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RESEARCH PAPER

A temporal transcriptome and methylome in human embryonic stem
cell-derived cardiomyocytes identifies novel regulators of early cardiac
development
Kai Fu a,b*, Haruko Nakano a,c*, Marco Morselli a, Tiffany Chena, Herman Pappoea, Atsuschi Nakanoa,c,d,
and Matteo Pellegrinia

aDepartment of Molecular, Cell, and Developmental Biology, University of California, Los Angeles, CA, USA; bBioinformatics
Interdepartmental Program, University of California, Los Angeles, CA, USA; cEli & Edythe Broad Center of Regenerative Medicine and Stem
Cell Research, University of California, Los Angeles, CA, USA; dCardiology Division, School of Medicine, University of California, Los Angeles,
CA, USA

ABSTRACT
Stem cell-based cardiogenesis has become a powerful tool to enhance our understanding of
cardiac development and test novel therapeutics for cardiovascular diseases. However, transcrip-
tional and epigenetic regulation of multiple transitional stages from pluripotent cells to com-
mitted cardiomyocytes has not yet been fully characterized. To characterize how transcription
factors, lincRNAs and DNA methylation change at temporal developmental stages, and identify
potential novel regulators during cardiogenesis. We utilized a previously reported protocol that
yields human cardiomyocytes (hCM) with more than 90% purity from human Embryonic Stem
Cells (hESC). Leveraging the purity of cells resulting from this protocol, we systematically exam-
ined how gene expression and DNA methylation programs change at temporal developmental
stages during cardiogenesis. Our results provide a comprehensive view of expression changes
during cardiogenesis that extend previous studies, allowing us to identify key transcription factors
as well as lincRNAs that are strongly associated with cardiac differentiation. Moreover, we
incorporated a simple but powerful method to screen for novel regulators of cardiogenesis solely
based on expression changes and found four novel cardiac-related transcription factors, i.e.,
SORBS2, MITF, DPF3, and ZNF436, which have no or few prior literature reports and we were
able to validate using siRNA. Our strategy of identifying novel regulators of cardiogenesis can also
be easily implemented in other stem cell-based systems. Our results provide a valuable resource
for understanding cardiogenesis that extends previous findings by leveraging the purity of our
cell lines, which allowed us to identify four novel cardiac-related regulators.
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Introduction

The formation of the mature mammalian heart is
governed by intricate gene regulatory networks,
and precise temporal and spatial gene expression
dictates the formation of cardiomyocytes.
Transcription factors (TFs) regulate both activa-
tion and repression of the genes in cardiomyocyte
specification and differentiation [1]. For example,
zinc finger transcription factor GATA4 is one of
the major TFs that determines cardiac cell fate and
its mutation results in congenital heart disease [2].

Recent advances in the method of directed dif-
ferentiation using human pluripotent stem cells

(hPSCs) to generate enriched cardiomyocytes in a
dish have provided a powerful platform for study-
ing not only human development but also disease
mechanism and translational research [2–5].
However, these methods do not usually lead to
pure populations of differentiated cardiomyocytes,
but rather to heterogeneous populations that also
include other cell types. This limitation compli-
cates the ability to define cardiomyocyte-specific
regulatory programs, as they are diluted by effects
from other cell types. As a result, transcriptional
and epigenetic regulation of multiple transitional
stages from pluripotent cells to committed cardio-
myocytes have not yet been fully characterized
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with hPSC-CMs differentiated in a chemically
defined manner, despite the fact that these in
vitro systems are to date the most suitable models
because of their scalability and effectiveness.

To extend previous studies of cardiomyocyte
developmental regulators, we utilized chemically
defined directed differentiation of cardiomyocytes
from hESCs, which reproducibly yields over 90%
of cardiomyocytes [6–8]. We performed a sys-
tematic analysis of the transcriptome and methy-
lome of crucial stages of directed cardiac
differentiation of human embryonic stem cells
(hESCs). This data enabled us to profile the
stage-specific changes in the global transcriptome
and epigenetic changes during cardiac differentia-
tion without the need for further purification steps
of differentiated cell populations. The direct com-
parison of our data to previous reports [3,9] vali-
dated the highly efficient cardiac differentiation
system by demonstrating higher enrichment of
cardiac gene expressions in our system. By identi-
fying induced transcription factors, we discovered
previously understudied cardiomyocyte regulators:
MITF, SORBS2, DPF3, and ZNF436. The regula-
tory function of these cardiac genes was further
validated by RNAi gene knockdown. This work
provides an extension of previous studies and a
comprehensive view of gene expression and epige-
netic modifications during cardiac differentiation
and proposes a simple but powerful screening
method of novel gene regulators, which is readily
transferable to other studies of differentiating cells.

Results

Differentiation of high purity cardiomyocytes
from human embryonic stem cells

To characterize the differentiation stages, we per-
formed mRNA expression profiling with RNA-Seq
from H9 to human embryonic stem cell-derived
cardiomyocytes (hESC-CMs) at five distinct stages:
undifferentiated stage (hESC, day 0); mesodermal
precursor stage (hMP, day 2); cardiac progenitor
stage (hCP, day 5); immature cardiomyocyte
(hCM15, day 15); and hESC-CM differentiated
for 15 additional days (hCM30, day 30) [6]. The
statistics of total sequenced reads, mapped reads,
reads falling into exons and sequence coverages

were put in Supplementary Table 1. Two biological
replicates for each stage were highly correlated
(Pearson correlation coefficient: 0.995) with each
other, and we thus merged them for downstream
analyzes (except for differentially expressed genes
analyzed). Representative immunostaining for
alpha-actinin (Supp Figure 1) and flow cytometry
quantification for cardiac marker gene of Tnnt2
(Supp Figure 2) was performed to confirm the
high purity of our differentiated cells. We further
compared fold enrichments between cardiac sig-
nature gene expression and total gene expression
at the same stage of differentiation of day 15 in our
data and that obtained from Paige et al and Liu
et al. [3,9]. We found that for all key signature
genes we tested, our system showed higher expres-
sion enrichments, suggesting that our cell lines
have higher cardiomyocyte percentages than
those found in previous studies or our differentia-
tion protocol promoted cardiac differentiation
more than theirs (Figure 1(a)). This legitimized
the further transcriptional analysis of the cardio-
myocytes derived with our directed cardiac differ-
entiation method for the quest of novel regulators
of cardiac development.

Patterns of gene expression changes from hESCs
to cardiomyocytes

We next investigated the temporal pattern of gen-
ome-wide gene expression changes during cardio-
myocyte differentiation. We first computed the
normalized read counts for each gene across each
time point to determine the gene expression values
(see Methods for more details). To characterize the
expression changes, we subtracted expression
values by their means across the five stages.
Figure 1(b) shows the heatmap of the average
mean subtracted expression values of the
k-means clusters. Genes in cluster 1 (with 1,755
genes) show a clear pattern of decreasing gene
expression, while genes in cluster 3 (with 1,005
genes) show the opposite trend.

Gene Ontology (GO) enrichment analysis was
applied to each cluster using an online tool of
DAVID [10]. It then showed that cluster 1 genes
were significantly enriched in GO terms related to
cell proliferation and stem cell population main-
tenance (Supp Figure 3). By contrast, cluster 3
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genes were significantly enriched in GO terms
associated with cardiac muscle contraction and
heart development (Supp Figure 4). We found
that the genes in cluster 2 (with 1,331 genes) also
showed an increasing pattern but remained largely
unchanged from day 5 to day 30. These genes were
significantly enriched in GO terms of anterior/
posterior pattern and heart development (Supp
Figure 5). The remaining genes in cluster 4 and
cluster 5, which represented 81 percent of all
genes, showed limited or no changes during car-
diomyocytes differentiation. An example of a clus-
ter 1 gene is POU5F1 (also known as OCT4),
which is a key regulator of pluripotency [11].
The expression of POU5F1 dramatically decreased
by day 5 as the cells developed into the cardiac

progenitor stage (Figure 1(c)). By contrast, MYL7
in cluster 3, a signature gene for cardiac muscle
cells [12], was first expressed on day 5 and further
induced at later stages (Figure 1(c)).

Besides the clustering of genes, we also per-
formed differential gene expression analysis
between subsequent temporal stages (Figure 1(d))
(see Methods). Most differentially expressed genes
were identified during the transition from meso-
dermal precursors to cardiac progenitors (day2-
day5) and cardiac progenitors to early-stage cardi-
omyocytes (day5-day15). Gene ontology enrich-
ment analysis confirmed that there was an
increase in the expression of cardiac-related
genes and a decrease of stem cell genes. Notably,
gene expression changes found between the day15-

Figure 1. Patterns of gene expression changes during cardiogenesis.(a). Comparison of signature gene expression enrichments for
cardiomyocytes between our study and Paige et al./Liu et al. The y-axis represents the log 2 fold change between expression values
of signature genes and average expression values of all genes. (b). K-means clustering of normalized gene expression values for
samples among the five developmental stages. The color in the heatmap represents the log 2 fold change of expression values. The
red color represents a higher expression value than average expression across samples, while the blue color represents the opposite.
Text on the left of heatmap indicates the enriched gene ontology terms for each cluster of genes. (c). Genome browser view of RNA-
Seq data for POU5F1 gene and MYL7 gene. Each track shows the expression profile for a different stage. (d). MA-plot of differential
expressed genes for neighboring stage comparisons (A VS B). The number N shows the number of up and down-regulated genes.
The number above the red line represents the number of DEGs that is up-regulated in A.
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day30 comparison were much smaller than the
other three comparisons, indicating the limited
degree of expression changes in cells from day 15
to day 30. Interestingly, the most dynamic change
in differential gene expression was between day 5
(hCP; cardiac progenitor stage) and day 15
(hCM15; early cardiomyocyte stage) among all
other transitions.

Transcription factors mediating transitions from
hESC to cardiomyocytes

Having shown the global pattern of gene expression
changes, we next sought to identify upstream regu-
lators that bound to gene promoter regions of genes
associated with the different clusters. We used
Ingenuity Pathway Analysis [13], which collects
empirical information of upstream regulators for a
large set of genes, to search for significantly enriched
regulators. As the identified regulators shown in
Figure 2(a), among the cluster 1 genes with a
decrease in expression over time as in Figure 1(b),
POU5F1, SOX2, IFNG, and CREB1 are significantly

enriched in the upstream regulatory networks of
1,755 genes. Among cluster 2 genes (1,331 genes),
TGFB1 and WNT3A were identified. For genes in
cluster 3 (1,005 genes), we found TBX5, MEF2C,
HNF1A, MYOCD, and DNMT3B. Thus, our ana-
lyzes not only confirmed our established knowledge
but also further identified a potential regulator
(DNMT3B) of cardiogenesis.

To systematically evaluate the induction of tran-
scription factors during cardiogenesis, we next
investigated the change in the expression of 1,835
human TFs from a comprehensive curated list
[14], Figure 2(b) shows the top 50 TFs with the
largest variances relative to the normalized expres-
sion values of the five stages. Among those top 50
TFs with the largest variances, canonical pluripo-
tency TFs, such as POU5F1, SOX2, NANOG, were
repressed with time, while canonical cardiac TFs,
such as HAND2, TBXs, NK2s, and MEF2C, were
gradually induced. Mesodermal TFs including T,
MIXL1, MESP1, and EOMES peaked on day 2.
This analysis provides a set of the most dynamic
TFs with potentially important regulatory

Figure 2. Identification of upstream regulators, most varied and stage-specific transcription factors (TFs) during cardiogenesis. (a).
Ingenuity pathway software analysis identifies statistical significant upstream regulators for the cluster of genes showed in Figure 1
(b). (b). Heatmap for top 50 TFs showing the largest expression variations from ESCs to cardiomyocytes. Each column represents a
different sample, and each row represents a different gene. The color in the heatmap again represents the log 2 fold change of
normalized expression values. (c). Heatmap for stage-specific TFs from ESCs to cardiomyocytes. The color in the heatmap represents
the proportion of expression value for that sample to the sum of all samples.
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functions throughout all the stages of cardiac dif-
ferentiation analyzed here.

Moreover, we sought to identify stage-specific
TFs of each stage (see Methods). As a result, we
identified 16 ESC-specific, 23 MP-specific, 12 CP-
specific, 2 CM15-specific and 8 CM30-specific TFs
(Figure 2(c)). The gene sets of ESC- and MP-
specific genes are similar to the ones identified in
Figure 2(b). However, this analysis revealed a set
of genes that were not identified in Figure 2(b),
such as HOXB on day 5 and PRDM16 and NFIX
on day 30. The role of these regulators in cardio-
genesis is relatively less characterized. The regu-
lated activity of the transcription factor HOXB is
essential for heart formation as well as other meso-
dermal and endodermal cell type development
[15]. PRDM16 is a gene regulatory protein impli-
cated in human cardiomyopathy [16,17]. NFIX
also regulates myogenesis although its role in car-
diogenesis is poorly understood [18,19]. Thus this
approach identified a number of cell type specific
TFs associated with distinct developmental stages
from ESCs to cardiomyocytes.

The expression induction score accurately
captures known cardiac regulators

We hypothesized that TFs regulating cardiogenesis
should show significant induction of gene expres-
sion during early cardiac development. We thus

used a scoring system based on induction rates
between day 30 and day 0 to sort the 1,835 curated
genes with TF functions (see Methods). Figure 3(a)
shows the factors with the top 25 induction scores.
For example, HAND2 is the top TF based on our
ranking and plays an essential role in cardiac mor-
phogenesis. A genome browser view of this gene
revealed high expression at the CM30 stage while
limited expression at the ESC stage (Figure 3(b)).
This pattern corresponded to an induction rate of
139. We also put a full list of TFs and their induc-
tion scores in Supplementary Table 2.

Surprisingly, among the top 25 factors in
Figure 3(a), 21 or 84% are already known to be
cardiac-related TFs with extensive associated lit-
erature reports. Two previous studies also exam-
ined a time course of human cardiogenesis by
generating genome-wide profiles. In Paige et al.,
the authors used a combinatorial model of histone
modifications and gene expression changes to pre-
dict cardiac regulatory transcription factors [3].
From the ranked list based on their scoring
model, 20 of the top 25 (80%) factors were sup-
ported by previous studies (Figure 3(c)). We find
that the two ranked lists, Paige et al. and ours, had
an overlap of 11 factors among the top 25 hits
(Figure 3(d)), which is highly significant consider-
ing the total number of TFs (hypergeometric test,
P value = 9.3X10−16). However, in our approach,
we only considered RNA-Seq expression profiling

R
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r
s

Figure 3. Expression-based induction score captures a large fraction of well-known cardiac regulators. (a). Bar-plot of the top 25
regulators (y-axis) ranked by their induction scores (x-axis). (b). Genome browser view of RNA-Seq data for HAND2. (c). The
proportion of known cardiac regulators in the top 25 hits based on the ranking score by our study and by Paige et al. (d). Venn-
diagram of the top 25 regulators identified by our ranking approach and by Paige et al.
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of undifferentiated and fully differentiated cells. By
contrast, Paige et al. collected a time course of
several histone modifications using ChIP-seq, as
well as RNA-Seq data to arrive at their list. Thus,
even though our approach for the identification of
regulators is simple, it can identify known factors
with similar efficiency as Paige et. al. We recognize
that this efficiency is likely in part due to the purer
cardiomyocyte populations in our derived cells
compared to those of other studies.

Identification of lincRNAs associated with
cardiogenesis

Long intergenic non-coding RNAs (lincRNAs)
play important regulatory roles in various cell dif-
ferentiation processes by activating or repressing
their neighboring genes. LincRNAs are regulated
by enhancer/promoter sequences, subject to spli-
cing, and are often expressed in a tissue- and
stage-specific manner. Accumulating evidence
suggests that lincRNAs contribute to the

regulation of cardiogenesis [20–22]. We, therefore,
extended our analysis from protein coding genes
to lincRNAs (see Methods).

Figure 4(a) shows the top 50 lincRNAs that
have the most extensive variance within a
lincRNA list we examined. Moreover, we also cal-
culated an induction rate for each lincRNA
between CM30 and ESC. Figure 4(b) shows the
ones with an induction score of 10 or higher.
Those include linc-PTX3-4 and linc-NKX2-5-1,
whose neighboring genes PTX3 and NKX2-5 are
known cardiac regulators. We also found addi-
tional lincRNAs, e.g., linc-CCDC59-1 and linc-
GTPBP8-1, whose neighboring genes do not have
literature support in cardiac regulation. Genome
browser views of those lincRNAs revealed dra-
matic expression activation in late developmental
stages during cardiogenesis (Figure 4(c)), indicat-
ing their potential regulatory roles. These results
thus provided a valuable resource for the commu-
nity to further validate the functions of these
lincRNAs associated with cardiogenesis.

Figure 4. LincRNA expression changes during cardiogenesis. (a). Heatmap for top 50 lincRNAs showing the largest variations from
ESCs to cardiomyocytes. The color in the heatmap represents the log 2 fold change of normalized lincRNA expressions. Each row
represents a lincRNA name. (b). Bar plot of lincRNAs that show an induction score of 10 or higher. (c). Genome browser view of RNA-
Seq data for lincRNAs of linc-CCDC59-1 and linc-GTPBP8-1 during cardiogenesis.
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Genome-wide methylation changes during
cardiogenesis

To measure epigenetic changes during cardiogen-
esis, we performed reduced representation bisulfite
sequencing (RRBS) of four stages of hESC, hMP,
hCP, and hCM15 (see Methods). Data statistics of
the resulted RRBS samples can be found in
Supplementary Table 1. We first sought to com-
pare the methylome between hESC and hCM15 by
calculating the differentially methylated sites
(DMSs) (see Methods). As a result, 2,423 hypo-
methylated DMSs (high in ESC) and 730 hyper-
methylated (high in CM15) DMSs were identified.
Besides, 97% of DMSs were CpG sites, not CHG or
CHH sites. We next asked what genes were close
to the differentially methylated sites by assigning
each site to its nearest transcription start sites
(TSSs). Gene ontology analysis revealed that hypo-
methylated DMSs were enriched for heart mor-
phogenesis, while hypermethylated DMSs were
enriched in stem cell-related terms. Notably,
many of these differentially methylated sites tend
to occur in regions distal to TSSs (between 50 kb
to 500 kb), instead of proximal TSS regions,

indicating that many of these may correspond to
enhancer regions.

We also asked whether there were enriched TF
binding sites near the two groups of differentially
methylated sites. By performing motif discovery in
these sites and their neighboring 200 bp regions,
we identified a total of 10 enriched TFs and their
motif sequences (Figure 5(a)) (see Methods).
Those factors were then deduced by motif discov-
ery. Among them, we were able to observe well-
characterized TFs, such as GATA4 and TBX20
near hypomethylated DMSs, and OCT4 near
hypermethylated DMSs. We also found additional
four factors, i.e., ELK4, MYF5, ATOH1, and
TFAP4, have no or weak literature evidence for
their cardiac regulatory roles, suggesting that the
binding of these factors may also be associated
with changes in DNA methylation. Moreover, 5
of all 10 TFs (Figure 5(a) with stars) also showed a
significant change in expression during ESCs to
cardiomyocytes, highlighting their regulatory
roles in the development of early cardiac cells.
Those results indicate RRBS can be a complemen-
tary method to RNA-Seq for the identification of
cardiac regulators.

Figure 5. RRBS-based DNA methylation changes during cardiogenesis. (a). Enriched transcription factors and their motif sequences
found in DMSs’ neighboring 200 bp regions. The number in the bracket shows the – log10 P value of the statistical significance for
motif discovery. (b). Hierarchical clustering of RRBS fragments that show at least 0.2 delta methylation changes compared to average
methylation levels across samples. The color in the heatmap represents the delta methylation value. The red color represents hyper
methylation while blue color represents hypo methylation.
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Besides methylated sites, we further performed
hierarchical clustering on RRBS fragments that
show changes during cardiogenesis (see Methods)
(Figure 5(b)). The RRBS fragments were sequences
between two consecutive restriction sites (C/CGG)
cut by Mspl enzyme used in our protocol. In
Figure 5(b), 1,988 fragments in cluster 1 and 835
fragments in cluster 2 show a clear decrease of
methylation levels from ESC to CM, while 561
fragments in cluster 3 show an opposite trend.
The fragments in those clusters then represent
the most dynamically changed regions of methyla-
tion during early cardiac development. Motif dis-
covery analysis in those regions also identified
both known and candidate factors to be further
validated (Supp Figure 6).

siRNA-mediated gene knockdown validates four
novel regulators of cardiac development

Four factors from our list of the top 25 in Figure 3(a),
i.e., SORBS2, ZNF436, DPF3, and MITF, had no or
limited literature support indicating they were car-
diac regulators. SORBS2 is an adaptor protein that
coordinates multiple signaling complexes to regulate
the actin cytoskeleton [23–25]. The role of SORBS2
in the heart is not known, but it is linked to con-
genital heart disease in humans [26], and its mutant
mice are under-represented at weaning [27].
Therefore, it is possible that SORBS2 is a critical
regulator of heart development. DPF3 is a histone
reader component of BAF chromatin remodeling
complex [28,29]. Although the BAF complex is
known to regulate heart development, little is
known about the role of DPF3 in cardiogenesis
[30]. There are only a few publications about the
role of ZNF436 and MITF on cardiomyocyte differ-
entiation [31–33].

We thus experimentally validated the role of
these factors in cardiogenesis by knocking them
down with siRNAs in hESC-CMs on day 18 and
measured whether the expression of cardiac marker
gene was affected on day 28. Knockdown efficiency
measured by qPCR was 70% for MITF, 90% for
SORBS2, 50% for DPF3, and 56% for ZNF436.
Many cardiac genes were significantly down-regu-
lated by these knockdowns (Figure 6). A majority of
the cardiac sarcomeric genes were down-regulated
by MITF and SORBS2, suggesting their role as

cardiac regulators. The known cardiac transcription
factors were also down-regulated, but to a lesser
extent than sarcomeric genes. Moreover, the speci-
fic down-regulation patterns suggest that each fac-
tor that is knocked down has specific regulatory
roles. For example, HAND2 was significantly
down-regulated by DPF3 knockdown but not by
MITF, even though the knockdown efficiency of
MITF is higher than that of DPF3.

Discussion

Heterogeneity is a common bottleneck for
research using stem cell-derived cell lines. Recent
progress in single-cell sequencing technologies
addresses this problem by profiling of omics for
each cell. However, due to the limited amount of
DNA or RNA in a single cell, current technologies
usually generate sparse and low coverage sequen-
cing data, impeding their power to comprehensive
profiling of molecular changes. To overcome this
problem in the in vitro modeling of cardiogenesis,
we utilized a chemically defined differentiation
protocol, which reproducibly yields ~ 90% cardio-
myocytes [6–8]. The purity of cardiomyocytes gen-
erated with our protocol is higher than that of
previously published studies. We thus profiled
this highly efficient ESC-based cardiomyocyte dif-
ferentiation protocol to study the development of
cardiac cells. Our analysis focused on the identifi-
cation of transcription factors and lincRNAs that
are strongly associated with the temporal develop-
ment of cardiogenesis. We were able to capture
both well-characterized regulatory factors as well
as identify novel ones. Our results provide a com-
prehensive view of expression changes for impor-
tant cardiac regulators that extend previous
studies.

It is worth noting that in the upstream regulator
analysis, we found several well-known factors as
well as HOXB3. Among them, TBX5 is known to
play a key role during the maturation of cardio-
myocytes and the patterning of the conduction
system [34]. MEF2 transcription factors are central
to the regulation of muscle cell differentiation, and
MEF2C regulates cardiogenesis through its inter-
actions with other key transcription factors [35].
MYOCD is enriched in and essential for cardiac
and smooth muscle cells [36]. DNMT3B is a
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ubiquitously expressed de novo DNA methyltrans-
ferase. Its role in cardiogenesis is not established,
but the mutant mouse develops a cardiac ventri-
cular septal defect [37]. Thus, it is likely that
HOXB3 also regulates cardiac differentiation.

There are two major factors influencing the
study of hPSC-derived systems. One is which
assay, e.g., RNA-Seq, ATAC-Seq, BS-Seq, ChIP-
Seq, is used to study the biological mechanisms
of the differentiation process. Another is the effi-
ciency of the differentiation protocol. Our chemi-
cally-defined differentiation regimen minimizes
the experiment-to-experiment variability and con-
sistently yields high purity cardiomyocytes. In this
study, we showed that by profiling high purity
differentiated cells using RNA-Seq, we were able

to identify many known, and a few novel regula-
tory factors. We expect that this differentiation
protocol will be a valuable approach to further
investigate the early development of cardiac cells.
In addition, our analysis suggests that RRBS can be
a complementary method to RNA-Seq for the
identification of cardiac regulators. Our differen-
tiation and profiling strategy is effective to screen
for novel regulators, although genome-wide profil-
ing of chromatin marks could provide a deeper
understanding of epigenetic regulation during
cardiogenesis.

Our approach has led to the identification of four
novel gene regulators. Although additional in vivo
experiments will be needed to further address their
functions, we performed siRNA knockdown

Figure 6. siRNA gene expression knockdown identifies four novel cardiac regulators. The y-axis represents the relative expression
level (control is 1). The gray bar represents the control while the blue bar represents the RNAi result of that factor.
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experiment to examine their effects in vitro on key
cardiac signature genes. The determination of how
transcription factors, epigenetic enzymes, non-cod-
ing RNAs interact with each other in a regulatory
network is the logical next step to expand our
knowledge of cardiogenesis using system biology.
The understanding of cardiogenesis could ulti-
mately lead to novel therapeutic and drug target
development in the diagnosis and treatment of
heart-related diseases.

Materials and methods

Cell cultures from embryonic stems cells to
cardiomyocytes

H9 (WA09) hESC lines were maintained as
described before [38]. Oct-4, SSEA4, TRA-1-60,
and TRA-1-80 were tested by immunocytochemis-
try to confirm the pluripotency state of hESC before
starting differentiation. hESCs were routinely ver-
ified as mycoplasma-free using a luminometer.
hESCs were grown and differentiated in a chemi-
cally defined condition [6–8]. Briefly, hESCs were
detached and held in suspension culture using car-
diac differentiation medium (DCDM) containing
IMDM and DMEM (ThermoFisher) supplemented
with 1% MEM nonessential amino acid solution,
2 mM L-glutamine, 1% penicillin-streptomycin
(ThermoFisher). The medium was additionally sup-
plemented with chemical compounds: 1 uM CHIR
(Abcam) for first two days and switched to
KY021111 (a gift from Dr. Minami Itsunari,
Osaka University) and XAV939 (Santa Cruz) on
day 3 and day 5 of differentiation. DCDM was
changed every ten days after differentiation day
10. Usage of all the human embryonic stem cell
lines is approved by the UCLA Embryonic Stem
Cell Research Oversight (ESCRO) Committee and
the Institutional Review Boards (IRB) (approval
#2009-006-04).

Library preparations and sequencing for RNA-
Seq

RNA was extracted from the cells of five stages;
namely, hESC, hMP, hCP, hCM15, and hCM30,
using TRIZOL (TheroFisher) and RNeasy kit
(QIAGEN) according to manufacturer’s protocol.

DNaseI-treated RNA (500 ng) was used as input
material for library preparation using the Illumina
TruSeq mRNA kit (Illumina, RS-122–2001),
according to manufacturer’s instructions. Final
libraries were sequenced as Sequencing was per-
formed on an Illumina HiSeq 3000 for either sin-
gle-end 50 bp or paired-end 2 × 50 bp run.

Library preparations and sequencing for RRBS

Reduced-Representation Bisulfite Sequencing was
performed as described in Lam L. et al., with some
modifications [39]. For each sample, 100 ng of
purified genomic DNA was digested with 20 U of
MspI (NEB, cat # R0106L) at 37°C o/n in the
presence of RNase Cocktail Mix (Ambion, cat #
AM2286). End-repair and dA-tailing were per-
formed by the addition of Klenow Fragment 3ʹ-
> 5ʹ exo- (NEB, cat # M0212L) in the presence of
dATP, dGTP, and d5mCTP (Fermentas). Adapter
Ligation was performed by the addition of 0.3 µl of
Illumina TruSeq methylated Adapters (Illumina,
TruSeq Nano cat# FC-121–4001) and 1 µl of
Quick DNA Ligase (NEB cat# M2200L). Samples
were pooled and purified using an equal volume of
SPRI beads (Beckman Coulter, cat # B23318). Size-
selection was performed using SPRI beads to
enrich for fragments from 200 to 400 bp.
Bisulfite treatment was performed using Epitect
Bisulfite kit (QIAGEN, cat # 59104) according to
manufacturer’s protocol, except that two consecu-
tive rounds of conversion are performed, for a
total of 10 hr of incubation. Purified converted
DNA was PCR amplified using MyTaq HS Mix
(Bioline, cat# BIO-25045) and TruSeq PCR Primer
Cocktail (Illumina, TruSeq Nano cat# FC-121–
4001) according to the following protocol: initial
denaturation at 98°C for 30 s; 12 cycles of 98°C for
15 s, 60°C for 30 s, 72°C for 30 s; final extension at
72°C for 5 min. Amplified libraries were purified
twice with an equal amount of SPRI beads to
remove primer and adapter dimers. Libraries
were sequenced on an Illumina HiSeq 3000 for
single-end 100 bp run.

RNA-Seq analysis

We first used the FastQC program to assess the
quality of our sequenced reads. All the samples
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passed this step of quality control. We then used
Tophat software to map the RNA-Seq reads back
to the human genome (hg19) [40] under default
parameters. The number of total sequenced reads,
number of mapped reads, number of reads falling
into exons and read coverages were put in the
supplementary Table 1. After that, we utilized
HTseq software to calculate the number of reads
falling in each gene [41]. With the RNA-Seq read
counts matrix, we then used the DESeq2 package
of R to perform data normalization (rlog func-
tion) and differentially expressed genes (DEG)
analysis [42]. For DEG analysis, we set a cutoff
of FDR ≤ 0.01 and fold change ≥ 2. The two
replicate samples of each stage were highly corre-
lated. We thus merged them for downstream
analysis, including most varied transcription fac-
tors, stage-specific transcription factors, most
induced transcription factors and lincRNA
analyzes.

Identification of stage-specific transcription
factors

We calculated the ratios between normalized
expression values of that stage over the sum of
values of all stages for each TF. A TF was consid-
ered to be stage-specific only if it showed a pro-
portion of at least 0.6, which is 3 times higher than
that of the average proportion, 0.2, across the five
stages.

Induction score calculation

To search for the most changed genes from
ESCs to CMs, we introduced the calculation of
induction score. An induction score (IS) was
calculated as the ratio of Reads Per Million
between day 30 (yi) and day 0 (xi) for each
gene i. We also added a small pseudo read
count to day 0, resulting:

IS ¼ yi= xi þ 1ð Þ
We then ranked all the transcription factors and
lincRNAs based on their induction scores,
enabling us to recapture both known cardiac fac-
tors and screening for novel ones.

LincRNA analysis

We used a curated list of human lincRNAs and
mapped RNA-Seq reads to each lincRNA [43]. As
with protein-coding genes, the sum of normalized
read counts mapped to each lincRNA region was
then used to represent its expression value. We
then computed the variance of lincRNA normal-
ized expression values among the five develop-
mental stages. The induction score was also
calculated in lincRNAs based on the expression
values between day0 and day30.

siRNA knockdown and functional validation of
novel regulators

hESC-derived CMs were transfected with siRNA
Negative Control (Qiagen) or human MITF,
SORBS2, DPF3, and ZNF436 targeting siRNA
40 nM (MITF and SORBS2; Qiagen, DPF3 and
ZNF436; ThermoFisher) using Lipofectamine
RNAi MAX reagent (ThermoFisher) according to
the manufacturer’s instructions. The medium was
changed 48 hours after transfection, and cells were
then incubated for an additional seven days.

Reduced representation bisulfite sequencing
(RRBS) analysis

The FastQC program was used to assess the qual-
ity of the sequenced reads. All the samples passed
this step of quality control. The number of total
sequenced reads, number of mapped reads, and
read coverages were put in the supplementary
Table 1. We then used BS-Seeker2 software to
mapping the RRBS data back to the human gen-
ome (hg19) and calculating methylation levels for
each CpG [44]. We then used CGmaptools to per-
form the differentially methylated sites (DMS)
analyzes [45]. The identified DMSs were based
on chi-square test that corrects for different read
coverage between the two samples (P value cutoff:
10−3). To determine the RRBS fragments show
changes during cardiogenesis, we carried out the
following steps. First, to estimate the methylation
level for each CpG, we filtered the CpG sites by
requiring they be covered by at least 10 reads.
Secondly, for each RRBS fragment, we then calcu-
lated the average methylation levels of CpG within

EPIGENETICS 1023



this fragment. The average value was thus assigned
to this fragment to represent the fragment methy-
lation level. Thirdly, we further filtered the frag-
ments that had less than 3 CpG sites, allowing us
to identify 133,912 RRBS fragments covering at
least 3 CpG sites across samples. Lastly, we
selected RRBS fragments that showed methylation
changes of 0.2 or higher relative to their average
methylation levels. This led to the identification of
3,890 differentially methylated RRBS fragments in
the clustering analyzes.

Motif discoveries of differential methylated sites/
regions

We performed motif discovery analysis using
HOMER software to both DMSs and DMRs.
HOMER calculated the statistical significance of
motif occurrences for observed regions to a large
set of known TF motif usages [46]. Only statisti-
cally significant ones matching a known TF motif
were reported.
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