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Abstract

The heart, a vital organ which is first to develop, has adapted its size, structure and function

in order to accommaodate the circulatory demands for a broad range of animals. Although

heart development is controlled by a relatively conserved network of transcriptional/chromatin
regulators, how the human heart has evolved species-specific features to maintain adequate cardiac
output and function remains to be defined. Here, we show through comparative epigenomic
analysis the identification of enhancers and promoters that have gained activity in humans during
cardiogenesis. These cis-regulatory elements (CRES) are associated with genes involved in heart
development and function, and may account for species-specific differences between human

and mouse hearts. Supporting these findings, genetic variants that are associated with human
cardiac phenotypic/disease traits, particularly those differing between human and mouse, are

:\Corresponding authors: Correspondence to N.C.C. (nchi@ucsd.edu), C.B (chenner@ucsd.edu) and B.R. (biren@ucsd.edu).
Current address: Department of Biological Sciences, Sungkyunkwan University, Suwon, South Korea

#shared first authors

Author contributions:

E.D., B.R. and N.C.C. conceived the project and the overall design of the experimental strategy. C.B. designed and performed

bioinformatics analyses. E.D, F.Z,, S.P.,, E.F., X.H, A.Y.L., and J.G. conducted experiments. Y.Z., O.B.P. and R.H, helped with

bioinformatics analysis. B.R., S.M.E., J.B. and H.S.K. provided critical intellectual input and data interpretation. E.D. and N.C.C

prepared the manuscript with input from all authors.

Ethics declarations
The authors declare no competing interests.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Destici et al. Page 2

enriched in human-gained CREs. During early stages of human cardiogenesis, these CREs are
also gained within genomic loci of transcriptional regulators, potentially expanding their role in
human heart development. In particular, we discovered that gained enhancers in the locus of the
early human developmental regulator Z/C3are selectively accessible within a subpopulation of
mesoderm cells which exhibits cardiogenic potential, thus possibly extending the function of Z/C3
beyond its conserved left-right asymmetry role. Genetic deletion of these enhancers identified a
human gained enhancer that was required for not only Z/C3and early cardiac gene expression

at the mesoderm stage but also cardiomyocyte differentiation. Overall, our results illuminate how
human gained CREs may contribute to human-specific cardiac attributes, and provide insight into
how transcriptional regulators may gain cardiac developmental roles through the evolutionary
acquisition of enhancers.

Cis-regulatory elements (CRES) are required for establishing the precise developmental and
cell type-specific gene expression programs, which regulate the specification, differentiation
and function of distinct cell types!2. In particular, these CREs are crucial for creating the
gene regulatory networks (GRNs) that control the expression of genes not only directing

the differentiation of mesodermal progenitors into the diverse cardiovascular cell types
comprising the heart but also regulating their function®. Highlighting the importance of
these cardiovascular GRNs, previous studies have shown that their disruptions can result in
congenital heart disease (CHD) or fetal demise*~" as well as adult heart diseases®-19. Thus,
there has been increasing interest in defining these GRNSs and their cognate genes during
mammalian heart development!1-16,

Despite relative conservation in organ development, structure and function across vertebrate
species, notable evolutionary differences do exist. Compared to well-studied smaller model
organisms such as the mouse, human organs have distinct morphological and functional
differences, including their size, structure and physiology’-18, While such species-specific
differences are in some cases driven by altering gene function, either through changes in
function of conserved genes or through generation of new genes (e.g., gene duplication),
many of these differences can be driven by altering spatial and temporal expression

of conserved genes'920, CREs, including active enhancers, are crucial regulatory DNA
elements that can control these gene expression dynamics and are thus key sources of
evolutionary novelty®20, As an early example of this mechanism, cis-regulatory variation
was found to underly the evolution of butterfly wing patterns?! and has been well studied
by interrogating other morphological differences in Drosophila and stickleback fish20.
More recent evolutionary comparative epigenomic studies in mammalian limb?2 and brain
development?324 have identified human specific enhancers referred as “human-gained
enhancers” (HGEs) or “human gain-of-activity enhancers” (hGoA) that are associated
with human developmental specificity in gene expression programs for these organs.

Some of these HGEs have been further studied using reporter assays and found to

generate appropriate cell type-specific reporter activity?2:23, More recently, one such HGE
was functionally validated through loss-of-function experiments and shown to regulate
expression of FGFR2in human neural progenitor cells during neurogenesis24. However,
whether this species-specific divergence in enhancer usage may arise from modification of
the underlying DNA sequences (in cis) and/or differences in transcription factor utilization/
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activity (in trans) remains to be examined for these and many other recently identified
HGEs?2-24,

In addition to the aforementioned species-specific differences in the brain and limb, human
hearts also display distinct structural and physiologic differences from other mammalian
hearts2®, but the underlying mechanisms driving the (evolutionary) acquisition of these
human-specific cardiac attributes remains to be identified. However, defining HGEs

during heart development through comparative epigenomics and functionally examining
them and their underlying cis- or trans-regulatory changes may address these critical

gaps of knowledge. Thus, utilizing a human pluripotent stem cell (hPSC)-derived cardiac/
cardiomyocyte differentiation system, we not only identified CREs and GRNSs directing
hPSCs into cardiomyocytes (CMs) but also examined how they may diverge from those
regulating CM differentiation from mouse pluripotent stem cells (mPSCs). Comparative
epigenomic analyses between these CREs revealed HGEs that are active across distinct
cardiac developmental stages and associated with specific gene expression programs, which
may explain species-specific differences between mouse and human hearts. Genetic variants
associated with human cardiac phenotypic/disease traits, particularly those differing between
human and mouse, are enriched in these HGEs. Furthermore, we discovered HGEs within
genomic loci of transcriptional regulators during early stages of human cardiogenesis,
potentially expanding the role of these regulators in human heart development. Supporting
this notion, we identified HGEs in the genomic locus of the known early left-right
asymmetry developmental transcription factor (TF), Z/C3, including one mesoderm-specific
HGE that we show may facilitate a gained role for Z/C3in CM differentiation. Closer
examination of this Z/C3HGE reveals cis-regulatory changes that may have enabled
humans to evolutionarily gain this enhancer. Together, our results provide insight into how
the human heart may have adapted its structure and function through acquiring enhancers
that rewire the cardiac GRNSs controlling the expression of cardiac genes critical for heart
development and function.

Dynamic cardiac gene regulatory programs control human cardiomyocyte differentiation.

To illuminate GRNSs that control human heart development, we interrogated the chromatin
landscape during hPSC cardiac differentiation, which includes the earliest stages of human
cardiogenesis. Utilizing a MYLZ2:H2B-GFP hPSC ventricular cardiomyocyte (vCM) reporter
line26:27 we performed comprehensive epigenomic and gene expression profiling across a
broad range of key cardiac developmental stages during CM (and more specifically vCM)
differentiation (Fig. 1a and Extended Data Fig. 1a). These stages include the following:
hPSCs, mesoderm (Mes), cardiac mesoderm (CMes), cardiac progenitor (CP), CM and
VCM. In general, we discovered that identified CREs have H3K27ac signal that is largely
stage- and cell type-specific as revealed by comparing H3K27ac signal between stages as
well as to other, non-cardiac cell types, respectively (Extended Data Fig. 1b). Furthermore,
these CREs primarily reside in intergenic and intronic regions (Extended Data Fig. 1c).
Consistent with previous studies investigating enhancer dynamics in other differentiating
hPSC-derived cell types?829, we observed a decrease in accessible chromatin regions from
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hPSC to mesodermal stages (Extended Data Fig. 1d), but, in contrast to these findings28:2°,
an overall increase in enhancer utilization from the cardiac progenitor to CM/vCM stages as
indicated by an increased number of H3K27ac peaks and decreased number of H3K27me3
marks (Extended Data Fig. le, f). Integrating ATAC-seq data with corresponding ChlP-seq
data obtained from the same samples revealed distinct epigenetic patterns that correlate with
gene expression during heart development (Fig. 1b). These identified CREs were primarily
divided into two major classes. The first class corresponds mainly to constitutive CREs
comprising a) promoters as indicated by the presence of the promoter mark H3K4me330
and b) chromatin sites lacking H3K4me3 that are likely to be bound by CTCF30 as
supported by the strong CTCF motif enrichment in these sites (Figure 1b). The second class
corresponds mainly to dynamic CREs consisting of primarily active enhancers (H3K4me1*/
H3K27ac™). Consistent with previous results from mouse PSC-derived CM differentiationl®,
we observed that many of these enhancers are primed (H3K4mel*/H3K27ac™) prior to
activation as observed by the appearance of the H3K4mel signal before acquisition of
H3K27ac marks (Fig. 1b, clusters IV-VI). These enhancers could be further subdivided into
four sub-classes that are active at different stages of CM differentiation (Fig. 1b, clusters
I11-VI). Examining corresponding RNA-seq from these stages revealed that the enhancers
correlate closely with gene expression (Fig. 1b, RNA), thus supporting that these enhancers
control dynamic gene expression during human CM differentiation. Consistent with these
findings and previous bulk and single-cell studies415:31-33 these genes associate with
developmental Gene Ontology (GO) categories at the earlier mesodermal/cardiac progenitor
stages (Fig. 1b, clusters I11, V) and cardiac GO categories at later CM differentiation stages
(Fig. 1b, clusters V, VI). To determine the /n vivo relevance of our /n vitro cardiac enhancer
maps, we interrogated H3K27ac ChIP-seq data from purified human fetal vCMs!2, and
confirmed that many of the /n vitro enhancers, in particular those from the vCM stage, are
also active /in vivo (Extended Data Fig. 1g). Additional analyses of accessible chromatin
regions overlapping active enhancers uncovered not only TF binding site motifs associated
with cardiac development that have been identified previously12:15:34-36 sych as T-box,
GATA, bHLH and MADS, but also several binding site motifs for TFs that have not been

as well studied during human cardiac development, such as ZIC and NFI (CTF motif) at

the mesoderm and vCM stages, respectively (Fig 1b, Extended Data Fig. 2a). Integrating
corresponding RNA-seq data including TF expression with this motif analysis revealed
specific TFs, such as GATA4 and TBX5, that may bind to these sites in a stage-specific
manner to regulate the stepwise fate commitment of pluripotent stem cells (PSCs) into

CMs (Extended Data Fig. 2a). Consistent with these findings, we identified dynamic super-
enhancers (SEs) using H3K27ac ChlIP-seq signal as described previously37:38 (Extended
Data Fig. 2b), and their cognate genes (Extended Data Fig. 2¢), which include many TFs
with highly conserved roles in heart development34, whose expression correlate with the
activation of stage-specific enhancers harboring their TF binding motif (Extended Data Fig.
2a). Together these results provide insight into the epigenetic developmental patterns and
dynamic TF utilization during human CM/vCM differentiation.

Nat Cardiovasc Res. Author manuscript; available in PMC 2023 February 17.
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Comparative epigenomic analysis of cardiac gene regulatory programs reveals human
gained cis-regulatory elements, which are associated with cardiac attributes.

To discover the evolutionary genomic changes that may underlie differences in human
cardiac GRNs and contribute to human-specific aspects of heart function and development,
we identified human-gained enhancer and promoter activity through a comparison of our
human PSC CM differentiation epigenomic data with epigenomic data reported from mouse
PSC CM differentiation1®27, Toward this end, we examined orthologous DNA regions?2
between mouse and human genomes and compared our PSC, Mes, CP and CM samples with
respective samples from mouse PSC-derived cardiac differentiations. Regions for which the
H3K27ac signal was 4-fold stronger in human cells compared to those from corresponding
mouse cells at each respective stage were considered human-gained promoters/enhancers,
while promoters/enhancers below this cutoff were considered stable (Fig. 2a). As a result,
we discovered several thousand HGEs (Fig. 2a), which reside mainly in intronic and
intergenic regions (Extended Data Fig. 3a), including those within SEs at each cardiac
developmental stage (Fig. 2a, Extended Data Fig. 3b, Supplementary Tables 1 and 2).

On the other hand, only hundreds of human-gained promoters were observed (Fig. 2a).
Comparing the HGEs of each stage individually to all examined mouse stages combined
confirmed that the HGEs had gained activity across all mouse stages (Extended Data Fig.
3c). Examining the expression of genes nearest to each HGE revealed that HGESs appear to
drive more stage-specific gene expression compared to stable enhancers as indicated by the
lower Shannon entropy score3° (Extended Data Fig. 3d), thus suggesting that these HGEs
may be involved in more specialized cardiac cellular processes/functions. To investigate
whether these HGEs may be gained through cis-regulatory mechanisms, we interrogated

the underlying DNA sequences for TF motifs. Enhancers active in both human and mouse
CMs (stable enhancers) were similarly enriched for TF motifs in both human and mouse
genomes (Fig. 2b). However, HGESs were enriched for these TF motifs in the human
genome as compared to the orthologous regions in the mouse genome, whereas, conversely,
mouse-gained enhancers (MGEs, Supplementary Table 3) were enriched for these motifs

in the mouse genome compared to the orthologous regions in the human genome (Fig.

2b). These results further support the notion of cis-regulatory changes in TF motifs
underlying evolutionary differences in enhancer activity°. To identify potentially important
human-gained developmental regulatory elements, we further examined super-enhancer/SE
domains®!, which are topological domains with usually one critical developmental regulator
controlled by an extensive SE41. As a result, we observed several hundred of these gained
SE domains at each cardiac developmental stage, which were frequently associated with TFs
(Extended Data Fig. 3e, ). To further investigate whether identified HGEs may have /in vivo
activity, we examined the VISTA enhancer browser database®2. This analysis confirmed that
cardiac HGEs could drive cardiac reporter activity /n vivo (Fig. 2c, Extended Data Fig. 4a
and Supplementary Table 4). As examples of the /n vivo cardiac HGE activity, HGEs within
SCNA5AY344 and near RHOBTBZ2*> were found to drive the expression of a LacZ-reporter
in mouse embryonic hearts (Fig. 2c). Supporting that HGEs may provide additional gene
regulation?2, both genes displayed increased expression in human CMs compared to mouse
CMs (Fig. 2¢).

Nat Cardiovasc Res. Author manuscript; available in PMC 2023 February 17.
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To examine biological processes that may be modulated by HGES, we analyzed GO

term enrichment of neighboring genes using GREAT analysis*6. GO-terms involved

in developmental processes were enriched at the mesoderm stage, whereas GO-terms
related to CM-relevant processes such as sarcomere organization and myofibril assembly
were enriched at the cardiac progenitor (CP) and CM stages (Extended Data Fig. 4b).
Furthermore, we discovered HGESs that harbor genetic sequence variants associated with
cardiac traits which particularly differ between human and mouse including conduction-
related phenotypes such as heart rate (Fig. 2d). Supporting these findings, we identified an
HGE that contained a variant associated with an increased resting heart rate phenotype’
(Fig. 2e). This HGE could drive human CM-induced reporter activity, which was reduced
when introducing the risk allele variant into this HGE reporter (Fig. 2f). Notably, the human
risk allele has the same sequence as in the mouse genome (Fig. 2e), further supporting that
this HGE may contribute to the modulation of resting heart rate as mice have significantly
faster resting heart rates than humans?’. Furthermore, the activity of this HGE correlates
with the expression of the neighboring gene CPNVES5 during cardiomyocyte development
suggesting that this gene, which belongs to a family of proteins involved in calcium
handling/signaling#®, may be the target gene for this HGE. In line with these findings,
examination of additional HGE loci overlapping with GWAS variants associated with atrial
fibrillation and QRS duration further corroborated the notion that HGEs may modulate
human cardiac traits and disease (Extended Data Fig. 4c—f). These enhancers are near

and within HCN4 and PRDM16, respectively, which have roles in cardiac function and
disease?®-52 and display gene expression levels that differ between mouse and human CMs
(Extended Data Fig. 4c, e). To further interrogate whether HGEs may be also associated
with human CHDs, we interrogated recently published whole genome sequencing data from
CHD patients and their unaffected parents’. This analysis uncovered a subset of CHD de
novo variants’ that overlapped with HGEs across the four examined stages (Extended Data
Fig. 4g). Overall, these results support that HGEs may enable the human heart to acquire

its species-specific functional cardiac features through modulating the expression of genes
that specifically regulate these cardiac processes/functions and that mutations in these HGEs
may contribute to human CHD.

HGEs are associated with developmental regulators during early cardiogenesis.

Although we discovered HGESs that contain genetic variants associated with functional
cardiac traits (Fig. 2d-f), we further investigated whether they may also participate in
directing developmental/structural differences between human and mouse hearts. Because
of their association to key developmental regulators including TFs*, we particularly
examined super-enhancer domains which may have acquired HGEs during early heart
development (Extended Data Fig. 3e), including pluripotent stem cell and mesoderm stages.
To investigate whether these HGEs may alter or expand the role of these regulators, we
focused on HGEs that are associated with well-known developmental regulators whose
roles in mammalian heart development remain less clear (Extended Data Fig. 3f). Because
mutations in Z/C3 can lead to left-right asymmetry disorders including congenital heart
disease defects>3-55 but the role of Z/C3in directly regulating heart development is less
clear®3:54.56 \ve specifically investigated whether HGEs may exist in the Z/C2locus

to extend the function of this TF from its conserved role in embryonic primitive node

Nat Cardiovasc Res. Author manuscript; available in PMC 2023 February 17.
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development>3-55 to an acquired role in early human heart development. Examination of the
ZIC3locus identified several active enhancers surrounding Z/C3, which is the only coding
gene in a ~1 Mb window (Fig. 3a). Hi-C chromatin organization analysis?’ revealed that
ZIC3and its corresponding enhancers interact with the Z/C3 promoter and form a dense
gene/super-enhancer chromatin interaction network that is contained within an insulated
neighborhood (i.e. topologically associating domain/TAD)37:3841 and these interactions
exist mainly at the mesoderm stage (Fig. 3a, Extended Data Fig. 3f). One of these enhancers
is active in both mouse and human PSC and mesoderm (Fig. 3a, St1) and corresponds

with Z/C3expression at these stages (Fig. 3b), whereas the other four enhancers are active
mainly at mesoderm stage (Fig. 3a, St2 and HGE1-3), with HGE1-3 being specific to
human mesoderm (each HGE has H3K27ac enrichment that is ~10-fold higher compared

to the orthologous mouse region). While the St1 and St2 enhancers may contribute to
expression of Z/C3at the PSC and Mes stages, the human-gained activity of HGE1-3 may
contribute to not only the increased Z/C3 expression in human mesoderm (Fig. 3b) but

also the gene regulatory and expression differences between human and mouse mesoderm
including enrichment of ZIC motifs in human mesoderm active enhancers (Extended Data
Fig. 5a, b, Supplementary Table 5). Supporting these findings, the chromatin organization of
the human Z/C3locus is dynamically regulated during early cardiogenesis to tightly control
the temporal expression of Z/C3. Corresponding to Z/C3 stage-specific enhancer activity
and gene expression induction, distinct chromatin enhancer-enhancer and enhancer-gene
interactions involving the St2 enhancer (St1 is within the Z/C3gene and its interactions
cannot be resolved by Hi-C) and HGE1-3 enhancers within the Z/C3 TAD increase in
strength and become more distinct from the PSC to mesoderm stages; however, the majority
of these interactions are lost at the cardiac progenitor stage when Z/C3 expression has
diminished (Fig. 3a, b). Together, these findings reveal potential mechanisms for how
transcriptional regulators may modify their developmental roles through the acquisition of
enhancers which alter spatio-temporal control of gene expression.

Because Z/C3has a well-established and highly conserved role in left-right asymmetry
specification but a less clear function during cardiogenesis®34, we investigated whether
ZIC3enhancers including HGEs are differentially activated in specific subpopulations

of early mesodermal progenitor cells to potentially direct specific developmental events
including human cardiac specification. To this end, we interrogated chromatin accessibility
of hPSC-derived mesodermal cells at single cell resolution using single nucleus (sn)ATAC-
seq®’+28 and obtained accessible chromatin profiles for 27,972 nuclei, with a median of
6318 fragments mapped per nucleus (Supplementary Table 6). Applying ArchR>? to this
SnATAC-seq data, we identified nine clusters (Fig. 3c), which were annotated based on
marker genes identified by gene scores that predict how highly expressed a gene will be
based on the accessibility of the promoter and distal CREs in the vicinity of the gene (Fig.
3d, Supplementary Table 7). For example, POU5F1 and SOX2were used to classify cluster
1 as cells resembling PSCs, whereas PDGFRA, GATA4, and RBMZ20were used to annotate
cluster 7 as pre-cardiac mesoderm (Fig. 3d). Thus, single nuclear chromatin accessibility
analyses revealed distinct subpopulations of progenitor cells which may participate in early
cell fate decisions of the mesoderm including the specification of early cardiac progenitors.

Nat Cardiovasc Res. Author manuscript; available in PMC 2023 February 17.
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To discover putative promoters and enhancers regulating these subpopulations at the
mesoderm stage, we aggregated SnATAC-seq data from each cell cluster and identified

their accessible chromatin regions using MACS290. To this end, SnATAC-seq peaks from all
nine cell clusters were initially merged into a collection of 250,715 CREs (Supplementary
Table 8), of which 70.1% of these CREs were at least 2 kb away from annotated promoter
regions, and 77,605 CREs displayed cluster-specific accessibility (Extended Data Fig. 6a,
Supplementary Table 9). Examination of TF motif enrichment in cluster-specific SnATAC-
seq CREs revealed a wide range of TF binding signatures that vary between the clusters
(Extended Data Fig. 6b, Supplementary Table 10). Z/C3 motif enrichment is present across
all clusters and may be more enriched in the LPM and PCM clusters (Extended Data Fig. 6b,
c). Together, these results reveal specific candidate CREs and developmental regulators that
establish gene regulatory networks directing the mesoderm to distinct progenitor subtypes
including pre-cardiac progenitors.

To examine whether specific enhancers within the Z/C3locus may regulate Z/C3 expression
in distinct subpopulations at the mesoderm stage, we interrogated the chromatin accessibility
profiles of the cell types identified by our SnATAC-seq studies. Combining this analysis with
our bulk ChlP- and ATAC-seq data, we observed that the Z/C3 stable enhancers and HGE1
were accessible across all identified cell subpopulations, whereas HGE2 and HGE3 were
more selectively accessible in the lateral plate (cluster 6) and pre-cardiac mesoderm (cluster
7) subpopulations (Fig. 3e). Consistent with these findings, we further discovered that the
ZIC3motif, along with motifs of known cardiac-associated TFs, were enriched in the lateral
plate and pre-cardiac mesoderm clusters (Extended Data Fig. 6b, c), supporting a potential
key role for Z/C3in directing early cardiogenesis in humans. Thus, these results suggest

that specific enhancers may have been gained to expand the role of Z/C3in human cardiac
development through regulating the increased Z/C3expression in specific subpopulations of
human mesoderm involved in early cardiogenesis. In the line with this notion, we discovered
from in vivo mouse mesoderm scRNA-seq data®! that Zic3was expressed in only a subset of
the mesoderm populations and that those populations were not LPM or cardiac progenitors
(Extended Data Fig. 6d).

Human ZIC3 directs human cardiac progenitor differentiation into cardiomyocytes.

To investigate whether human Z/C3and its HGEs may direct human cardiogenesis, we
created and examined hPSCs harboring CRISPR-Cas9 genome-edited Z/C3 gene and
HGE deletions. We initially investigated whether Z/C3is involved in directing human

CM development and observed that Z/C3 gene-deleted hPSC lines (Fig. 4a, b) displayed
impaired CM differentiation (Fig. 4c), supporting that Z/C3 may have a role in human
cardiac lineage specification. Examining expression profiles between wild-type and Z/C3
gene-deleted hPSCs at the mesoderm stage revealed 1053 differentially regulated genes
(Fig. 4d, Supplementary Table 11) out of which 656 were down-regulated while 397 genes
were upregulated (Fig. 4d, Supplementary Table 11). Consistent with the conserved role of
ZIC3 in left-right asymmetry and its potential cardiac role in human cardiogenesis, many
of these downregulated genes included not only NODAL and several NODAL target genes,
such as LEFTY?Z, but, notably, also genes involved in early cardiac development such as
MESP1/2, HOPX, APLNR and WNT3A (Fig. 4d, e, Supplementary Table 11). Further

Nat Cardiovasc Res. Author manuscript; available in PMC 2023 February 17.
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supporting these findings, Gene Ontology (GO) enrichment analysis revealed that the down-
regulated genes are associated with “Embryonic morphogenesis”, “Tissue morphogenesis”
and “Heart development” GO terms (Fig. 4d), whereas up-regulated genes are associated
with “Cell morphogenesis involved in differentiation” and “Epithelial cell differentiation”
GO terms (Fig. 4d). Notably, Z/C3-dependent genes (i.e., genes whose expression are
downregulated after Z/C3ablation) are enriched among the genes up-regulated in human
mesoderm compared to mouse mesoderm and include early cardiac developmental genes
such as APLNR, PDGFRA, MESP1 and WNT5A (Fig. 4f). Thus, these results suggest that
ZIC3may have adopted an expanded cardiac developmental role in humans when compared
to mice through participating in the gene regulation and expression of known early cardiac
developmental regulators.

A ZIC3 HGE regulates ZIC3 cardiac mesoderm expression and cardiogenesis.

To further investigate whether Z/C3HGEs may regulate Z/C3 mesoderm-specific expression
and early human cardiac development, we examined hPSCs containing individual and
combinatorial CRISPR-Cas9 genome-edited deletions of the three HGEs in the Z/C3locus
(Fig. 5a and Extended Data Fig. 7). Among the individual HGE hPSC deletion lines,

only the HGE3-deleted hPSC line displayed a significant decrease in Z/C3expression in
hPSC-mesoderm cells (Fig. 5b and Extended Data Fig. 8a). Deletion of all three HGES in
combination (HGE TKO) did not lead to a further decrease in Z/C3 expression compared

to HGE3-deleted hPSC lines (Fig. 5b), supporting that HGE3 may be crucial for driving
increased Z/C3 mesoderm expression. In line with the mesoderm-specific activity of HGE3
(Fig. 5a), ZIC3 gene expression after HGE3 or TKO deletion was not altered at the

PSC stage (Extended Data Fig. 8b). Consistent with Z/C3and its HGESs residing in their
own topological domain, the expression of genes neighboring Z/IC3 (RBMX, FGF13)

in adjacent TADs was not affected, confirming that HGE3 specifically controls Z/IC3
mesoderm induction (Extended Data Fig. 8c). Supporting that Z/C3HGE3 may specifically
regulate human cardiac development, expression of HOPX and APLNR, both of which are
ZIC3-dependent genes (Fig. 4d, e), was downregulated in the HGE3 and TKO lines (Fig.
5b and Extended Data Fig. 8a), but expression of NODAL and the NODAL target gene
LEFTYZ which are involved in left-right asymmetry, was not significantly altered (Fig.

5b and Extended Data Fig. 8a). In line with the downregulation of HOPX and APLNR,

we discovered that CM differentiation was reduced significantly in the HGE3 and TKO
lines (Fig. 5¢ and Extended Data Fig. 8d). Thus, these results support that HGE3 increases
ZIC3expression in human mesoderm cells to facilitate a human-gained role for Z/C3in
CM differentiation, which may be distinct from its highly conserved role in Nodal signaling/
left-right asymmetry. Moreover, together with our snATAC-seq data showing that HGE3

is accessible only in a subset of cells at the mesoderm stage, these data further suggest

that HGE3 drives the gained role of ZIC3 through mesodermal cell subpopulation-specific
activity.

To investigate whether cis-regulatory changes may have contributed to the evolutionary
emergence of HGE3, we examined the DNA sequence within HGE3, focusing particularly
on regions exhibiting high chromatin accessibility (ATAC-seq signal, Fig. 5d), which

is indicative of TF binding. We found that all sequence motifs are conserved between
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mouse and human except for a FORKHEAD motif in HGE3 (Fig. 5d). While the

pioneer TFs FOXA1-3 are more well known for their role in endoderm and ectoderm
formation®2, a recent report identified a role for Foxa2in mouse cardiac development

by regulating a progenitor pool that gives rise to ventricular CMs®3. To explore whether
FOXA1/2 contribute to HGE3 enhancer activity and regulation of Z/C3 expression, we
examined FOXA2 ChlP-seq data from the human mesendoderm stage®4, which precedes
the mesoderm stage, and found that FOXAZ2 binds to HGE3 (Fig. 5d). Using ChIP-qPCR,
we confirmed specific binding of both FOXAL and FOXA2 to HGE3 in hPSC-derived
mesodermal cells (Fig. 5e). To investigate whether this evolutionary divergent DNA
sequence may contribute to HGE3 activity, we employed an enhancer-dependent luciferase
reporter assay in hPSC-derived mesoderm cells and discovered that HGE3 was able to drive
mesoderm-induced reporter activity (Fig. 5f). Notably, this reporter activity was impaired
after altering the human FORKHEAD motif to the corresponding mouse sequence (Fig.
5f). Thus, these results support that the human (and primate) genome may have acquired
changes in the HGE3 region that generate a TF binding site for the pioneer TFs FOXA1/2
(Fig. 5d), which may underly not only the evolutionary acquisition of HGE3 that directs
mesoderm-specific Z/C3expression but also Z/C3's subsequent function in human cardiac
development.

Discussion

Species-specific attributes are often driven by the evolutionary creation of new CREs,
including enhancers!19. Recent studies have shown the acquisition of such enhancers
associated with human-specific attributes for limb and brain during late development?2:23,
Here, we reveal underlying cis-regulatory mechanisms for how the human heart may have
gained specific early developmental and functional cardiac attributes to meet the circulatory
and metabolic requirements of the human body through similar evolutionary gain of human
enhancers.

From our comparative epigenomic analyses between developing human and mouse
cardiomyocytes, we uncovered human-gained activity at promoters and enhancers during
CM differentiation that contribute to human-specific cardiac function and development,
and furthermore observed that genetic variants associated with human cardiac phenotypic/
disease traits, particularly those differing between human and mouse, are enriched in

these HGEs. Additionally, we discovered HGEs within genomic loci of transcriptional
regulators at early stages of human cardiogenesis (i.e., mesoderm stage) that may potentially
expand the role of these regulators in human heart development. Specifically, we identified
HGEs in the Z/C3locus that induce Z/C3 expression at the mesoderm stage, which may
extend the function of Z/C3beyond its highly conserved role in early left-right asymmetry
determination®3-55.65-68 Fyrther supporting the notion that Z/C3may have an expanded
cardiac role in humans, another .Z/C family member, Z/C2, was recently reported to
control the cell fate of early mesodermal precursors to human heart progenitors®. Through
exploring the mesoderm chromatin landscape at single-cell resolution, we identified HGES
within the Z/C3locus that display differential chromatin accessibility profiles between
mesoderm subpopulations. In particular, the Z/C3HGE3 enhancer exhibited increased
accessibility in lateral plate and pre-cardiac mesodermal subpopulations suggesting that
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HGE3 may have facilitated an acquired developmental role for Z/C3by inducing Z/C3
expression in specific human mesodermal cell subpopulations. Supporting this notion,
genetic ablation of these HGEs revealed that HGE3 is required for mesoderm induction of
ZIC3as well as human CM differentiation. Thus, the subpopulation-specific accessibility
of ZIC3HGE enhancers in the mesoderm may function to extend the role of ZIC3

in the lateral plate mesoderm and more specifically pre-cardiac mesodermal progenitors
and their subsequent cardiac developmental derivatives in humans. As additional cardiac
developmental single-cell RNA-seq and ATAC-seq data from other species, including those
from non-human primates’?, becomes available, it will be interesting to investigate whether
this induction of Z/C3is human-specific or a more broad phenomenon across other large
mammals.

The evolutionary acquisition of enhancers is likely to be driven by the gain of TF motifs1-19,
Recent work using massively parallel reporter assays identified human-specific sequence
substitutions that affected cortical neuron HGE reporter activity and in some cases altered
TF motifs?C. Our findings provide further insight into human cis-regulatory evolution by
revealing that the functionally validated Z/C3HGE3 enhancer acquired a FORKEAD motif
(when compared to the orthologous region in rodents) that can be bound by the pioneer

TFs FOXAL and FOXAZ2 in human mesoderm cells and is required for enhancer activity in
these mesoderm cells. Interestingly, FoxaZwas recently found to mark and control a subset
of cardiac progenitors that contributes to the differentiation of ventricular cardiomyocytes
and ventricular chamber size in mice®3. Given our demonstration that FOXA2 binds HGE3
and that its FORKHEAD motif is required for full enhancer activity in reporter assays, our
results suggest the possibility that the HGE-driven Z/C3 gene expression induction in human
mesoderm cell (sub)populations may expand the cardiac progenitor pool that contributes to
the ventricles of the heart.

Finally, while many patients with Z/C3mutations exhibit a spectrum of developmental
left-right asymmetry defects’1:72, some patients with Z/C3mutations display isolated
CHDS573.74 including ventricle-related cardiac defects such as ventricular septal
defects®®65.74 Through the expanded role of Z/C3in cardiac-like mesoderm, our findings
may provide insight as to how Z/C3mutations lead to these isolated CHDs through directly
affecting cardiogenesis rather than left-right asymmetry patterning. Supporting this notion,
we observed that both Z/C3 gene-deleted and Z/C3 HGE3-deleted hPSC lines display
impaired CM differentiation.

While informative, our study has limitations. Results from our studies are based on in vitro
differentiations using hPSCs to study the earliest stages of human cardiac development that
cannot be easily studied /n vivo for ethical and technical reasons. However, future work may
use /n vitro cardiac organoid models, which allow cells to be studied in a more complex, in
vivo-like context’>=79. Although our human stages are similar to the corresponding mouse
stages based on gene expression, differences due to timing variation between the human and
mouse cardiac differentiations cannot be excluded. Finally, we cannot discount that some of
the HGE-orthologous mouse regions do have high enhancer activity in other cell types not
studied here or perhaps even in similar cell types but in a /n vivo context.
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Overall, our results illuminate how the gene regulatory networks controlling human heart
development and function may have evolved through the acquisition of human/primate-
specific enhancers whose regulatory sequences have been altered to enable additional

TF binding that mediates gained enhancer activity. Thus, these findings may provide
new avenues in the future for exploring how HGEs and their genetic modifications may
participate in directing human-specific aspects of both heart development and disease.

Materials and Methods

Experimental procedures

Cell culture, differentiation, and collections for large-scale genomic studies.—
For the large-scale genomic and transcriptomic human pluripotent stem cell (hPSC) cardiac
studies (i.e., ChlP-Seq, RNA-Seq, and ATAC-seq), an engineered hPSC H9-MYL 2:H2B-
GFPreporter transgenic line that specifically expresses H2B-GFP (the human histone

H2B fused to green fluorescent protein) in differentiated ventricular cardiomyocytes was
used as previously described6:27, This H9 MYL2:H2B-GFP line was differentiated into
cardiomyocytes and their corresponding developmental stages utilizing a well-established
WNT-based cardiomyocyte differentiation protocol8° that we have previously used to
efficiently create hPSC-derived cardiomyocytes?’. Specifically, the following developmental
cardiac cell populations were generated and collected: day 0 (hPSC); day 2 (mesoderm,
Mes); day 5 (cardiac mesoderm, CMes); day 7 (cardiac progenitors, CP); day 15
(cardiomyocytes, CMs); and day 80 (ventricular cardiomyocytes, vCMs). The differentiation
efficiency was assessed at specific developmental cardiac stages by flow cytometry

using antibodies against BRACHYURY (AF2085; R&D Systems) for day 2/mesoderm;
KDR and PDGFRA (AF357P and AF1264A, respectively; R&D Systems) for day 5/
cardiac mesoderm; and TNNT2 (MA5-12960; Thermo Fisher Scientific) for day 15/
cardiomyocytes. The differentiation success for collected samples at days 2—7 was further
confirmed by reserving a portion of the cells gathered for collection and then maintaining
them until day 15, when cardiomyocyte differentiation could be assessed using TNNT2
flow analysis. The collected samples that resulted in high differentiation efficiency (>90%)
were then further processed and analyzed for molecular studies (see below). For the day

80 ventricular cardiomyocytes, we additionally sorted and purified these cells based on
MYL2:H2B-GFP hefore their processing and analyses. For the RNA-seq studies, ~2 million
dissociated cells were washed in phosphate buffered saline (PBS), lysed in TRIzol and then
stored at —80°C until further processing. For the ChlP-seq studies, dissociated cells were
washed in PBS, fixed in 1% formaldehyde for 10 minutes (min), quenched with 0.125 M
glycine for 5 min at room temperature (RT) followed by 10 min on ice, and finally washed
twice with PBS. These fixed cell pellets were then snap-frozen and stored at —80°C until
further processing. For ATAC-seq, cells were slow-frozen overnight (O/N) in freezing media
(E8 supplemented with 10% DMSO) at —80°C and stored in liquid nitrogen until further
processing. RNA-seq, H3K27ac ChlP-seq and Hi-C samples and data sets were generated as
previously described?” and available online from GEO under accession number GSE116862.

Flow cytometry.—PSC, Mes and CMes cells were dissociated using Accutase
(STEMCELL) while CP, CM and vCM cells were dissociated using collagenase IV
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(Invitrogen) followed by TrypLE (Invitrogen). Dissociation was quenched using RPMI +
20% FBS and cells were centrifuged for 5 min at 200g. For TNNT2 flow cytometry,

cells were resuspended and fixed in PBS/4% para-formaldehyde, while for PDGFRA/KDR
flow cytometry and GFP fluorescence, cells were examined without fixation. Fixed cells
were washed and stained with antibodies in the dark for 1 hour (h) at RT or at 4°C

O/N. Cells were washed twice and then incubated with secondary antibodies for 1 h at

RT. Cells were filtered to obtain a single-cell suspension for flow cytometry analysis on a
Guava easyCyte 8HT (Millipore). Data was processed and analyzed using FlowJo software
(BD Biosciences). For each experiment, WT cells and a set of clones for each KO were
differentiated, processed, and analyzed together for flow cytometry analysis.

CRISPR/Cas9-mediated genome editing.—To interrogate the functional significance
of Z/IC3and its human-gained enhancer (HGE) elements, selected sequences were
genetically deleted in H9 MLC2v. HZ2B-GFP hPSCs using CRISPR/Cas9 genome

editing strategies. For Z/C3 gene knockout (KO), exonl was targeted. For Z/C3

HGE1-3 KOs, the following regions were targeted (using hg19 assembly): HGE1

- chrX:136,506,096-136,512,989; HGE2 - chrX:136,997,377-136,999,652; HGES3 -
chrX:137,142,246-137,143,948. Specific guide RNA (gRNA) pairs (Supplementary Table
12) with binding sites surrounding the target region were designed using the web-based
software tool CRISPOR®L, which generates gRNA sequences for optimal targeting of
regions of interest while minimizing potential off-target effects. These identified gRNAs
were then synthesized in vitro using the GeneArt Precision gRNA Synthesis kit (Invitrogen)
following the manufacturer’s protocol. 1 x 10° H9 ML C2v. H2B-GFP hPSCs were seeded
in 12-well plates, and one day later, a pair of ribonucleoprotein complexes containing 2

ug Cas9 protein (New England Biolabs) and 400 ng of in vitro-transcribed gRNA were
transfected using Lipofectamine Stem Transfection Reagent (Invitrogen). Three days after
transfection, the cells were diluted and clonally expanded for clonal line generation and
PCR-based genotyping. To generate the HGE triple KO (TKO) lines, HGE2 and HGE3 were
sequentially deleted in an HGE1 KO clone. After confirmation of genome-edited clones by
PCR using external and internal primers for HGE deletions, and external PCR primers and
western blot/WB for the Z/C3 gene deletions, at least two successfully targeted clones per
deletion were selected for downstream analyses.

ChlP-seq.—ChlP-seq experiments for H3K4mel, H3K4me3 and H3K27me3 at all
conditions were performed as previously described using chromatin samples from

the same collections?”. The experiments were conducted according to experimental
guidelines and read depth standards of the Encyclopedia of DNA Elements (ENCODE)
consortium. Harvested cells were washed in PBS and fixed in 1% formaldehyde for

10 min at RT. The reaction was quenched with 125 mM glycine for 5 min at RT,
followed by 10 min incubation on ice. Next, the cells were washed twice with PBS.
Crosslinked cells were lysed and chromatin sheared using a Branson Sonifier 450 (20
cycles; 15 seconds (s) on and 45 s off at power 3). Detailed protocols can be found

on the ENCODE homepage for immunoprecipitation: (https://www.encodeproject.org/
documents/89795b31-e65a-42ca-9d7bd75196f6f4b3/@ @download/attachment/
Ren%20Lab%20ENCODE%20Chromatin%20Immunoprecipitation%20Protocol_V2.pdf)
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and library preparation (https://
www.encodeproject.org/documents/4f73fbc3-956e-47ae-aa2d41a7df552¢81/@ @download/
attachment/Ren_ChlIP_Library Preparation_v060614.pdf). All ChIP-seq

libraries were sequenced on a HiSeq 2500/4000 [50-base pair (bp)

single ends (SE); lllumina]. Antibody information can be found in the Reporting Summary.

ATAC-seq.—ATAC-seq was performed on 50,000 cells as described previously®2 with
minor modifications. Cell suspensions were thawed at 37°C and pelleted for 5 min at 500g
at 4°C. Cell pellets were resuspended in 250 pL permeabilization buffer [5% BSA, 0.2%
IGEPAL-CA630, 1 mM DTT and cOmplete EDTA-free protease inhibitor cocktail (Roche)
in PBS] and incubated on an overhead shaker for 5 min at 4°C, followed by centrifugation
for 5 min at 500 g. The cell pellet was resupended in 25 pL tagmentation buffer (36.3 mM
Tris-acetate (pH = 7.8), 72.6 mM K-acetate, 11 mM Mg-acetate, 17.6% DMF) and counted
on a hemocytometer. 40,000 nuclei were used for tagmentation and the reaction volume
was adjusted to 19 pL using tagmentation buffer. After addition of 1 uL Tn5 transposomes
(Illumina), tagmentation was performed at 37°C for 60 min with shaking (500 rpm). Next,
samples were purified using MinElute columns (Qiagen), PCR-amplified for 9 cycles with
NEBNext High-Fidelity 2X PCR Master Mix (New England Biolabs, 72°C 5 min, 98°C 30
s, [98°C 10 s, 63°C 30's, 72°C 60 s] x 9 cycles, 4°C oo0). Amplified libraries were purified
using MinElute columns (Qiagen) and Ampure XP Bead (Beckmann Coulter). Sequencing
was carried out on a HiSeq2500 or 4000 (50 bp paired end (PE), lllumina).

SnATAC-seq.—Mesoderm cells from three independent differentiations were dissociated
with Accutase (STEMCELL) at 37°C for 10 min and processed fresh for single cell
combinatorial indexing (sci)ATAC-seq°8:83, Dissociated cells were stained with DAPI
(Thermo Fisher Scientific). 500,000 viable cells (DAPI negative) were sorted using a SH800
sorter (Sony). Cells were pelleted with a swinging-bucket centrifuge (500 g, 5 min, 4°C;
5920R, Eppendorf) and resuspended in 1 mL OMNI Buffer [10 mM Tris-HCL (pH 7.5),

10 mM NaCl, 3 mM MgCl,, 0.1% Tween-20 (Sigma), 0.1% IGEPAL-CA630 (Sigma) and
0.01% Digitonin (Promega) in water84] and pelleted with a swinging-bucket centrifuge
(500g, 5 min, 4°C; 5920R, Eppendorf). After centrifugation, permeabilized nuclei were
resuspended in 500 uL of high-salt tagmentation buffer [36.3 mM tris acetate (pH 7.8),
72.6 mM K-acetate, 11 mM Mg-acetate, and 17.6% N,V -dimethylformamide] and counted
using a hemocytometer. The concentration was adjusted to 2000 nuclei/9 pL, and 2000
nuclei were dispensed into each well of a 96-well plate per sample (96 tagmentation wells
per sample; samples were processed in batches of two to four samples). For tagmentation,
1 pL of barcoded Tn5 transposomes was added using a BenchSmart 96 (Mettler Toledo),
mixed five times, and incubated for 60 min at 37°C with shaking (500 rpm). To inhibit

the Tn5 reaction, 10 uL of 40 mM EDTA (20 mM final) were added to each well with

a BenchSmart 96 (Mettler Toledo), and the plate was incubated at 37°C for 15 min with
shaking (500 rpm). Next, 20 pL of 2x sort buffer (2% BSA and 2 mM EDTA in PBS)

were added using a BenchSmart 96 (Mettler Toledo). All wells were combined into a
separate fluorescence-activated cell sorter tube for each sample and stained with DRAQ?7 at
1:150 dilution (Cell Signaling Technology). Using an SH800 (Sony), 20 nuclei per sample
were sorted per well into eight 96-well plates (total of 768 wells) containing 10.5 pL of
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Elution Buffer (EB; Qiagen) [25 pmol of primer i7, 25 pmol of primer i5, and 200 ng of
BSA (Sigma-Aldrich)]. Preparation of sort plates and all downstream pipetting steps were
performed on a Biomek i7 automated workstation (Beckman Coulter). After addition of 1
pL of 0.2% SDS, samples were incubated at 55°C for 7 min with shaking (500 rpm). 1 pL
of 12.5% Triton X was added to each well to quench the SDS. Next, 12.5 uL of NEBNext
High-Fidelity 2x PCR Master Mix (New England Biolabs) were added, and samples were
PCR-amplified [72°C 5 min, 98°C 30 s, (98°C 10 s, 63°C 30's, 72°C 60 s) x 12 cycles,

held at 12°C]. After PCR, all wells were combined. Libraries were purified according to
the MinElute PCR Purification Kit manual (Qiagen) using a vacuum manifold (QlAvac 24
Plus, Qiagen), and size selection was performed with SPRISelect reagent (Beckman Coulter;
0.55x and 1.5x). Libraries were purified one more time with SPRISelect reagent (Beckman
Coulter; 1.5x). Libraries were quantified using a Qubit fluorimeter (Life Technologies), and
a nucleosomal pattern of fragment size distribution was verified using a TapeStation (High
Sensitivity D1000, Agilent). Libraries were sequenced on NextSeq 500 or or HiSeq4000
sequencers (Illumina) using custom sequencing primers with the following read lengths: 50
+ 10+ 12 + 50 (read 1 + index 1 + index 2 + read 2).

RNA-seq.—RNA-seq was performed as previously published?’. For Z/C3KO and wild-
type (WT) control RNA-seq, total RNA from mesoderm-stage cells was extracted and
purified using TRIzol (Thermo Fisher Scientific) from three independent replicates with
each replicate representing a pool of three culture wells. RNA-seq libraries were prepared
from 1-2 pg total RNA using the Illumina TruSeq Stranded mRNA Library Prep Kit Set A
(RS-122-2101; HHlumina) or Set B (RS-122-2102; Illumina). Sequencing was carried out on
a HiSeq 2500/4000 (50/100 bp PE; lllumina).

In situ Hi-C.—In situ Hi-C data sets were previously published?” and visualized using
HOMER®® and Juicebox®6,

Real-time quantitative/qPCR.—For quantitative gene expression analysis, RNA was
extracted using Trizol (Invitrogen) following manufacturers protocol. cDNA was transcribed
from 1 pg RNA using iScript Supermix (Bio-Rad). Gene expression was analyzed using
PowerUp SYBR Green Mastermix (ThermoFisher) and run on a CFX Connect gPCR
machine (Bio-Rad). Primer sequences are listed in Supplementary Table 12.

ChIP-gPCR.—ChIP-gPCR studies were performed similar to ChlP-seq studies except
that chromatin was sheared to a larger average size of 0.5-1 kb. Chromatin was
immunoprecipitated using FOXA1 and FOXA2 antibodies (Active Motif) or IgG as a
control. Enrichment was assessed using primers within Z/C3HGE3 or a control region
lacking enhancer activity. g°PCR was performed using PowerUp SYBR Green Mastermix
(ThermoFisher) and run on a CFX Connect qPCR machine (Bio-Rad). Data was plotted as
percentage of input to correct for potential differences in input amounts. Primer sequences
are listed in Supplementary Table 12.

Western blot.—To confirm Z/C3 KO clones, lysates were prepared using NUPAGE
LDS sample buffer (Invitrogen) and run on a 4-12% NuPAGE gradient gel (Invitrogen)
for Western analysis. Gels were transferred using standard procedures®’. Nitrocellulose
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membranes were stained with antibodies for ZIC3 (Abcam) and CTCF (Abcam) as loading
control.

Luciferase reporter assays.—Synthetic DNA fragments containing 160 bp of the
wild-type (WT) and mutant (Mut) versions for the regions harboring the GWAS variants
rs235353 (chr21:46,188,785-46,188,945), rs7172038 (chr15:73,667,174-73,667,334), and
rs79823300 (chrl:3,244,715-3,244,895) and Z/C3HGE3 (chrX:137,143,536-137,143,696)
were obtained from IDT and cloned into pGL4.23 [luc2/minP] (Promega E8411) luciferase
reporter vector using NEBuilder HiFi DNA assembly (New England Biolabs E5520S). 1 x
10° of hPSCs were plated in a Geltrex-coated 24-well plate, and hPSCs were transfected
with 100 ng of pGL4.23 plasmid (with no enhancer as a control or with WT/Mut enhancers)
and 2 ng of TK:Renilla-luc as an internal transfection control using Lipofectamine Stem
Transfection Reagent (Invitrogen STEMO00003). Media was replaced with fresh media after
24 hours of transfection. At 48 h after transfection, half of the wells were differentiated

into mesoderm cells as described above while the other half of the wells were left untreated
to serve as controls representing the PSC stage. All wells were washed with PBS 48 h

later and processed for luminescence assays using a Dual-Luciferase Reporter Assay System
(Promega) following manufacturer’s protocol

Data Analysis

ChlP-seq data processing

Read alignment.: Sequencing reads were aligned to the human GRCh37/hg19 or mouse
GRCmM38/mm10 genomes using Bowtie288 using default parameters. PCR duplicates were
removed using Picard (http://broadinstitute.github.io/picard/). Only reads aligning uniquely
to a single location were used for downstream analysis (MAPQ > 10).

ChlP-seq peak calling.: The identification of ChlP-seq peaks (bound regions) was
performed using HOMER’s getDifferentialPeaksReplicates.pl tool using ChlP-seq input
sequencing as a control. For each ChlP-seq experiment, ChIP-enriched regions (peaks)
were found by first identifying significant clusters of ChIP-seq tags and then filtering these
clusters for those significantly enriched relative to background sequencing and local ChIP-
seq signal. First, we centered raw ChlIP-seq tags representing the edge of ChIP fragments
by 75 bp to mark the approximate center of fragments isolated in the ChIP experiment.

We considered one tag from each unique position to eliminate peaks resulting from clonal
amplification of fragments that can arise during library preparation and cluster generation
steps in the ChIP-Seq protocol. Putative peaks were then identified by searching for clusters
of tags within a sliding window of 200 bp. Putative peaks were then filtered based on the
following four conditions. (1) The number of tags in each cluster must exceed a threshold
corresponding to a false discovery rate of 0.1% based on the assumption that randomly
distributed tags would naturally form clusters given the large number of tags sequenced.
This threshold was empirically calculated by randomizing tag positions and repeating the
tag clustering procedure to determine the expected number of clusters exceeding each tag
threshold. (2) Adjacent peaks must be greater than 500 bp away from one another. (3) Peaks
must have at least 4-fold more tags (normalized to total tag count) than the input control
sample from the same cell type to eliminate background artifacts. (4) Peaks must have 4-fold
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more tags per bp in the peak region (200 bp) relative to the surrounding region (10 kb) to
avoid identifying regions with genomic duplications or peaks without localized binding.

ATAC-seq data processing

Read alignment.: ATAC-seq reads were processed as described for ChIP-seq.

ATAC-seq peak calling.: ATAC-seq peak calls were generated as for ChlP-seq peaks except
that the “factor” option was used in HOMER’s findPeaks tool to account for the narrower
peaks expected from ATAC-seq data compared to ChlP-seq data.

RNA-seq data processing

Read alignment and guantification.: Briefly, reads were aligned to hg19 (GRC37) using
rnaSTARS9. Only reads aligning uniquely to a single location were used for downstream
analysis (MAPQ > 10). PCR duplicates were removed using Picard.

Differential gene expression analysis.: Gene expression (FPKM, fragments per kilobase
of transcript per million mapped reads) was determined by counting the number of

reads overlapping exons for all genes using HOMER’s analyzeRepeats.pl tool and the
transcriptome annotation from GENCODE (version 34). DESeq2%° was used to identify
differentially expressed genes from unnormalized read counts comparing replicates from
control and Z/C3 KO mesoderm cells.

Bulk genomic assays signal visualization.: BigWig files for ChIP-, ATAC-, and RNA-seq
were generated and normalized using HOMERS®,

SnATAC-seq data processing

Demultiplexing of snATAC-seq reads.: We obtained FASTQ files for the DNA reads as
well as for the combinatorial indexes i5 (768 different PCR indices) and T7 (96 different
tagmentation indices) for each sequenced snATAC-seq library. We selected all reads with
<2 mistakes per individual index (Hamming distance between each pair of indices is 4)

and subsequently integrated the full barcode at the beginning of the read name in the
demultiplexed FASTQ files using the ATACdemultilex tool (https://gitlab.com/Grouumf/
ATACdemultiplex/). For the first replicate, SnapTools (https://github.com/r3fang/SnapTools)
was used with bwa aligner to align the reads to the hg38 human reference genome assembly
after indexing. After alignment, we converted the reads into fragments using Sinto (https://
github.com/timoast/sinto) to be used as input for ArchR. For the other two replicates, the
reads were aligned and filtered with Cell Ranger ATAC (https://github.com/10XGenomics/
cellranger-atac). The barcoded and aligned fragment files were used as input for ArchR.

SNATAC analysis.: The ArchR package®® was used to process, analyze and visualize

the snATAC-seq data. Three biological replicates were merged and batch-corrected using
Harmony after an iterative LSI dimensionality reduction. ArchR uses Seurat’s%! graph
clustering with “Seurat::FindClusters” for identifying high fidelity clusters at a resolution of
0.79. Clusters were visualized using the “uwot” package in R to generate UMAP analysis.
ArchR uses MACS2 (v2.1.2) to call peaks for each cluster and adds a reproducible peak set.
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The peak calling and reproducible peak set were run with default parameters. ArchR then
computes the peak count matrix per cell after peak calling.

Identification of cluster—specific cis-requlatory regions (CREs).: ArchR uses the
computed peak count matrix and wilcoxon test to identify unique differential peaks across
the clusters. We considered peaks with p value < 0.05 and log2 fold change (FC) > 0 as
cluster-specific.

SnATAC CRE motif enrichment analysis.: To identify differentially enriched motifs in
CREs for each cluster, we used ArchR to add the cisbp motif set in order to annotate the
peak set. We identified differential marker peaks for each cluster, then ran motif enrichment
on each set of peaks using all peaks as the background. We kept motifs with p value < 0.05
and log2 FC > 0 cutoffs.

SnATAC cluster annotation.: We annotated snATAC-seq clusters using the gene score as a
surrogate for gene expression of known marker genes®1:92, ArchR? derives a gene score
from chromatin accessibility at promoter regions and further considers CREs within 100 kb
of the promoter. We annotated the nine identified clusters as follows: PSC using POU5F1,
SOX2, TFAP2C and KLF4; neural using OLIG3, SOX1, GBX2and HESI; epiblast using
PRICKLE1, DPPA4, NANOG and NODAL; extra-embryonic using CDX2, GATAZ, KRT7,
anterior primitive streak/mesendoderm using EOMES, GSC, CER1 and MIXL 1; lateral
plate mesoderm using LEFTY1, LEFTYZ2and KDR, pre-cardiac mesoderm using PDGFRA,
GATA4 and RBMZ20, paraxial mesoderm using 7BX6, HES7, MSGNI and DLL1; and
presomitic mesoderm using RIPPLYZ2, MESP2Zand HEYL.

Comparative genomic ChlP-seq analysis.: To identify regulatory signals that are species-
specific yet are associated with DNA that is homologous between species, we followed a
previously published method?2. We only compared H3K27ac read density between species
in regions that are present in each species and have a one-to-one mapping in the genome
Multiz alignments. To identify homologous regions between human and mouse, H3K27ac
peaks in each species were first mapped to the other using the UCSC Genome Browser’s
LiftOver tool, requiring that at least 50% of the region was alignable. These regions were
then mapped back to their original genome using the same LiftOver tool to ensure there was
a one-to-one correspondence. Similarly, ChIP-seq reads from mouse were mapped to the
human genome using the LiftOver tool to visualize in the human genome browser. Human-
or mouse-gained enhancers were identified by quantifying the H3K27ac ChIP-seq signal
(FPKM) in either human or mouse experiments at homologous H3K27ac peaks. Human- or
mouse-gained enhancers were then defined as regions with a fold change of 4 after adding a
pseudo count of 0.25 to avoid low read density variability in the fold change calculation.

Entropy analysis.: For each of the genes associated with stable enhancers or human gained
enhancers, we calculated the Shannon Entropy3° for the gene expression values (read per
million reads) across all differentiation time points. Lower entropy means the expression of
that gene is more stage-specific across the differentiation time course.
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Super-enhancer identification.: Super-enhancers (SEs) were identified in a similar manner
to the method outlined in Whyte et al.38 First, SEs were found by running HOMER
findPeaks using the “-style super” option. This process first identifies traditional ChlP-seq
peaks by treating the experiment and input as normal ChlP-seq experiments and then
merges identified peaks found within 12.5 kb into continuous regions. The “enhancer score”
for each region is defined by the number of experimental reads minus the input reads
normalized for sequencing depth. All regions are then sorted by their score and plotted by
their relative rank and score (0-1). Enhancer regions past which the slope of the line reaches
1 are considered SEs, and all remaining enhancers are considered as “typical enhancers.”

Super-enhancer domains/HGE overlap.: Replicates for topologically associated domain
(TAD) calls from our previous data?’ were merged together, sorted, and filtered for
duplicates. BEDtools was used to intersect TADs with genes previously identified to be
potential key regulators based on chromatin interaction frequency (genes with at least 4
degrees of interactions)2’. The TADs were then filtered for domains that contain only one
coding gene to identify TADs that may act as super-enhancer domains*L. BEDtools was used
to intersect the filtered TADs with gained and stable enhancers for multiple timepoints with
a minimum overlap of 0.1 kb.

VISTA validated enhancer/HGE overlap.: VISTA enhancer coordinates were

downloaded from the VISTA Enhancer Browser#2 (https://enhancer.lbl.gov/cgi-bin/
imagedb3.pl?form=search&show=1&search.form=no&search.result=yes) and filtered for
human sequences. Three versions of VISTA regions were created: all regions, regions
filtered for positive hits, and regions filtered for positive hits with activity in heart regions.
BEDtools was used to intersect the VISTA regions with the gained and stable enhancers for
multiple timepoints with a minimum overlap of 0.1 kb.

GWAS and HGE analysis.: Risk variants from cardiac-associated genome-wide association
studies (GWAS) were identified from the GWAS Catalog®3. For each study of interest, the
locations of all trait-associated variants and the variants in linkage-disequilibrium with them
(R > 0.9) were scored for their enrichment in the set of human-gained enhancers using
RELI%.

ENCODE H3K27ac Chl P-seq data comparison.: H3K27ac ChiP-seq data sets

performed in five ENCODE cell-lines (Gm12878, HepG2, HUVEC, K562, NHEK) were
downloaded from the UCSC Genome Browser (http://hgdownload.cse.ucsc.edu/goldenPath/
hg19/encodeDCC/wgEncodeBroadHistone/). We used BEDTools merge to generate a union
set of ChlP-seq peaks for the ENCODE and hPSC cardiac differentiation H3K27ac
datasets. The RPKM values from each H3K27ac dataset were calculated for each peak

and normalized by subtracting by the mean and dividing by the standard deviation across
all H3K27ac datasets. We then clustered the normalized peak values for all peaks using
k-means clustering and randomly downsampled to 10,000 peaks for visualization.

Gene Ontology (GO) enrichment.: To identify biological processes associated with
differentially expressed gene datasets, the online Gene Ontology tool was used (http://
geneontology.org/) using default settings. To identify biological processes/molecular
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functions for genes associated with differentially accessible CRE datasets, the Genomic
Regions Enrichment of Annotations Tool (GREAT*®; http://great.stanford.edu/public/html/
index.php) was used with default settings for indicated CREs in “.bed” format. P values
shown for enrichment are Bonferroni-corrected binomial Pvalues.

Motif analysis.: Known motif enrichment and de novo motif discovery were performed
using HOMER’s findMotifsGenome.pl tool® using 200 bp sequences centered on ATAC-
seq peaks for human data. For mouse data and mouse-human comparisons H3K27ac peaks
were used for motif analysis. When performing de novo motif discovery, ATAC-seq peak
sequences were compared to a background set of 50,000 random genomic regions matched
for overall GC-content. Nucleotide frequency and motif density plots were created using
HOMER’s annotatePeaks.pl tool8°.

CRE genomic annotation.: HOMER’s8° annotatePeak.pl tool was used to annotate (e.g.,
intergenic, intronic etc.) CREs based on UCSC’s genome annotation.

Clustered heatmaps.: Data was clustered using Gene Cluster® and then visualized as
heatmaps using Java TreeView8. The rows in the heatmap for Fig. 1b represent a set of loci
as indicated by the numbers on the right of the heatmap.

Statistics and reproducibility.: Statistical analyses were performed using GraphPad Prism,
Python and R. Specific tests are indicated in the figure legends. No statistical methods
were used to predetermine sample size. Experiments did not employ randomization nor
investigator blinding.

Data and code availability.: Sequencing data is available from the GEO database (SNATAC:
GSE192500, reviewer token gxwhcgkyvhsxpex; bulk sequencing data: GSE192365,
reviewer token gbirqwesxxyhfuz). A list of all the used sequencing datasets (new and
public) and their accession numbers are available in Supplemental Table 13. Bulk
sequencing data can be viewed using the UCSC genome browser (https://genome.ucsc.edu/s/
Cbenner/Chi-211218-ReviewerTracks). HOMER analysis package is available online
(homer.ucsd.edu).
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Extended Data
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Extended Data Fig. 1: Gene regulatory networks dynamically remodel during human
cardiomyocyte differentiation.

a, Flow cytometry analysis shows the percentage of cell types generated at each cardiac
developmental stage as assessed by the indicated markers. b, Heatmap shows cell-type
cardiac enhancers through comparison with ENCODE-derived cell line enhancer data. c,
CREs are enriched in intergenic and intronic regions during cardiomyocyte differentiation.
d, Number of CREs for different epigenomic assays are shown across the six stages of
human vCM differentiation. e, Bar plot shows the number of CREs that are gained or lost
compared to the preceding stage during human ventricular cardiomyocyte differentiation.

f, Analyzing the ratio of active enhancers (H3K27ac*/H3K4mel*) to all enhancers
(H3K4mel*) reveals increased enhancer utilization during human vCM differentiation. g,
Heatmap displays enhancer activity as assessed by H3K27ac signal during /n vitrovCM
differentiation and in purified human fetal CMs. PSC, human pluripotent stem cells; Mes,
mesoderm; CMes, cardiac mesoderm; CP, cardiac progenitor; CM, cardiomyocyte; vVCM,
ventricular cardiomyocyte; fvCM, fetal ventricular cardiomyocyte; CRE, cis-regulatory
region; pos., positive; SNARNA, small nuclear RNA; snoRNA, small nucleolar RNA; UTR,
untranslated region; pseudo, pseudogene; TTS, transcription termination site; ncRNA; non-
coding RNA; miRNA, microRNA; HUVEC, human umbilical vein endothelial cells; NHEK,
normal human epidermal keratinocytes; fvCM, fetal ventricular cardiomyocyte.
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Extended Data Fig. 2: Integrative transcriptional and chromatin accessibility analysis identifies
putative key cardiac regulators.

a, Dot plot shows expression (circle color) and transcription factor motif enrichment

(circle size) of known and potential novel regulators of human ventricle cardiomyocyte
differentiation. b, Heatmap shows differentially regulated super-enhancers during
cardiomyocyte differentiation. c, Distribution of H3K27ac signal for each of the indicated
stages shows super-enhancer loci with associated genes of interest based on proximity. PSC,
pluripotent stem cells; Mes, mesoderm; Cmes, cardiac mesoderm; CP, cardiac progenitor;
CM, cardiomyocyte; vCM, ventricular cardiomyocyte; FPKM, fragments per kilobase of
transcript per million mapped reads.
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Extended Data Fig. 3: Human gained enhancers consist of traditional and super-enhancers
during cardiomyocyte differentiation.

a, HGEs are enriched in intergenic and intronic regions during cardiomyocyte
differentiation. b, HGEs consist of both traditional (TE) and super-enhancers (SE). c,
Violin plots reveal comparable activity of HGEs compared to all other mouse stages
combined. Dashed line in violin plots indicates the mean and dotted lines indicate quartiles.
d, Shannon entropy calculations show stage-specific expression of genes near gained or
stable enhancers. Lower entropy indicates more stage-specific gene expression. Horizontal
line in boxplots represents the median, the box indicates the interquartile range and

the dots represent outliers. Data was compared using Wilcoxon rank sum test (****p

value < 0.0001). e, Stable and gained super-enhancer domains are primarily associated
with transcription factors based on GO-term analysis. f, Representative super-enhancer
TADs with HGEs (blue boxes) are shown at various cardiomyocyte developmental stages.
HGE, human-gained enhancer; PSC, pluripotent stem cells; Mes, mesoderm; CP, cardiac
progenitor; CM, cardiomyocyte; UTR, untranslated region; pseudo, pseudogene; TTS,
transcription termination site; enh., enhancers; TAD, topologically associated domain; hs,
human; ms, mouse.
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Extended Data Fig. 4: HGEs are associated with cardiac developmental specific activity and
function.

a, Bar graph shows the percentage and number of VISTA validated enhancers driving
cardiac LacZ reporter activity /77 vivo that overlap with stable and gained enhancers

at different cardiomyocyte developmental stages. b, GREAT analysis reveals biological
processes associated with HGEs at the examined cardiac developmental stages. c-f, ATAC-
seq/ChlP-seq profiles show that SNPs associated with (c) atrial fibrillation and (e) QRS
duration overlap with HGEs, and luciferase reporter assays (d, f) confirm that the SNPs
affect enhancer activity. Sequence comparison surrounding the SNP is shown on the bottom
left of (c) and (e) with nucleotides that are not conserved between mouse and human
indicated in red. Gene expression in human (grey) and mouse (black) cardiomyocytes is
shown on the bottom right of (c) and (e). n = 9 for the luciferase reporter assays. Data

was compared using a two-tailed Student’s t-test. *p < 0.05; **p < 0.01; ***p < 0.001;
****p < 0.0001. Data represented as the mean = SEM with individual data points. g,
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Bar graph shows the percentage and absolute number of noncoding mutations found in
CHD patients that overlap with stable and gained enhancers at different cardiomyocyte
developmental stages. HGE, human-gained enhancer; PSC, pluripotent stem cells; Mes,
mesoderm; CMes, cardiac mesoderm; CP, cardiac progenitor; CM, cardiomyocyte; vCM,
ventricular cardiomyocyte; SnRNA, small nuclear RNA; mitoch., mitochondrial; transl.,
translation; carb., carbohydrate; catab., catabolism; cyto., cytoplasmic; FDR, false discovery
rate; Hs, human; Ms, mouse; expr, expression; FKPM, fragments per kilobase per million
reads; EV, empty vector; WT, wild-type; SNP; single nucleotide polymorphism; CHD,
congenital heart disease.
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Extended Data Fig. 5: Gene expression and transcription factor motif analyses reveal distinct
differences between human and mouse mesoderm.
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a, Clustered heatmap of human and mouse mesoderm gene expression profiles shows both
conserved and divergent gene expression clusters. b, Table shows top transcription factor
motifs for human and mouse mesoderm active enhancers. Mes, mesoderm; val., value.
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Extended Data Fig. 6: CREs within mesoderm cell subpopulations are associated with distinct
transcription factor binding activity.

a, Clustered heatmap shows differentially (FDR < 0.05) accessible CREs between identified
SnATAC mesoderm cell subpopulations. b, Heatmap of transcription factor binding motif
analysis of cluster-specific CREs from human mesodermal snATAC-seq data reveals that
ZIC3along with other cardiac developmental transcription factor motifs are enriched in the
pre-cardiac mesoderm subpopulation. ¢, ZIC3 motif enrichment is projected onto the UMAP
of human PSC-derived mesoderm snATAC-seq data. d, (Left) Mouse scRNA-seq data from
E7.25-E8.5 Mespl-Cre; Rosa26-tdTomato embryos are displayed by tSNE (t-distributed
stochastic neighbor embedding) plots for all developmental stages combined. (Right) Zic3
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expression is projected on to the tSNE plot. PSC, pluripotent stem cell; N, neural; Epi,
epiblast; EXE, extra-embryonic; APS/ME, anterior primitive streak/mesendoderm; LPM,
lateral-plate mesoderm; PCM, pre-cardiac mesoderm; PM; paraxial mesoderm, PSM, pre-
somitic mesoderm; CRE, cis-regulatory region; adj., adjusted.
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Extended Data Fig. 7: Generation of clonal ZIC3 HGE deletion lines.
Human PSC Z/C3HGE1-3 individual knockout (KO) and triple KO (TKO) lines were

generated through CRISPR/Cas9-mediated deletion of Z/C3HGE1-3 enhancer regions (9.2
kb, 1.8 kb, and 1.5 kb, respectively). PCR genotyping using external (ext., i.e., outside
deleted regions) and internal (int., i.e., inside deleted regions) primers confirmed the
individual human PSC Z/C3HGE KOs (left) and the human PSC Z/C3HGE TKO (right).
HGE TKO was confirmed by individual HGE1-3 genotyping. Wild-type (WT) cells were
used as control. Note that the WT HGEL1 band is 9.2 kb and thus difficult to PCR amplify.

M, marker, ext., external; int., internal.
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Extended Data Fig. 8: HGE3 KO and HGE TKO human pluripotent stem cell knockout lines
display reduced cardiomyocyte differentiation and mesoderm-specific ZI C3 expression defects.

a, All individual PCR data for Z/C3HGE knockout (KO) and HGE triple knockout (TKO)
lines (n = 6-12) are shown with statistical significance indicated. 7BP gene expression was
used for gene expression normalization. b, gPCR analysis of Z/C3HGE3 KO and HGE
TKO human PSC lines reveals no significant changes in Z/C3expression at the PSC stage
compared to WT cells (n = 9). ¢, gPCR analysis reveals significant changes in the expression
of ZIC3but not neighboring genes, RBMX and FGF13, in HGE TKO human PSC lines
when compared to WT human PSC lines at the mesoderm stage (n = 6). d, Representative
examples of flow cytometry analyses for TNNT2 staining (x-axis) show that Z/C3HGE3
and TKO lines (but not HGE1 nor HGE?2) display reduced cardiac differentiation. Data is
represented as the mean = SEM with individual data points. Data was analyzed using a
two-tailed Student’s t-test. *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001. HGE,
human-gained enhancer; expr., expression; PSC, pluripotent stem cells; Mes, mesoderm.
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Fig. 1: Dynamic epigenomic changes correlate with cardiac developmental gene expression

programs.

a, ChlIP-, ATAC- and RNA-seq profiles are shown for representative marker genes for each
cardiac developmental stage. b, Clustered heatmaps of ATAC-seq, ChlP-seq and RNA-seq
reveal developmental stage-specific gene regulatory programs. Each row represents a set

of related CREs. The number of CREs is indicated on the right. The RNA-seq heatmap is
based on expression of genes that correlate to cognate CRE cluster. Top enriched GO terms
and transcription factor motifs are displayed for each cluster. PSC, pluripotent stem cells;
Mes, mesoderm; CMes, cardiac mesoderm; CP, cardiac progenitor; CM, cardiomyocyte;
vCM, ventricular cardiomyocyte; val., value; GO, gene ontology; plastic., plasticity; morph.,
morphogenesis; diff., differentiation; develop., development; regul., regulation.
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Fig. 2: Comparative human and mouse epigenomic analysis reveals human gained CREs that are
associated with specific cardiac traits.

a, The number of stable and gained promoters and enhancers is displayed for each analyzed
cardiac developmental stage. b, Scatterplot showing motif enrichment of TFs in human
DNA (x-axis) and mouse DNA (y-axis) for the indicated enhancer groups and a comparable
set of random regions as a control. Each dot represents a TF motif. Motif enrichment in

one set of enhancers is compared to the enrichment in orthologous regions for that set

of enhancers. ¢, VISTA database analysis reveals that HGEs near SCN5A and RHOBTBZ2
(using VISTA elements hs2177 and hs1927, respectively) display cardiac /n vivo reporter
activity (number of positive embryos out of total number of injected embryos). RNA-seq
shows that SCN5A and RHOBTBZ exhibit greater expression in human cardiomyocytes
than mouse cardiomyocytes. d, Bar plot shows significant enrichment of variants associated
with species-specific cardiac traits within HGEs. The numbers in brackets indicate data sets
from different GWAS studies for the same trait. Dashed red line indicates FDR g-value
cutoff for significance (p < 0.05, Benjamini-Hochberg corrected). e, The resting heart

rate associated rs236352 genetic variant resides in a cardiac HGE near CPNE5. Sequence
comparison surrounding the SNP is shown on the bottom left with nucleotides that are

not conserved between mouse and human indicated in red. CPNE5 gene expression in
human (grey) and mouse (black) cardiomyocytes is shown on the bottom right. f, Luciferase
reporter assays show that this wild-type HGE (shaded area in €) can drive cardiomyocyte-
specific enhancer activity compared to the control (EV) and that the rs236352-associated
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risk allele (SNP) reduces this activity (n = 10). PSC, pluripotent stem cells; Mes,
mesoderm; CMes, cardiac mesoderm; CP, cardiac progenitor; CM, cardiomyocyte; vCM,
ventricular cardiomyocyte; prom, promoter, enh, enhancer; kb, kilobase; hs, human; ms;
vert., vertebrate; cons., conservation; expr., expression; FPKM, fragments per kilobase of
transcript per million mapped reads; FDR, false discovery rate; EV, empty vector; WT,
wild-type; SNP, single nucleotide polymorphism. Data was analyzed using a two-tailed
Student’s t-test. *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001. Data are represented
as the mean =+ standard error of the mean (SEM) with individual data points.
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Fig. 3: Human-gained enhancers in ZI C3 locus establish a potential ZI C3 mesoderm-related gene
regulatory network that directs elevated human ZI C3 expression at mesoderm stage.

a, /n situ Hi-C assays for human pluripotent stem cells (PSC), mesoderm progenitors

(Mes) and cardiac progenitors (CP) reveal chromatin interactions between Z/C3 promoter
(black line) and stable (St) and human gained enhancers (HGE) shaded in grey. H3K27ac
ChIP-seq from human data is compared to mouse H3K27ac ChlP-seq mapped onto

the human genome. b, Human Z/C3 gene expression is increased at mesoderm stage
compared to mouse Zic3during CM differentiation. ¢, UMAP visualization of human PSC-
derived mesoderm snATAC-seq data reveals distinct mesoderm clusters/subpopulations. d,
Mesoderm clusters are annotated based on gene scores of known developmental markers.

e, Bulk human (Hs) and mouse (Ms) H3K27Ac ChlIP-seq, bulk human ATAC-seq and
aggregated human snATAC-seq profiles across the Z/C3locus for each cluster show
differential chromatin accessibility of Z/C3HGEs, in particular HGE2 and HGES3 (red
outlined boxes), but not stable enhancers (blue outlined boxes) between mesoderm clusters.
Chr., chromosome; HGE, human-gained enhancer; St, stable; hs, human; ms, mouse; Ihskb,
interactions per hundred square kilobase per billion interactions. PSC, pluripotent stem
cells; Mes, mesoderm; CP, cardiac progenitor; CM, cardiomyocyte; HGE, human-gained
enhancer; FPKM, fragments per kilobase of transcript per million mapped reads; N, neural;
Epi, epiblast; EXE, extra-embryonic; APS/ME, anterior primitive streak-/mesendoderm;
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LPM, lateral-plate mesoderm; PCM, pre-cardiac mesoderm; PM, paraxial mesoderm; PSM,
pre-somitic mesoderm.
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Fig. 4: ZIC3 is required for human cardiomyocyte differentiation.
a, Top diagram displays the targeting strategy to generate human PSC Z/C3 knockout (KO)

lines through CRISPR/Cas9-mediated deletion of a 0.3 kb region in exon 1 of Z/C3that

is common to both Z/C3isoforms. Bottom panel shows PCR genotyping that confirmed
two human PSC Z/C3 KO lines (versus wild-type/WT human PSCs). b, Western blot using
a ZIC3 antibody further validated Z/C3 KO clones. CTCF was used as a loading control.

¢, Human PSC Z/C3 KO lines display reduced human cardiomyocyte differentiation as
assessed by TNNT2 flow cytometry at D15 (n = 3-5). d, Volcano plot shows differentially
expressed genes and associated GO-term enrichments between WT and Z/C3 KO human
mesoderm cells (adj. p-value < 0.05 and FC = 2). e, gPCR validates downregulated NODAL
signaling related genes (VODAL and LEFTY?2), as well as early cardiac differentiation
(HOPX and APLNR) genes in Z/C3 KO human mesoderm cells (n = 3). f, Scatterplot shows
enrichment of Z/C3-dependent genes (red dots) among genes upregulated in human (hs)
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mesoderm compared to mouse (ms) mesoderm (upper right quadrant). Data was analyzed
using a two-tailed Student’s t-test. *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001.
Data are represented as the mean £ SEM with individual data points. Chr., chromosome;

kb, kilobase; iso., isoform; M, marker; WT, wild-type; KO, knock-out; Ext., external,

PSC, pluripotent stem cells; Mes, mesoderm; adj., adjusted; FC, fold change; GO, gene
ontology; morph., morphogenesis; dev., development; epith., epithelial; diff., differentiation;
reg., regulation; comm., commitment.
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Fig. 5: A ZIC3 human gained enhancer regulates mesoderm-specific ZI C3 expression and
cardiomyocyte differentiation.

a, Chromatin profiles of human (Hs) and mouse (ms; mapped onto the human genome)
H3K27ac ChlP-seq profiles at the Z/C3locus show three human-gained enhancers (HGE1-
3). Mouse input DNA mapped onto the human genome is shown to highlight mouse/human
conserved DNA regions. Each track contains data for all examined stages. b, qPCR analysis
reveals that Z/C3HGE3 knockout (KO) and HGE triple knockout (TKO) lines specifically
exhibit reduced expression of early cardiac differentiation genes (HOPX and APLNR)

but not NODAL signaling related (NVODAL, LEFTY?2) genes. For each KO, data from
individual clones were pooled. For plots with all individual data points and statistics, see
Extended Data Fig. 8a. 7BP gene expression was used for gene expression normalization.
¢, ZIC3HGE3 knockout and HGE triple knockout human PSC lines display reduced

CM differentiation as assessed by TNNT2 flow cytometry at D15 (n = 6-12). d, Z/C3
HGE3 contains a highly conserved FORKHEAD motif within an ATAC-seq peak that is
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bound by FOXAZ2 according to FOXA2 ChlP-seq and surrounded by a H3K27ac mark. e,
ChIP-gPCR analysis reveals FOXA1/2 binding to Z/C3HGE3 in mesoderm cells (n = 4,
two technical replicates for each biological replicate and two biological replicates for each
condition). Negative Control (Neg. Con.) is a region that has no identified enhancer activity.
f, Luciferase reporter assays reveal that the HGE3 region (wild-type/WT), compared to a
control (EV, empty vector), can drive mesoderm but not human PSC reporter activity. This
activity was reduced when the FORKHEAD motif was replaced with corresponding mouse
sequences as denoted by red nucleotides in d (Mutant/MUT). Luc, luciferase. n = 7. Data
was compared using a two-tailed Student’s t-test. *p < 0.05; **p < 0.01; ***p < 0.001;
****p < 0.0001. Data represented as the mean = SEM with individual data points. HGE,
human-gained enhancer; kb, kilobase; PSC, human pluripotent stem cells; Mes, mesoderm;
CMes, cardiac mesoderm; CP, cardiac progenitor; CM, cardiomyocyte; vCM, ventricular
cardiomyocyte; Luc, luciferase.
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