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SUMMARY

Changes in DNA methylation are associated with normal cardiogenesis, whereas altered 

methylation patterns can occur in congenital heart disease. Ten-eleven translocation (TET) 

enzymes oxidize 5-methylcytosine (5mC) and promote locus-specific DNA demethylation. Here, 

we characterize stage-specific methylation dynamics and the function of TETs during human 

cardiomyocyte differentiation. Human embryonic stem cells (hESCs) in which all three TET 
genes are inactivated fail to generate cardiomyocytes (CMs), with altered mesoderm patterning 

and defective cardiac progenitor specification. Genome-wide methylation analysis shows TET 

knockout causes promoter hypermethylation of genes encoding WNT inhibitors, leading to 

hyperactivated WNT signaling and defects in cardiac mesoderm patterning. TET activity is also 

needed to maintain hypomethylated status and expression of NKX2–5 for subsequent cardiac 

progenitor specification. Finally, loss of TETs causes a set of cardiac structural genes to fail to be 

demethylated at the cardiac progenitor stage. Our data demonstrate key roles for TET proteins in 

controlling methylation dynamics at sequential steps during human cardiac development.
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Using hESC in vitro differentiation and genome-wide methylation analysis, Lan et al. show that 

TET enzymes fulfill distinct roles at different stages of human cardiomyocyte development. TETs 

are required to maintain hypomethylation of cardiac regulatory genes and for demethylation of 

cardiac structural genes.

Graphical Abstract

INTRODUCTION

The ability to generate cardiomyocytes (CMs) from human embryonic stem cells 

(hESCs) or induced pluripotent stem cells (iPSCs) has been useful for studying human 

cardiogenesis and modeling cardiac disease in vitro and provides promise for developing 

cell-based therapies to treat congenital heart disease (CHD) and adult heart failure. 

Cardiac development in vivo or in vitro is exquisitely sensitive to precise temporal 

regulation of many genes that govern developmental decisions during lineage commitment, 

including commitment of pluripotent cells to the mesoderm and patterning of the cardiac 

mesoderm, followed by specification of cardiac progenitors (CPs), and finally to terminally 

differentiated CMs (Burridge et al., 2015; Evans et al., 2010; Murry and Keller, 2008). 

In addition to transcription factors, epigenomic regulation, including DNA methylation, 

histone modifications, and chromation architecture changes, also have important roles in 

cardiogenesis. For example, epigenomic modifiers, such as the H3K36 methyltransferase 

WHSC1 (Nimura et al., 2009) and the H3K4 methyltransferase SETD7 (Lee et al., 2018), 
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control stage-specific gene expression during cardiac differentiation. Large-scale sequencing 

efforts of CHD parent-offspring trios identified candidate de novo causative mutations for 

numerous genes involved in chromatin modification (Homsy et al., 2015).

Ten-eleven translocation (TET: TET1, TET2, and TET3) proteins catalyze the oxidation 

of 5-methylcytosine (5mC) to 5-hydroxymethylcytosine (5hmC) and promote active, locus-

specific DNA demethylation (Kohli and Zhang, 2013; Wu and Zhang, 2017), regulating 

DNA methylation and demethylation homeostasis during development (Dawlaty et al., 2014; 

Koh et al., 2011; Lan et al., 2019; Li et al., 2015a). Tet triple-deficient mice exhibit 

gastrulation patterning defects (Dai et al., 2016), demonstrating a role for TET enzymes 

in early embryonic development. Tet2/3 double-knockout mice display an embryonic 

lethal ventricular non-compaction cardiomyopathy (Fang et al., 2019). 5hmC and 5mC 

profiles mapped in embryonic, neonatal, adult, and hypertrophic mouse and human CMs 

indicate dynamic modulation of DNA methylation and hydroxymethylation during heart 

development and in heart failure (Gilsbach et al., 2018; Greco et al., 2016). However, the 

mechanisms by which TET enzymes help coordinate complex gene regulatory networks 

for cardiac differentiation and the specific targets of de novo DNA demethylation in 

establishing cellular identity are undefined. In this study, we systematically investigate 

DNA methylation dynamics during CM differentiation comparing wild-type (WT) and 

TET knockout hESCs, which revealed important roles for regulating TET-dependent DNA 

methylation patterns in cardiac lineage commitment. We identified TET-regulated genes at 

defined stages of cardiomyocyte development that normally ensure proper cardiac mesoderm 

(CME) patterning and CP specification.

RESULTS

Differentiation of hESCs toward cardiomyocyte fate is coupled to DNA demethylation in 
cis-regulatory regions of cardiac genes

To study human cardiac development in vitro, we carried out directed differentiation of 

WT hESCs to generate beating CMs, using a chemically defined 14-day protocol (Figure 

1A) (Lian et al., 2012). The expression of cardiac-specific genes was evaluated by qPCR 

and flow cytometry at different developmental stages to ensure proper CM differentiation 

(Figures S1A and S1B). To evaluate DNA methylation dynamics during CM differentiation, 

we performed enhanced reduced representation bisulfite sequencing (eRRBS) and focused 

on four time points: stem cell stage (SC) at day 0, CME at day 3, CP stage at day 8, and 

beating CMs (>90% CTNT+ cells; Figure S1B) at day 14. During CM differentiation, 3,866 

differentially methylated regions (DMRs) that covered 61,653 CpG sites were mapped when 

cells transitioned from the SC stage to the CM stage (Figure 1B). Notably, nearly all of 

the DMRs (98%) were defined as hypo-DMRs during the CME to CP transition, whereas 

the methylation patterns between SC and CME stages and the CP to CM transition were 

relatively stable. These data are consistent with previous mouse ESC studies suggesting that 

more than 90% of modified CpGs were hypo-methylated in new CMs compared with that 

of SCs (Gilsbach et al., 2014) and suggesting an important function for DNA demethylation 

during human CM differentiation.
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Combining these data with published histone marks (Zhang et al., 2019), we determined that 

hypo-DMRs were mainly located at cis-regulatory regions of genes, especially enhancers 

(54.1%) and promoters (12.96%) (Figure 1C). DNA Genomic Regions Enrichment of 

Annotations Tool (GREAT) analysis of hypo-DMRs revealed that these regions are enriched 

at genes essential for embryonic development and cardiac morphogenesis (Figure 1D), 

such as GATA5 and TNNI3 (Figures 1E and S1C). Motif analysis demonstrated hypo-

DMR regions were enriched for DNA sequences with known motifs for binding by key 

cardiac transcription factors, including GATA4, GATA6, FOXP1 and MEF2C (Figure 1E), 

suggesting a close link between DNA demethylation and cardiac development.

Interestingly, when we investigated the methylation status of key cardiac regulatory genes, 

we found differences comparing promoters and enhancers. Most of these genes retain 

hypomethylated status in their promoter regions throughout all stages of CM differentiation, 

even before being marked by H3K27Ac (representative example shown for GATA5 in 

Figure 1E; others shown in Figure S1D), implying a mechanism that primarily restricts 

methylation, rather than promoting active demethylation at these promoters. Hypo-DMRs 

located in enhancer regions were highly enriched for programs of cardiac development, such 

as myotube differentiation and cardiac chamber morphogenesis (again true for GATA5 in 

Figure 1E; GREAT analysis is in Figure S1E), suggesting that DNA demethylation mainly 

occurred in the distal regulatory regions of early cardiac developmental genes. In contrast, 

hypo-DMRs mapping to promoter regions were related to genes for muscle contraction 

and cardiomyocyte function (representative examples shown for TNNI3 in Figure S1C; 

others shown in Figure S1F). Taken together, the epigenomic analysis validated that 

DNA demethylation is closely associated with cardiac development and CM differentiation 

and occurs at different genomic regions for cardiac developmental genes (at enhancers) 

compared with structural genes (at promoters). (Note that a broader meta-analysis of global 

methylation in WT cells compared with TET mutant cells is presented in Figure 4).

Loss of TETs impairs human cardiac differentiation

A major function of TET enzymes is performing active DNA demethylation (Kohli and 

Zhang, 2013; Wu and Zhang, 2017). To further probe the significance of the observed de 
novo DNA demethylation in directing hESCs toward a CM fate, CM-directed differentiation 

was performed using a panel of TET knockout lines. No significant CM differentiation 

defect was observed using isogenic TET2, TET3, or TET2/3 double-knockout lines (Figure 

2A). In contrast, the TET1 knockout line displayed a significant decrease in its capacity 

to generate CTNT+ CMs. Moreover, hESCs in which all three TET genes were inactivated 

(TET triple-knockout [TKO] hESCs) failed entirely to generate CMs. Using TET TKO 

hESCs in which one mutated TET1 allele was reverted to the WT sequence through 

CRISPR-Cas9-mediated homology-directed repair (TKO-TET1r), CM differentiation was 

effectively rescued (Figure 2A). Notably, of the three TET genes, TET1 showed the greatest 

transcript levels in hESCs and in early CM differentiation stages (Figure 2B). Therefore, 

TET expression, especially TET1, is necessary for CM differentiation.

Differentiation using TET TKO cells with a distinct hESC parental background (MEL-1), 

confirmed that TETs are required for CM generation (Figure S2A). Stage-specific 
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cardiac gene expression was compared in WT and TKO lines at different stages of 

CM differentiation. Consistent with previous findings (Verma et al., 2018), TET TKO 

hESCs showed no statistically significant difference in expression of pluripotency markers 

compared with WT hESCs (Figure S2B). RNA sequencing (RNA-seq) profiles suggested 

that TKO hESCs expressed transcripts for differentiation genes (Gene Ontology [GO] 

analysis in Figure S2C), including mesendoderm markers T and SOX17, which was further 

demonstrated by qPCR as well as immunostaining (Figures S2D and S2E), suggesting 

that TKO hESCs might be primed for differentiation, especially to mesendoderm. Indeed, 

TKO hESCs differentiated to mesendoderm more efficiently compared with WT hESCs at 

day 1, indicated by the greater expression level of mesendoderm markers MIXL1 and T 

(Figures S2F and S2G), consistent with a previous study showing that Tet1/2/3-deficient 

mouse ESCs showed impaired neuroectodermal development, with a skewed bias toward 

mesoderm fate (Li et al., 2016). The TKO cells were not biased to endoderm because 

they were relatively less efficient then WT cells at forming activin-induced endoderm 

(not shown). At day 3, the differentiating TKO cells expressed somewhat lesser levels of 

CME markers ISL1 and GATA4 (Figures 2C and 2E), as well as a modest decrease in 

numbers of kinase insert domain receptor-positive/platelet-derived growth factor subunit 

A-positive (KDR+/PDGFRA+) progenitor cells (Figure 2F). However, compared with WT 

cells, CP genes, including TBX5, NKX2–5, and MYH6 failed to be expressed at day 6 

in TKO cells (Figures 2D and 2E). Flow cytometry revealed that WT cells partitioned 

into distinct populations, including KDRlow/PDGFRa+ CPs and a small population of 

KDRhigh/PDGFRa− cardiovascular progenitors at day 6, consistent with previous single-

cell-sequencing data (Friedman et al., 2018). In contrast, most TKO cells remained 

phenotypically KDRhigh/PDGFRa+ (Figure 2F), suggesting that TKO cells are blocked 

in the capacity to specify CPs. These data show that early mesoderm development 

is independent of TET function but that TETs are required for CP specification and 

differentiation.

Dynamic regulation of methylation through TET enzymes during CM differentiation

To dissect the underlying molecular defects caused by the lack of TET proteins, we also 

performed eRRBS in TET TKO cells at the same stages as WT cells (SC, CME, and CP; 

note that TKO cells can not generate beating CMs, so eRRBS was not performed with 

day-14 TKO cells). Consistent with previous human and mouse ESC data (Dawlaty et 

al., 2014; Verma et al., 2018), loss of TETs resulted in locus-specific hyper-methylation 

in hESCs. We identified 7,593 hyper-DMRs and only 139 hypo-DMRs in TKO ESCs 

compared with WT ESCs (Figure 3A). In contrast to WT cells, which, during differentiation, 

underwent DNA demethylation, TKO cells showed methylation increases during CM 

differentiation. From SC to CP stages, 2,075 DMRs were mapped, and just 323 were 

identified as hypo-DMRs (Figure 3B). Moreover, 1,496 DMRs were defined as hyper-DMRs 

during the CME to CP transition (Figure 3B). As a result, by the CP stage, the number of 

hyper-DMRs accumulated in the TKO cells had nearly doubled compared with that of the 

SC stage (14,000) (Figure 3A). Although there remains a small set of hypo-DMRs during 

the TKO differentiation (Figure 3B), they are not overlapped with hypo-DMRs found during 

WT CM differentiation (Figure S3A), and these TKO hypo-DMRs were not enriched for 

any functional category. They could form as a direct consequence of TET inactivation or 
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by a secondary effect, for example, redirection of DNA methyltransferases (DNMTs) in 

TKO cells. In contrast, GREAT analysis showed that TKO hyper-DMRs were enriched at 

genes closely associated with embryonic organ and heart development (Figure 3C). These 

data demonstrate that de novo DNA demethylation was markedly blocked during TKO 

differentiation, which might underlie the cardiac developmental defect.

To determine whether methylation changes in TKO cells are the direct consequence of TET 

knockout, we used a previously described TET1-V5 endogenously tagged line (Dixon et 

al., 2021) and performed TET1-V5 chromatin immunoprecipitation sequencing (ChIP-seq) 

in cardiac progenitors to compare binding sites mapped in pluripotent stem cells. In SCs, 

we observed considerable overlap between hyper-DMRs formed in the TKO cells with 

TET1 occupancy in WT cells, with 92% of hyper-DMRs overlapping with TET1 peaks 

(Figure 3D), and with the WT TET1 peaks and TKO hyper-DMRs sharing similar genomic 

features (Figure S3B). Similarly, we observed 80% overlap between TKO cell hyper-DMRs 

and WT TET1 peaks in CPs (Figure 3E) with similar genomic features (Figure S3C), 

supporting the hypothesis that loss of the TET proteins is directly responsible for gain of 

methylation in TKO cells. We next compared during WT cell differentiation the TET1 peaks 

identified in SCs and CPs and identified 33,049 common peaks, 14,173 SC-specific peaks, 

and 12,867 CP-specific peaks (Figure 3F). GREAT analysis showed that the SC-specific 

peaks were enriched for terms of neuron fate commitment, timing of cell differentiation, 

and stem cell maintenance (Figure S3D). Surprisingly, the CP-specific peaks were enriched 

for terms of cell metabolic process, regulation of gene silencing, and cellular biosynthetic 

process but not cardiac-specific lineage terms (Figure S3E). In fact, although in WT cells 

80.2% of hypo-DMRs identified in the CME to CP transition overlapped with TET1 peaks 

at the CP stage, only 18.4% of them overlapped with TET1 CP-specific peaks (Figure 

S3F), suggesting that most demethylated regions are already occupied by TET1 at the SC 

stage. During cardiac development, TET1 binding is decreased in lineage-specific factors for 

non-cardiac lineages, such as early development (T) and neuronal cell fate (PAX6) (Figure 

S3G). For cardiac-specific factors, such as GATA5 and TNNI3, we found consistent TET1 

binding throughout SC to CP stages, regardless of whether the region normally undergoes 

DNA demethylation (as for TNNI3) or not (for example, GATA5) (Figures 3G and 3H).

Distinct methylation signatures for different categories of cardiac factors

Because the methylation status of promoters often correlates with expression, we focused 

first on promoter regions and comprehensively compared methylation patterns around 

transcription start sites (TSSs) during each stage of CM differentiation in both WT and 

TKO cells. A total of 1,074 genes displayed significant promoter methylation changes in at 

least one of the six defined conditions (WT or TKO cells at the SC, CME, or CP stage) 

and were categorized as four groups with distinct methylation patterns (Figure 4A; Table 

S1). Genes in group I showed DNA demethylation during CM differentiation of WT cells 

and included genes related to terminal differentiation, such as for muscle contraction and 

calcium regulation. This loss of methylation failed during differentiation of TKO cells. In 

contrast, genes in groups II, III, and IV displayed relatively stable low-methylation levels 

throughout differentiation of WT cells. However, in TKO cells, they showed distinct hyper-

methylation defects. The group II genes showed a consistent and severe hyper-methylation 
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throughout differentiation of TKO cells, from SC to CP stages, and were enriched for 

genes associated with plasma membrane and basic biological processes. Genes in group 

III, including genes for early pattern specification and development, displayed mild hyper-

methylation in TKO cells during differentiation. The genes in group IV showed moderate 

hyper-methylation in TKO SCs and underwent further hyper-methylation during progression 

to the CP stage. Notably, genes in group IV included many cardiac developmental regulatory 

genes, including NKX2–5, GATA5, and WT1. These groups represent progressive stages of 

cardiac development and are consistent with the phenotype of TKO cells in which cardiac 

mesoderm was partially affected but cardiac progenitor specification was entirely blocked.

We next evaluated whether specific chromatin marks were associated with expression 

patterns characteristic for each group of genes, with a special interest in group I and 

group IV classes because they showed dynamic methylation changes during differentiation 

of WT or TKO cells, respectively, and are enriched for genes associated with cardiac 

development and function. In WT cells at the SC stage, most genes in group I were 

marked as “silent” promoters (the absence of H3K4me3) (Figure S4A), yet the expression 

levels of those genes were significantly lower in TKO cells (Figure 4B), consistent with 

previous evidence that hyper-methylation of silent promoters is associated with a decrease 

in gene-expression levels (Verma et al., 2018). In contrast, in WT cells at the SC stage, 

most of group IV genes displayed a bivalent promoter signature (marked by H3K4me3 

and H3K27me3) (Figure S4A) and were not differentially expressed (Figure 4B). Notably, 

during CM differentiation, transcript levels in TKO cells for genes in both group I and group 

IV were significantly lower at the CP stage compared with stage-matched WT cells (Figure 

4B). Interestingly, during differentiation of WT cells, the group-IV cardiac regulatory 

genes displayed high levels of H3K27me3 at the SC stage, which gradually decreased as 

differentiation progressed. In contrast, the group-I genes encoding contractile proteins were 

not marked by appreciable levels of H3K27me3 at the SC stage but showed significantly 

increased levels of H3K4me3 during differentiation (Figures 4C and S4B). This correlates 

with the fact that cardiac regulatory genes (group IV) maintained low DNA methylation 

levels at all stages of differentiation, whereas cardiac functional genes (group I) undergo 

DNA demethylation during differentiation. This suggests that, although genes encoding 

cardiac regulatory factors and cardiomyocyte contractile proteins both show time-dependent 

increases in RNA expression (Figure 4C), they depend on different mechanisms to ensure 

gene expression at the appropriate developmental stage.

In addition to promoters, dynamic methylation changes were also mapped at enhancer 

regions. Active enhancer regions at the CP stage were annotated based on the histone 

mark H3K27ac (Zhang et al., 2019), and methylation status was determined (Figure S4C). 

As shown above, during differentiation of WT cells, DNA demethylation occurs at distal 

enhancers of cardiac regulatory genes. Consistent with that data, a set of enhancers was 

identified, enriched for circulatory system development and cardiac morphogenesis, which 

underwent DNA demethylation during WT differentiation but failed to do so during TKO 

differentiation (Figure S4C), consistent with TET-dependent demethylation, primarily at the 

CME to CP transition. Interestingly, enhancers for calcium ion homeostasis and muscle 

function were consistently hypo-methylated during both WT and TKO differentiation 

(Figure S4C), suggesting this group is regulated independent of TET function. Therefore, 
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TETs are required for active demethylation (in enhancer regions of cardiac developmental 

genes and promoter regions of cardiac functional genes) and are also necessary to maintain 

hypo-methylated status (in the promoters of cardiac developmental genes) to ensure proper 

cardiac lineage commitment.

TETs control mesoderm patterning by influencing the methylation and expression of 
genes encoding WNT inhibitors

To identify genes that mediate TET function for commitment to cardiac mesoderm fate, 

transcript profiling was performed by RNA-seq analysis at day 3, just before the CME 

specification stage. GO analysis (Figure S5A) for genes with relative decreased levels 

of expression in TKO-derived cells highlighted early cardiac differentiation pathways, 

including heart morphogenesis and endocardial cushion morphogenesis. Upregulated genes 

in TKO-derived cells were associated with primary germ layer formation, including 

endoderm (Figure S5A). Notably, genes associated with embryonic skeletal or kidney 

development were also increased significantly in TKO-derived cells (Figure S5A). 

During development, early mesoderm segregates into paraxial mesoderm (PM; including 

progenitors for somites), intermediate mesoderm (IM; including progenitors for kidney), 

and lateral mesoderm (LM; including progenitors for heart and extraembryonic mesoderm). 

Therefore, expression levels were evaluated for key regulatory genes of distinct mesoderm 

subtypes at day 2, the mesoderm patterning stage. In TKO cells, mRNA expression levels 

of the LM marker genes ISL1 and HAND1 were significantly down, whereas those for PM 

marker genes CDX2 and MSGN1, and IM marker gene PAX2 showed a significant increase 

(Figure 5A). This skewed gene expression pattern was validated at the protein level by 

immunostaining of ISL1 and PAX2 (Figure S5B; WT compared with TKO), demonstrating a 

mesoderm patterning alteration in TKO-derived cells.

To investigate the specific mechanism by which TETs regulate mesoderm patterning, 

pathway analysis was performed with transcript profiles obtained by RNA-seq at day 

3, which showed that TKO cells display greater WNT signaling activity (Figure S5C). 

During mesoderm patterning, higher WNT levels posteriorize LM and promote PM and IM 

specification (Lam et al., 2014; Loh et al., 2016). We tested whether early mesoderm in 

differentiating TKO cells was skewed toward PM and IM at the expense of LM because of 

hyperactive WNT signaling by performing luciferase assays with a WNT reporter (Figure 

5B) and by western blotting to measure active β-catenin (Figure 5C). In stem cells, before 

differentiation, both WT and TKO cells displayed relatively low WNT activity. Using the 

standard CM differentiation protocol, following addition of the GSK3-β inhibitor CHIR to 

activate WNT and induce mesoderm, WNT activity was slightly greater at day 1, (Figure 

5B), consistent with enhanced expression of early mesoderm markers (Figures S2F and 

S2G). At day 2, the TKO cells maintained relatively hyperactive WNT signaling compared 

to WT cells, according to both WNT reporter luciferase assays and western blotting for 

activated β-catenin (Figures 5B and 5C).

To investigate whether enhanced WNT signaling is the reason for the LM formation defect 

in TKO cells, WNT inhibitor IWP2 was added at the end of day 1, which effectively 

lessened WNT signaling in both WT and TKO cells on day 2 (Figures 5B and 5C). Notably, 
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inhibiting WNT signaling reversed the skewed differentiation of TET TKO mesoderm cells, 

indicated by enhanced expression levels for the LM marker genes ISL1 and HAND1, and 

relative reduction of the PM and IM marker genes CDX2, MSGN1, and PAX2 (Figures 5A 

and S5B). If, instead of inhibiting WNT, we maintained exposure to CHIR through day 2, 

LM formation was limited in both WT and TKO cells and induced expression of PM and IM 

markers more efficiently in TKO cells compared with WT cells (Figure S5E), showing that 

TETs are not required for differentiation to PM and IM.

Previous studies suggested that TETs can inhibit WNT signaling through demethylation 

of promoters of genes encoding WNT inhibitors in the context of mouse neuroectodermal 

and mesodermal fate choice (Li et al., 2016) and in nasopharyngeal carcinoma (Fan et al., 

2018). Because the mesoderm patterning defect in TKO cells occurred at a stage before 

WT cells underwent significant demethylation, we analyzed promoters that already showed 

relative hyper-methylation in TKO cells at the SC stage. Pathway analysis revealed that 

these hyper-DMR-associated genes were enriched for several signaling pathways, including 

WNT signaling (Figure 5D). Combining RNA-seq and eRRBS data, we identified 21 genes 

with hyper-methylated promoters that can negatively regulate the WNT pathway (Table 1). 

Within that gene set, almost all (20 of 21) were upregulated for expression levels in WT 

cells at the CME and CP stages during CM differentiation and more than half (13 of 21) had 

significant reductions in gene expression levels at these stages in TKO cells (Figure 5E).

Among these hyper-methylated and downregulated genes, TMEM88 is of particular interest. 

We and others previously identified TMEM88 as required during cardiac progenitor 

specification both during zebrafish development and during CM differentiation from hESCs 

(Novikov and Evans, 2013; Palpant et al., 2013). More recently, we showed TMEM88 

functions as an inhibitor of WNT signaling by promoting WNT signalosome localization to 

multivesicular bodies (Lee and Evans, 2019). Promoter hyper-methylation of TMEM88 has 

been found in cancer and correlated to low mRNA expression and shorter overall survival 

(Ma et al., 2017). In TET TKO cells, eRRBS data showed a severe hyper-methylation of 

the promoter and associated upstream regions of TMEM88 in TKO cells from SC through 

CP stages (Figure 5F), which was also confirmed by PCR-based bisulfite sequencing (Figure 

S5D). We also detected strong TET1-V5 binding at the TMEM88 promoter in WT SCs as 

well as CPs by ChIP-seq (Figure 5F), and this was also validated by ChIP-qPCR (Figure 

S5E).

To confirm that failure of TMEM88 activation in TKO cells was due to hyper-methylation 

of the TMEM88 gene, a targeted demethylation strategy was used, with a TET1 catalytic 

domain fused to a nuclease “dead” Cas9 (dCas9) in combination with guide RNAs (gRNAs) 

specifically targeting the TMEM88 promoter. A lentiviral vector was used to express dCas9-

TET1 protein (and EGFP) and a second lentiviral vector with an mCherry reporter to express 

three gRNAs targeting the TMEM88 promoter. After sequential infection and fluorescence-

activated cell sorting (FACS) to purify double-transduced cells, TKO and TKO-transduced 

ESCs were differentiated. Subsequent PCR-based bisulfite sequencing showed a consistent, 

albeit partial, rescue of the hypermethylation phenotype across the TMEM88 promoter of 

TKO cells after introduction of gRNAs/dCas9-TET1 (Figure S5D). The qPCR analysis 

confirmed that TMEM88 fails to be upregulated at day 2 in TKO cells, whereas levels are 
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significantly increased in TKO cells expressing gRNAs and dCas9-TET1 (Figure 5G). Taken 

together, our data demonstrate that TET activity modulates WNT signaling levels required 

for proper mesoderm patterning through modifying methylation status of WNT inhibitory 

genes, including TMEM88.

TETs regulate key cardiac progenitor specification gene NKX2–5

We tested whether manipulating WNT signaling to restore normal mesoderm patterning 

was sufficient to rescue CM differentiation. Indeed, using the modified protocol by adding 

the WNT inhibitor IWP2 from the end of day 1, cardiac mesoderm was successfully 

generated with the TET TKO line, indicated by normal expression levels at day 4 for 

CME markers ISL1 and GATA4 (Figure S6A), as well as equivalent populations of KDR+/

PDGFRA+ progenitor cells (Figure S6B). However, subsequent cardiac development failed 

because ISL1 and GATA4 transcript levels were not maintained relative to WT cells. 

RNA-seq analysis at day 6 revealed downregulation of cardiac-related processes in TKO 

cells, including cardiac muscle cell differentiation and sarcomere organization (Figure S6C). 

qPCR analysis validated that, at day 6, CP genes, including NKX2–5 and MYH6, failed to 

be expressed in TKO cells (Figure S6A). Flow cytometry revealed that WT cells partitioned 

into distinct populations, including KDRlow/PDGFRa+ CPs and a small population of 

KDRhigh/PDGFRa− cardiovascular progenitors at day 6, yet most TKO cells remained 

phenotypically KDR+/PDGFRa+ (Figure S6B), and they do not express cardiac markers, 

suggesting a block in the capacity to specify CPs. As a result, TET TKO cells still failed to 

differentiate to CMs (Figure S6D).

The effect on NKX2–5 was further analyzed because it is a key marker for CP specification 

and failed to be upregulated during TKO cell differentiation (Figure S6A). Indeed, NKX2–5 
is a group-IV gene that displays hyper-methylation at the TKO SC stage and is further 

methylated during TKO differentiation, with strong TET1-V5 binding in WT stem cells as 

well as CPs, demonstrated by ChIP-seq (Figure 6A) and validated by ChIP-qPCR (Figure 

S5E). A rescue experiment was performed using an NKX2–5 transgene under the control 

of a doxycycline-inducible promoter in TKO cells during CM differentiation. TKO cells 

exposed to doxycycline from day 4 to day 6 expressed NKX2–5 mRNA and protein (Figures 

S7A and S7B), which partially rescued the CM differentiation block in TKO cells, shown 

by restored transcript levels of cardiac markers TBX5 and CTNT (Figure S7B). Moreover, 

although we can not claim these CMs are entirely normal, flow cytometry revealed a 

partial rescue of CTNT+ CMs in TKO cells expressing NKX2–5 (Figure 6B). Interestingly, 

overexpression of NKX2–5 in WT cells reduced CM differentiation efficiency (Figure 6B), 

demonstrating that expression levels of NKX2–5 need to be strictly regulated during cardiac 

development.

To confirm that failure of NKX2–5 activation in TKO cells was due to hyper-methylation 

of the NKX2–5 gene, a similar demethylation strategy was used with a TET1 catalytic 

domain fused to a nuclease “dead” Cas9 (dCas9) in combination with guide RNAs (gRNAs) 

targeting specifically the NKX2–5 promoter. The TKO cells expressing gRNAs and dCas9-

TET1 were partially rescued for the hypermethylation phenotype consistently throughout the 

NKX2–5 promoter (Figure S7C). These cells express NKX2–5 mRNA and protein at the 
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CP stage (Figures 6C and 6D). However, cells expressing gRNAs and a mutant version of 

dCas9-TET1, in which the TET1 catalytic domain was inactivated, were unable to activate 

the NKX2–5 gene.

Finally, given that the promoter of NKX2–5 was already hyper-methylated in TKO cells 

at the SC stage, we tested whether TET expression at the SC stage would be sufficient 

to rescue the later developmental defect. For this purpose, TKO ESCs were infected 

with a lentiviral vector expressing TET1 under doxycycline control, and CM-directed 

differentiation was performed with doxycycline treatment within defined time windows 

(Figure S7D). When TET1 expression was induced at the SC stage and throughout 

differentiation, qPCR and immunostaining analyses demonstrated efficient rescue of NKX2–
5 expression. This was the case regardless of whether TET1 expression was induced before 

or at the time of initiating differentiation. In contrast, induction of TET1 expression only 

at the SC stage, with doxycycline removed during differentiation, was unable to rescue 

NKX2–5 expression (Figures 6E and 6F).

DISCUSSION

During CM differentiation, most CpGs were hypo-methylated rather than hyper-methylated 

in CMs compared with SCs. In contrast, comparative analysis of prenatal development 

and postnatal CM maturation found both hypo-methylated and hyper-methylated genes 

(Gilsbach et al., 2014, 2018), with loss of mCpG associated with increased expression 

of genes essential for myofibril structures and regulation of contraction. Increased mCpG 

was linked to decreased gene expression of primarily developmental genes. Notably, no 

genes with opposing mCpG changes during prenatal versus postnatal life were identified 

(Gilsbach et al., 2014, 2018). These data support an interpretation that DNA demethylation 

is important early to activate lineage specific genes during embryonic development, whereas 

DNA methylation serves as a one-way, permanent, inhibitory mechanism to silence early 

developmental genes at later stages during differentiation.

We used TET TKO hESCs to completely block TET activity because dissecting functions 

of distinct TET genes may be complicated by compensation. For single genes, knockout of 

TET1 caused a partial loss of CM fate, which was not seen for either TET2 or TET3 mutant 

lines. This may simply reflect the fact that TET1 is highly expressed in ESCs, whereas 

TET2 and TET3 are expressed at very low levels in hESCs and mESCs, respectively (Koh et 

al., 2011; Langlois et al., 2014; Li et al., 2018). In mouse embryos, Tet1 functions at an early 

postimplantation stage, when paralogs Tet2 and Tet3 are not detectably expressed (Khoueiry 

et al., 2017). The TET1 knockout hESCs were shown previously to fail differentiation into 

neuroectoderm cells because TET1 normally binds at the PAX6 promoter to prevent hyper-

methylation, thus ensuring robust lineage-specific transcription upon neural differentiation 

(Verma et al., 2018). Likewise, in murine ESCs TET1 and polycomb repressive complex 2 

(PRC2), which is responsible for H3K27 methylation, are recruited together to maintain a 

hypo-methylated state at bivalent promoters with known developmental functions (Wu et al., 

2011). Therefore, a key function of TET1 at the SC stage is to maintain hypo-methylated 

states at promoters that are, at that time, repressed because they are enriched for both 

H3K4me3 and H3K27me3. Upon differentiation, H3K27me3 can be readily removed and 
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the hypo-methylated promoters are available for immediate response to lineage-driving 

transcription factors. This mechanism ensures flexible, yet rapid, transcriptional regulation 

during early development.

TET2 and TET3 are expressed at higher levels in differentiated cells. TET3 expression 

levels increased significantly in hESC-derived neuroectoderm and pancreatic endoderm (Li 

et al., 2018; Li et al., 2015b), whereas TET2 is widely expressed in multiple somatic 

cell types, including hematopoietic cells (Kunimoto et al., 2012; Langlois et al., 2014; 

Moran-Crusio et al., 2011) and is the most highly expressed paralog in fetal murine CMs 

(Fang et al., 2019). Cardiac-specific loss of Tet2 and Tet3 in mice causes ventricular 

non-compaction cardiomyopathy (NCC) with embryonic lethality, whereas knockdown of 

Tet2 in embryonic CMs affected the expression of key cardiac structural genes, such as 

Myh7 and Myl4 (Fang et al., 2019). In our experiments using human ESC-derivatives, 

TET2 was strikingly upregulated during CM differentiation, although TET2 knockout alone 

did not affect CM differentiation efficiency. Because the promoters of cardiac structural 

genes undergo demethylation during CM differentiation, TET2 seems likely to be functional 

at these later stages, perhaps compensated in the TET2 knockout hESCs by redundant 

functions of TET1/3. Although the genes are highly conserved across vertebrate species, 

specific genes may be used differently in human cells compared with animal models. For 

example, early embryonic zebrafish do not express tet1 at high levels (Almeida et al., 2012), 

and zebrafish tet2/3 double-mutant embryos, essentially devoid of 5hmC, show no defect in 

CM specification and only develop later cardiac defects related to atrial ventricular canal 

and epicardial development (Lan et al., 2019). In summary, our integrative genomic and 

epigenomic analyses provide an atlas of DNA methylomes representative of key stages 

of in vitro human CM differentiation. They reveal previously unrecognized roles of TET 

activity in human cardiac development and identify key target genes at each stage of CM 

differentiation.

Limitations of the study

Our study focused on early developmental stages, whereas TET enzymes, especially TET2, 

are implicated in pathogenesis of cardiovascular disease (CVD) at later stages (Zadeh et al., 

2020). Conditional knockout alleles will be helpful to study the function of TETs during 

cardiomyocyte maturation. Given the emerging effect recognized for altered epigenomics 

in cardiovascular disease (Zadeh et al., 2020), a detailed understanding of the epigenomic 

regulatory mechanisms underlying human cardiogenesis may provide fundamental insights 

into the etiology of heart defects.

STAR★METHODS

RESOURCE AVAILABILITY

Lead contact—Further information and requests for reagents should be directed to and 

will be fulfilled by Todd Evans (tre2003@med.cornell.edu).
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Materials availability—Plasmids generated in this study are available from the lead 

contact upon request. The modified hESC lines are available from the lead contact upon 

request under a material transfer agreement.

Data and code availability

• Sequencing data are available at GEO and are publicly available as of the date of 

publication. The series accession number is GEO: GSE186848.

• Any additional information required to reanalyze the data reported in this paper 

is available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

hESC lines and culture condition—The HUES8 (NIHhESC-09–0021, male) and 

MEL-1 (NIHhESC-11–0139, male) hESCs with TET mutations, and TET-TKO line in 

which one allele of TET1 was repaired (TKO-TET1r) have been described (Verma et al., 

2018). The TET1-V5 line (H1 NIHhESC-10–0043, male, with a V5 epitope tag inserted at 

the C terminus of the endogenous TET1 protein sequence) has been described (Dixon et 

al., 2021). All hESCs were cultured on Matrigel-coated plates (BD Biosciences) in mTesR1 

Medium (STEMCELL Technologies) at 37°C. The medium was changed daily.

METHOD DETAILS

Differentiation of human hESCs to CMs—For cardiac differentiation, a chemically 

defined monolayer differentiation protocol was used as previously described (Lian et 

al., 2012). Briefly, hESCs at 40% confluence were incubated with differentiation basal 

medium comprising RPMI 1640 medium (Invitrogen) and B27 supplement minus insulin 

(Invitrogen). 6 μM CHIR99021 was added to the differentiation basal medium. On day 2, 

medium was removed and replaced with differentiation basal medium minus CHIR99021. 

On day 3, 5 μM IWP2, the Wnt antagonist, was added to the medium. In a modified 

protocol, IWP2 was added on day 1 instead of day 2. On day 5, medium was removed 

and replaced with differentiation basal medium without any inhibitors. On day 7, the cells 

were incubated with complete CM medium consisting of RPMI 1640 medium and B27 

supplement plus insulin (Invitrogen). The medium was changed every 2 days. At day 9 

cells were incubated with cardiac enrichment medium (RPMI 1640 without glucose (Life 

technologies) + 4 mM sodium L-lactate (Sigma-Aldrich). Cells were kept in enrichment 

medium for 3 days. After enrichment phase medium was switched back to complete CM 

medium (RPMI + B27).

Differentiation of human hESCs to endoderm—To differentiate hESCs to endoderm, 

the hESCs were first differentiated in RPMI 1640 medium (Invitrogen) and B27 supplement 

minus insulin (Invitrogen) supplemented with 6 μM CHIR99021 for 24 hr, and further 

differentiated in the presence of 25ng/mL human recombinant Activin A (R&D Systems) for 

48 hr.

RNA extraction and quantitative RT-PCR—Total RNA was isolated with the RNeasy 

Mini kit (QIAGEN). RNA was reverse transcribed with the Superscript III First-Strand 
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Synthesis System (Invitrogen). The qPCR analysis was performed on a LightCycler 480 

II (Roche) using LightCycler 480 Sybr Green master mix (Roche). Primer sequences are 

provided in Table S2. Relative mRNA levels were normalized to those of HPRT mRNA in 

each reaction. At least three biological replicates per group were used for qRT-PCR.

Western blotting—Whole cell extracts were collected in RIPA lysis buffer (Millipore) in 

the presence of Protease/Phosphatase inhibitor (Cell Signaling, Danvers, MA). Proteins were 

resolved by electrophoresis on 10% NuPage Bis-Tris gels (Invitrogen) and transferred to 

poly (vinylidene difluoride) membranes (Bio-Rad, Hercules, CA). Membranes were blocked 

in 5% IgG-free BSA and probed overnight with antibodies. Antibodies used are listed in 

the Key resources table. Proteins were visualized with horseradish peroxidase-conjugated 

secondary antibodies (Bio-Rad).

Immunostaining—Cells were fixed in tissue culture dishes with 4% paraformaldehyde 

(PFA) at room temperature (RT) for 20 minutes. They were blocked for an hour in 

phosphate-buffered saline (PBS) supplemented with 10% FBS, 0.1% IgG-free BSA (Jackson 

ImmunoResearch, West Grove, PA) and 0.1% saponin (Sigma) at RT. Cells were incubated 

with primary antibody overnight at 4°C in blocking buffer. Fluorescence-conjugated 

secondary antibody was used for visualization. Antibodies used are listed in the Key 

resources table. Nuclei were labeled with 4′,6-diamidino-2-phenylindole (Molecular Probes, 

Invitrogen). Images were collected on a Zeiss epifluorescence microscope with AxioVision 

software.

Flow cytometry—Cells were harvested using Accutase (Sigma) and resuspended in FACS 

buffer (10% FBS, DMEM). After fixing in 2% PFA at RT for 30 minutes or stained 

alive, cells were incubated with primary antibody for 1 hr at RT, followed by incubation 

with appropriate secondary antibody for 1 hr at RT. Antibodies used are listed in the Key 

resources table.

Luciferase assays—To measure WNT pathway activity, WT and TKO cells were co-

transfected with TCF/LEF luciferase reporter vector premixed with constitutively-expressing 

Renilla luciferase vector that serves as internal control for transfection efficiency (Promega) 

and lysed using the Dual-Glo Assay (Promega) after 24 hr. Luciferase assays were 

conducted according to the manufacturer’s protocol (Promega). Luciferase signal was 

normalized to Renilla expression. All data were normalized to the signal obtained from 

WT hESCs. Assays were performed in duplicates and repeated at least three times.

Lentivirus infection—To generate inducible NKX2–5 and TET1 overexpression 

constructs, NKX2–5 cDNA from day 6 WT CM differentiation and TET1 cDNA from 

FH-TET1-pEF construct (Addgene 49792) were inserted into an all-in-one doxycycline-

inducible lentiviral backbone with eGFP as selection marker (CS-TRE-PRE-Ubc-tTA-I2G) 

(Yamaguchi et al., 2012). To generate a lentiviral construct that contains gRNAs targeting 

the promoter of NKX2–5, we cloned three gRNAs and an mCherry selection marker into 

the pMuLE-Lenti-Dest-Neo backbone using Multiple Lentiviral Expression System Kit with 

gateway LR recombination. The MuLE system kit was a gift from Ian Frew (Addgene 

kit # 1000000060). The dCas9-TET1CD lentiviral construct was described previously 
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(Verma et al., 2018). The HEK293T cells were plated in a 10 cm dish and transfected 

with target plasmid and packaging plasmids using PEI. The transfected HEK293T cells 

were incubated for 2 days and medium was collected. Supernatant containing virus was 

concentrated by Lenti-X Concentrator according to the manufacturer’s protocol (Clontech). 

hESCs were infected with lentivirus and isolated by FACS for GFP+ cells (NKX2–5 and 

TET1 overexpression) or GFP+/mCherry+ cells (dcas9-TET1+NKX2–5 promoter gRNAs). 

Sequences for gRNAs are in the Key resources table.

ChIP-qPCR—0.5X106 cells were used for each immunoprecipitation. ChIP was performed 

using the CUTANA ChIC / CUT&RUN Kit (Epicypher, 4–1048) according to the 

manufacturer’s protocols. The antibodies and primers used for ChIP–qPCR are provided 

in Table S2.

PCR-based bisulfite sequencing—Bisulfite conversion was performed using the EZ 

DNA Methylation-Direct kit (Zymo Research). Converted DNA was amplified using Taq 

DNA Polymerase (NEB) and bisulfite-specific primer pairs (listed in Table S2). PCR 

amplicons were sent to Genewiz for next generation sequencing and aligned to target 

sequence to determine their methylation level.

RNA sequencing—For RNA sequencing, total RNA was isolated with the RNeasy Mini 

kit (QIAGEN, 74136) from WT and TKO HUES8 hESC-derived cells (n = 2 cultures each). 

RNA samples were submitted to WCMC Genomics Resources Core Facility for sequencing. 

RNA-seq data were aligned to the hg19 reference genome. RNA seq alignment, differential 

gene expression analysis and GSEA were performed as described (Anelli et al., 2017). 

Differentially expressed genes were defined by log2 fold change greater than 2 or less than 

−2 and an adjusted p value < 0.01.

ERRBS—For eRRBS (Enhanced Reduced Representation Bisulfite Sequencing), genomic 

DNA was isolated from WT or TKO HUES8 hESC-derived cells using DNeasy Blood 

& Tissue Kits (QIAGEN). Genomic DNA was submitted to the Weill Cornell Medicine 

Epigenomics core for eRRBS. The WCM Computational Genomics core facility supported 

alignment and methylation extraction for eRRBS data as described (Akalin et al., 2012). 

Briefly, DMRs were defined as regions containing at least five differentially methylated 

CpGs (DMCs; false discovery rate = 20%; chi-square test) and whole methylation was more 

than 10%. DMR calling was performed with RRBSeeqer with default parameters (Pan et al., 

2015).

ChIP-seq and Analysis—ChIP-seq was performed as previously described (Dixon et 

al., 2021). Briefly, anti-V5 antibody (Cell Signaling Technology, D3H8Q) was used for 

immunoprecipitation. Libraries were prepared using the NEBNext® Ultra II DNA Library 

Prep Kit (NEB, E7103S) and NEBNext® Multiplex Oligos for Illumina® (Index Primers 

Set 1; NEB, E7335S). Samples were pooled and submitted to MSKCC Integrated Genomics 

Operation core for quality control and sequencing as follows. After PicoGreen quantification 

and quality control by Agilent BioAnalyzer, pooled libraries were run over one lane of a 

HiSeq 4000 in a 50bp/50bp paired end run, using the HiSeq 3000/4000 SBS Kit (Illumina). 

The loading concentration was 2nM and a 5% spike-in of PhiX was added to the run to 
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increase diversity and for quality control purposes. Sequencing data was aligned to the hg19 

reference genome using mem module from bwa-0.7.17 (Li and Durbin, 2009). Peak calling 

was performed by macs14 1.4.2 with default parameters (Zhang et al., 2008).

Genomic Region Annotation—Genomic regions for CpGs were defined according 

to the following definitions. Promoters were defined as the regions encompassing 1 kb 

upstream and downstream of the TSS of RefSeq genes. The following characteristics were 

used to classify promoters as active, initiated, bivalent and silent. Active promoters were 

associated with H3K4me3 but not H3K27me3 (in the 2kb region flanking the TSS). Bivalent 

promoters were associated with H3K4me3 and H3K27me3 (in the 2kb region flanking the 

TSS). Silent promoters were not associated with H3K4me3 (in the 2kb region flanking 

the TSS). Enhancers were defined as regions outside of promoters and exons. Poised 

enhancers were identified as regions overlapping H3K4me1 peaks only. Active enhancers 

were identified as regions overlapping H3K4me1 and H3K27ac peaks. Overlap of 5mC 

changes with histone marks was determined using previous ChIP–seq datasets for histone 

marks (Zhang et al., 2019)

Genomic Regions Enrichment of Annotations Tool (GREAT)—GREAT Analysis 

was performed using the GREAT tool (McLean et al., 2010). The following parameters 

were used: DMRs in promoter: 2 kb upstream and 2 kb downstream around TSS. DMRs 

in enhancer: DMRs overlapped with enhancer marks H3K4me1 and/or H3K27ac and 

associated with single nearest gene.

Motif analysis—Analysis of motif enrichment (AME) was performed using MEME Suite 

5.5.5 with default parameters (McLeay and Bailey, 2010).

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analyses were implemented with Prism 7. Data are presented as means ± sem 

(unless otherwise noted) and were derived from at least three independent experiments. 

Statistical analysis was performed using two-tailed Student’s t test. The distribution of the 

raw data approximated a normal distribution (Kolmogorov–Smirnov normality test) for data 

with a sufficient number of replicates to test for normality. statistical details of experiments 

can be found in the figure legends.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• Human cardiomyocyte differentiation is coupled to DNA methylation changes

• Loss of TET enzymes impairs human cardiomyocyte differentiation

• Mutant cells have defects in mesoderm patterning and progenitor 

specification

• TETs regulate the methylation and expression of TMEM88 and NKX2–5
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Figure 1. DNA methylation dynamics during cardiomyocyte differentiation
(A) Scheme of cardiomyocyte differentiation protocol indicating the timing and use of 

different small molecules. CHIR, GSK3 inhibitor to activate WNT pathway; IWP2, WNT 

pathway inhibitor; ME, mesoderm; CME, cardiac mesoderm; CP, cardiac progenitor; CM, 

cardiomyocyte.

(B) Numbers of DMRs that show increased (hyper-DMR) or reduced (hypo-DMR) DNA 

methylation through each CM differentiation stage transition.

(C) Enrichment of various regulatory regions associated with WT CP-CME hypo-DMRs. 

Total DMR number = 3,786.

(D) GREAT analysis of WT CP-CME hypo-DMRs shows they are enriched for cardiac 

development genes.

(E) Representative genome browser view illustrating the DNA methylation and H3K27ac 

dynamics at genomic regions surrounding GATA5 during CM differentiation. Gray box 

indicates promoter region with DNA demethylation. Orange boxes indicate enhancer regions 
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with DNA demethylation. Promoter and enhancer annotation is based on genomic position 

and active histone mark H3K27ac. H3K27ac dataset is from GEO: GSE116862.

(F) Consensus motif analysis in WT CP-CME hypo-DMRs indicates the enrichment of 

motifs for transcription factors important for cardiac specification.

See also Figure S1.
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Figure 2. TET TKO hESCs exhibit cardiomyocyte differentiation defects
(A) Flow cytometry for quantitative analysis of CTNT+ cells at day 14 (no lactate 

treatment). Shown are representative plots, whereas the bar graphs represent at least three 

independent differentiation experiments. TET TKO, TET1/2/3 triple knockout; TKO-TET1r, 

repair of one TET1 mutant allele to the WT sequence in TKO hESCs by CRISPR-Cas9-

directed homology-mediated repair.

(B) Expression levels of TET1, TET2, and TET3 based on RNA-seq during CM 

differentiation. SC, stem cell; MCM, mature cardiomyocyte (day 30). Dataset from GEO: 

GSE116862.

(C) qPCR analysis of cardiac mesoderm markers ISL1 and GATA4 in WT and TET TKO 

derived cells at day 3.

(D) qPCR analysis of cardiac progenitor markers TBX5, NKX2–5, and MYH6 in WT and 

TET-TKO-derived cells at day 6.
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(E) Time course immunofluorescence analysis of stage-specific markers during WT and 

TET TKO cardiac differentiation. White scale bars are 100 μM.

(F) Representative flow cytometry of PDGFRα+ and KDR+ cells with day 3 (CME stage) or 

day 6 (CP stage) WT and TKO cells.

Significance is indicated as *p < 0.05, ***p < 0.001, ns indicates not significant. Data are 

presented as means ± SEM derived from at least three independent biological replicates. See 

also Figure S2.
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Figure 3. Dynamic regulation of methylation through TET enzymes during CM differentiation
(A) Numbers of differentially methylated regions (DMRs) that show increased (hyper-DMR) 

or reduced (hypo-DMR) DNA methylation for TKO cells as compared with WT cells at each 

differentiation stage.

(B) Numbers of DMRs that show increased (hyper-DMR) or reduced (hypo-DMR) DNA 

methylation when WT and TKO cells progress through to the CP specification stage.

(C) GREAT analysis of TKO CP-CME hyper-DMRs shows they are enriched for cardiac 

development genes.

(D and E) Venn diagrams indicate most TKO-WT hyper-DMRs identified at SC or CP stages 

overlap with TET1 binding peaks found in WT cells.

(F) Venn diagram indicates the number of overlapping or distinct TET1 binding peaks 

identified at the SC and CP stages in WT cells.
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(G and H) Representative genome browser views illustrating the DNA methylation dynamics 

and TET1 binding at genomic regions surrounding GATA5 and TNNI3 during CM 

differentiation.

See also Figure S3.
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Figure 4. Distinct promoter methylation signatures for different categories of genes
(A) Left panel: heatmaps showing the average levels of DNA methylation for promoters (1 

kb upstream and downstream of the transcription start site) that have methylation differences 

between WT and TKO cells or show dynamic methylation changes during differentiation. 

Middle panel: examples of each group showing methylation level by eRRBS. Right panel: 

GO analysis showing biological process enriched in each group.

(B) Boxplots showing the transcript expression levels of genes in group I and group IV 

during CP specification based on RNA-seq profiles.
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(C) Heatmaps showing the average levels of H3K4me3, H3K27me3, and RNA for promoters 

of cardiac regulatory genes in group IV and cardiac contraction genes in group I.

See also Figure S4 and Table S1.
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Figure 5. TETs influence mesoderm patterning by regulating the expression and DNA 
modification status of genes encoding WNT inhibitors
(A) qPCR analysis of LM markers ISL1 and HAND1, PM markers CDX2 and MSGN1, and 

IM marker PAX2 at day 2 of differentiation, with or without IWP2 treatment from day 1 to 

day 2.

(B) TopFlash luciferase reporter activity, normalized to Renilla luciferase levels in stem 

cells, for day 1 cells after CHIR treatment and day 2 cells with or without IWP2 treatment.

(C) Representative western blots analyzing total or active β-catenin under the indicated 

conditions.
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(D) Pathway analysis for promoter hyper-DMR associated genes in TKO cells at the SC 

stage.

E) Relative gene expression levels of WNT inhibitory genes that in TKO cells show 

promoter hyper-DMR during WT or TKO differentiation based on RNA-seq profiles.

(F) Representative genome browser view illustrating the DNA methylation dynamics 

and TET1 binding at genomic regions surrounding the TMEM88 promoter during CM 

differentiation. Blue arrows: gRNAs used to recruit dCas9-TET1 to the TMEM88 promoter 

and induce locus specific demethylation.

(G) qPCR analysis of relative TMEM88 expression levels at day 2 of CM differentiation for 

WT or TKO ESCs compared with those TKO cells expressing dCas9-TET1 fusion protein 

and TMEM88-targeting gRNAs.

Significance is indicated as *p < 0.05, **p < 0.01, ns indicates not significant. Data are 

presented as means ± SEM derived from at least three independent biological replicates. See 

also Figures S5 and S6.
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Figure 6. TETs directly regulate NKX2–5 through modifying methylation status of the NKX2–5 
promoter
(A) Representative genome browser view illustrating the DNA methylation dynamics 

and TET1 binding at genomic regions surrounding the NKX2-5 promoter during CM 

differentiation. Blue arrows: gRNAs used to recruit dCas9-TET1 to the NKX2–5 promoter 

and induce locus specific demethylation.

(B) Flow cytometry of CTNT+ cells at day 14 with doxycycline treatment from day 4 to day 

6 in WT and TKO cells infected with a vector for doxycycline-induced NKX2–5 expression 

or empty vector.
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(C) qPCR analysis of NKX2–5 expression on day 8 of CM differentiation for TKO ESCs 

expressing NKX2–5-targeting gRNAs with dCas9-mutTET1 or dCas9-TET1 fusion protein.

(D) Immunofluorescence of NKX2–5, EGFP (representing dCas9-TET1 or dCas9-mutTET1 

expression), mCherry (representing gRNAs expression), and DAPI on day 8 of 

CM differentiation for TKO ESCs infected with gRNAs and dCas9-TET1 (NKX2–5 

fluorescence intensity = 17,189 ± 2697 a.u.) or mutTET1 fusion protein (NKX2–5 

fluorescence intensity = 1,585 ± 668 a.u.). Insert box shows magnified view. White scale 

bars are 100 μM.

(E) qPCR analysis of NKX2–5 expression on day 8 of CM differentiation for TKO ESCs 

expressing doxycycline-induced TET1 protein in different time windows. S, stem cell stage; 

D, differentiation stage.

(F) Right panel: immunofluorescence of NKX2–5 on day 8 of CM differentiation for TKO 

ESCs expressing doxycycline-induced TET1 protein in different time windows. Left panel: 

mean fluorescence intensity of NKX2–5 expression on day 8 of CM differentiation for TKO 

ESCs expressing doxycycline-induced TET1 protein in different time window. White scale 

bars are 100 μM.

Significance is indicated as *p < 0.05, **p < 0.01, ***p < 0.001, ns indicates not significant. 

Data are presented as means ± SEM derived from at least three independent biological 

replicates. See also Figure S7.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

SOX2 Invitrogen RRID:AB_2533841

BRY R&D RRID:AB_2303014

ISL1 abcam RRID:AB_10703990

NKX2–5 Santa Cruz Biotechnology RRID:AB_11149571

PAX2 R&D RRID:AB_10889828

total beta-CATENIN Cell Signaling 9562

active beta-CATENIN Cell Signaling 8814s

beta-ACTIN Sigma RRID:AB_476692

CTNT Abcam RRID:AB_2206574

PDGFRa-APC R&D fab1264a

KDR-PE R&D RRID:AB_357165

BRY-PE R&D RRID:AB_2271455

SOX17 R&D RRID:AB_355060

KRT7 Abcam ab119697

TET1 Genetex RRID:AB_11172316

V5-tag cell signaling RRID:AB_2687461

Bacterial and virus strains

One Shot TOP10 Chemically Competent E. coli Invitrogen C404010

Chemicals, peptides, and recombinant proteins

CHIR99021 Sigma-Aldrich SML1046

IWP2 Sigma-Aldrich I0536

B27 GIBCO 17504044

B-27 Supplement, minus insulin GIBCO A1895601

L-lactate Sigma-Aldrich L7022

human recombinant ACTIVIN A R&D Systems 338-AC

Protease/Phosphatase inhibitor Cell Signaling 5872

Critical commercial assays

RNeasy Mini kit QIAGEN 74106

Superscript III First-Strand Synthesis System Invitrogen 18080051

LightCycler 480 Sybr Green master mix Roche 04–887-352–001

CUTANA ChIC / CUT&RUN Kit Epicypher 4–1048

EZ DNA Methylation-Direct kit Zymo Research D5021

DNeasy Blood & Tissue Kits QIAGEN 69506

NEBNext Ultra II DNA Library Prep Kit NEB E7103S

Dual-Glo Luciferase Assay System Promega E2920
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REAGENT or RESOURCE SOURCE IDENTIFIER

Multiple Lentiviral Expression System Kit Addgene kit # 1000000060

Deposited data

Raw and analyzed data This paper GSE186848

Histone datasets Zhang et al., 2019 GSE116862

WT and TKO stem cell RNA seq data Verma et al., 2018 GSE89728

WT stem cell TET1 CHIP-seq data Dixon et al., 2021 GSE150072

Experimental models: Cell lines

Human: HUES 8 hESC line (NIH approval number 
NIHhESC-09–0021)

HSCI iPS Core hES Cell Line: HUES-8

Human: MEL-1 hESC line (NIH approval number 
NIHhESC-11–0139)

HSCI iPS Core hES Cell Line: MEL-1

Human: H1 hESC line (NIH approval number 
NIHhESC-10–0043)

HSCI iPS Core hES Cell Line: H1

HEK293T cell ATCC RRID:CVCL_0063

Oligonucleotides

qPCR primers See Table S2. N/A

CHIP-qPCR primers See Table S2. N/A

Dox inducible construct

BsiwI-NKX2–5 CDS-F 5'-TCATGA
CGTACGatgttccccagccctgctct-3'

N/A

EcoRI-NKX2–5 CDS-R 5'-CTAGGAATTC
ctaccaggctcggataccat-3'

N/A

BsiWI-TET1-F 5'ctgactcgtacgGC CACCATGGACTACAAGGACG-3' N/A

AscI-TET 1-R 5'-ctgactGGCGCGCCTCAGACCCAATGGTTATAGG-3' N/A

gRNAs targeting NKX2–5 promoter

5'-GACCAAAAAACGTTTCCCCC-3' This paper N/A

5'-GCCAGGTGGGCGGCAGAAAG-3' This paper N/A

5'-GTTTAGCTCTCAGGGAGGCG-3' This paper N/A

gRNAs targeting TMEM88 promoter

5'-AGGGCTCTGGTCCGCTCCT-3' This paper N/A

5'-TCCAGGGACCGCCCGTCGC-3' This paper N/A

5'-GGGCACAGCGAGCGGTTCC-3' This paper N/A

PCR-based bisulfite sequencing primers

See Table S2 N/A

Recombinant DNA

Plasmid: CS-TRE-NKX2–5-PRE-Ubc-tTA-I2G This paper N/A
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REAGENT or RESOURCE SOURCE IDENTIFIER

Plasmid:CS-TRE-TET1-PRE-Ubc-tTA-I2G This paper N/A

Plasmid:pMuLE-Lenti-NKX2–5 gRNAs-mcherry-Neo This paper N/A

Plasmid:pMuLE-Lenti-TMEM88 gRNAs-mcherry-Neo This paper N/A

Plasmid: FH-TET1-pEF Addgene 49792

Plasmid: dCas9-TET1CD lentiviral construct Verma et al., 2018 N/A

Software and algorithms

RRBSeeqer Pan et al., 2015 https://
icb.med.cornell.edu/
wiki/index.php/
Elementolab/
RRBSseeqer_Tutorial

GREAT tool McLean et al., 2010 http://
great.stanford.edu/
public/html/index.php

MEME Suite 5.5.5 McLeay and Bailey, 2010 https://meme-suite.org/
meme/

Prism 7 Graphpad N/A

bwa-0.7.17 Li and Durbin, 2009 http://bio-
bwa.sourceforge.net/

macs14 1.4.2 Zhang et al., 2008 http://
liulab.dfci.harvard.edu/
MACS/
00README.html
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