent
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NOVELTY AND SIGNIFICANCE
What Is Known?

. Gene expression during mammalian development is controlled by many tissue
and time point specific regulatory sequences known as enhancers.

. Heart enhancers have been identified in a single human fetal heart and several
infant and adult hearts, all of which are derived after major steps in heart
patterning.

. Genes that are co-expressed during development of tissues and have low rates

of mutations in healthy, adult humans have been implicated in developmental
disorders and disease.

What New Information Does This Article Contribute?

. Annotation of genome-wide chromatin states based on histone modifications
during the embryonic period of human heart development revealed thousands
of sequences not previously predicted to be active in the heart.

. Sequences predicted to be strong enhancers during heart organogenesis are
enriched with cardiac transcription factor (TF) binding sites and
systematically located near genes with known roles in the developing
mammalian heart or shown in this study to have highly specific expression in
the developing human heart.

. Putative strong enhancer sequences in the embryonic heart are enriched for
common sequence variants associated with risk for atrial fibrillation (AF) but
not congenital heart defects.

. Comprehensive analysis of gene expression in the developing heart revealed
organized patterns of co-expression that are enriched for heart relevant
biology.

. Highly connected “hub” genes in the co-expression network are strongly

enriched for genes with low mutational rates in healthy adult humans and
likely disease candidates.

Most patients affected by congenital heart defects (CHD) do not have defects in other
tissues, a common feature of defects caused by damaged regulatory sequences or
“enhanceropathies”. However, enhancers active during the organogenesis phase of human
heart development when most CHDs are thought to arise have not been identified. We
have systematically characterized chromatin state in human embryonic hearts and
revealed over twelve thousand novel putative enhancers. These enhancers harbored all the
hallmarks of tissue-specific enhancers: enrichment of cardiac-restricted TF binding sites,
located near genes with heart-specific expression patterns, and demonstrated heart
specific activity in catalogs of experimentally tested enhancers. Enhancers predicted to be
strongly active in the developing human heart were significantly enriched for common
variants associated with risk for atrial fibrillation demonstrating potential embryonic
origins of this disorder. Construction of networks based on genes with similar trends of
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expression across heart development revealed a cohort of genes regulated by the
canonical cardiac TF NKX2-5. These co-expression networks uncovered over two
hundred genes that have similar characteristics as NKX2-5: co-expression with many
other genes, specific expression in the heart, and intolerance to mutation. These genes are
strong candidate disease genes warranting further study.
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Figure 1. Epigenomic and transcriptomic profiling of human embryonic heart development.
A. Top panels show representative images of primary human embryonic heart tissue at

indicated Carnegie Stages. Lower panel indicates data types collects and downstream
analyses performed in this study. B. Principal component analysis of genome-wide primary
and imputed ChIP-Seq signals. Each mark is indicated by separate colors. Primary samples
are shown as triangles and imputed data as circles. Grouping of marks and overall function
are indicated in normal and bold text respectively. C. Total numbers of each chromatin state
identified in segmentation of each individual embryonic tissue sample. Samples are ordered
from left to right as earliest to latest timepoints. Legend of colors are located below using
conventions defined by Roadmap Epigenome.19 D. Average numbers of each chromatin state
for all heart samples (red) and all Roadmap Epigenome samples (grey) are shown. Error bars
represent standard deviations for each chromatin state and tissue group.
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Figure 2. Multi-tissue comparisons of global enhancer activation and enrichment of heart
phenotype in enhancer segments.

A. tSNE projection of imputed H3K27ac p-value signals at 444,413 enhancer segments from
tissues profiled by Roadmap Epigenome and in this study. Dots are color coded by tissue as
indicated and labelled as each individual tissue samples as profiled by Roadmap epigenome
or in this study. B. Fraction of each of the 25 ChromHMM States, EMERGE, and Dickel
datasets that overlap with either active heart enhancers (unshaded) or enhancers active in
tissues other than heart (shaded) as tested by the Vista Enhancer Browser (enhancer.lbl.gov).
Significance of difference of overlap between heart and other tissue were calculated using
the Mann-Whitney test and is shown at top (p-value < 0.05 =*, £ 0.01= **, < 0.001= *** | <
0.0001 = ****) C. Gene ontology enrichments for indicated functional categories for
putative novel strong enhancer segments identified in human embryonic heart versus
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Roadmap Epigenome (n=12,395). Putative enhancers were assigned to genes and
significance determined by GREAT. Position of each dot is based on -log10(Binomial FDR)
and colored by binomial fold enrichment calculated by GREAT. D. Top most significantly
enriched motifs in putative EHEs calculated by HOMER. Shown are position weight matrix
for each matif, transcription factor predicted to bind that motif, and HOMER p-value (Upper
panel) HOMER known motifs (Lower panel) de novo motifs.
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Figure 3. Differential enhancer utilization during embryonic heart development.
A. Delineation of three major stages of heart development during the embryonic period

based on Carnegie staging. B. Heatmap of signal at putative enhancers differentially marked

with H3K27ac C. Same as B but with H3K4me2. D.Heatmap of z-scores for level of

regulation of FGF receptor signaling pathway

mammary gland morphogenesis

LVE.H3K27ac

MVE.H3K4me2

MVL.H3K4me2

EVL.H3K27ac

significance of motifs enriched in each class of differentially regulated enhancers based on

pairwise comparisons of replicates of H3K27ac signal at all embryonic heart enhancer

segments using DiffBind. Comparisons are indicated as follows: early up versus mid (EVM),
early up versus late (EVL), mid up versus early (MVE), mid up versus late (MVL), late up
versus mid (LVM), late up versus early (LVE). The more significantly enriched motifs are
colored yellow. E. Same as in D but using H3K4mez2 signals. F. Heatmap of most variable z-
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scores for significance of enrichment of gene ontology categories for genes assigned a
differentially activated enhancer by GREAT.
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Figure 4. Functional annotation of cardiac phenotype associated variants and enrichment of
embryonic heart enhancers in cardiac relevant long-range chromatin interactions.

A. UCSC browser shot of NKX2.5gene locus showing individual embryo chromatin state
annotations from this study and Roadmap Epigenome. Samples are ordered from top to
bottom based on developmental age, earliest to latest. Chromatin states are indicated by
color segments using color convention from Figure 1C. Strong human embryonic heart
(HEH) enhancers are shown in black and superenhancers and superenhancers unique to
HEH are shown in orange. B. UCSC browser shot of locus near the 7BX20 gene using the
same conventions as in A. The region upstream of the 7BXZ20gene is a human embryonic
heart specific super enhancer (orange bar). Of note are the strong HEH specific enhancer
states track, as well as the experimentally validated enhancer elements with images to the
right. In the lower panel, all the roadmap epigenome ChromHMM segmentations are stacked
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showing the region is not similarly active in any other profiled tissue. C. Box plots of fold
enrichment of overlap of each indicated chromatin state in human embryonic heart or brain
with anchor points identified by capture Hi-C interactions in iPSC-derived cardiomyocytes
over matched randomly selected segments. Solid boxes represent embryonic heart chromatin
segments while dotted boxes represent adult brain chromatin segments. Significance of
difference between embryonic heart and adult brain fold enrichments were calculated using
the Mann-Whitney test and is shown at top (p-value <0.05 = *, <0.01=**, < 0.001= *** <
0.0001 = ****), The largest increases in fold enrichments for embryonic heart were
identified for strong enhancer states 13 and 14.

Circ Res. Author manuscript; available in PMC 2021 October 09.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

VanOudenhove et al.

A_ Systolic Blood Pressure

B_Electrocardiograph Traits and Measures

Page 48

®  Human Hheart [ liid © Human Heart cogg-121st
0518.12488 pearrra
= Roadma MUS PSOA: Jo —
2 g e R g ¢ R
= ® Total Heart Reproducie_Stong MUS SRR & CS20_12451 B4 © Total Heart —
> CS17_12331 :S21_111 -AORTA > ~|
& o Ch1e120 1414135 L csiarzs
Chad A " cst6_12997; CSjestae °
3 Sote_ g coto 12135 B
@ 2d GISTMC. M -GI.RECT.SM 2]
El = H csg 1z
3 ok Ve %5 e
i K cszo_ B
z z
6 § Sk
5 £ Reprduchio_Svagn CS16.1471 8 oo, 135
£ 0 2 o R 2
s 8 Gore B 1rore
& x’ weart_gy oi_rises
FemLEART
8 9 B
i w Bvry
['4 o LNG
9 <) °
= Sh.
S ° InBed_index SNP nBed_index_SNP
ki o o m g .
& ® 0 e
@ ° ®
@ o o=
0. ! 5=
0- v . .
B, o k ? ™ log2(Fold Enrichment) 2
. 3 (o] Ol nrichment
C. Resting Heart Rate log2(Fold Enrichment) D.ars 9
oy ol avrr e e csggrasn
= _ Roadmep
™ Roadmap 5 :
2 ® Total Heart sig 12331 2 o Jlctelieart cste_igso
g5 P Y] i
L FETAL_HEART AN Cs18_12456.
o204t 12135 S N
8 ﬁ 3 o 11014
o) HEART_RA-CS14. 41 o © cs21_ t
S ¢-rom 3 ®cs Froe® Lot rers
3 Cs18 1*5@5;0 12451 3.10. Reproducible_Stro? @CS20_12451
2 css 1“5.;5 1208 5 Fem_veagT csi¥ a1
S ©823_12 ﬁsm 14315 f MUS.LEG FETHCS18 14315
£ £ Com st OvRACSts 12567
E 10 csB_i1014 2 \Cs14_12408
£ £ otsmucer , 88
k3 &15 12907 £
2 wus PsoAs, 2 =
o g =3
[3] ReproducibleZstrong eacr L\. [+3]
4 x (]
o o
9] @5 °
w w
x s 4
S )
= =] 18ed_index_SNP
= >
K<} InBed_index SNP O : :
] 2 1
o »
° o
o« . @
@«
0. E o . 0
-1 0 i 2 -1 0 i 2
o 6 T s B log2(Fold Enrichment F log2(Fold Enrichment
. Atrial Fibrillation 92( ) . Lupus 92( )
15 25
A
Heart A |Heart
% Non-Heart #* Non-Heart

=

o

Heart_CS13_12383

-log10(GARFIELD Bonferroni adjusted p-value)

00 25 50 75
Odds Ratio AF 1E-8 Threshold GWAS SNPS

e 1.TssA o2 PromU e 3 PromD1 4 PromD2 e 5.Tx5 e 6_Tx

14_EnhA2 - 15_EnhAF - 16_EnhW1 17_Enhw2 18_EnhAc ~ 19_DNase

HRT.FET

HRT.ATR.R

Heart_C:
15

Heart

Heart

0

-log10(GARFIELD Bonferroni adjusted p-value)

10.0 0

o 7.Tx3 o 8_TxWk

20_ZNF_Rpts » 21_Het

Heart_CS18_ 12456

Heart_CS23_12151y o

Heart_ CS17_12331«

Healt.CS18 12456
S19_11914
Los20 1/44§a" CS21 12093

521 Hdﬁ)eah CS14 14135

CS18.12059" 8

Hear] eszo F2451 !
Heart.CS16_12997 e Heart_CS16_14315

Heart_CS13 ﬂﬁﬁ?\/ENTL *Heart_CS23_12151
+ Heart_CS20_12448

265

>Hear| CS21_12093
' ‘Heart_CS23_12058

5 10

Odds Ratio Lupus 1E-8 Threshold GWAS SNPS
9 TxReg + 10_TxEnh5 « 11_TxEnh3 12_TXEnhW

22_PromP e 23_PromBiv e 24 RepiPC o 25_Quies

Heart_CS19_11914

13_EnhAt

Figure 5. Enrichment of cardiac phenotype associated variants in embryonic heart enhancer

segments.

A. Scatterplot of the log2 fold enrichment and log10 Bonferroni adjusted significance level
of GWAS variants associated with systolic blood pressue in all enhancers segments
identified in the strong enhancer states for each embryonic heart sample (bright red), the
total reproducible strong enhancers from the whole dataset (dark red) or other tissues in
Roadmap Epigenome (blue). All values calculated using only variants with p values <
5x1078 from GWAS Catalog using GREGOR. B. Same as in A using GWAS variants
associated with electrocardiograph traits and measures. C. Same as in A using GWAS
variants associated with resting heart rate. D. Same as in A using GWAS variants associated
with QRS complex traits. E. Enrichment of GWAS analysis p-values for atrial fibrillation’2
in all chromatin state annotations as determined by GARFIELD. Scatterplot of the odds ratio
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of atrial fibrillation GWAS SNPS using the 1E-8 Threshold by the log10 GARFIELD
Bonferroni adjusted p-values. Samples from this study (triangle symbol) and Roadmap
epigenome (star symbol) are colored by chromatin state as indicated by the color key. Atrial
fibrillation shows greatest enrichment in strong enhancers identified in embryonic heart
tissues. F. Same as in E using GWAS summary statistics for systemic lupus
erythematosus1°. Lupus shows greatest enrichment in strong enhancers identified in
immune cell types sorted from blood. Lupus also shows enrichment in repressed and
bivalent states in human embryonic heart.

Circ Res. Author manuscript; available in PMC 2021 October 09.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

VanOudenhove et al.

Page 50

A. B Gene Ontology Enrichments
Color Key
9 i %
g4 o
] o
"l 0 =
g 1
3 1 o
T °
T o
°
°° ° 3z
4 2 0 2 4 8»:
Row Z-Score
= =~
—_— s = (] @ .
o
°
= = — 5
2 B | Cowt.
= = %, o
8 - i amas T
15 B o° 8%
B )
= - - == P "
z B - o
- S °
(O] =
& |
© —
— - = —
© = [ =i
= | .
- -— = .
- — 5
— = °
= -— i
SucTpreUTEECT c-orozene =
©C o - o k)
8885283588358 §.52£5¢83 gt
BDSEOD-S380RS T o 288252
£sY E3§>3 ° SoT gk
Sz 8% 2 T = @
5 83 < g £ 08
=2 wo > o 5 S
3 @ g e g8 £
% £ < @ 2 oo
&

CS16_14209
CS16-14213
Cs17_12331
cs17_12752
Cs23_12151
cs23_12193

CS12_14131
CS13_14401

D.[O= . p————

158 amoseing monoaifhe wransport

NIV Yier. i

OVR 2

| opegmesi g
l w moshogerels

%
© B

s aminagycan s B pocd3goyinogycan metabol rocess

= .

20
-log2(pval) 92(p
OvR 1 OwR 1

2

mucoplysccrariqpabotc o
]

Figure 6. Transcriptional profiling of embryonic heart development.
A. Heatmap showing specificity of expression for 5,167 genes identified with elevated Gini

scores (>0.5) for 25 tissues from GTEx and embryonic heart. Brain, spleen, and embryonic
heart specific genes are identified as colored leaves on the dendrogram along the left of the
plot. B. Gene ontology enrichments for genes identified as specific for heart, spleen, and
embryonic heart respectively based on genes from indicated color coded clusters in A. C.
Heatmap of z-scores of normalized gene expression for genes identified as differentially
expressed in pairwise comparisons of replicates from each of Carnegie Stage in our
developmental series. Dendrogram on the left is hierarchical clustering of genes across a
developmental series. The genes were color coded by cutting the dendrogram at a height
which would result in four groups. Purple most highly expressed early. Pink and green

Circ Res. Author manuscript; available in PMC 2021 October 09.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

VanOudenhove et al.

Page 51

expressed most strongly in intermediate stages of the series. Blue genes are most strongly
expressed at the end of the developmental series. D. Gene ontology enrichment maps from
the purple (left) and blue (right) gene sets identified in C. The size of each dot represents the
number of genes and the color scale represents the -log2 transformed Benjamini &
Hochberg adjusted p-value of each ontology. Darker colors indicate higher significance. The
edges connect overlapping gene sets. The location of each dot is determined by the overlap
ratio (OVR) calculated by enrichplot. Genes active early are enriched for functions related to
embryonic patterning and morphogenesis while genes active late in embryonic heart
development are enriched for vasculature development and ion-channel function.
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Figure 7. Integration of chromatin state and gene expression identifies genes important for
human cardiac development.

A. Plot of gene expression values from embryonic heart (red), adult heart (purple), brain
(green) or all other tissues (grey) for genes assigned indicated number of EHES as
determined by GREAT. Genes assigned multiple EHES are more strongly expressed in
embryonic heart than other tissues. Significant differences in distributions of gene
expression values in each comparison were determined based on Mann-Whitney test. B.
Histogram of distances of EHEs (red) or randomly selected sets of enhancers (grey) to the
nearest heart specific gene (GINI > 0.75) in 10 kb bins up to 100 kb. Overall EHEs are
enriched near heart specific genes over all distances up to 100 kb. Error bars indicate
standard deviation of 1000 random permutations of enhancers. C. Network plot of gene
modules identified by WGCNA using embryonic heart gene expression data. A pearson
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correlation of the module eigenvectors was calculated for the edges. Positive correlations of
0.5 and greater were included. The location of each module is determined by multiple
dimensional scaling of the module eigengene vectors. Modules are color coded based on
names assigned by WGCNA. Size of dots indicate number of genes in each module. Each
module is labelled based on the most significant biological process category gene ontology
enrichment determined by DAVID, however this label is not always all encompassing. See
Online Table VIII for exhaustive list. Modules are grouped based on related functional
category enrichments and distance in MDS space. D. Trajectories of expression based on
eigenvectors reported by WGCNA for each module across the developmental series. Groups
and color coding are the same as in C. Group 1 modules have generally declining expression
and include many genes involved in developmental patterning. Group 3 modules generally
have increasing expression. Groups 2 and 4 have multiphasic but offset expression and
contain genes involved in chromatin regulation and muscle cell differentiation and function.
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Figure 8. WGCNA significance tests and network for violet module.
A. Dot plots of gene enrichment within the WGCNA modules. The lists of genes used are

curated from multiple sources, while EHE and GINI are from this paper. The groups
correspond to Figure 5. B. Network of multidimensional scaling coordinates and pairwise
correlation scores for the violet module in Group 4 in D which is enlarged to show detail.
All genes with correlation value greater than 0.88 with any other gene are plotted. Size of
shape indicates highly connected hub genes. Diamonds represent genes assigned EHEs.
Purple filled shapes indicate heart specific gene expression (GINI >=0.5). Hub genes are
labeled with gene symbol. Genes directly positively regulated by NKX2-5 binding are
indicated with yellow. Several hub genes that have all these criteria are listed in larger
yellow text. C. Histogram of LOEUF deciles of hub genes or randomly selected non-hub
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genes from all modules in the WGCNA network. Deciles range from decile 1 (d1) which
represent the most constrained genes to d10, genes that are the most tolerant to putative loss-
of-function (pLoF) variation. Error bars indicate standard deviation of 1000 random
permutations of non-hub genes. D. Histogram of the number of gene-scrambled modules
that have ppi enrichment at a Bonferroni adjusted p-value of <0.05. The vertical orange line
marks the 15 modules that have significant ppi in the actual WGCNA network.
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