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SUMMARY

Cardiac development requires coordinated and large-scale rearrangements of the epigenome. The 

roles and precise mechanisms through which specific epigenetic modifying enzymes control 

cardiac lineage specification, however, remain unclear. Here we show the H3K4 methyltransferase 

SETD7 controls cardiac differentiation by reading H3K36 marks independently of its enzymatic 
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activity. Through ChIP-seq, we found SETD7 targets distinct sets of genes to drive their stage-

specific expression during cardiomyocyte differentiation. SETD7 associates with different co-

factors at these stages, including SWI/SNF chromatin remodeling factors during mesodermal 

formation and the transcription factor NKX2.5 in cardiac progenitors to drive their differentiation. 

Further analyses revealed that SETD7 binds methylated H3K36 in the bodies of its target genes to 

facilitate RNA PolII-dependent transcription. Moreover, abnormal SETD7 expression impairs 

functional attributes of terminally-differentiated cardiomyocytes. Together, these results reveal 

how SETD7 acts at sequential steps in cardiac lineage commitment and provide insights into 

crosstalk between dynamic epigenetic marks and chromatin-modifying enzymes.

eTOC BLURB

Wu and colleagues define SETD7 as a key regulator of cardiac lineage commitment. SETD7 

regulates the expression of lineage-specific target genes and interacts with various co-factors 

during cardiomyocyte differentiation. SETD7 associates with H3K36me3 histone modification 

which required for the transcriptional activation.

INTRODUCTION

Generation of cardiomyocytes (CMs) from human embryonic stem cells (ESCs) and induced 

pluripotent stem cells (iPSCs) has emerged as the state-of-the-art approach to study human 

cardiac development and pathobiology of adult and congenital heart disease. Cardiac 

differentiation is regulated by temporal expression of genes critical for mesodermal and 

cardiac lineage specification, which we modulate in vitro to efficiently differentiate human 

ESCs and iPSCs to functional CMs (Burridge et al., 2012, 2015). In addition, recent studies 

have demonstrated that coordinated transition of epigenetic modifications is required for 

stage-specific gene expression during cardiac differentiation (Paige et al., 2012; Wamstad et 

al., 2012). Genome-wide profiling of active histone markers (H3K4me3 and H3K36me3) 

and repressive histone marker (H3K27me3) revealed the expression of key regulators for 

CM differentiation is associated with the transition between H3K4me3 and H3K27me3, 

whereas the cardiac structural genes showed changes only in H3K4me3. By contrast, 

H3K36me3 marker was enriched in both regulatory and cardiac structural genes during the 

entire duration of CM differentiation.
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Epigenetic modifying enzymes play a critical role in epigenetic regulation, with important 

clinical implications. Recent studies showed impaired function of epigenetic modifying 

enzymes contributes to congenital heart disease (Chang and Bruneau, 2012; Vallaster et al., 

2012), such as in morphological heart defects caused by loss of H3K36 methyltransferase 

WHSC1 (Nimura et al., 2009). Mutation in histone methyltransferase MLL2 leads to 

congenital heart defects in Kabuki syndrome (Ng et al., 2010) and the deficiency of SMYD1 

expression during heart development induces malformation of right ventricle (Li et al., 

2013). Chromatin remodeling factors such as SWI/SNF complex are also critical for early 

heart development by controlling transcription of cardiac-specific genes (Hang et al., 2010). 

While these studies provide robust evidence that epigenetic modifying enzymes are essential 

for normal heart development, the mechanisms by which the epigenetic modifying enzymes 

regulate the complex gene expression networks of cardiac differentiation through a 

coordinated transition of epigenetic modifications remain poorly understood.

SETD7 was originally identified as a methyltransferase for histone 3 (H3) lysine 4 residue 

by mediating mono-methylation (H3K4me1) (Wang et al., 2001). SETD7 diminished its 

activity for histone assembled in nucleosome but showed high activity with free histone 

substrates (Castaño et al., 2016). Thus previous studies have largely focused on the role of 

SETD7 on non-histone proteins such as p53 (Chuikov et al., 2004), TAF10 (Kouskouti et al., 

2004), DNMT1 (Estève et al., 2009), ERα (Subramanian et al., 2008), E2F1 (Kontaki and 

Talianidis, 2010), SOX2 (Fang et al., 2014), YAP (Oudhoff et al., 2013), LIN28A (Kim et 

al., 2014), and HIF1-alpha (Kim et al., 2016). Only a handful of studies showed SETD7 can 

bind on the promoter regions and regulate individual gene expression (Chen et al., 2012; 

Kofent et al., 2016). Although these data suggest SETD7 is directly involved in gene 

transcription, the question of whether SETD7-mediated H3K4me1 is essential for the 

transcriptional regulation of its target gene remains controversial.

Dynamic changes in SETD7 expression during developmental processes have been 

described, in particular during cardiac differentiation (Xie et al., 2013; Gifford et al., 2013). 

Recent studies have demonstrated that SETD7 is required for normal morphogenesis of 

zebrafish heart (Kim et al., 2015) and interacts with cardiac transcription factor Tbx1 in 

early cardiac development (Chen et al., 2012). While these findings suggest SETD7 plays a 

role in cardiac development, specific mechanisms by which SETD7 regulates CM 

differentiation have not been thoroughly investigated.

Here we show that SETD7 is a critical factor of cardiac differentiation. We found SETD7 

expression was significantly up-regulated during cardiac differentiation and modulated 

transcription of key regulatory genes for lineage commitment. ChIP-seq of SETD7 in each 

stage of cardiac differentiation identified previously unknown genome-wide binding patterns 

of SETD7 and revealed distinct SETD7 target genes at each stage of differentiation. In 

addition, our results identified stage-specific co-factors of SETD7, which are required for 

transcriptional regulation of the target genes. Cross-analysis with epigenetic dynamics 

elucidated unidentified interactions between SETD7 and H3K36me in cardiac 

differentiation. Finally, loss of SETD7 resulted in irregular contractile activity of terminally 

differentiated CMs.
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RESULTS

SETD7 is induced during human cardiac differentiation

To study the role of epigenetic modifying enzymes in cardiac differentiation, we employed 

direct differentiation of hESCs to CMs as a model system of human cardiac development. 

Monolayers of CMs were successfully generated using a chemically-defined protocol as 

previously described (Wu et al., 2015). Beating CMs exhibited normal Ca2+ handling 

properties and organized sarcomeric structures (Figure S1A–S1C). The expression of 

cardiac-specific genes appeared on day 5 of differentiation and reached maximal expression 

level on day 9 (Figure S1D). Based on the observed expression patterns and on previous 

studies (Paige et al., 2012), we selected four stages of differentiation that correspond to 

particular cell types: undifferentiated human embryonic stem cells (hESCs, differentiation 

day 0), mesodermal cells (MESs, differentiation day 2), cardiac progenitor cells (CPs, 

differentiation day 5), and beating cardiomyocytes (CMs, differentiation day 9).

To identify the expression pattern of epigenetic modifying enzymes during cardiac 

differentiation, we performed RNA sequencing (RNA-seq) at each stage of CM 

differentiation. Cross-analysis with RNA-seq data of murine CM differentiation showed that 

SETD7 was significantly up-regulated during CM differentiation in both human and mouse 

(Figure 1A). Analysis of the Expression Atlas Database revealed SETD7 was highly 

expressed in adult human and olive baboon (Papio anubis) heart tissue (Figure 1A). To 

confirm the expression of SETD7 in CMs, we generated CMs from hESCs and measured the 

expression of SETD7 during CM differentiation. Quantitative PCR (qPCR) of hESC-CMs 

showed a significant expression of SETD7 and TNNT2 (Figure 1B–D). Immunoblotting 

(IB) analysis demonstrated an increased expression of SETD7 during cardiac differentiation 

(Figure 1E). Immunocytochemistry (ICC) with SETD7 and TNNT2 antibodies revealed that 

the majority of TNNT2+ cells exhibited nuclear localization of SETD7 (Figure 1F).

Dynamic occupancy of SETD7 on stage-specific target genes of cardiac differentiation

To investigate the role of SETD7 in cardiac development, we performed ChIP-seq for 

SETD7 during the four stages of CM differentiation. Unsupervised K-means clustering 

identified five groups with distinct SETD7 enrichment patterns (Figure 1G and Table S1). 

Cluster 1 and Cluster 3 sequentially lost SETD7 enrichment during CM differentiation, 

while Cluster 2 retained SETD7 enrichment in hESC and mesoderm stages with reduced 

enrichment thereafter (Figure 1G). Cluster 4 transiently gained SETD7 enrichment, but was 

attenuated after the mesoderm stage. Cluster 5 exhibited a sequential increase in SETD7 

expression (Figure 1G). Average profiles of SETD7 enrichment on these target genes 

showed unique binding patterns of SETD7 on promoter and genebody regions (Figure 1H, 

1I and S1E–S1H). RNA expression of each cluster correlated with SETD7 enrichment, 

suggesting SETD7 deposition is associated with active gene transcription with unique 

functions at each stage of the CM differentiation (Figures 1G–1I). Gene Ontology (GO) 

enrichment analyses of SETD7 target genes showed important cardiac development 

pathways were up-regulated at each stage of differentiation (Figure 1J). For example, genes 

in Cluster 4 were enriched for embryo development pathways, including pattern 

specification process, somite and mesoderm development, NOTCH, and WNT signaling 

Lee et al. Page 4

Cell Stem Cell. Author manuscript; available in PMC 2019 March 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



pathways (Figures 1J, S1I and S1J). In contrast, genes in Cluster 5 were enriched for mature 

development pathways such as heart morphogenesis, cardiac development, and cardiac 

muscle cell differentiation. A similar contrast between Cluster 4 and Cluster 5 genes was 

elucidated by gene-concept network analysis in which a number of genes related to cardiac 

development predominated in Cluster 5 while mesoderm-specific genes predominated in 

Cluster 4 (Figures 1K and 1L). Interestingly, GO enrichment analyses of Cluster 1 and 

Cluster 3 also showed genes enriched for regulation of stem cells, such as transcriptional 

regulation of pluripotent stem cells and expression of proliferation-enhancing genes 

POU5F1 (OCT4), SOX2, and NANOG (Figure S1J). Though SETD7 expression 

continuously increased during differentiation, SETD7 occupancy and expression of these 

target genes were significantly decreased. These data suggest SETD7 in hESC stage is a 

transcriptional activator of these genes but may negatively affect the early stages of CM 

differentiation. Together, our ChIP-seq and RNA-seq data suggest there exist distinguishable 

functions for SETD7 at each stage of cardiac differentiation via stage-specific binding on its 

target genes.

Depletion of SETD7 expression results in impaired cardiac differentiation

To understand the specific mechanisms by which SETD7 regulates CM differentiation, we 

used transcription activator-like effector nuclease (TALEN)-mediated gene knock-out 

system (Karakikes et al., 2017) to disrupt SETD7 expression in a HES3NKX2-5eGFP/w hESC 

line that encodes enhanced GFP (eGFP) under a NKX2-5 exon (Elliott et al., 2011). After 

screening clones transfected with a TALEN pair that targets start codon of SETD7, we 

successfully isolated heterozygous (SETD7+/−) and homozygous (SETD7−/−) clones. The 

SETD7−/− clone showed a complete depletion of SETD7 expression in undifferentiated 

hESCs and day 14 of CM differentiation (Figure 2A). In contrast to the SETD7+/+ clone, the 

SETD7−/− clone showed a significant decrease in NKX2-5-eGFP+ population, as well as a 

reduction of cardiac gene expression such as MYH6 and TBX20 during CM differentiation 

(Figures 2B and 2C). We confirmed these results in H7 hESCs stably expressing shRNA for 

SETD7, suggesting that SETD7 is necessary for CM differentiation (Figure 2D). We then 

generated an inducible shRNA system to study the effect of SETD7 specifically on CM 

differentiation. We introduced doxycycline (DOX) inducible shRNA in H7 and 

HES3NKX2-5eGFP/w lines and successfully generated stable clones carrying SETD7 and 

scramble shRNAs. In the presence of DOX, expression of cardiac genes was significantly 

down-regulated during CM differentiation, which correlated with suppression of NKX2-5-

eGFP (Figure 2E–G and S2A). No significant differences were detected in the scramble 

shRNA line. Interestingly, we did not detect any positive effects of SETD7 overexpression 

on the efficiency of CM differentiation, suggesting SETD7 alone was insufficient to 

facilitate CM differentiation (Figure S2B and S2C). Together, these results demonstrate 

SETD7 expression is necessary for CM differentiation.

SETD7 is required for mesoderm lineage commitment through transcriptional regulation of 
key regulatory genes

ChIP-seq of SETD7 during CM differentiation revealed its dynamic target genes in each 

stage of differentiation. To examine how SETD7 regulates transcription of its target genes 

during the differentiation process, we first measured the effects of SETD7 knock-out on the 

Lee et al. Page 5

Cell Stem Cell. Author manuscript; available in PMC 2019 March 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



expression of mesoderm-specific genes. IB analysis confirmed up-regulation of SETD7 

expression during mesoderm specification in SETD7+/+ line, whereas the SETD7−/− line 

showed a depletion of SETD7 expression (Figure 3A). Expression of key regulatory genes 

for early mesoderm lineage commitment (T, EVX1, DKK1, MIXL1, EOMES, and NODAL) 

and cardiac mesoderm lineage genes (GATA3 and MESP1) was significantly diminished in 

the SETD7−/− line (Figure 3B). GO analysis of RNA-seq at the mesoderm stage also showed 

down-regulation of genes in the SETD7−/− line was associated with early cardiac 

differentiation pathways, such as ventricular cardiac muscle tissue development and 

ventricular cardiac muscle tissue morphogenesis (Figure S2D). In addition, rescue of SETD7 

expression in the SETD7−/− line using a lentivirus-based over-expression system resulted in 

increased expression of mesoderm-specific genes (Figure 3C and 3D). To confirm the 

indispensable role of SETD7 in mesodermal lineage commitment, we next generated 

embryoid bodies (EBs) that randomly differentiated into three germ layers (Figure S2E). 

EBs from the SETD7−/− line showed down-regulation of endomesoderm-specific genes and 

up-regulation of ectoderm-specific genes compared to the SETD7+/+ line (Figures 3E and 

3F). Down-regulation of endomesoderm genes was also observed in Dox-treated EBs 

carrying Tet-inducible shRNA system for SETD7 (Figure S2F and S2G). Moreover, ChIP-

seq analysis demonstrated SETD7 enriched on key regulatory genes for mesoderm 

specification in mesoderm stage of CM differentiation (Cluster 4). These data show SETD7 

plays a key role in early cardiac differentiation through transcriptional regulation of 

mesoderm-specific genes.

SETD7 is necessary for cardiac lineage specification

Next, we investigated the effects of SETD7 on cardiac lineage specification after mesoderm 

stage. We suppressed SETD7 expression at different time points using Tet-inducible shRNA 

system (Figure S2H). Consistent with our previous observations, differentiation efficiency 

was severely impaired when SETD7 suppression was initiated at day 0 of CM differentiation 

(Figures 2E, 3G and 3H). Knock-down (KD) of SETD7 at day 3 and day 5 (early cardiac 

specification) also impaired differentiation efficiency in comparison to scramble shRNA line 

or control treatment group (Figure 3G). In addition, down-regulation of cardiac specific 

genes was observed in condition of SETD7 suppression at day 3 and day 5 (Figure 3I). In 

particular, major cardiac transcription factors (TFs) such as NKX2-5, TBX5, and GATA4, 

identified as target genes of SETD7 (Cluster 5), were significantly down-regulated in 

SETD7 KD (Figure 3I). The expression of cardiac specific genes such as MYH6 and 

TNNT2 was similarly attenuated in with SETD7 KD (Figure 3I). These data suggest SETD7 

expression in cardiac commitment is required for transcriptional activation of cardiac 

specific genes.

Effects of SETD7 on lineage-specific gene expression of non-cardiomyocyte cell types

As the IB analysis of SETD7 in human fetal tissues showed high expression level of SETD7 

in various tissue types, we tested whether SETD7 affects lineage differentiation processes of 

cell types other than CMs (Figure S2I and S2J). First, we differentiated SETD7+/+ and 

SETD7−/− hESC lines to neuron precursor cells (NPCs, ectoderm) and hepatocyte-like cells 

(endoderm). Using currently available protocols (Song et al., 2009), we generated NPCs and 

hepatocyte-like cells expressing stage specific markers from both SETD7−/− and SETD7+/+ 
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lines (Figure S3A–S3G). Interestingly, we observed an abnormal expression pattern of cell 

type-specific genes such as PAX6 (early NPC marker), NEUROG1 (late NPC marker), 

SOX17 (early endoderm lineage), NHE-4 (hepatocyte precursor), AFP (hepatocyte), and 

ALB (hepatocyte) (Figure S3C and S3F). Moreover, we observed SETD7 is highly up-

regulated during both NPC and hepatocyte-like cell differentiation process (Figure S3A and 

S3E). These data suggest SETD7 possesses unidentified roles in transcriptional regulation of 

certain lineage-specific genes during endodermal and ectodermal commitment.

We also tested whether depletion of SETD7 affects differentiation of endothelial cells (ECs), 

a cell type that shares early lineage path with CMs at the mesodermal and cardiac progenitor 

cell stages (Figure S3H–S3P). Using the monolayer-based, embryoid body-free 

differentiation protocol previously described (Gu et al., 2017), we differentiated SETD7+/+ 

and SETD7−/− hESC lines to ECs, which displayed cobblestone-like morphology 

representative of bona fide ECs (Figure. S3H). The number of ECs obtained from the 

differentiation was also not altered, suggesting SETD7 deficiency does not adversely affect 

generation of bona fide ECs from hESCs (Figure S3I). However, mRNA expression levels of 

several endothelial functional genes were attenuated in absence of SETD7. Endothelial 

markers CDH5, PECAM1, and VWF were significantly down-regulated in SETD7−/− hESC-

ECs (Figure S3J–S3L). NOS3 expression was similarly down-regulated, indicating 

SETD7−/− hESC-ECs could not generate endothelial nitric oxide, a hallmark phenotype of 

endothelial dysfunction (Figure S3M). Expression level of Endocan (ESM1) gene was also 

significantly reduced, indicating SETD7−/− hESC-ECs were less angiogenic than WT 

(Figure S3N). Expression levels of cell surface adhesion molecules E-Selectin (SELE) and 

VCAM1 were not altered in the absence of inflammatory cytokines (Figure S3O and S3P). 

These data suggest SETD7 is required in hESC-EC differentiation for normal expression of 

genes critical for endothelial cell function and homeostasis.

SETD7 associates with stage-specific co-factors for transcriptional regulation of their 
target genes during cardiac differentiation

Next, we investigated the underlying mechanisms of SETD7 on transcriptional regulation of 

its target genes during CM differentiation. Previous studies have shown SETD7 binds to 

BAF60a (mouse heart tissue) and BRG1 (endothelial cells), factors known to be essential 

components of the SWI/SNF chromatin remodeling complex (Chen et al., 2012; Okabe et 

al., 2012). Furthermore, SETD7 is reported to interact with p300/CBP-associated factor 

(PCAF), another known co-factor of the SWI/SNF chromatin remodeling complex (Huang, 

2003; Ogiwara et al., 2011). Based on these findings, we tested whether SETD7 is also 

associated with these co-factors during cardiac mesoderm commitment. 

Immunoprecipitation (IP) assay showed the interaction of SETD7 with p300, BRG1, and 

BAF60a in MES stage cells (Figure 4A). We also detected the co-occupancy of p300, 

BRG1, and SETD7 on the promoter regions of DKK1, MIXL1, and T genes in the cells of 

MES stage in the SETD7+/+ line (Figure 4B). Interestingly, binding of p300 and BRG1 on 

target genes was significantly reduced in the SETD7−/− line, suggesting SETD7 recruited 

these co-transcription factors to the promoter regions of target genes (Figure 4B). The 

interaction between SETD7 and chromatin remodeling factors was not detected at the CM 

stage, consistent with a recent study showing that BRG1 expression was significantly 
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decreased after cardiac mesoderm specification (Figure S4A) (Alexander et al., 2015). These 

data suggest SETD7 possesses different binding partners in CM stages.

ChIP-seq analysis showed SETD7 is targeting well-known cardiac TFs of NKX2-5, TBX5, 

and GATA4 in CP and CM stages (Cluster 5). Because these cardiac TFs bind together 

forming a complex that regulates transcription of cardiac-specific genes during CM 

differentiation (Luna-Zurita et al., 2016), we speculate that SETD7 interacts with these 

cardiac TFs to regulate cardiac lineage specification. To test this hypothesis, we cross-

analyzed SETD7 enrichment data with ChIP-seq of Nkx2-5, Mef2a, Gata4, Tbx5, and Srf in 

mouse tissue (He et al., 2011). We found the majority of SETD7 target genes were shared 

with cardiac TFs, indicating a close association of SETD7 with the cardiac TF network 

(Figure 4C and S4B). IP analysis of SETD7 in CMs showed the interaction of SETD7 and 

NKX2-5 (Figure 4D). ChIP-qPCR identified co-occupancy of SETD7 and NKX2-5 on 

MYH6 and NKX2-5 promoters in a stage-dependent manner, revealing a coordinated 

network between SETD7 and NKX2-5 for transcriptional regulation of the target genes 

(Figure 4E). We also identified a conserved binding motif of NKX2-5 in the promoter region 

of SETD7 (Figure 4F). ChIP-seq of Nkx2-5, Tbx5, and Gata4 showed that Nkx2-5 binds to 

the promoter region of Setd7 in mouse CMs (Figure 4F). ChIP-qPCR with primers targeting 

NKX2-5-binding region confirmed the occupancy of NKX2-5 in the promoter of human 

SETD7 (Figure 4G). KD of NKX2-5 in CMs resulted in down-regulation of SETD7 

expression (Figure 4H). Consistent with these observations, loss of SETD7 suppressed 

NKX2-5 expression in CMs, suggesting a positive feedback loop between NKX2-5 and 

SETD7 (Figure 4H). TBX5 and MYH6 expression was attenuated with KD of NKX2-5 or 

SETD7. In addition, binding of SETD7 on TNNT2 promoter region was significantly 

decreased by the KD of NKX2-5, confirming that SETD7 and NKX2-5 are required for their 

shared target gene expression (Figure 4I). Taken together, these results demonstrate SETD7 

interacts with stage-specific co-factors during human and mouse cardiac differentiation for 

transcriptional regulation of the target genes.

Correlation of SETD7 enrichment with active chromatin modifications during CM 
differentiation

We next tested whether enzymatic activity of SETD7 is necessary for CM differentiation, 

given the role of SETD7 as H3K4me1 methyltransferase. As a potent inhibitor of SETD7, 

PFI-2 suppressed the enzymatic activity of SETD7 on mono-methylation of H3K4 (Barsyte-

Lovejoy et al., 2014) (Figure S4A). Treatment of PFI-2 during the entire CM differentiation 

process showed no significant differences in TNNT2+ cell population at day 14 of 

differentiation, whereas the depletion of SETD7 itself severely reduced the TNNT2+ cell 

population (Figure 5A and 5B). The expression of mesoderm-specific genes was not 

decreased by PFI-2 treatment during mesoderm specification (Figures 5C and 5D). 

Interestingly, the global level of H3K4me1 also was not altered by either PFI-2 treatment or 

depletion of SETD7 (Figures 5A and 5C). These data suggest enzymatic activity of SETD7 

is not necessary for CM differentiation, whereas an unidentified role of SETD7 in epigenetic 

regulation exists.
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To investigate the relationship between SETD7 and the epigenetic dynamics of CM 

differentiation, we next performed ChIP-seq at each stage of CM differentiation using 

antibodies against H3K27ac, followed by cross-analyses with public ChIP-seq data sets for 

H3K4me3, H3K27me3, and H3K36me3 (Paige et al., 2012). Spearman correlation analysis 

showed SETD7 genomic binding sites are enriched for active histone markers (H3K27ac, 

H3K4me3, and H3K36me3) but not for repressive markers (H3K27me3) (Figure S5B and 

S5C). We further tested the dynamic transitions of histone markers in individual SETD7 

target genes. The enrichment of active histone markers showed similar profiles with SETD7 

enrichment, whereas the repressive histone marker had an opposite pattern of enrichment 

compared to SETD7 (Figure 5E). As expected, RNA expression profiles of target genes were 

highly similar to SETD7 and active histone marker enrichment (Figure 5E). ChIP-qPCR 

confirmed co-occupancy of both SETD7 and active histone marker H3K4me3 in the cardiac 

genes during CM differentiation (Figure S5D–S5F). However, SETD7 enrichment was not 

detected on non-cardiac genes such as SLC3A2 and NANOG, which also showed higher 

H3K4me3 modifications (Figure S5D–S5F). These data indicate SETD7 enrichment is 

highly correlated with transition of active histone markers of its target genes during CM 

differentiation.

SETD7 recognizes and associates H3K36 methylation on gene body region of its target 
genes during cardiac differentiation

We next determined which histone modifications are directly associated with SETD7. We 

performed a histone peptide array with active SETD7 protein purified from baculovirus 

infected sf9 cells. SETD7 showed a strong affinity with H3K36me3, H3K36me2, 

H3K36me1, H3K36ac, and unmodified-H3K36 (Figure 5F). Peptide array using active 

SETD7 tagged with GST and FLAG confirmed binding of SETD7 on H3K36 peptides 

(Figure S5A). SETD7 was pulled down with H3K36-methylated peptide and non-

methylated peptide, whereas no binding was detected with control peptide H3K79 (Figure 

5G). Moreover, the interaction between SETD7 and H3K36me3 was confirmed by IP assay 

in CMs, indicating strong interactions between SETD7 and H3K36me3 in CMs (Figure 5H).

We further explored the correlation between H3K36 methylation and SETD7 enrichment on 

its target genes during CM differentiation. Consistent with the genome-wide enrichment 

pattern of H3K36me3, which was located on the genebody regions of actively transcribing 

genes (Bannister et al., 2005), ChIP-seq analysis of SETD7 showed broad an occupancy of 

SETD7 on the genebody regions of target genes during CM differentiation (Figure S1E–H). 

Genome-wide correlation analysis also confirmed SETD7 enrichment was linked to 

H3K36me3 modification (Figure S6B). ChIP-qPCR with specific primers targeting gene 

body regions of T, MIXL1, NKX2-5, MYH6, and TNNT2 further demonstrated the co-

occupancy of SETD7 and H3K36me3 in a stage-specific pattern (Figure 5I and Figure S6C–

S6F). Whole genome analysis revealed increased transcription of genes with enrichment of 

both SETD7 and H3K36me3, suggesting co-occupancy of SETD7 and H3K36me3 can 

enhance transcription of their target genes (Figure 5J).

To test whether SETD7 is associated with H3K36me3 under physiological conditions, we 

next collected human left ventricular (LV) heart tissues from five healthy individuals and 
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performed ChIP of SETD7 and H3K36me3. ChIP-qPCR showed co-occupancy of SETD7 

and H3K36me3 in genebody regions of MYH6 and TNNT2, which was observed in human 

ESC-CMs (Figure 5K). We confirmed these data in two different fetal heart tissues (Figure 

S6G–S6I). Taken together, our findings demonstrate SETD7 is associated with H3K36me3 

modifications on its target genes during CM differentiation.

SETD7 is not necessary for methylation of H3K36, but required for Pol II-mediated gene 
transcription

We next tested whether SETD7 exerts its enzymatic activity on H3K36me3. In vitro 
methylation assay using active SETD7 protein showed SETD7 was not able to mediate 

H3K36me3 on H3K36 unmodified, H3K36me1, H3K36me2 peptide, and histone 3 protein 

(Figure 6A, 6B, and S7A). As expected, SETD7 mediated methylation of H3K4me1 on free 

histone 3 and octamer, but not on poly-nucleosome (Figure 6B). In addition, ChIP-seq and 

ChIP-qPCR analyses of H3K36me3 in the mesoderm stage of SETD7+/+ and SETD7−/− 

lines revealed no significant decrease of H3K36me3 enrichment on its target genes (Figure 

6C–6E and S7B). However, H3K36me3 level was suppressed by KD of SETD2, a major 

H3K36me3 methylase (Venkatesh et al., 2012) (Figure 6F and 6G). We found SETD7 

enrichment on target genes was correlated with decreased H3K36me3 level by SETD2 KD 

(Figure 6G). These data indicate SETD7 is not necessary for H3K36me3, but binding of 

SETD7 on its target genes is highly depended on H3K36me3 status.

To further investigate the underlying mechanisms by which SETD7 controls the active 

function of H3K36me3 in transcriptional regulation of its target gene, we performed ChIP-

seq with Pol II-S2P, Pol II in SETD7+/+, and SETD7−/− lines. The occupancy of Pol II-S2P 

on the genebody region of SETD7 target genes (Cluster 4), especially near the TES site, is 

markedly impaired by depletion of SETD7 (Figure 6H, 6I, and S7C). ChIP-qPCR with 

specific primers detecting the TES sites of T and MIXL1 confirmed our findings (Figure 6J 

and 6K). In genome-wide level, SETD7 also influenced the occupancy of Pol II-S2P and Pol 

II on the TES region (Figure 6H and Figure S7C). We further analyzed the occupancy of Pol 

II-S2P of each cluster of SETD7 enrichment. Upon SETD7 depletion, we found decreased 

Pol II-S2P occupancy in the TES site of genes, mostly with SETD7-H3K36me3 highly 

enriched clusters (Cluster B and Cluster D) (Figure S7E). Together, these data suggest 

SETD7 is necessary to recruit and facilitate Pol II-derived transcription of its target genes.

SETD7 is critical for calcium handling properties of mature cardiomyocytes

Given the high level of expression of SETD7 in hESC-CMs and in fetal and adult 

myocardial tissue (Figure 7A–7D), we next investigated the function of SETD7 in mature 

CMs (differentiation day 30~40). We generated highly pure CMs using a glucose starvation 

method (Sharma et al., 2015) and cultured them to day 30. We next introduced shRNA that 

targets SETD7 with a lentivirus system and infected CMs were purified with puromycin to 

generate stable KD CMs. No cell death was observed in SETD7 KD CMs (Figure 7E). 

However, motion vector detection analysis (Hayakawa et al., 2014; Kopljar et al., 2017) 

showed increased standard deviation of peak interval in SETD7 KD CMs compared to 

scramble CMs (Figure 7F). In addition, abnormal beating was observed in SETD7 KD CMs 

(Figure 7G and 7H).
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In SETD7 KD CMs, no abnormal alignment of sarcomeric protein or mis-localization of 

connexin 43 was detected, a phenotype frequently observed in hypertrophic iPSC-CMs or in 

damaged CMs (Figure 7I) (Burridge et al., 2016; Kostin et al., 2003). SETD7 KD did, 

however, result in irregular patterns of calcium transients, a major physiologic indicator of 

myocardial function (Figure 7J). While the diastolic calcium ratios were similar in scramble 

and SETD7 shRNA lines, the peak calcium ratios were significantly attenuated in SETD7 

shRNA group, indicating a decreased calcium amplitude (Figures 7K and 7L). The temporal 

parameters such as decay tau, time to peak, and transient durations were significantly 

elongated in SETD7 KD lines compared to the scramble line (Figures 7M–7O). Similarly, 

reduced calcium maximum rise rate (Figure 7P) and irregular calcium transients were 

observed in the SETD7 KD line (Figure 7Q). These data indicate SETD7 affects calcium 

handling of terminally differentiated CMs.

To explore the role of SETD7 in modulation of calcium handling properties, we measured 

the expression level of major calcium handling genes in hESC-CMs. RT-qPCR showed the 

sarcoplasmic reticulum (SR) calcium binding protein CASQ2 was significantly reduced in 

SETD7 KD CMs compared to control CMs (Figures 7R and 7S). CASQ2, by binding to the 

free calcium ion in SR, regulates calcium load in the sarcoplasmic reticulum and contribute 

to regular calcium handling in CMs. The expression of ryanodine receptor 2 (RYR2), a 

major regulator of calcium release from SR, was increased in SETD7 KD hESC-CMs 

(Figure 7T). Lower CASQ2 level in the SR down-regulated the SR calcium storage capacity, 

while higher RYR2 expression level contributed to spontaneous calcium release events from 

SR. Both the changes enhanced the probability of arrhythmia-like calcium handling events 

as we observed in SETD7-KD iPSC-CMs. To confirm the direct transcriptional regulation of 

SETD7 on CASQ2 gene, we further measured the direct binding of SETD7 to the CASQ2 

genomic region using ChIP-qPCR. Our results showed a greater binding capacity of SETD7 

on the genebody region of CASQ2 compared to that of IgG control, but lesser than the 

binding of SETD7 on MYH6 and TNNT2 (Figure 7U). These data suggest that SETD7 can 

partially interfere CASQ2 expression in CMs. Taken together, our data show that SETD7 

modulates calcium handling properties of terminally differentiated CMs by regulating SR-

related genes such as CASQ2 and RYR2.

DISCUSSION

Our study identifies SETD7 as a key regulator of CM differentiation. ChIP-seq analysis of 

SETD7 at each stage of CM differentiation identified its stage-specific target genes and co-

factors. We found SETD7 is essential for the transcriptional regulation of key regulatory 

genes for cardiac lineage commitment, demonstrating the indispensable role of SETD7 in 

CM differentiation.

As co-factors in the SWI/SNF chromatin remodeling complex, BAF60 and BRG1 are known 

to be crucial activators of cardiac regulatory genes during early cardiac development (Chen 

et al., 2012; Takeuchi et al., 2011). However, a recent study showed BRG1 possesses a dual 

role for cardiac mesoderm specification by repressing non-mesoderm genes through 

recruitment of the polycomb complex to target promoters (Alexander et al., 2015). These 

studies indicate the function of BRG1 in early cardiac development may differ by its co-
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factors. Our study showed SETD7 specifically interacts with BRG1 in the mesoderm stage 

and recruits it to the promoters of key regulatory genes for mesoderm lineage commitment.

Moreover, we show SETD7 partially shares its target genes with other cardiac TFs in the 

CM stages. We found a strong interaction between SETD7 and NKX2-5 and co-occupancy 

on the promoter region of target genes in CMs. A positive feedback loop between SETD7 

and NKX2-5 was observed, indicating SETD7 serves as a critical component of major 

cardiac TF complexes and contributes to the transcriptional regulation of cardiac specific 

genes during CM differentiation.

H3K36 methylation is known to play a critical role in gene transcription activation 

(Bannister et al., 2005) and is considered a marker of gene transcription. H3K36 methylation 

is present in major cellular processes such as gene silencing, DNA damage repair, and DNA 

replication and its diverse function is dependent on its binding protein (Brien et al., 2012; 

Musselman et al., 2012; Suzuki et al., 2016). Here we show SETD7 recognizes H3K36 

methylation during the hESC-CM differentiation. Peptide array and IP assay demonstrate 

SETD7 has a high affinity with H3K36me3. The co-occupancy of SETD7 and H3K36me3 

on the genebody region is highly correlated with gene activation during cardiac 

differentiation, suggesting SETD7 recognizes H3K36 methylation and regulates the 

transcription of target genes. We did not detect methylation activity of SETD7 on H3K36 

residues, KD or knock-out of SETD7 showed no effect on H3K36me3 level of its target 

genes. These data suggest SETD7 recognizes H3K36 residue as a binding target but not as a 

substrate for methylation.

At the transcriptional level, H3K36me3 is mainly mediated by SETD2 that conjugates with 

active Pol II during transcription elongation. This enrichment of H3K36me3 resulted in the 

suppression of cryptic transcription of target genes. However, KD of SETD2 remarkably 

reduced H3K36me3 levels of most of genes, whereas the effects of reduced H3K36me3 on 

gene transcription varied. In addition, H3K36me3 enrichment on the endoderm-specific 

gene is necessary to transcription of its target gene during endoderm specification (Zhang et 

al., 2014). H3K36me3 may thus be involved not only in the suppression of cryptic 

transcription, but also in the regulation of active gene transcription. In this study, we found 

the depletion of SETD7 exerted no significant effects on H3K36me3 level but instead 

reduced binding of Pol II-S2P on genebody and TES regions of SETD7 target genes. Taken 

together, SETD7 acts as a key regulator factor for active function of H3K36me3 in 

transcriptional regulation.

Given the critical role of SETD7 in CM differentiation, we next examined whether it 

modulates physiological function of terminally differentiated CMs in vitro and in adult 

human heart in vivo. Here, we found the loss of SETD7 resulted in abnormal calcium 

handling of CMs, driven by abnormal expression of CASQ2 and RYR2 expression. In the 

heart tissue of healthy donors, we confirmed SETD7 co-localizes with the H3K36me3 

marker in the cardiac genes as we observed in hESC-CMs, suggesting SETD7 expression 

may be required for the maintenance of cardiac specific genes in the adult heart.
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In addition to the critical function of SETD7 in hESC-CM differentiation, our data indicate a 

role of SETD7 as a regulator of general transcriptional activation. We found SETD7 is 

highly expressed in other tissues and cell types such as hepatocyte-like cells and NPCs. 

Interestingly, SETD7 is continuously up-regulated during the differentiation process of 

hepatocytes and NPCs and modulates expression of lineage-specific genes in both cell types. 

Similarly, ablation of SETD7 disrupted expression of endothelial genes in ESC-ECs, 

suggesting a role of SETD7 in endothelial function. Moreover, our ChIP-seq of SETD7 in 

hESC stage showed genomic binding of SETD7 on broad genebody regions despite its low 

expression in hESC stage.

In conclusion, our study elucidates the multifaceted role of SETD7 in cardiac development 

and identify SETD7 as a co-factor for H3K36me3 in transcriptional regulation of cardiac 

genes. We describe the role of epigenetic modifying enzyme in complex transcriptional 

regulatory mechanisms of cardiac gene expression, which can be utilized to develop 

therapeutic solutions for congenital heart disease and to improve methodologies for 

generating chamber-specific human pluripotent stem cell-derived CMs.

STAR*METHODS

CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and requests for resources and reagents should be directed to and will be 

fulfilled by the Lead Contact, Joseph Wu (joewu@stanford.edu).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Primary human samples—The protocols used in this study were approved by the 

Institutional Review Board (IRB) at Stanford University. The written consent was obtained 

from all the patients involved in this

Sample Gender Age Condition Tissue quired

* Fetal tissue samples

  Fetus #1 (F1) Male 16.4 week abortion Brain, Pancreas, Liver, Stomach, Kidney, Heart, Skeletal 
muscle,

  Fetus #2 (F2) Female 17.0 week abortion Brain, Pancreas, Liver, Stomach, Kidney, Heart, Skeletal 
muscle,

* Adult tissue samples

Individual #1 (A1) Male 45 CVAa Left Ventricle

Individual #2 (A2) Female 58 CVA Left Ventricle

Individual #3 (A3) Male 22 CVA Left Ventricle

Individual #4 (A4) Female 74 CVA Left Ventricle

Individual #5 (A5) Female 45 CVA Left Ventricle

Individual #6 (A6) Male 67 CVA Left Ventricle

a
CVA: Cerebrovascular accident
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study.

hESC lines and culture condition—H7 hESC line was obtained from WiCell Research 

Institute (WA07). Dr. Edouard G Stanley kindly provided HES3NKX2-5eGFP/w human ESC 

line. Human ESC lines (H7 and HES3) were maintained on Matrigel-coated plates (BD 

Biosciences) in Essential 8 Medium (GIBCO, Life Technology). The medium was changed 

every day.

Transcription activator-like effector nuclease (TALEN)-mediated gene knock-
out ESC lines—TALEN pair vectors were designed to target start codon of SETD7 and 

constructed using rapid TALEN assembly system as previously described (Ding et al., 

2013). Both TALEN pair vectors were delivered into HES3NKX2-5eGFP/w hESC line by 

nucleofection using P3 Primary Cell 4D-Nucleofector X Kit (Lonza). After 48 hrs following 

nucleofection, transfected cells were enriched using fluorescence-activated cell sorting for 

double positive cells (GFP+/RFP+). Subsequently, sorted cells were expanded, manually 

picked and genotyped by direct sequencing of the PCR products and TOPO-cloned PCR 

products.

Lentivirus production and generation of stable cell line—The lentiviral shRNA 

plasmid sets–pLKO control, pLKO-shSETD7 (Clone ID: 030648.2-985s21c1), pTRIPZ 

shControl, pTRIPZ SETD7 sh1 (Clone ID: V2THS_230143) and pTRIPZ SETD7 sh2 

(Clone ID: V2THS_99174)–were purchased from Dharmacon and Sigma-Aldrich. The 

HEK293T cells were plated in 10 cm dish and transfected with target plasmid and packaging 

plasmids (pMD2G and pPAX2) using Lipofectamine 2000 according to the manufacturer’s 

protocol (Life technologies; 11668019). The transfected HEK293T cells incubated for 3 

days and medium was collected every day. Collected medium was centrifuged at 3000 g for 

15 min to remove cells and cell debris. Supernatant containing virus was concentrated by 

PEG-it virus concentrator solution according to the manufacturer’s protocol (System 

Bioscience; LV810A). H7 or HES3NKX2-5eGFP/w hESCs were seeded onto 6-well plates and 

infected with lentivirus containing the shRNA for SETD7. Cells expressing control or 

SETD7 shRNA were selected by puromycin (2 µg/ml) treatment for 2–3 days.

METHOD DETAILS

Differentiation of human PSCs to cardiomyocytes—For cardiac differentiation, a 

chemically defined monolayer differentiation protocol was used as previously described 

(Ebert et al., 2014; Wu et al., 2015). Briefly, iPSCs at ~90% confluence were incubated with 

differentiation basal medium comprising RPMI 1640 medium (Invitrogen) and B27 

supplement minus insulin (Invitrogen). CHIR99021, a selective glycogen synthase kinase 3β 
inhibitor, was added to the differentiation basal medium. On day 2, medium was removed 

and replaced with differentiation basal medium minus CHIR99021. On day 3, the Wnt 

antagonist, IWR-1, was added to the medium. After 48 hrs, medium was removed and 

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

incubated with complete cardiomyocyte medium consisting of RPMI 1640 medium and B27 

supplement plus insulin (Invitrogen). The medium was changed every 2 days. Monolayers of 

cardiomyocytes derived from iPSCs (iPSC-CMs) were cultured for ~30 days and 

Lee et al. Page 14

Cell Stem Cell. Author manuscript; available in PMC 2019 March 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



subsequently dissociated for experimental use using TrypLE Express (Life Technologies). 

Specific day time point of selected four different stages are day 0 (hESC), day 2 (MES), day 

5 (CP), day 9 (CM), and day 30~40 (purified CM).

Immunoblotting and immunoprecipitation—For immunoblotting, each sample was 

subjected to electrophoresis on 4–12% NuPAGE Bis–Tris gradient gels (Life Technology; 

NP0335) and proteins were transferred to polyvinylidene difluoride membranes using wet-

based transfer system (Bio-Rad). Membranes were incubated overnight with the indicated 

primary antibodies, followed by incubation for 1 hr with horseradish peroxidase-conjugated 

secondary antibody (Abcam; ab131366). Signals were detected by chemiluminescence. For 

immunoprecipitation, cells were harvested and lysed in IP lysis buffer (Thermo Scientific; 

87788). Lysates were centrifuged for 10 min at 10,000 g at 4 °C. Specific antibodies 

conjugated with magnetic protein G beads (Life Technology; 10004D) (or agarose beads 

(Active Motif; 53039)) were added to supernatants for overnight incubation at 4 °C. 

Subsequently, beads were pelleted for 1 min at 7,000 r.p.m. and washed twice with IP lysis 

buffer. Proteins were eluted in 2× Laemmli buffer (Bio-Rad) or 4× LDS sample buffer (Life 

Technology; NP0007) by boiling for 10 min. Immunoprecipitated proteins were subjected to 

immunoblotting using horseradish peroxidase-conjugated primary antibodies or VeriBlot of 

IP Detection Reagent (Abcam; ab131366).

RNA extraction and quantitative real-time polymerase chain reaction (qRT-
PCR)—Total RNA was isolated using RNeasy Plus Mini Kit or miRNeasy Mini Kit 

(Qiagen; 74134, 217004). Reverse transcription was performed using iScript™ cDNA 

Synthesis Kit (Bio-Rad; 1708890) and qRT-PCR was performed using iQ® SYBR™ Green 

Supermix (Bio-Rad; 170-8880) or TaqMan® Universal PCR Master Mix (Applied 

Biosystems; 4304437) on CFX96 real-time PCR detector (Bio-Rad). Relative mRNA levels 

were normalized to those of 18S or GAPDH mRNA in each reaction. Three or Four 

biological replicates per group were used for qRT-PCR.

Chromatin immunoprecipitation and ChIP-seq—Antibodies were used as described 

above. Each antibody was incubated with Dynabeads (Life Technology; 10003D) for 12 hr 

at 4 °C. A small portion of the crosslinked, sheared chromatin was saved as Input and the 

remainder was employed for the immunoprecipitation using antibody conjugated 

Dynabeads. After overnight incubation at 4 °C, incubated beads were rinsed with sonication 

buffer (50 mM Hepes pH 7.9, 140 mM NaCl, 1 mM EDTA, 1% Triton X-100, 0.1% Na-

deoxycholate, 0.1% SDS, 0.5 mM PMSF), high salt buffer (50 mM Hepes pH 7.9 500 mM 

NaCl, 1 mM EDTA, 1% Triton X-100, 0.1% Na-deoxycholate, 0.1% SDS, 0.5 mM PMSF) 

and LiCl buffer (20 mM Tris, pH 8.0, 1 mM EDTA, 250 mM LiCl, 0.5% NP-40, 0.5% Na-

deoxycholate, 0.5 mM PMSF). Washed beads were incubated with elution buffer (50 mM 

Tris, pH 8.0, 1 mM EDTA, 1% SDS, 50 mM NaHCO3) for 1 hr at 65 °C and de-crosslinked 

with 5 M NaCl for overnight at 65 °C. Immunoprecipitated DNA was treated with Rnase A 

and Proteinase K and purified by ChIP DNA clean and concentrator (Zymo Research; 

D5205).
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Intracellular calcium imaging—Single iPSC-CMs were plated onto Matrigel-coated 

coverglass (CS-24/50, Warner Instruments, Inc.) at a density of ~10,000 cells per square 

centimeter. Cells were allowed to recover for 3–4 days and loaded with 5 µM Fura-2 AM 

(Thermo Fisher Scientific) in Tyrode’s solution (140 mM NaCl, 5.4 mM KCl, 1 mM MgCl2, 

10 mM glucose, 1.8 mM CaCl2, and 10 mM HEPES, pH adjusted to 7.4 with NaOH at room 

temperature) for 30 min at room temperature. Cells were imaged on a customized Ti-S/L 

100 Inverted Microscope based imaging platform with 40x oil immersion objective (CFI 

SUPER FLUOR, NA 1.30 WD .22). Bipolar pulse was used to pace cells at 0.5 and 1 HZ. 

Cells were kept at 37 °C while recording. Fura-2 signals were captured in high frame rate 

video recording mode (512 × 512 pixels) at a speed of 50 frames per second. Videos were 

analyzed with NIS Elements: Advanced Research Software (Nikon) and raw ratio-pair data 

were further processed with custom-made script based on Interactive Digital Language.

Immunofluorescence staining and confocal microscopy—hESC-CMs were fixed 

in 4% paraformaldehyde in phosphate buffered saline. Following permeabilization with 

0.3% Triton X-100, CMs were stained with primary antibodies against cardiac troponin T 

type 2 (TNNT2; Thermo Scientific and Abcam) and SETD7 (Abcam). After reaction with 

the primary antibodies, cells were incubated with the appropriate Alexa Fluor-conjugated 

secondary antibodies (Santa Cruz Biotechnology or Life Technologies). Images of the 

stained cells were obtained under a brightfield microscope (Leica). Confocal images were 

taken by using a 63× Plan-Apochromat oil immersion objective (Carl Zeiss) and a LSM 510 

Meta confocal microscope (Carl Zeiss). Images were analyzed by using ZEN software (Carl 

Zeiss) and ImageJ software (National Institutes of Health).

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analyses for each experiment are described in the figure legends or in the 

appropriate text. Multiple group comparisons were calculated using one-way ANOVA. 

Pairwise comparisons were carried out using the two-tailed unpaired Student’s t-test. *P < 

0.05; **P < 0.01; ***P < 0.005. All error bars are defined as S.E.M. unless indicated.

Chromatin immunoprecipitation and ChIP-seq analysis—ChIP-seq data were 

aligned to the human genome (hg19) or mouse genome (mm10) by Bowtie (http://bowtie-

bio.sourceforge.net/index.shtml) with only uniquely aligned reads kept. A;l duplicate reads 

were removed by SAMtools (http://www.htslib.org/). FastQC was applied for quality control 

of sequencing (http://www.bioinformatics.babraham.ac.uk/projects/fastqc/). PhantomPeak 

was applied for quality control of ChIP-seq (https://code.google.com/archive/p/

phantompeakqualtools/). For all samples generated, normalized strand coefficient (NSC) 

was above 1.05 and relative strand correlation (RSC) was above 0.8. The aforementioned 

pre-processing scripts are available online (https://github.com/ny-shao/chip-seq_preprocess). 

The genebody annotations of protein coding genes were extracted from ENSEMBL V75 and 

bedtools were applied to extract the aligned reads in genebody regions for all ChIP-seq 

samples (http://bedtools.readthedocs.org/en/latest/). The counts tables of SETD7 and the 

histone marks of coding genes were fed to DESeq for estimation of fold changes of reads 

enrichment in time series and genes with significant enrichment changes (adjusted P-value < 

0.1, fold-change > 2) in pairwise comparisons were selected for downstream analyses (http://
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bioconductor.org/packages/release/bioc/html/DESeq.html). Fold changes were clustered by 

K-means (k=5) clustering in R. Functional enrichment analyses were implemented by 

GeneAnswer package of Bioconductor (https://www.bioconductor.org/packages/release/

bioc/html/GeneAnswers.html). Gene regulatory network was generated by iRegulon 

package (http://iregulon.aertslab.org/) in Cytoscape (http://www.cytoscape.org/). Average 

profile and heatmaps of the genomic features of ChIP-seq were generated by ngs.plot 

(https://github.com/shenlab-sinai/ngsplot) (Shen et al., 2014). Orthologs of human and 

mouse were downloaded from Mouse Genome Informatics (MGI, http://

www.informatics.jax.org/homology.shtml) and genes were sorted based on the enrichment 

density of SETD7 calculated by ngs.plot normalized to reads per millions. The tracks 

screenshots of sequencing data were generated by IGV browser (https://

www.broadinstitute.org/igv/). Corrgram package in R software was used to calculate and 

visualize correlation among different chromatin remodelers and histone marks.

RNA-seq analysis—RNA-seq data generated by Illumina sequencer were assembled by 

STAR (https://github.com/alexdobin/STAR) to the human genome (hg19). The Ampliseq 

data were processed by Ion Torrent server. The transcriptome annotation was downloaded 

from GENCODE project (V19) (http://www.gencodegenes.org/). Fold changes of expression 

levels were estimated by DESeq as aforementioned in ChIP-seq analyses. Functional 

enrichment analyses were implemented by GeneAnswers package.

DATA AND SOFTWARE AVAILABILITY

The accession number for the RNA-seq and ChIP-seq data generated in this paper is 

GSE107785.
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Refer to Web version on PubMed Central for supplementary material.
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Highlights

• SETD7 targets distinct gene sets at discrete stages of cardiomyocyte 

specification

• SETD7 interacts with diverse co-factors during cardiomyocyte differentiation

• SETD7 reads H3K36me3 on gene bodies

• SETD7 is required for calcium handling in terminally-differentiated 

cardiomyocytes
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Figure 1. Dynamic target genes of SETD7 during hESC-CM differentiation
(A) RNA-seq expression level of histone methyltransferases at each stage of CM 

differentiation in hESCs (human), mESCs (mouse), and heart tissues of human and olive 

baboon (Papio anubis). Heart tissue RNA-seq data were acquired from the Expression Atlas 

database. (B) Flow cytometry analysis of TNNT2+ cells in H7 hESCs and hESC-CMs (mean 

± SEM; n=5). (C–D) RT-qPCR of TNNT2 and SETD7 in hESCs and hESC-CMs. *P < 0.05; 

**P < 0.01 (one-way ANOVA; mean ± SEM; n=4). (E) Immunoblot analysis of cell lysates 

at indicated differentiation stages. (F) Immuno-staining of TNNT2, SETD7 in CMs (left). 

Cell counting of SETD7+ and/or TNNT2+ cells from immune-stained images (right). Scale 
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bar, 10 µm. (G) K-means clustering of SETD7 enrichment during CM differentiation. Y-axis 

indicates log transformed fold-changes based on day 0 enrichment (Upper) or log 

transformed fold-changes based on RNA expression at day 0 (Lower). (H–I) Genome 

browser screenshots of ChIP-seq and RNA-seq for ACTC1 and EOMES. (J) GO analysis of 

Cluster 4 and Cluster 5. Color code indicates negative log transformed multiple testing 

adjusted P-value. (K–L) Gene-concept network displaying the gene names associated with 

the top signaling pathways identified in Cluster 4 and Cluster 5. See also Figure S1 and 

Table S1.
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Figure 2. SETD7 is necessary for CM differentiation
(A) Immunoblot analysis of cell lysates from HES3NKX2-5eGFP/w hESC clone transfected 

with TALEN targeting start codon of SETD7 gene (upper). Immunoblot analysis of cell 

lysate from SETD7+/+ and SETD7−/− HES3NKX2-5eGFP/w-derived CMs (lower) (n=3). (B) 

NKX2-5-GFP expression in SETD7+/+ and SETD7−/− HES3NKX2-5eGFP/w-derived CMs 

(left). Flow cytometry of GFP+ cells (right). Scale bar, 100 µm. (C) RT-qPCR of TBX20 and 

MYH6 in SETD7+/+ and SETD7−/− HES3NKX2-5eGFP/w-derived CMs. (D) mRNA levels of 

SETD7, TNNT2, and MYH6 in control and SETD7 shRNA hESC-CMs. hESCs were 

infected with lentivirus carrying scramble or SETD7 shRNA. (E–F) Expression level of 

cardiac-related genes in hESCs and hESC-CMs expressing doxycycline-inducible scramble 

or SETD7 shRNA. (G) Representative fluorescence microscopy images of hESC 

HES3NKX2-5eGFP/w-derived CMs. Scale bar, 100 µm. Statistical significance obtained by 

one-way ANOVA. *P < 0.05; **P < 0.01; ***P < 0.005 (mean ± SEM; n=4). See also 

Figure S2.
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Figure 3. SETD7 is required for transcriptional regulation of lineage specific genes during CM 
differentiation
(A) Immunoblot analysis of cell lysates from days 0, 1 and 2 of CM differentiation of 

SETD7+/+, SETD7+/− and SETD7−/− hESC lines. (B) RT-qPCR of mesoderm specific genes 

in mesoderm lineage cells derived from SETD7+/+, SETD7+/− and SETD7−/− hESC lines. 

(C) Immunoblot analysis of cell lysates from hESCs and mesoderm lineage cells of 

SETD7−/− lines carrying control or SETD7 overexpression plasmid. Stable cell lines were 

generated using lentiviral overexpression system. (D) RT-qPCR of mesoderm specific genes 

in hESCs and mesoderm lineage cells of SETD7−/− lines carrying control or SETD7 
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overexpression plasmid. (E) Immunoblot analysis of embryoid body cell lysate from 

SETD7+/+, SETD7+/−, and SETD7−/− hESC lines. α-tubulin was used as a loading control. 

(F) RT-qPCR of endomesoderm and ectoderm related genes in embryoid bodies from 

SETD7+/− and SETD7−/− hESC line compared with SETD7+/+. Total mRNA was extracted 

from day 14 of embryoid body formation. (G) Representative fluorescence microscopy 

images of eGFP signal of hESC HES3NKX2-5eGFP/w-derived CMs (day 14) Doxycycline was 

added to cell media on days 0, 3, and 5 of hESC-CM differentiation. Scale bar, 100 µm. (H) 

Immunoblot analysis of SETD7 protein levels in hESC HES3NKX2-5eGFP/w-derived CMs 

(day 14) doxycycline-inducible shRNA for SETD7 or scramble (left). Doxycycline was 

added to cell media on days 0, 3, and 5 of hESC-CM differentiation. Relative signal 

intensity of SETD7 (right). (I) RT-qPCR of cardiac specific genes, and SETD7 expression 

levels in hESC HES3NKX2-5eGFP/w-derived CMs (day 14) doxycycline-inducible shRNA for 

SETD7 or scramble. Statistical significance obtained by one-way ANOVA. *P < 0.05; **P < 

0.01; ***P < 0.005 (mean ± SEM; n=3). See also Figure 2, Figure 3, and Table S2.
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Figure 4. SETD7 associates with stage specific co-factors for active gene transcription of its 
target genes
(A) Immunoblot analysis of SETD7 immunoprecipitates (IP line) and cell lysates (Input 

line) from mesoderm lineage cells derived from hESCs. (B) Genome browser screenshots of 

SETD7 ChIP-seq and RNA-seq profiles in DKK1, MIXL1 and T genes at the mesodermal 

stage of CM differentiation (upper). ChIP-qPCR assay of SETD7, BRG1, and p300 at 

promoter regions of DKK1, MIXL1, and T genes during CM differentiation (lower). The 

sequence and genomic location of each primer were described in Table S2. (C) Relative 

enrichment levels of SETD7 (in human) and Nkx2-5 (in mouse) on TSS of ortholog coding 

genes in CMs. Heatmaps were ranked by SETD7 enrichment. ChIP-seq data adapted from 
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He et al., 2011. (D) Immunoblot analysis of SETD7 immunoprecipitates (IP line) and cell 

lysates (Input line) from hESC-CMs. (E) Genome browser screenshots of SETD7 ChIP-seq 

profiles in MYH6 and NKX2-5 regions in four stages of CM differentiation (upper). ChIP-

qPCR of SETD7 and NKX2-5 enrichment at promoter regions of MYH6 and NKX2-5 genes 

during CM differentiation (lower). Orange bar indicates region targeted by qPCR. (F) 

Genome browser screenshot of Setd7 gene with a conserved NKX2-5 motif in the promoter 

region. Enrichment of Nkx2-5, Tbx5, and Gata4 on the promotor region of Setd7 promoter 

in mouse CMs. ChIP-seq data were adapted from Luna-Zurita et al., 2016. (G) ChIP-qPCR 

of NKX2-5 enrichment at promoter regions of NANOG, SETD7, NKX2-5, TNNT2, and 

MYH6 in hESC-CMs. (H) RT-qPCR of mRNA expression of SETD7, NKX2-5, TBX5, and 

MYH6 genes in CMs transfected with two different sets of siRNA for SETD7 and NKX2-5. 

(I) ChIP-qPCR of SETD7 and IgG at TSS regions of TNNT2 genes in NKX2-5 knock-down 

CMs. Statistical significance obtained by one-way ANOVA. *P < 0.05; **P < 0.01; ***P < 

0.005 (mean ± SEM; n=3). See also Figure S4.
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Figure 5. SETD7 is linked with H3K36 methylation on its target genes
(A) Immunoblot analysis of cell lysates from SETD7+/+ and SETD7−/− lines at day 14 of 

CM differentiation. PFI-2 and DMSO were treated during entire CM differentiation. (B) 

Flow cytometry of TNNT2+ cells of SETD7+/+ and SETD7+/- at day 14 of CM 

differentiation. PFI-2 and DMSO were treated during entire differentiation process (mean ± 

SEM; n=8 for SETD7+/+ with DMSO and SETD7−/−; n=6 for SETD7+/+ with PFI-2). (C) 

Immunoblot analysis of mesodermal cells during CM differentiation. DMSO or PFI was 

treated for 2 days. (D) RT-qPCR of DKK1, NODAL, T, and KDR expression levels in 

mesodermal cells during CM differentiation. DMSO or PFI was treated for two days. (E) 
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Enrichment levels of histone markers and SETD7 at target genes in each of five clusters and 

of RNA expression. (F) Spot intensities of two peptide chip arrays. Each peptide chip 

contained 384 different histone modifications incubated with SETD7 protein. Blue dots 

represent mean signal intensities from two different peptide arrays. (G) Peptide pull-down 

assay of histone peptides with SETD7 protein. Biotinylated histone peptides were incubated 

with GST-SETD7 protein and pulled down with streptavidin coated beads. (H) Immunoblot 

analysis of SETD7 immunoprecipitates (IP line) and cell lysates (Input line) from hESC-

CMs. (I) Genome browser screenshots of H3K36me3 and SETD7 ChIP-seq profiles in T at 

four stages of CM differentiation (upper). ChIP-qPCR assay of H3K36me3 and SETD7 

enrichment at the two gene body regions (dashed orange lines) of the T gene in four stages 

of CM differentiation (lower). (J) Genome-wide heatmaps of SETD7 and H3K36me3 

enrichment in target gene bodies. RNA expression of target genes shown in the right-most 

heatmap. K-means clustering of SETD7 enrichment used to sort heatmaps. (K) ChIP-qPCR 

for relative enrichment of SETD7 and H3K36me3 on gene body regions of MYH6, TNNT2 

and NANOG genes in left ventricular tissue of healthy individuals (n=5). Statistical 

significance obtained by one-way ANOVA. *P < 0.05; **P < 0.01; ***P < 0.005 (mean ± 

SEM; n=3 (panel B); n=5 (panel K)). See also Figure S5 and Figure S6.
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Figure 6. SETD7 is not necessary for H3K36me3 but required for Pol II-mediated gene 
transcription
(A) Immunoblot analysis of SETD7 and H3K36me3. In vitro methylation assay performed 

with histone peptides and active SETD7-FLAG protein. H3K36me3 peptide used as positive 

control. (B) Immunoblot analysis of SETD7, H3K4me1, and H3K36me3. In vitro 
methylation assay was performed with histone H3, histone octamer, polynucleosome and 

active SETD7-FLAG protein. (C) Genome browser screenshots of H3K36me3 ChIP-seq 

profiles in T and EOMES genes at mesodermal stages of SETD7+/+ and SETD7−/− lines. (D) 

Genome-wide heatmaps of H3K36me3 enrichment on genebody region in SETD7+/+ and 
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SETD7−/−(E) ChIP-qPCR of H3K36 enrichment on genebody regions of T and DKK1 genes 

at mesoderm stage. (F) RT-qPCR of SETD2, SETD7, TNNT2, and MYH6 expression levels 

in SETD2 knock-down CMs. (G) ChIP-qPCR of SETD7 and H3K36 enrichment on 

genebody regions of TNNT2 and MYH6 genes in SETD2 knock-down CMs. (H) Average 

profiles of PolII-S2P enrichment in genebody regions of Cluster 4 genes (left) and genome-

wide level (right). (I) Genome browser screenshots of SETD7, H3K36me3, Pol II, and PolII-

S2P ChIP-seq profiles on Brachyury (T) gene at mesoderm lineage of SETD7+/+ and SETD
−/− lines. (J–K) ChIP-qPCR of PolII and PolII-S2P enrichment at TES region of T and 

DKK1 genes in SETD7+/+ and SETD7−/− lines at mesoderm stage. Statistical significance 

obtained by one-way ANOVA. *P < 0.05; **P < 0.01 (mean ± SEM; n=3). See also Figure 

S7.
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Figure 7. SETD7 is critical for calcium handling properties of mature cardiomyocytes
(A) SETD7 expression at various days of hESC-CM differentiation (n=4). (B–C) RT-qPCR 

of SETD7 and TNNT2 expression levels in hESC, hESC-CMs, fetal heart, and adult heart 

tissues. (D) Immunoblot analysis of SETD7 in control and SETD7 knock-down lines. (E) 

Cell viability assay of control and SETD7 knock-down lines. (F) Standard deviation of peak 

intervals of control and SETD7 knock-down lines. Motion vector from movie images was 

recorded and analyzed with SONY SI8000 cell motion imaging system (n=18). (G) Total 

number of wells with arrhythmic-beating hESC-CMs from control and SETD7 knock-down 

lines. (H) Representative traces of the motion velocity of hESC-CMs infected with scramble 
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or SETD7 shRNA. (I) Immuno-staining of Cxn43, α-Actinin and TNNT2 in control and 

SETD7 knock-down CMs. (J) Representative ratio-metric calcium imaging traces of control 

and SETD7 knock-down hESC-CMs. (K–Q) Calcium handling parameters of scramble and 

SETD7 shRNA lines (n>30). (R–T) Relative RNA expression of SETD7 and calcium 

handling genes in scramble and shRNA SETD7 groups. (U) ChIP-qPCR of SETD7 and IgG 

enrichment on TNNT2, MYH6, and CASQ2 genes in hESC-CMs (n=3). Statistical 

significance obtained by one-way ANOVA. *P < 0.05; **P < 0.01; ***P < 0.005 (mean ± 

SEM).
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