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Identification and validation of cardiac
nonconserved human-specific enhancers
Congenital heart disease (CHD) is one of the most common
causes of neonatalmortality. Theworldwidemorbidity ofCHD
is 9.410&, while the proportion of CHD patients who are re-
ported to carry mutations in coding regions is <50%.1,2 En-
hancers play an important role in the spatio-temporal
expression of target genes, and a lot of related variations are
associated with CHD. There are conserved and nonconserved
enhancers. It is common to study conserved enhancers in
model organisms, while nonconserved enhancers lack sys-
tematic investigation and functional validation. Unfortu-
nately, lotsofCHDpatientshavenodiagnosisevenafterwhole
exome sequencing (WES) analysis, while the significance of
nonconserved regulatory regions, one of the potential path-
ogenic factors, is usually overlooked. Therefore, in this study,
to facilitate studies on the etiology of CHD, we present a
systematic genome-wide analysis and functional validations
of nonconserved human-specific enhancers (NoHEs).

Here, we investigated cardiac human-specific enhancers
basedonbigdataanalyses. ChIP-seqpeaks identified inmouse
samples are not suitable for the study of human-specific en-
hancers since these nonconserved regions do not exist in the
mouse genome. Therefore, we included and analyzed 20
human heart-related and enhancer-associated ChIP-seq
datasetsdownloaded fromCistromeDB(http://cistrome.org/
db/#/) (Fig. 1A; Fig. S1A). Enhancer-associated histones were
H3K4me1, H3K4me3 and H3K27ac. The number of enhancer
peaks from these datasets was>850,000, and the total length
was approximately 112.2 Mb. Detailed information on ChIP-
seq datasets is shown in Table S1, and detailed methods are
described in the supplementary materials.

Given that different thresholds, peak widths or data
normalization methods can call variable peaks, data integra-
tion is commonly performed by intersection analysis on
peaks.3 Therefore, we intersected the 112.2 Mb enhancer-
associated ChIP-seq peaks with a 92.4 Mb human genome re-
gion that covered 328 heart-related genes (Table S2) with
upstream and downstream 100 kb. The coverage of enhancer-
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associated peaks around these genes is shown in Figure S1B.
Then, to strictly screen out the cardiac human-specific peaks,
we mapped these cardiac enhancer peaks to the mouse
genome (mm10) using LiftOver with the minimum ratio of
bases that must remap set to 0.01.4 As shown in Figure 1B,
there were w1.3 Mb H3K4me1-related, w0.8 Mb H3K4me3-
related andw1.6 Mb H3K27ac-related nonconserved human-
specific peaks around cardiac genes.

To further generate a cardiacNoHEcompendiumandclarify
the proportion of NoHEs in the total cardiac enhancer se-
quences, we mapped the total cardiac enhancer peaks and
nonconserved peaks to the human genome (hg38). After that,
those hg38 peaks weremerged to form unique new sequences
(termed cardiac enhancer sequences and cardiac NoHEs,
respectively). Detailed methods are described in the supple-
mentarymaterials. Consequently,we identified>4500 cardiac
NoHEs, coveringw1.6 Mb of the human genome. Remarkably,
in thew5.5 Mb cardiac enhancer sequences (File S1; Fig. S1C),
the proportion of cardiac NoHEs was >29% (1.6/5.5 Mb)
(Fig. 1C). Moreover, as shown in Figure 1D, this 1.6 Mb com-
pendium(File S2)wascomposedofw1.0MbH3K4me1-related,
w0.3 Mb H3K4me3-related and w0.7 Mb H3K27ac-related
cardiac NoHEs. These data accentuate the conclusion that a
large number of human-specific candidate cardiac enhancers
will be of vital in studies of human heart regulatory regions.

Based on the cardiac NoHE compendium, we chose 30
candidate fragments (Table S3) as described in the supple-
mentary materials and validated their enhancer activities in
the human cardiomyocyte cell line AC16. Luciferase reporter
assay showed that 50% (15/30)wereactiveenhancers (Fig. 1E).
Notably, most of the related possible target genes, such as
NKX2-5, NOTCH1, GATA4, MEF2A and TBX20, were key genes
related to CHD (Table S4). Detailed information on related
histones and distances to possible target genes is shown in
Figure. S1DeF. These results confirmed the efficiency and
practicability of this cardiac NoHE compendium in identifying
active enhancers that had putative effects on heart
development.

To further investigate the function of these active cardiac
NoHEs, we validated the function of 6 related SNPs (Table S5).
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Figure 1 Identification and validation of cardiac nonconserved human-specific enhancers. (A) Information on included human
heart-related and enhancer-associated ChIP-seq datasets. (B) Conserved and nonconserved enhancer-associated peaks in 92.4 Mb
of the human genome. (C, D) Schematic diagram of the generation and constituent parts of the 1.6 Mb cardiac NoHE compendium.
NoHE, nonconserved human-specific enhancer. (E) Validation of enhancer activity of the candidate cardiac NoHEs. Multiple t tests
were performed for the statistical analysis between the NoHE groups and pGL3-E1b control groups. The assumption that all rows
were sampled from populations with the same scatter (SD) was used to compute the individual P values. Correction for multiple
comparisons was performed using the Sidak-Bonferroni method. ****P < 0.0001, n Z 3. (FeJ) Validation of the enhancer activity of
cardiac NoHEs with related SNP-containing alleles. Multiple t tests were performed for the statistical analysis between the NoHE
groups and NoHE-SNP groups. The assumption that all rows were sampled from populations with the same scatter (SD) was used to
compute the individual P values. Correction for multiple comparisons was performed using the Sidak-Bonferroni method. Student’s
t test was used for the statistical analysis of NoHE with only one SNP-containing allele. ***P < 0.001; ****P < 0.0001, n Z 3.
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Compared with the WT groups (NoHE groups), the enhancer
activities of 5 cardiac NoHEs with SNP-containing alleles were
all significantly decreased in this study, which supported that
rs78350132, rs113114656, rs12056541, rs139498, rs9611527
and rs3097165 represented functional variations (Fig. 1FeJ).
Remarkably, themapped traits of rs78350132 and rs113114656
are systolic blood pressure and coronary artery disease.
Considering that the correlation between the SNP and the
corresponding trait will be more convincing if the functional
verification is similar to the GWAS data,5 these two heart-
related intronic variations, which had an important effect on
the human cardiomyocytes in this study, are very likely related
to heart disease.

To date, many CHD patients have no diagnosis without the
identification of the responsible exon locus.2 This indicates
that many pathogenic variations in regulatory regions, espe-
cially those in nonconserved regions, have not been well
studied. Therefore, it is necessary to establish more integra-
tivepredictionmethodologies andperformmoreexperimental
investigations to identify functional human-specific regulatory
elements.5 Our work focused on nonconserved regulatory re-
gions and first identified 1.6 Mb human-specific cardiac en-
hancers by using rigorous criteria for the genome-wide analysis
of ChIP-seq data. Notably, lots of enriched regions are usually
not included in calling peaks due to the thresholds and/or peak
widths set in ChIP-seq experiments,3 which suggests that the
cardiac NoHE compendium in this study is likely larger than
1.6 Mb. In addition, 50% of candidate cardiac NoHE and all
related SNPs were functional. These results support the
assertion that a large number of cardiac enhancers are non-
conserved and functional. Therefore, in addition to analyzing
conserved regions, capturing and studying human-specific
functional elements should also be taken seriously.

Here,wepresenteda genome-wideanalysis and functional
validations of cardiac NoHEs that donot exist in the genomeof
a common model organism: the mouse. We first generated a
1.6 Mb cardiac NoHE compendium, which contained a large
number of functional enhancers that exerted putative effects
on heart development. This compendium will be valuable for
cardiovascular research, especially studies on the etiology of
CHD with variations in nonconserved regions.
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