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ABSTRACT OF THE DISSERTATION 
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Professor Thomas M. Vondriska, Co-Chair 

 

Cardiac myocyte (CM) proliferation is required for the heart regeneration seen in 

lower vertebrates and neonatal mammalian injury models. However, mammalian CMs 

stop proliferating soon after birth and subsequent heart growth comes from hypertrophy, 

limiting the adult heart’s regenerative potential after injury. The molecular events 

blocking CM proliferation in the adult heart remain poorly understood. We hypothesized 

repressive epigenetic mechanisms are responsible for the stable silencing of cell cycle 

genes in adult CMs (ACMs). Studies from our lab and others have suggested 

trimethylation of Lysine 9 of Histone H3 (H3K9me3) and H3K27me3, histone 

modifications associated with heterochromatin, are associated with permanent cell cycle 

exit. To test if depleting these repressive methylations in ACMs could relieve the 
ii 



silencing of cell cycle genes, we developed an adenoviral-gene-transduction model for 

combined H3K9me3- and H3K27me3-depletion in vitro. We tested this hypothesis in 

vivo using a transgenic mouse model where H3K9me3 is specifically removed by 

histone demethylase KDM4D in CMs. Loss of H3K9me3 in CMs disrupts ACM cell cycle 

gene silencing preferentially and results in increased CM cycling. Normalized heart 

mass was increased by postnatal day 14 (P14) and continued to increase until 9-weeks 

of age. ACM number, but not size, was significantly increased in BiTg hearts, 

suggesting CM hyperplasia accounts for the increased heart mass. Challenging 

H3K9me3-depleted hearts with a hypertrophic growth signal stimulated ACM mitotic 

activity. Thus, we demonstrated that H3K9me3 is required for cell cycle gene silencing 

in ACMs and depletion of H3K9me3 allows hyperplastic growth in vivo. To gain 

mechanistic understanding of the observed proliferation-competence we examined 

global chromatin structure and loci-specific DNA accessibility in H3K9me3-depleted and 

control ACMs. Combined with DNA methylation bisulfite sequencing (DNAme-Seq) and 

chromatin-immunoprecipitation (ChIP) studies, these data suggest a model where cell 

cycle genes have a unique chromatin signature, where the gene bodies are 

heterochromatinized and the gene promoters are regulated by canonical cell cycle 

transcription factor pathways that are modulated by H3K9me3.  
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Chapter 1: 

Introduction to cardiac myocyte cell cycle and  

Epigenetic regulation of cell cycle 

 

Cardiac myocyte proliferation regenerates hearts 

Ischemic heart disease is the number one cause of years of life lost and death in 

America and worldwide 1, 2. With such high prevalence cardiovascular diseases are a major 

public burden, costing more than 500 billion dollars per year in the US 3. It is felt that a major 

reason for the development of heart failure comes from insufficient endogenous repair, and 

irreplaceable loss of cardiac myocytes (CMs). In the 1990’s, investigators unsuccessfully 

attempted to force CMs to proliferate, or transdifferentiate fibroblasts into CMs. In the last 

decade, the entire field has shifted to stem cells and cardiac cell therapy4. However, recent 

advancements in our understanding of heart regeneration, CM proliferative potential, and 

epigenetic control of gene expression allow us to re-evaluate these approaches.  

It has been well known that lower vertebrates have remarkable regenerative capacity, 

such as limb regeneration.  In landmark studies by the Poss and Belmonte groups, it was found 

this regeneration extends to the heart 5, 6. After amputating the apical 20% of adult zebrafish 

hearts, near complete regeneration occurred within one month. Using lineage tracing where 

CMs were specifically labeled with green fluorescent protein (GFP), it was determined that pre-

existing CMs in the border region dedifferentiate and proliferate to regenerate the new GFP(+) 

CMs that repopulated the lost tissue, in contrast to GFP(-) stem cells or fibroblasts 5. 

Newborn mice also demonstrate substantial heart regeneration after amputation 7 or 

myocardial infarction (MI) 8, 9, but this is lost by the second week of life  . A common finding in 

the zebrafish and neonatal mouse studies was the mechanism by which cardiac regeneration 

occurred.  Blood clot formation, inflammation, and collagen deposition were seen in response to 
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the injuries, but ultimately new CMs repopulated the lost myocardial tissue.  Fate mapping 

studies in mice also showed that the new CMs came from dedifferentiation and proliferation of 

pre-existing cardiac myocytes 7, 8. However, when cardiac injury was induced in older mice, 

postnatal day 7 (P7), CM proliferation and the regenerative response were lost, leading to 

fibrotic scarring 7, 8 similar to what is seen after MIs in humans 4, 10. Thus, mammalian hearts 

lose their regenerative capacity early in life, presumably because of an inability of adult CMs 

(ACMs) to proliferate after injury.  

Cardiac myocyte proliferation in adult mammals 

The poor regenerative response seen in adult hearts raises the question of whether 

there is any turnover of CMs in adults. Although there has been controversy over the extent of 

ACM proliferation, recent elegant studies support an emerging consensus that ACM proliferation 

is rare and difficult to stimulate mammals 11. Taking advantage of the heavy carbon C14 pulse 

humanity was exposed to during the era of aboveground nuclear testing, Bergmann and 

colleagues performed a pulse-chase experiment and calculated DNA turnover in human CMs 12. 

They estimated a 0.8% annual renewal rate of ACMs in humans. However, this study could not 

identify the source of the rare new ACMs. The Lee group addressed this using CM-lineage 

tracing mouse models combined with novel methods that extended DNA-synthesis labeling 

periods 13. Interestingly, these studies in mice also estimated a 0.8% annual renewal rate for 

ACMs. This very limited new myogenesis was demonstrated to come from pre-existing ACMs 13. 

The rate of ACM hyperplasia increased slightly after MI, though most DNA-synthesis activity 

resulted in polyploidization and multi-nucleation, rather than complete cell division 13. Consistent 

with very rare ACM cell division, gene expression analysis reveals a dramatic downregulation of 

cell cycle progression genes in ACMs compared with embryonic CMs 14. Subjecting adult hearts 

to a growth stimulus leads to upregulation of early G1/S-phase promoting genes but genes that 

promote later cell cycle phases, mitosis and cytokinesis remain silenced 14. As G1/S-phase 
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genes are required for CM hypertrophy 15, 16 their reexpression is consistent with the 

hypertrophy-restricted growth and increased DNA-content displayed in ACMs after trans-aortic-

constriction (TAC) or MI 13, 17.  Interestingly, the switch to hypertrophic growth in CMs coincides 

developmentally with the postnatal loss of regeneration capacity 7, 8, 17. Thus, ACMs have cell 

growth that is uncoupled from cell division 18, which can be attributed to selective silencing of 

mitosis- and cytokinesis-progression genes 14. 

In a published commentary on contemporary research we suggested at least three major 

pre-translational blocks to ACM proliferation exist: heterochromatic silencing of positive cell 

cycle regulator genes, micro-RNA that target cell cycle genes, and transcriptional activation of 

negative cell cycle regulators19. We further discussed these concepts and highlighted a study of 

Meis1, a transcription factor that induces the expression of cyclin-dependent kinase inhibitors 

including Ink family member (p15, p16, and p19) and Cip/Kip family members (p21 and p57). 

We present a reproduction of the published summary figure, Figure 1 (see Acknowledgments 

for copyright and reproduction information): 

Regeneration potential of adult cardiac myocytes. 

Kyohei Oyama, Danny El-Nachef, W. Robb MacLellan 

Cell Res. 2013 Aug;23(8):978-9 
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Figure 1 Mechanisms that limit regenerative capacity of postnatal CMs. (A) Developmental 
loss of mammalian cardiac myocyte proliferative potential. (B) Three mechanisms have been 
identified to explain the limited cell cycle progression in adult CMs. 1) Pre-transcriptional 
heterochromatin-mediated gene silencing: positive cell cycle regulator genes are marked by 
silencing epigenetic marks (H3K9me3, HP1s) and packed into heterochromatin, resulting in 
permanent silencing. 2) miRNA regulation: miRNAs post-transcriptionally suppress gene 
clusters involved in CM regeneration. 3) Transcriptional activation: Meis1 activates transcription 
of negative cell cycle regulator genes. 
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Epigenetic regulation of cardiac myocyte differentiation and cell cycle exit 

The stable silencing of G2/M and cytokinesis genes is a major component of the 

transcriptome change that occurs when CMs undergo terminal differentiation 17.  Epigenetic 

mechanisms, such as post-translational modifications of histone proteins, DNA methylation, and 

non-coding RNAs, have been implicated in directing changes in gene expression that occur 

during cardiac development and disease 8, 20-25 but considering the numerous epigenetic 

mechanisms that have been identified in other cell types, relatively little is known about their role 

in CM gene regulation and terminal differentiation.  We have published a critical assessment of 

the current literature 21, which has been published and is reproduced below (see 

Acknowledgments for copyright and reproduction information): 

Epigenetic regulation of cardiac myocyte differentiation. 

Kyohei Oyama, Danny El-Nachef, Yiqiang Zhang, Patima Sdek, W. Robb MacLellan 

Frontiers in Genetics, 2014 Nov 4;5:375. 

Abstract 

Cardiac myocytes (CMs) proliferate robustly during fetal life but withdraw permanently from the 

cell cycle soon after birth and undergo terminal differentiation. This cell cycle exit is associated 

with the upregulation of a host of adult cardiac-specific genes. The vast majority of adult CMs 

(ACMs) do not reenter cell cycle even if subjected to mitogenic stimuli. The basis for this 

irreversible cell cycle exit is related to the stable silencing of cell cycle genes specifically 

involved in the progression of G2/M transition and cytokinesis. Studies have begun to clarify the 

molecular basis for this stable gene repression and have identified epigenetic and chromatin 

structural changes in this process. In this review, we summarize the current understanding of 

epigenetic regulation of CM cell cycle and cardiac-specific gene expression with a focus on 

histone modifications and the role of retinoblastoma family members. 
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INTRODUCTION 

The fetal heart increases in size throughout development via proliferation of CMs but switches 

to mainly hypertrophic growth of CMs with limited proliferation soon after birth, undergoing 

terminal differentiation which is associated with permanent cell cycle exit (Ahuja et al., 2007; 

Mollova et al., 2013; Naqvi et al., 2014). Terminal differentiation in ACMs is characterized by 

two distinct phenomena: the upregulation of a panel of cardiac-specific adult genes and the 

permanent withdrawal from cell cycle (Ahuja et al., 2007). The inability of ACMs to proliferate 

has been linked to the fact that E2F-dependent cell cycle genes specifically involved in 

regulating G2/M and cytokinesis are not re-expressed after growth stimuli in ACMs. Recent 

studies suggest the upregulation of adult cardiac-specific genes together with the silencing of 

cell cycle genes may be mediated by epigenetic mechanisms (Sdek et al., 2011). 

Epigenetic mechanisms regulate chromatin structure (Li and Reinberg, 2011), which modulates 

gene expression and plays a crucial role in diverse biological events such as the specification 

and differentiation of various cell types (Chen and Dent, 2014). Epigenetic marks have 

traditionally been thought to be stable, however the recent identification of histone modification 

enzymes suggests that epigenetic regulation can be a dynamic and reversible process (Kooistra 

and Helin, 2012). This review focuses on epigenetic regulation in CMs and its role in cell cycle 

control and terminal differentiation with a focus on histone modifications and Rb family 

members. 

EPIGENETIC REGULATION OF GENE EXPRESSION AND SILENCING 

Epigenetics is typically defined as the regulatory mechanisms of gene activity that are not due to 

changes in DNA sequence. These include modifications of DNA and histone proteins, which 

affect chromatin structure, and microRNA. In the nuclei of eukaryotic cells, DNA is wrapped 
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around an octamer of histone proteins that are packed into higher-order chromatin structures. 

Epigenetic regulation involves covalent modification of either of DNA (DNA methylation) or of 

nucleosomes, which is primarily through post-translational modification of histones (acetylation, 

methylation, phosphorylation, ubiquitination, sumoylation, ribosylation, deamination, and proline 

isomerization; Chen and Dent, 2014). These epigenetic post-translational modifications are 

tightly controlled by specific enzymes, for example HATs and HDACs as well as HMTs and 

HDMs. There are two fundamental types of chromatin: euchromatin and heterochromatin. 

Euchromatin is typically associated with transcriptionally active genes because its looser 

structure is accessible to TFs. In contrast, heterochromatin has a high-density structure that 

prevents transcriptional machinery access and gene expression (Johnson et al., 2013). 

Euchromatin formation is typically associated with histone acetylation, on the other hand, 

heterochromatin formation is associated with specific histone methylations. The effect of histone 

methylation is dependent on which amino acid residue of the histone is methylated, and whether 

the residue is mono, di, or trimethylated (me1, me2, and me3, respectively; Chen and Dent, 

2014). For example, methylation of the lysine 4, 36, or 79 lysine residue of histone 3 (H3K4me, 

H3K36me, and H3K79me) at gene promoters is associated with transcription activation, while 

methylation of the 9th or 27th lysines (H3K9me, H3K27me) is linked to heterochromatin 

formation and gene repression (Chen and Dent, 2014). H3K9me3 is a potent inducer of stable 

heterochromatin by recruiting HP1s (Canzio et al., 2013). H3K27me3 is thought to be more 

dynamically regulated and mark repressed but poised genes (Rada-Iglesias et al., 2011; Lee et 

al., 2012). The addition of methyl groups on the lysine and arginine residues of histones is 

catalyzed by HMTs, while the removal of methyl groups is mediated by HDMs. For all the known 

lysine residues of HMT activity, counteracting HDMs have been identified, with the exception 

that the H3K79 HDM is not known, although evidence suggests methylations of this mark are 

reversible (Kooistra and Helin, 2012). 
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EPIGENETIC REGULATION OF CARDIAC-SPECIFIC GENE EXPRESSION 

During cardiac differentiation, the epigenetic landscape changes dramatically, which is required 

for appropriate cardiac differentiation (Paige et al., 2012; Wamstad et al., 2012). The 

establishment and maintenance of a specific gene expression program includes activation of 

cardiac-specific genes and cell cycle inhibitors as well as stable repression of non-cardiac 

genes and cell cycle progression genes. 

HATs, HDACs, AND HISTONE ACETYLATION 

The HAT most studied in cardiac development is p300. p300 is highly expressed in embryonic 

myocardium but the level declines after birth (Schueler et al., 2012). 3,000–5,000 potential 

enhancers are associated with p300 in fetal and adult hearts (Blow et al., 2010; May et al., 

2012), suggesting an important role in CM development. p300-deficient mice are embryonic 

lethal at E9-11.5 with heart malformations and reduced expression of cardiac-specific genes 

such as αMHC and αSA (Yao et al., 1998; Partanen et al., 1999). Knock-in experiments using 

an acetyltransferase activity-deficient p300 mutant demonstrated that p300 acetyltransferase 

activity is specifically required for cardiac development (Shikama et al., 2003). p300 interacts 

with GATA4, Nkx2.5, and Mef2c, which are key TFs regulating CM gene expression and 

differentiation, at promoters of their target genes (Sun et al., 2010; Figure 2A). In addition, 

expression of cardiac-specific genes such as atrial natriuretic peptide (ANP) and brain 

natriuretic peptide (BNP) correlates with p300 occupancy and histone acetylation on their 

promoters (Hasegawa et al., 1997; Slepak et al., 2001; Mathiyalagan et al., 2010; Schlesinger et 

al., 2011; Schueler et al., 2012). Consistent with this, inhibition of p300 resulted in decreased 

expression of cardiac-specific genes such as α-MHC and β-MHC and interestingly the 

expression of cardiac TFs such as Mef2c, Nkx2.5, and Hands were also decreased (Hasegawa 

et al., 1997; Lin et al., 1997; McFadden et al., 2000; Poizat et al., 2000; Dai et al., 2002). 
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Figure 2 Model of epigenetic gene regulation in cardiac myocytes. Cardiac differentiation is 
associated with activation of cardiac-specific genes and silencing of non-cardiac and cell cycle 
genes. (A) Cardiac-specific gene regulation: cardiac-specific transcription factors (CTFs) recruit 
histone acetyltransferases, such as p300, transferring acetyl groups to histone H3 and/or H4. 
Also they recruit histone demethylases such Kdm4a and UTX to remove silencing methyl marks 
from H3K9me3 and H3K27me3, resulting in activation of cardiac-specific genes. (B) Non-
cardiac gene repression: HDACs remove acetyl groups from H3 and/or H4 and histone 
methyltransferases such as Suv39h1 and PRC2 put methyl groups on H3K9 and H3K27, 
respectively, promoting tighter histone packing and silencing non-cardiac genes. (C) Cell cycle 
gene silencing: Rb/E2F complex targets HP1γ on positive cell cycle gene promoters. HP1γ 
spreads H3K9me3 likely through recruitment of Suv39h1 and self-assembles to condensate 
chromatin, resulting in the packaging and silencing of positive cell cycle genes in 
heterochromatin. H3K27me3 is also enriched by an unknown mechanism but probably 
mediated by PRC2. 
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Cardiac TFs such as GATA4 and Mef2c can be directly acetylated by p300 and the acetylation 

potentiates DNA binding and transcriptional activity (Kawamura et al., 2005; Ma et al., 2005). 

CBP, a HAT structurally related to p300, is expressed in embryonic hearts, but CBP-deficient 

embryos don’t show abnormal heart formation (Tanaka et al., 2000; Chen et al., 2009). Males 

absent on the first (MOF) protein, a HAT belonging to the MYST (MOZ, Ybf2/Sas3, Sas2, and 

TIP60) family member, is down-regulated in human failing hearts and mouse hypertrophic 

hearts (Qiao et al., 2014). Cardiac-specific MOF overexpression ameliorated TAC-induced 

cardiac hypertrophy, however it was not determined if this protection was related to HAT activity 

or targeting of specific genes (Qiao et al., 2014). Other HATs such as Gcn5 have been 

implicated in cardiac differentiation in vitro but their relative importance is unknown (Li et al., 

2010). 

The effects of HATs are counteracted by HDACs, which typically repress gene activation. 

HDACi TSA promotes acetylation of H3 and H4 and CM differentiation in vitro (Kawamura et al., 

2005; Karamboulas et al., 2006). Cardiac-specific deletion of either HDAC1 or HDAC2 singly 

does not evoke a phenotype; however, deletion of both genes results in neonatal lethality, 

accompanied by cardiac arrhythmias and dilated cardiomyopathy (Montgomery et al., 2007). 

Mice with cardiac-specific overexpression of HDAC3 show a decrease in global H4 acetylation 

and an increased thickness of myocardium which is due to cardiac hyperplasia without 

hypertrophy (Trivedi et al., 2008). The hyperplasia is related to suppression of Cdk inhibitors 

such as p21cip1, p27kip1, p57kip2, p18inc4c, and p15inc4b. In contrast, mice with a cardiac-specific 

deletion of HDAC3 survived up to 4 months of age but demonstrated massive cardiac 

hypertrophy, myocardial lipid accumulation and elevated triglyceride levels (Montgomery et al., 

2008). Indeed, ChIP assays show that HDAC3 co-occupies promoters of numerous genes 

involved in metabolic regulation with PPARα. It seems that HDAC3 is an important regulator of 

CM proliferation and energy metabolism during cardiac development. Interestingly global 
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histone acetylation is unchanged in HDAC3 KO mice, suggesting that the effects of HDAC3 

deficiency are very specific. HDAC4, a class II HDAC, has an anti-hypertrophic role through 

Mef2 suppression. Recent studies suggested that HDAC4 suppresses Mef2 in a histone 

deacetylation activity independent manner (Backs et al., 2011; Hohl et al., 2013). Indeed histone 

acetylation did not change on hypertrophic gene promoters when HDAC4 nuclear activity was 

reduced (Hohl et al., 2013). HDAC5 and HDAC9 are highly enriched in the heart and their 

functions are overlapping during cardiac development (Haberland et al., 2009). Single HDAC5 

or HDAC9 KO mice are viable without apparent cardiac defects but mice lacking both HDAC5 

and HDAC9 are embryonic or early postnatal lethal with ventricular septal defects, thin-walled 

myocardium and abnormality of CMs (Zhang et al., 2002; Chang et al., 2004). Since HDAC5 

and HDAC9 interact with Mef2 to suppress its transcriptional activity (Zhang et al., 2002; Chang 

et al., 2004), the developmental cardiac defects in the double mutant mice are likely resulted 

from aberrant activation of Mef2. Interestingly it has been shown recently that HDAC can also 

be acetylated during cardiac hypertrophy, which alters their function (Eom et al., 2014). 

Numerous reports using inhibitors and gene manipulation techniques have revealed the 

importance of HAT/HDAC in cardiac development. However, the specific target genes and the 

histone acetylation-independent mechanism of each HAT/HDAC and their roles in cardiac 

development require further study. 

HMTs, HDMs, AND HISTONE METHYLATION 

There is also increasing evidence demonstrating the importance of histone methylation in 

regulating cardiac phenotypes (Gottlieb et al., 2002; Barski et al., 2007; Nimura et al., 2009; 

Fujii et al., 2011; Movassagh et al., 2011; Tao et al., 2011; He et al., 2012a; Lee et al., 2012). 

Recent exome sequencing analysis revealed that congenital heart disease cases show a 

marked excess of de novo mutations in genes involved in H3K4 and H3K27 modifications (Zaidi 
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et al., 2013). ACMs with inducible, cardiac-specific KO of H3K4 HMT subunit, PAX interacting 

(with transcription-activation domain) protein 1 (PTIP), showed altered expression of genes 

involved in conduction, such as Kcnip2, but not genes involved in hypertrophy, such as β-MHC 

and ANP (Stein et al., 2011). Specific deletion of PTIP in ACMs led to dysregulated sodium and 

calcium handling, abnormal EKGs, and susceptibility to ventricular premature beats, but no 

abnormalities of cardiac growth. Smyd1 is a cardiac and skeletal muscle restricted chromatin 

remodeling protein that can also methylate H3K4 in vitro, suggesting it may function as a 

muscle-specific transcription activator (Sims et al., 2002; Tan et al., 2006; Sirinupong et al., 

2010). Smyd1 deficient mice die in utero secondary to abnormal CMs maturation and right 

ventricular development (Gottlieb et al., 2002). Consistent with the right ventricular development 

defect, the expressions of Hand2 and Irx4 are downregulated in hearts lacking Smyd1 (Gottlieb 

et al., 2002; Park et al., 2010). Muscle-specific TF skNAC is a major partner for Smyd1 in the 

developing heart (Park et al., 2010; Sirinupong et al., 2010) and normal expression of Hand1 

and Irx4 is dependent on Smyd1-skNAC interaction (Park et al., 2010). It is not clear if the 

defect in cardiac development and cardiac-specific gene expression in Symd1 deleted mouse is 

directly related to its HMTase activity (Tan et al., 2006; Just et al., 2011). Interestingly Symd1 

interacts with sarcomere protein and potentially methylates myosin protein (Just et al., 2011; Li 

et al., 2013). Symd1 can also function as a transcriptional repressor by recruiting class I HDAC 

(Gottlieb et al., 2002; Costantini et al., 2005). 

Another Smyd family member, Smyd2, is a H3K4 and H3K36 HMT that is highly expressed in 

neonatal CMs. A CM-specific KO of Smyd2 showed it is dispensable for normal cardiac 

development and had no effect on H3K4 and H3K36 methylation in mice, perhaps due to 

redundant HMTs that can compensate for the Smyd2 deficient (Diehl et al., 2010). Wolf-WHSC1 

is a H3K36 HMT, which catalyzes mono-, di-, and tri-methylation. Deletion of WHSC1 is 

observed in all patients with Wolf–Hirschhorn Syndrome, which is associated with cardiac 



13 
 

congenital defects (Bergemann et al., 2005). WHSC1 KO mice die perinatally with atrial and 

ventricular septal defects (Nimura et al., 2009). WHSC1 interacts with Nkx2.5 and occupies 

Nkx2.5 target genes to repress transcription presumably through H3K36me3 modification. 

Distinct H3K36me methylation patterns have been described for end-stage cardiomyopathic 

compared to age-matched normal human hearts (Movassagh et al., 2011), suggesting proper 

regulation of H3K36me may be important for cardiac development and maintaining physiological 

ACMs gene expression in humans as well. 

Histone methyltransferases have also been implicated in cardiac health and disease. PRC2 is a 

HMT complex, which consists of four components: catalytic subunit enhancer of Zeste 1 

(Ezh1)/Ezh2, suppressor of Zeste 12 (Suz12), embryonic ectoderm development (Eed), and 

RbAp46/48 (Margueron and Reinberg, 2011). PRC2 mediates the methylation of H3K27, which 

silences genes and regulates tissue-specific differentiation by orchestrating the repression of 

unnecessary or stage-specific transcriptional programs (Boyer et al., 2006; Pasini et al., 2007; 

Shen et al., 2008). During CM development, H3K27me3 levels increase when cardiac 

progenitor cells are differentiating into CMs (Delgado-Olguin et al., 2012). In the heart, Ezh1 and 

Ezh2 are predominantly expressed in adult and embryonic stage, respectively (Sdek et al., 

2011). The importance of PRC2 in cardiac development has been demonstrated using cardiac-

specific deletion models (Chen et al., 2012; Delgado-Olguin et al., 2012; He et al., 2012a). 

Conditional inactivation of Ezh2 specifically in right ventricle progenitors by Mef2cAHF-Cre, 

which is active from E7.5, caused right ventricle hypertrophy (Delgado-Olguin et al., 2012). This 

hypertrophy was caused by derepression of Six1 gene which is stably silenced upon cardiac 

differentiation. Nkx2.5-Cre driven Ezh2 inactivation in early cardiac differentiation caused 

embryonic lethality with defects in heart development; however, inactivation of Ezh2 in 

differentiated CMs by TnT-Cre did not evoke a phenotype (He et al., 2012a). The developmental 

defect in Ezh2 deficient mice was associated with aberrant expression of non-cardiac and cell 
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cycle inhibitor genes and ectopic expression of atrial-specific genes in ventricular myocytes. 

These findings indicate that Ezh2 and H3K27me3 promote and stabilize cardiac differentiation 

by silencing ectopic gene programs. Interestingly, Ezh2 directly binds to GATA4 and also 

methylates it, which attenuates its transcriptional activity by reducing its interaction with p300. 

This interact is important for suppression of αMHC expression in embryonic CMs (He et al., 

2012b). G9a and GLP are major H3K9 mono- and dimethyltransferases and contribute to 

transcriptional silencing. Nkx2.5-Cre driven dual function loss of GLP and G9a (GLP-KO/G9a-

KD) mice showed reduction of H3K9me2 level in CM and atrioventricular septal defects, but not 

in single either GLP or G9a function loss (Inagawa et al., 2013). Array analysis revealed 

expression of non-CM gene in GLP-KO/G9a-KD CM. Suv39h1 which mediates tri-methylation of 

H3K9 can regulate cell cycle exit in cardiac differentiation (Sdek et al., 2011). Silencing of 

Suv39h1 in ACMs by siRNA increased the expression of cell cycle progression genes and 

consistent with this silencing of HP1γ which binds H3K9me3, also induced cell cycle 

progression gene upregulation (Sdek et al., 2011). Thus deposition of suppressive histone 

marks such as H3K9me2/3 and H3K27me3 seems to be involved in non-cardiac gene silencing 

and cell cycle exit (Figure 2B). 

Jumonji, coded by the Jarid2 gene, is a nuclear factor that plays an essential role in the 

development of multiple tissues, including the heart. Jmj has a DNA binding domain, ARID, and 

two conserved Jmj domains (JmjN and JmjC; Takeuchi et al., 2006). Based on homology to the 

Jmj domain, it is now recognized that this protein is part a family of proteins, most of which are 

associated with histone modifying activity. The JmjC domain is essential for the demethylase 

activity (Klose et al., 2006; Takeuchi et al., 2006). The identification that the Jmj family proteins 

have HDM activity, which can demethylate mono-, di and tri-methylation, suggested that histone 

methylation might be more dynamic than previously thought and regulate acute changes in 

gene expression (Bose et al., 2004; Tsukada et al., 2006; Lan et al., 2008; Lee et al., 2012). 
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The Jmj family member Jmjd6 is a histone H3 and H4 arginine demethylase that is essential for 

cardiac development (Chang et al., 2007). Jmjd6-deficient mice die perinatally due to cardiac 

malformations with ventricular septal defect and double-outlet right centicle (Schneider et al., 

2004). Kdm4a is a H3K9me3 and H3K36me3 HDM (Whetstine et al., 2006). In failing hearts 

ANP and BNP promoters have less enrichment of H3K9me3 (Hohl et al., 2013). Consistent with 

this Kdm4a is upregulated and enriched on these promoters (Zhang et al., 2011; Hohl et al., 

2013). Although cardiac-specific Kdm4a deficient mice and transgenic mice which overexpress 

Kdm4a show no overt baseline phenotype (Zhang et al., 2011), when subjected to pressure 

overload, inactivation of Kdm4a attenuates hypertrophic response while Kdm4a overexpression 

enhances cardiac hypertrophy (Zhang et al., 2011). This Kdm4a mediated hypertrophy can be 

related to the expression of FHL1, a key component of the mechanotransducer machinery 

which is involved in hypertrophic development (Sheikh et al., 2008), via demethylation of 

H3K9me3 on FHL1 promoter. Recently another JmjC protein ubiquitously transcribed 

tetratricopeptide repeat, X chromosome (UTX), a H3K27 demethylase encoded on X 

chromosome, was shown to be essential for cardiogenesis (Agger et al., 2007; Hong et al., 

2007; Lan et al., 2007). UTX is highly expressed in developing hearts and its deletion in female 

mice is embryonic lethal with severe cardiac malformation (Lee et al., 2012). UTX null 

embryonic stem cells (ESCs) also fail to develop spontaneous contractions and cardiac-specific 

gene expression (ANP, MLC2, and a-CA). UTX interacts with core cardiac TFs, Nkx2.5, Tbx5, 

GATA4, and serum response factor (SRF) as well as cardiac-specific enhancer of Brg1-

associated factor Baf60c and potentiates their transcriptional activity to activate cardiac-specific 

genes (Lee et al., 2012). Interestingly, in addition to H3K27me3, UTX can also affect H3K4 

methylation for activation of cardiac enhancers (Lee et al., 2012). This is likely to be an indirect 

effect of the loss of UTX due to the fact that UTX and MLL3/4 are in the same complex. Thus 

removal of silencing histone marks is important for cardiac-specific gene activation. 
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EPIGENETIC REGULATION OF CM TERMINAL DIFFERENTIATION 

Terminal differentiation is not the only situation under which adult cells become postmitotic. 

Senescent cells also undergo an irreversible cell cycle arrest. In both situations, cells are unable 

to express the genes required for proliferation, even when stimulated with growth factors. At the 

molecular level, nuclei of senescent and terminally differentiated cells demonstrate 

accumulation of heterochromatin. This heterochromatin is a characteristic feature of the 

irreversible cell cycle exit of senescent and terminally differentiated cells (Narita et al., 2003; 

Brero et al., 2005; Sdek et al., 2011, 2013). Large-scale chromatin condensation and the 

reorganization of nuclear domains reduce the accessibility of transcription machinery within 

heterochromatic loci (Grewal and Jia, 2007). Localization of E2F target genes in 

heterochromatin regions is seen in both senescent and terminally differentiated cells (Narita et 

al., 2003; Sdek et al., 2011). Heterochromatic regions are characterized by histone 

hypoacetylation and enrichment of H3K9me3. Chromatin of proliferating embryonic CMs is 

hyperacetylated (H3K9/14, H3K18, and H3K27), but following adult differentiation, acetylation 

deceases and histone methylation (H3K9me3 and H3K27me3) associated with transcriptional 

repression predominates (Sdek et al., 2011). 

HISTONE ACETYLATION 

Histone deacetylation mediated by HDACs is the initial step of heterochromatin assembly. 

Although little is known about the function of HDACs in CMs terminal differentiation, among the 

over 18 HDAC family members, HDAC1 plays critical role in regulation of proliferation in other 

cell types; however, the effects of HDAC1 on cell cycle are developmentally dependent. 

Deletion of HDAC1 results in embryonic lethality at E9.5 due to impaired cellular proliferation 

(Lagger et al., 2002). However, in cellular senescence, HDAC1 promotes irreversible silencing 

of proliferation related genes (Stadler et al., 2005; Bandyopadhyay et al., 2007; Willis-Martinez 
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et al., 2010; Chuang and Hung, 2011). HDAC1 and hypo-phosphorylated Rb protein levels are 

elevated in senescent cells (Narita et al., 2003; Wang et al., 2008). HDAC1 forms a complex 

with Rb and E2F4 on the E2F-dependent promoters and is responsible for deacetylating histone 

H3 on E2F-dependent promoters (Wang et al., 2008). A critical role for HDAC1 in terminal 

differentiation has been revealed in several cell types (Stadler et al., 2005; Yamaguchi et al., 

2005; Ye et al., 2009). HDAC1 is required for the switch from proliferation to differentiation by 

antagonizing Wnt and Notch signaling pathways to promote cell-cycle exit and the subsequent 

neurogenesis in zebrafish retina (Yamaguchi et al., 2005). Loss of HDAC1 in retina results in 

failure of differentiation, which correlated well with failure of precursor cells exit cell cycle and 

upregulation of proliferation promoting proteins (Stadler et al., 2005). An inducible-cardiac-

specific model to delete HDACs at different stages in differentiating CMs might shed light on the 

specific roles of HDACs in CMs differentiation. 

H3K9 METHYLATION 

Di- and tri-H3K9me at promoters of growth-promoting genes is critical feature of cellular 

senescence and terminal differentiation associated with gene repression (Narita et al., 2003; 

Kotake et al., 2007; Sdek et al., 2011). However, it is not clear if H3K9me2 and H3K9me3 are 

equally important in gene silencing of postmitotic cells. Establishment of H3K9me2 and 

H3K9me3 requires different methyltransferases (G9a/GLP and Suv39h1/2 respectively), and the 

nuclear sublocalization of these two modifications in postmitotic cells is different. H3K9me2 is 

found in both euchromatin and heterochromatin regions while H3K9me3 is exclusively co-

localized with heterochromatin (Sdek et al., 2011). This finding suggests H3K9me2 and 

H3K9me3 have slightly different roles in the repression of gene expression. Since Rb is 

intimately involved in targeting these methylations, knocking out Rb family member expression 

in specific cell types allows dissection of the roles of H3K9me2 and H3K9me3 in terminally 
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differentiated cells (Sdek et al., 2011). Acute depletion of Rb alone does not trigger cell cycle 

reentry in ACMs although it dramatically reduces H3K9me2 levels, indicating H3K9me2 is 

dispensable for maintenance of the postmitotic state in ACMs (Sdek et al., 2011). In contrast, 

deleting both Rb and p130 disrupts heterochromatin and allows cell cycle reentry in ACMs; 

however, H3K9me3 levels were unchanged (Sdek et al., 2011), which suggests H3K9me3 is 

established and maintained by an Rb-independent pathway and the presence of H3K9me3 

alone is not sufficient for heterochromatin formation in CMs. In contrast in vitro experiments 

have shown that knockdown of Suv39h1 resulted in de-suppression of cell cycle gene and 

terminal differentiation failure in myocytes, suggesting that H3K9me3 is, at least, necessary for 

establishing myocyte terminal differentiation (Ait-Si-Ali et al., 2004; Sdek et al., 2011). 

H3K9me2/3 MEDIATOR HP1 

The ability of Rb to stably repress transcription is related to its capacity to recruit HP1s to target 

gene promoters resulting in their incorporation into heterochromatin (Nielsen et al., 2001; Narita 

et al., 2003). HP1 is a family of proteins (HP1α, -β, and -γ) that play an important role in gene 

silencing in many organisms (James and Elgin, 1986; Kellum, 2003) by establishing and 

maintaining heterochromatin (Daniel et al., 2005). HP1 family members typically differ in their 

subcellular localization and interaction partners and thus likely have distinct cellular functions 

(Minc et al., 1999, 2001; Auth et al., 2006). A p130 and HP1α complex is recruited to E2F 

regulated promoters during neuronal differentiation to induce cell cycle exit (Panteleeva et al., 

2007). Rb directly promotes permanent cell cycle exit in senescent cells by recruiting HP1γ to 

E2F responsive promoters that have undergone methylation of H3K9 (Narita et al., 2003). The 

role of HP1s in the heart largely remains unknown. All three HP1 family members are expressed 

in ACMs although their subnuclear localization differs. HP1γ in particular is essential for stably 

repressing proliferation-promoting genes in ACMs, and although HP1 family members share 
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similar structure, HP1α and HP1β could not compensate for the loss of function of HP1γ in CMs 

(Sdek et al., 2011). HP1γ binds to G2/M and cytokinesis gene promoters in ACMs but 

disassociated from these promoters when Rb/p130 were acutely deleted, although H3K9me3 

levels at G2/M and cytokinesis gene promoters remained intact. The dissociation of HP1γ at 

G2/M and cytokinesis gene promoters correlated with loss of heterochromatin in ACMs’ nuclei, 

re-expression of G2/M and cytokinesis genes as well as cell cycle re-entry. Given the important 

role of HP1s in heterochromatin formation, the absence of HP1γ recruitment appeared to be the 

key factor in the disruption of heterochromatin and the reinduction of proliferation capacity in 

ACMs lacking Rb/p130. Thus, in CM terminal differentiation, Rb and p130 serve as a bridge to 

link histone modifications and heterochromatin formation through their interaction with HP1γ. 

Heterochromatin stably represses the expression of proliferation-promoting genes and 

maintains the postmitotic phenotype of ACMs (Sdek et al., 2011; Figure 2C). 

H3K27 METHYLATION 

The role of H3K27me3 in terminal differentiation is not clear although the promoters of 

proliferation related genes displayed higher levels of H3K27me3 in ACMs and skeletal 

myotubes (Blais et al., 2007; Sdek et al., 2011). H3K27me3 is important for stable gene 

repression, including suppression of E2F-dependent genes, in certain contexts (Blais et al., 

2007). ACMs from mice where Rb and p130 were deleted embryonically did not undergo 

permanent cell cycle exit (MacLellan et al., 2005). H3K27me3 and heterochromatin formation in 

these CMs were dramatically impaired although global H3K9me3 levels were unchanged (Sdek 

et al., 2011). H3K27me3 is not exclusively enriched on heterochromatin, indicating H3K27me3 

might relate to early stages of heterochromatin formation and repression of genes required for 

proliferation. 
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Rb REGULATION OF EPIGENETIC GENE SILENCING 

Rb is the prototypical member of a gene family encoding three structurally and functionally 

similar proteins, Rb, p107, and p130 (Chen et al., 1996). Rb also plays critical roles in 

senescence and terminal differentiation associated with irreversible growth arrest including CMs 

(Narita et al., 2003; Sdek et al., 2011). Rb mediated inhibition of gene expression can be 

achieved by two mechanisms: direct inhibition of E2F or recruitment of epigenetic remodeling 

factors (Gonzalo and Blasco, 2005). These two mechanisms are selective: some promoters are 

repressed by the first mechanism, whereas other promoters, particularly cell cycle genes, are 

silenced by the second mechanism (Brehm et al., 1998; Luo et al., 1998; Angus et al., 2004). 

Rb family members associate with multiple chromatin remodeling factors, including HDACs (Luo 

et al., 1998; Magnaghi-Jaulin et al., 1998), Suv39h1 (Nielsen et al., 2001), HP1 (Nielsen et al., 

2001), Ezh2 (Tonini et al., 2004), Pc2 (Dahiya et al., 2001), and DMNT1 (Robertson et al., 

2000). Thus Rb affects a wide range of epigenetic regulation pathways, including histone 

acetylation, histone methylation and DNA methylation. 

The major effect of Rb on the histone acetylation pathway is facilitating deacetylation of target 

gene promoters by recruiting HDACs (Brehm et al., 1998; Luo et al., 1998; Magnaghi-Jaulin et 

al., 1998). Class I HDACs (HDAC1, -2, and -3) directly interact with Rb through the pocket 

domain (Lai et al., 1999). Similar to many Rb-interacting proteins, HDAC1 contain an leucine-X-

cysteine-X-glutamic acid, X stans for any any amino acid (LXCXE) motif, which allows direct 

interaction with Rb (Magnaghi-Jaulin et al., 1998). Recruitment of HDAC1 to E2F-regulated 

promoters is important for Rb-mediated S phase repression (Brehm et al., 1998). Rb also 

regulates H3K9me3, which is important for gene silencing and heterochromatin formation. 

Histone methltransferase, Suv39h1/2, is specifically required for H3K9me3 establishment and 

maintenance (Schotta et al., 2004; Siddiqui et al., 2007). Rb physically interacts with Suv39h1 
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and it has been suggested that this interaction is critical for Suv39h1’s gene suppression activity 

(Nielsen et al., 2001). Recent studies, however, have demonstrated that global levels of 

H3K9me3 is normal in fibroblasts that are triply deficient for Rb, p107 and p130 (Gonzalo et al., 

2005; Siddiqui et al., 2007), indicating that Rb family members are dispensable for Suv39h1 

imposed H3K9me3. H3K9me3 is specifically recognized by HP1 protein, and the binding of HP1 

protein at H3K9me3 site is important to transmit its biological signals (Bannister et al., 2001; 

Lachner et al., 2001; Nakayama et al., 2001). HP1 also recruits Suv39h1 and propagates 

H3K9me3 to adjacent chromatin (Yamamoto and Sonoda, 2003; Hathaway et al., 2012). Thus, 

heterochromatin formation is a self-assembling framework of “tethers” (H3K9me3) and 

“adaptors” (HP1) where the HP1 molecules bound to neighboring nucleosomes dimerize 

through their chromoshadow domains, leading to HP1-nucleosome complexes and chromatin 

condensation (Breitbart et al., 1985; Hathaway et al., 2012). HP1s contain an LXCXE (or 

LXCXD) motif which allows interaction with both Rb and p130 (Nielsen et al., 2001; Panteleeva 

et al., 2007); thus RB can directly target HP1 on cell cycle gene promoters (Nielsen et al., 2001; 

Panteleeva et al., 2007; Sdek et al., 2011), which seems to be a key step for the initiation of 

terminally differentiation and senescence. These findings are supported by fact that the absence 

of Rb results in loss of heterochromatin and disrupted H3K9me3 nuclear distribution, even 

though global H3K9me3 is intact (Narita et al., 2003; Gonzalo et al., 2005; Sdek et al., 2011; 

Zhang et al., 2013). 

It has been demonstrated that Rb is also required for establishment and maintenance of 

H3K27me3 (Blais et al., 2007; Kotake et al., 2007). Rb physically interacts with PRC2, the major 

enzyme complex that methylates H3K27. In growing human and mouse primary cells, 

expression of p16, a prominent cell cycle inhibitor, is repressed by H3K27me3 at the p16 locus, 

which is established by PRC2. This recruitment of PRC2 is Rb dependent (Kotake et al., 2007). 

In contrast Rb also interacts with Pc2, the effector protein of the PCR1 complex that recognizes 
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and binds to H3K27me3 (Dahiya et al., 2001; Cao et al., 2002); it has been reported that Pc2 

cooperates with Rb to inhibit expression of cyclin A and cdc2 in senescence cells (Dahiya et al., 

2001). The mechanism underlying this function switching of Rb remains to be elucidated. 

Importance of Rb on CM terminal differentiation through epigenetic mechanism was 

demonstrated (Sdek et al., 2011). Although cardiac-specific information is limited, epigenetic 

role of Rb has been demonstrated in senescence and cell line model. Potentially the similar 

mechanisms discussed above are mediating CM terminal differentiation. 

CONCLUSION 

Commitment to a particular lineage requires both the repression of unnecessary genes while 

simultaneously up-regulating lineage-specific genes. High-throughput DNA sequencing 

technology has enable the search for the binding sites of cardiac TFs, enhancers, epigenetic 

marked histones and chromatin modifying factors on a genome-wide level by ChIP-sequencing 

(Blow et al., 2010; He et al., 2011; Paige et al., 2012; Wamstad et al., 2012; Papait et al., 2013). 

Core cardiac TFs such as Nkx2.5, Mef2c, GATA4, Tbx5, and SRF and cell cycle master 

regulator RB/p130 have been shown to form complexes with epigenetic modifying proteins and 

these complex multimers lead to modifications of histones at promoters of cardiac and cell cycle 

genes which locks in the ACM phenotype. This review has attempted to summarize the 

advances that have been made in our understanding of epigenetic regulation in cardiac 

differentiation and development. Although increasing evidence suggests crucial roles of 

epigenetic modifying proteins and epigenetic marks, their specific function in cardiac lineage 

commitment and differentiation as well as their orchestrating mechanisms still remain to be 

elucidated. Regardless, understanding this epigenetic regulation will undoubtable uncover new 

insights into cardiovascular biology and potentially facilitate development of novel targets for 

cardiovascular therapeutics and regeneration. 
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Chapter 2: 

Acute overexpression of H3K27me3 and H3K9/K36me3 histone-

demethylases is not sufficient to reverse cell cycle gene silencing in adult 

cardiac myocytes in vitro. 

 

Abstract 

Histone methylation and related epigenetic mechanisms have been suggested to 

regulate the terminally differentiated state of adult cardiac myocytes (ACMs). Yet, how the 

multiple repressive methylations act in concert to establish this post-mitotic state remains poorly 

understood. In this study we examine single and combined depletion of repressive H3K9me3 

and H3K27me3 in ACMs using viral vectors that overexpress histone demethylases KDM4A 

and KDM6B. We report that despite global reductions in the respective methylations, acute 

KDM4A and KDM6B overexpression did not re-induce cell cycle genes. We suggest the 

demethylases are unable to localize to heterochromatin, which prevents their targeting to cell 

cycle genes. 
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Introduction 

 The heart regeneration seen in lower vertebrates requires cardiac myocyte proliferation1, 

2. Though mammalian ACMs retain the ability to induce early-cell cycle genes involved in cell 

hypertrophy and DNA synthesis, genes that promote later cell cycle events, namely mitosis and 

cytokinesis, are stably silenced, and the capacity to proliferate after injury is lost3. The 

mechanisms underlying the stable cell cycle exit and permanent silencing of late-cell cycle 

genes in ACMs remain elusive. Recent studies suggest the stable silencing of these genes in 

ACMs is mediated by repressive heterochromatin3.  

Tri-methylation of Lysine-9 and Lysine-27 of histone H3 (H3K9me3 and H3K27me3) are 

both repressive epigenetic marks on chromatin. Interestingly, both of these lysines are within an 

ARKS motif, and the enzymes that regulate them share conserved domains4, 5. Though these 

marks both colocalize with the heterochromatin foci of senescent cells, closer examination of 

chromosome spreads and interphase nuclei revealed that they have distinct spatial organization 

within the foci6. ChIP-seq and Dam-ID experiments in other models show these modifications 

and the enzymes that catalyze them occupy both common and distinct genomic regions 7, 8.  

However, global chromatin structure assays have revealed that either repressive methylation 

can compensate for loss of the other6, 9. So it is unclear how H3K9me3 and H3K27me3 co-

regulate chromatin structure or gene expression, particularly in CMs. 

ChIP assays in ACMs revealed H3K9me3 and H3K27me3 colocalize on late-CC gene 

promoters, but these marks are absent in embryonic CMs that highly express these genes3. IN 

that study, our lab reported that deleting Retinoblastoma (Rb) family members in mouse ACMs 

resulted in the re-induction of genes involved in all phases of the cell cycle and this led to 

proliferation. Additionally, deleting Rb/p130 disrupted the higher order heterochromatin 

organization in ACMs and resulted in loss of H3K27me3 and displacement of H3K9me3 and the 
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H3K9me3-binding Heterochromatin Protein 1 gamma (HP1γ)3. The study suggested H3K27me3 

was enriched on all cell cycle gene promoters in ACMs, but H3K9me3 and HP1γ were specific 

to late-cell cycle genes.  

We reasoned that removal of both repressors is required to reverse silencing of late-cell 

cycle genes and allow complete cell division in ACMs. To clarify the relative significance of the 

H3K9me3 and H3K27me3 pathways, we generated adenoviral vectors that overexpress histone 

demethylases to remove these marks, KDM4A and KDM6B, respectively, alone or in 

combination. These H3K9me3 and H3K27me3 demethylases have been characterized as 

positive regulators of cell cycle and fetal CM gene expression 10-14. KDM4A promotes G1/S 

progression in non-CMs15, 16, and H3K9me3 reduction is implicated in mitosis and cytokinesis17. 

KDM4A can counteract cell cycle exit by inhibiting p53 signaling18, and possesses prosurvival 

functions in addition to its pro-proliferation role19.  

A concurrent study (that was published after we generated KDM4A viral vectors) 

investigated CM-specific KDM4A loss of function or gain of function in mouse models20. 

Although there was no apparent phenotype at baseline in either model, KDM4A overexpression 

exacerbated pressure-overload induced hypertrophy and fetal CM gene expression, while 

KDM4A deletion diminshed these effects. A limitation of this study was that H3K9me3 levels 

were not reported.  A follow up study investigated KDM4A knockdown in neonatal CMs11.  

H3K9me3 levels were increased at the ANP promoter resulting in a 20% decrease in gene 

expression. In an isolated-working-adult-heart model of elevated preload that induces ANP 

expression ex vivo, H3K9me3 and HP1 enrichment on the ANP promoter was reduced. 

However, KDM4A expression and enrichment on the ANP gene promoter were not changed in 

this model, so it remains unclear how KDM4A regulates histone methylation and gene 

expression in ACMs. Furthermore, cell cycle gene expression was not reported in these studies. 
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  Like KDM4A, KDM6B is overexpressed in cancers and implicated as a positive 

regulator of cell cycle12, 13. KDM6B null mice show embryonic lethality; cells derived from these 

fetuses showed reduced CC gene expression and proliferation21. Ablation of KDM6B in 

embryonic stem cells inhibits CM genes and beating embryoid body formation in cardiac 

differentiation14.  In spontaneous differentiation, the Gene Ontology categories showing the 

most genes with >2x reduction in KDM6B-/- cells were Heart Development, Mitogen, and 

Positive Regulation of Cell Division14. Relative to ACMs, KDM6B and KDM4A expression is 

higher in regeneration-competent fetal CMs (Figure 1), where H3K9me3 and H3K27me3 levels 

are low3. These data suggested that KDM4A and KDM6B might cooperate to derepress fetal 

CM and cell cycle genes in ACM, potentially allowing robust cell cycle re-entry.  

We found that acute overexpression of the histone demethylases in ACMs robustly 

depleted the respective methylations, but this did not increase cell cycle gene expression in 

vitro. We provide evidence in CMs for the first time that the previously reported H3K9me3 

demethylase KDM4A also has activity on the activating H3K36me3 modification, making the 

specific role of H3K9me3 in cell cycle regulation unclear. We suggest the euchromatin-restricted 

subnuclear localization of KDM4A and KDM6B may render them unable to reverse the 

heterochromatinization of cell cycle genes. 
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Materials and methods 

Study approval:  All animal studies were performed in accordance with an approved Institutional 

Animal Care and Use Committee (IACUC protocol #4290-01), the University of Washington 

institutional guidelines, and the National Institute of Health Guide for the Care and Use of 

Laboratory Animals.  

 

CM cell isolation and cell culture:  Heparinized mice were euthanized with isoflurane and hearts 

were extracted and arrested in KB buffer (mmol/L:  KCl 20, KH2PO4 10, K+-glutamate 70, MgCl2 

1, glucose 25, taurine 20, EGTA 0.5, HEPES 10, 0.1% albumin, pH 7.4 with KOH). For purified 

ACM preparations, the aorta was cannulated and the heart was washed with Tyrodes solution 

(pH 7.4, supplemented with 25uM Blebbistatin -/-) and digested for 7 minutes with collagenase II 

(Worthington 4176) and Protease Streptomyces griseus XIV (Sigma P5147) using Langendorf 

perfusion. Ventricles were dissociated and the resulting cell suspension was filtered through a 

100µm mesh. Three rounds of low speed centrifugation, where ACMs are loosely pelleted and 

non-CMs in suspension are aspirated, density purify the ACM population, resulting in >90% rod-

shaped ACMs. For embryonic and postnatal CM preparations, hearts were washed in Ads 

buffer (mmol/L:  NaCl 116, HEPES 20, NAH2PO4 10.8, glucose 5.5, KCl 5.4, MgSO4 0.83) and 

incubated with enzyme solution (Collagenase II, Pancreatin (Sigma P3292)) with rotation. Freed 

cells were collected into serum (stopping digestion) every 20 minutes, resulting in dissociation of 

the entire heart within 2 hours.  The resulting cell suspension was fractionated using a percoll 

(Sigma P4937) gradient, and the CM layer and non-CM layer were each collected. Quality and 

purity of CM preparations were verified by immunostaining, flow cytometry, and RNA expression 

of cell-type-specific markers. HEK293 cells were cultured in DMEM supplemented with 10%FBS 

and 1x PS.  
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Generation and validation of adenovirus vectors:  Adenoviruses that express KDM4A, KDM6B, 

or LacZ under the ubiquitous CMV promoter were generated according to manufacturer’s 

guidelines (Agilent 240082). Briefly, cDNAs were subcloned into the adenovirus shuttle vector in 

a manner that introduced a stop codon prior to the HA tag, resulting in untagged proteins. All 

constructs contained GFP cDNA downstream of an Internal Ribosomal Entry Site sequence. 

The Kozak sequence for the resulting KDM4A shuttle vector was weak and was mutated by 

PCR primers with strong Kozak sequence overhangs. The shuttle vector was transfected 

following electroporation of the adenoviral genome vector in BJ5138 cells. The recombined 

adenovirus constructs were transfected into HEK293 cells to generate primary viral stocks. 

Following amplification, viruses were tittered using the TCID50 method to quantify GFP+ cells in 

serial dilution replicates. Isolated ACMs were plated on laminin-coated wells in M199 medium 

supplemented with 1x ITS, 1x PS, 5mM Taurine, 1mM Na-pyruvate, 5mM Creatine, 2mM L-

carnitine, and 25mM Blebistatin, with the presence of 5% FBS. After 1 hour, media was 

changed to 2% FBS containing media and 150 moi of viruses were added. The viral dose of 

150moi was empirically determined to generate >80% transduction, with higher doses providing 

no benefit.  ACMs were maintained in media containing 2% FBS until harvesting. Beta-

galactosidase staining was performed on 4% PFA-fixed ACMs that were incubated in 5mM K+ 

ferri-cyanide, 5mM K+ ferro-cyanide, 2mM MgCl2, and 1mg/mL X-gal for 4 hours.  

 

RNA isolation and analysis. RNA was isolated from cells using TRISOL (Sigma T9424) 

phenol/chloroform purification, followed by column purification with DNase treatment (Qiagen 

74004).  cDNA was synthesized as described in the manufacturers guidelines (Roche 

04896866001). qPCR was performed using SYBR green (Life Technologies 4472908) on a real-

time PCR machine (ABI 7900HT). Primers were validated by standard PCR with electrophoresis 

to confirm specific target band and lack of primer dimers. qPCR dissociation curves were 
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consistent with a single specific product. Ct values were assigned using ABI’s SDS 2.4 software 

with automated thresholding and baselines.  The dCt method was used to quantify expression, 

and expression of each gene was normalized by GAPDH. However, in Figure 1, we present –

log(Ct) values. Finding a suitable control gene that is stably expressed at different stages in CM 

development is not trivial 22. Gapdh was the most stably expressed control across all samples 

compared to S26 and Rplp0 (data not shown), but compared to normalization by input RNA, 

Gapdh normalization resulted in E15.5 CM gene expression being underestimated by ~2.5 fold, 

as Gapdh expression decreases in P3 CMs, then remains stable (data not shown); consistent 

with the high glycolytic activity in fetal hearts 23. Standard Curves were generated using tissue 

or cells that highly express the indicated gene, resulting in qPCR efficiencies ranging from 88-

97%. The sequences of primers used are: 

Gapdh F-CCAATGTGTCCGTCGTGGATCT, R-GTTGAAGTCGCAGGAGACAACC; bMHC F-

GCGACTCAAAAAGAAGGACTTTG R-GGCTTGCTCATCCTCAATCC; aMHC F-

AGAAGCCCAGCGCTCCCTCA, R-GGGCGTTCTTGGCCTTGCCT; cTNI F-

GCAGCCCAGAGGAAACCCAACC R-AGCCGCATCGCTGCTCTCATC; Ccnd1 F-

TGCTGCAAATGGAACTGCTTCTGG, R-TACCATGGAGGGTGGGTTGGAAAT; MYC F- 

ACAGTGTTCTCTGCCTCTGC, R-GCTGTACGGAGTCGTAGTCG; Cdk1 F-

GGCGAGTTCTTCACAGAGACTTG, R-CCCTATACTCCAGATGTCAACCGG; KDM4A F-

CTGCTAGGGCTTTAGGCTCC, R-TTTGGGAGGAACGACCTTGG; KDM4B F-

CAGAGAGCATCACGAGCAGA R-CTCTTGGGCAGCTCCTCTTC; KDM4C F-

GCGGGTTCATGCAAGTTGTT, R-GTTTCAGAGCACCTCCCCTC; KDM4D F- 

TCTGAGTCTGCCTTCTTCTG, R-GCCAGGGTTCACAAGTCCTGAG; KDM6A F- 

GACTGGACAGCCGCCTTTT, R-GATTCGTAGCAGCGAACAGC; KDM6B F- 

AACACTGAGGAGAAGCTGCC, R- GGCCTAAGTTGAGCCGAAGT. 
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Protein extraction and Western Blotting.  

Isolated ACMs were pelleted and resuspended in lysis buffer (0.5% NP-40, 25mM KCl, 5mM 

MgCl2, 10mM Tris-HCl, pH 8.0) and homogenized (Wheaton 358103), releasing soluble 

cytoplasmic proteins. Nuclear-enriched pellets were processed to release chromatin-associated 

proteins from DNA; including sonication, MNase treatment, and addition of 1% SDS, 600mM 

NaCl, and 20mM βME. The nuclear proteins were quantified using a BCA kit that is compatible 

with the detergent, salt, and reducing agent used, which we have found to be important for 

efficient extraction of chromatin proteins particularly in ACMs (Thermo Scientific 23252). 

Samples were loaded on polyacrylamide gels for electrophoresis, subsequently transferred onto 

PVDF membrane, and probed with the indicated antibodies: H3K9me3 (Abcam ab8898), 

H3K27me3 (Millipore 07449). H3K36me3 (Active Motif 61101), pan H3 (Millipore 05-928), 

Lamin A/C (Cell Signaling 47775), Tubulin (T8660; Sigma-Aldrich), KDM4A (A300-861, Bethyl 

Lab. Inc), KDM6B (07-1533, Upstate). HRP-conjugated secondary antibodies (Santa Cruz) and 

ECL-detection (Thermo Scientific 34095) were used. 

 

Imaging 

E15.5 hearts were extracted as described above and snap-frozen in OCT medium for 

cyrosectioning followed by methanol fixation. Cultured ACMs were fixed with 4% PFA. The 

specimens were immunostained with antibodies listed above, and an additional KDM4A 

antibody (Millipore MABN685) for host compatibility when co-staining, using routine techniques 

and imaged with confocal microscopy. 
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Results 

In our efforts to understand the role of H3K9me3 and H3K27me3 in the mammalian 

developmental loss of CM proliferation, we assessed gene expression of the KDM4 H3K9me3-

demethylase family members and KDM6 H3K27me3-demethylase family members through 

mouse CM development. Consistent with previous reports in E15.5 and adult CMs that found 

global levels of H3K9me3 and H3K27me3 were increased developmentally3, we found a 

corresponding decrease in the expression of the KDM4 and KDM6 demethylases (Figure 1).  

 The downregulation of KDM4 and KDM6 demethylases coinciding with the loss of 

proliferative potential in CMs, and the fact that they are upregulated in several forms of cancer12, 

13, suggested to us that overexpressing these demethylases might re-induce cell cycle gene 

expression by removing the repressive methylations in ACMs. To address this we generated 

adenoviral vectors for KDM4A and KDM6B, as well as a control virus that express LacZ.  All of 

the viral constructs expressed non-fusion GFP.  GFP visualization revealed a >80% infection 

rate 24 hours after infection in HEK293 cells (Supplemental Figure 1A), and this was 

associated with robust demethylase mRNA and protein overexpression (Supplemental Figure 

1B). As expected, KDM6B reduced global levels of H3K27me3 and KDM4A reduced H3K9me3 

(Supplemental Figure 2). A recent body of work has identified an additional substrate for 

KDM4A, H3K36me324-26. H3K36me3, in contrast to H3K9me3, is associated with euchromatin 

and gene activation. We assayed for this mark in KDM4A infected cells and confirmed KDM4A’s 

dual substrate specificity (Supplemental Figure 2B). 

 To test our hypothesis in ACMs, we utilized a 72 hour culture protocol that maintained 

the morphological features of ACMs (Figure 2). This protocol was able to highly overexpress 

KDM4A, KDM6B, and the combination of the two (Figure 3A). We confirmed >80% of the LacZ 

infected ACMs were Bgal+ by 24 hours post infection (Figure 3B), though we note the IRES 
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efficiency in ACMs was lower, with GFP+ ACMs clearly becoming distinguishable from 

autofluorescence by 72 hours (Figure 3C). We observed robust protein overexpression of the 

respective demethylases and dramatic reductions in the expected histone methylation in 

infected ACMs (Figure 3D-E). We tested if KDM4A also has dual substrate in ACMs, and 

revealed KDM4A demethylates both H3K9me3 and H3K36me3 in ACMs (Figure 3E). 

 To determine the effects on fetal CM and cell cycle gene expression, we performed qRT-

PCR on ACMs overexpressing KDM4A, KDM6B, or both, as well as uninfected and LacZ 

infected controls. Expression of fetal and adult CM sarcomere genes was unchanged (Figure 

4A). Surprisingly, none of the cell cycle genes assayed were reinduced (Figure 4B). To gain 

insight to whether this was related to a specific inability of KDM4A and/or KDM6B to target their 

activity to cell cycle genes in heterochromatin, or whether H3K9me3 and H3K27me3 were 

generally dispensable for cell cycle gene silencing, we performed high resolution microscopy. 

Interestingly, the subnuclear localization of KDM4A and KDM6B in transduced ACMs showed 

these demethylases rarely overlap with the core of heterochromatin foci, and appear to 

preferentially localize with euchromatin and the borders of the heterochromatin foci (Figure 5). 

Notably, higher-order heterochromatin structures remained intact, even in KDM4A and KDM6B 

co-infected ACMs (Figure 5C). 
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Discussion 

Despite two recent high profile studies on KDM4A’s function as an H3K9me3 

demethylase in mammalian cardiac myocytes11, 20, its function as an H3K36me3 demethylase 

has been unappreciated. Taking this into account, it is difficult to determine whether the 

suggested functions of KDM4A-mediated gene regulation are dependent on the H3K9me3 or 

H3K36me3 pathway. Regardless, our results suggest that KDM4A overexpression does not re-

induce cell cycle gene expression in ACMs, at least in our short term primary cell culture 

protocol that maintains normal ACM morphology. Similarly, KDM6B overexpression, alone or 

combined with KDM4A, was unable to reactivate any of the cell cycle genes assayed, including 

the mitosis initiating cyclin-dependent kinase Cdk1.  

Our findings suggest that removing H3K9me3 and H3K27me3 repressive methylations is 

not sufficient for re-activation of cell cycle progression genes. This may suggest transcriptional 

activators or additional epigenetic perturbations are required for ACM re-expression of late-CC 

genes. Stimulating ACMs with agents known to induce mitogenic pathways in ACMs, such as 

Insulin-like Growth Factor27, may reveal whether the H3K9me3- and H3K27me3-depleted 

chromatin permits expression of late-CC genes and ACM proliferation, in contrast to the normal 

hypertrophy-restricted growth response. 

An alternative explanation for the lack of cell cycle gene expression in the 

H3K9/H3K36me3 + H3K27me3 depletion model may be related to the inability of KDM4A and 

KDM6B to localize to the interior of high--order heterochromatin structures, which were 

maintained even in co-transduced ACMs. In ACMs, both of the overexpressed demethylases 

were anti-localized with the dense heterochromatin identified by intense DNA staining (Figure 

5).  Interestingly, we found endogenously expressed KDM4A and KDM6B in E15.5 CMs 

displayed a similar euchromatin compartmentalization (Figure 6). The global reductions of the 
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methylations in infected ACMs (Figure 3E) may reflect demethylation of a specific subset of 

chromatin that is normally marked by these methylations but not localized within the interior of 

high-order heterochromatin domains. ChIP studies are needed to clarify if these repressive 

methylations are maintained at cell cycle genes in KDM4A and KDM6B overexpressing ACMs. 

Also, in situ hybridization or proximity-ligation studies are needed to clarify if cell cycle genes 

are localized within the higher-order heterochromatic domains that form during CM terminal 

differentiation, as has been suggested in other models of senescence28. 

A fundamental limitation of our in vitro assays is the tradeoff between increasing the 

duration of transgene expression and studying cells that reflect the in vivo ACMs. However, 

given that dedifferentiation is an important requisite to the CM proliferation seen in lower 

vertebrate and neonatal mouse heart regeneration models1, 29 it may be informative to address if 

the KDM4A and KDM6B overexpressing ACMs more readily obtain a proliferative, 

dedifferentiated state in long term culture models.   Injecting the viruses in vivo would allow 

longer-term transgene expression in the native CM environment of the heart. This may enable 

future gene therapy strategies in adult injury and could be used to address whether these 

demethylases can prevent the developmental silencing of cell cycle genes in CMs and perhaps 

extend the neonatal regenerative window.  

In summary, we have identified the developmental downregulation of H3K9me3 and 

H3K27me3 histone demethyases in CMs. When overexpressed in ACMs, KDM4A and KDM6B 

are able to markedly reduce the repressive H3K9me3 and H3K27me3 marks, respectively. This 

suggests that the global increases in H3K9me3 and H3K27me3 through CM development3 

reflect a balance of histone methylation and demethylation, and that this balance can be shifted 

by perturbing histone modifier expression. However, KDM4A and KDM6B overexpression, 

combined or alone, was not sufficient to re-induce cell cycle progression genes in ACMs, 
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suggesting these enzymes are not targeted to cell cycle genes or additional barriers prevent re-

expression of these genes. Future studies may reveal whether the other KDM4- and KDM6-

family members are able to target heterochromatin.  
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Figure 1. Developmental downregulation of KDM4- and KDM6-family histone 

demethylases in CMs. (A-B) E15.5, P3, P7, and 10 week (adult) CM expression levels of (A) 

KDM4 H3K9me3-demethylase family members and (B) KDM6 H3K27me3-demethylase family 

members through development. Sample Number: P0=3, P3=2, P7=4, 10 week=3 Statistics: 

One-way ANOVA/Tukey’s test, * P<0.05 vs E15.5, † P<0.05 vs P3, ‡ P<0.05 vs P7. 
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Figure 2.  Strategy for KDM4A and KDM6B overexpression in ACMs. (A) Timeline showing 

72 hour culture protocol for demethylase overexpression in primary ACMs in vitro. (B) 

Representative images of cultured ACMs at 24 and 72 hours show ACMs retain rod-shaped 

morphology for the duration of the experiments. 
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Figure 3. Validation of histone demethylase induction and assessment of global histone 

methylation decreases in ACMs. (A) mRNA expression of KDM4A and KDM6B in infected 

ACMs. (B) Bgal staining, uninfected (top), lacZ-infected (bottom). (C) GFP signal in co-infected 

ACMs. (D) Co-infected ACMs stained for KDM6B (red). (E) W. Blot analysis of KDM4A and 

methylated histone levels. 



52 
 

 

Figure 4. Expression of CM-specific and cell cycle genes are not induced by KDM4A, 

KDM6B, or combined overexpression.  Control, KDM4A, KDM6B, and combined KDM4A+6B  

overexpressing ACMs were assayed for mRNA expression of (A) CM-specific genes and (B) 

cell cycle progression genes. 
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Figure 5. Chromatin structure and subnuclear localization of the demethylases 

overexpressed in ACMs reveals maintained heterochromatin foci are inaccessible to 

KDM4A and KDM6B. (A) High magnification images showing single nuclei from Control and 

KDM4A expressing ACMs that were stained for KDM4A, H3K9me3, and DNA (Hoechst). Note 

that KDM4A is localized away from the heterochromatin marker and regions of densely 

concentrated DNA foci. (B)  Overexpressed KDM6B and (C) combined KDM4A + KDM6B are 

excluded from heterochromatin structures that are maintained. 
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Figure 6. Endogenously expressed KDM4A and KDM6B are segregated away from 

heterochromatin in E15.5 CMs. High resolution image of a single ACM nuclei showing 

endogenously expressed (A) KDM4A and (B) KDM6B in E15.5 CMs are also excluded from 

heterochromatin. 
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Supplemental Figure 1. Validation of viral constructs in HEK293 cells. (A) Representative 

phase contrast and native GFP signal in living HEK293 cells that were uninfected or transduced 

with GFP expressing viruses. (B) mRNA and (C) protein expression of  KDM4A, left, and 

KDM6B, right,  in control and infected HEK293 cells.  
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Supplemental Figure 2. KDM4A and KDM6B demethylase activity in HEK293 cells. (A) 
Immunoblot displaying KDM6B overexpression reduces global H3K27me3 levels in HEK293 
cells. (B) KDM4A has dual-substrate specificity and reduces global levels of both H3K9me3 and 
H3K36me3 in HEK293 cells. Pan histone H3 was used for loading control. 
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Abstract 

Cardiac myocyte (CM) proliferation is required for the heart regeneration seen in lower 

vertebrates and neonatal mammalian injury models. However, mammalian CMs stop 

proliferating soon after birth and subsequent heart growth comes from hypertrophy, limiting the 

adult heart’s regenerative potential after injury.  The molecular events blocking CM proliferation 

in the adult heart remain poorly understood. We hypothesized that trimethylation of Lysine 9 of 

Histone H3 (H3K9me3), a histone modification associated with heterochromatin, is required for 

the silencing of cell cycle genes in adult CMs (ACMs). To test this, we developed a transgenic 

(BiTg) mouse model where H3K9me3 is specifically removed by histone demethylase KDM4D 

in CMs.  Loss of H3K9me3 in CMs disrupts ACM cell cycle gene silencing preferentially and 

results in increased CM cycling.  Normalized heart mass was increased by postnatal day 14 

(P14) and continued to increase until 9-weeks of age. ACM number, but not size, was 

significantly increased in BiTg hearts, suggesting CM hyperplasia accounts for the increased 

heart mass. Challenging H3K9me3-depleted hearts with a hypertrophic growth signal stimulated 

ACM mitotic activity. Thus, we demonstrated that H3K9me3 is required for cell cycle gene 

silencing in ACMs and depletion of H3K9me3 allows hyperplastic growth in vivo.  
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Introduction 

 Although adult mammalian hearts have a very limited capacity to replace lost CMs after 

injury, robust cardiac regeneration is seen in lower vertebrate and neonatal mammalian hearts.  

Adult zebrafish 1 and neonatal mice 2 can replace lost myocytes even after ≥15% of their hearts 

have been amputated.  Newborn mice also demonstrate substantial heart regeneration after 

inducing a myocardial infarction (MI) that is lost by the second week of life 3, 4.  A common 

finding in these studies was the mechanism by which cardiac regeneration occurred.  Blood clot 

formation, inflammation, and collagen deposition were seen in response to the injuries, but 

ultimately new CMs repopulated the lost myocardial tissue.  Fate mapping studies revealed that 

the new cardiac myocytes came from dedifferentiation and proliferation of pre-existing cardiac 

myocytes, in contrast to cardiac progenitor or stem cells 1-3.  However, when cardiac injury was 

induced in mice at a later time-point, postnatal day 7 (P7), the regenerative response was lost, 

leading to fibrotic scarring 2, 3 similar to what is seen after MIs in humans 5, 6.  Thus, mammalian 

hearts lose their regenerative capacity early in life, presumably because of an inability of ACMs 

to proliferate after injury. 

 The poor regenerative response seen in adult hearts raises the question of whether 

there is any turnover of CMs in adults. Although there has been controversy over the extent of 

ACM proliferation, recent elegant studies have estimated a 0.8% annual renewal rate in 

mammalian hearts 7, 8.  This very limited new myogenesis was demonstrated to come from pre-

existing ACMs 7.  The rate of ACM hyperplasia increased slightly after MI, though most DNA-

synthesis activity resulted in polyploidization and multi-nucleation, rather than complete cell 

division 7.  Consistent with very rare ACM cell division, gene expression analysis reveals a 

dramatic downregulation of cell cycle progression genes in ACMs compared with embryonic 

CMs 9.  Subjecting adult hearts to a growth stimulus leads to upregulation of early G1/S-phase 

promoting genes but genes that promote later cell cycle phases, mitosis and cytokinesis remain 
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silenced 9.  As G1/S-phase genes are required for CM hypertrophy 10, 11 their reexpression is 

consistent with the hypertrophy-restricted growth and increased DNA-content displayed in 

ACMs after trans-aortic-constriction (TAC) or MI 7, 12.  Interestingly, the switch to hypertrophic 

growth in CMs coincides developmentally with the postnatal loss of regeneration capacity 2, 3, 12.  

Thus, ACMs have cell growth that is uncoupled from cell division 13, which can be attributed to 

selective silencing of mitosis- and cytokinesis-progression genes 9.   

The stable silencing of G2/M and cytokinesis genes is a major component of the 

transcriptome change that occurs when CMs undergo terminal differentiation 12.  Epigenetic 

mechanisms, such as post-translational modifications of histone proteins, DNA methylation, and 

non-coding RNAs, have been implicated in directing changes in gene expression that occur 

during cardiac development and disease 3, 14-19 but little is known about their role in mediating 

terminal differentiation.  Simplistically, there are two types of epigenetically-defined chromatin 

structure and function: accessible and actively transcribed euchromatin, and, condensed and 

transcriptionally silenced heterochromatin 20, 21.  Each chromatin type is associated with distinct 

sets of histone modifications and chromatin-associated proteins 21-23.  Histone modifications are 

thought to establish different states of chromatin by physically altering its structure 24-26, as well 

as recruiting other effector proteins which possess modification-specific-binding domains 20, 21.  

In general, euchromatin is enriched with histone acetylations, H3K4me3, and H3K36me3, which 

recruit transcriptional activators 21.  In contrast, heterochromatin is enriched with H3K9me3, 

H3K27me3, and H4K20me3: repressive methylations that recruit heterochromatin-protein-1 

(HP1) family members, polycomb proteins, and other repressive factors 20, 21.  Interestingly, CMs 

that have permanently exited the cell cycle show a striking difference in the organization of 

chromatin within the nucleus.  In proliferating fetal CMs, there is a predominance of euchromatin 

with limited heterochromatin that is organized into many small foci within the nucleus, while in 

ACMs, these heterochromatic foci accumulate into a few, large foci with additional 



64 
 

heterochromatin at the nuclear lamina 9.  Similar patterns are observed in other non-proliferative 

cells where accumulation of heterochromatin coincides with terminal differentiation and cell 

cycle-exiting 27-29.  

E2F and Retinoblastoma family members (Rb, p107, p130) are at the interface of cell 

cycle gene and chromatin structural regulation 30-33.  In proliferating cells, E2F family proteins 

bind to a consensus sequence found in the promoters of many cell cycle genes, acting as 

master regulators of cell division 33, 34.  When hypophosphorylated Rb family members bind to 

E2Fs, they inhibit cell cycle gene expression and cell proliferation.  However, even in quiescent 

cells mitogenic stimulation can lead to phosphorylation of Rb proteins, freeing E2Fs to activate 

cell cycle gene expression 33.  In contrast, senescent or terminally differentiated cells, such as 

skeletal and cardiac myocytes, do not proliferate in response to mitogenic stimuli 35, 36.  This 

permanent cell cycle exit has been proposed to be mediated by Rb-dependent recruitment of 

H3K9me3- and H3K27me3-associated proteins to E2F-dependent gene promoters 9, 31, 37, 38.  

H3K9me3 and H3K27me3 are highly enriched on cell cycle gene promoters in ACMs compared 

to embryonic CMs, with H3K9me3 showing preferential enrichment on G2/M and cytokinesis 

gene promoters 9.  Deleting Rb family members in ACMs abrogated heterochromatin formation 

and derepressed cell cycle genes including G2/M and cytokinesis genes, which resulted in ACM 

proliferation 9.  Rb is directly implicated in targeting H3K9me3 to chromatin, as 

immunoprecipitation studies revealed Rb interacts with H3K9me3-methyltransferase Suv39h1 

and H3K9me3-binding HP1 39.  Knockdown of HP1γ also activated late cell cycle genes in 

ACMs, suggesting that H3K9me3 and its downstream effector are required, at least in vitro, for 

the silencing of these genes, but its physiological role in vivo remains uncertain 9. 

Before the discovery of histone demethylases (HDMs) 40, H3K9me3, and histone 

methylation in general, was thought to be a permanent mark 41.  However, the dynamic nature 

of histone methylation is beginning to be appreciated 42-44 though little is known about the 
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functions of HDMs in the heart.  Interestingly, members of the KDM4 family of H3K9me3 

demethylases are upregulated in several forms of cancer and are thought to promote cell 

proliferation and survival 45-48.  A member of the KDM4 family, KDM4A, has been studied in the 

heart 16, 49.  CM-specific overexpression of KDM4A in mice enhanced TAC-induced hypertrophy 

and fetal CM gene expression while CM-specific KDM4A deletion blunted the effects of 

pressure-overload; though neither manipulation had an effect at baseline 49.  One limitation of 

this study was that H3K9me3 levels were not reported and KDM4A demethylates multiple lysine 

residues.  KDM4A demethylates both repressive H3K9me3 and the activating H3K36me3 50-52.  

We confirmed KDM4A’s dual-substrate specificity in ACMs (Supplemental Figure 1).  In 

contrast, one KDM4 family member, KDM4D, has robust and specific H3K9-demethylase 

activity 50-52, giving it particular usefulness as an experimental tool to study the significance of 

H3K9me3 specifically.   

To explore the role of H3K9me3 in regulating cardiac growth and cell cycle gene 

expression we created a transgenic model where KDM4D was expressed specifically in CMs.  

This depleted H3K9me3 and resulted in increased cardiac myocyte proliferation and cell cycle 

gene expression into adulthood.  Although ACMs in KDM4D overexpressing hearts were able to 

exit the cell cycle with no further cardiac growth they remained proliferation competent and 

demonstrated hyperplastic growth in response to typical hypertrophic signals.  This is the first 

study to directly assess the role of H3K9me3 demethylases in regulating ACM cell cycle gene 

silencing and suggests this approach could potentially be used as a regenerative therapy to 

reactivate ACM proliferation after myocardial injury in adult hearts. 
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Results 

 

Characterization of H3K9me3 Histone Demethylase Expression in CMs. 

To better understand the role of H3K9me3 in regulating cell cycle gene expression, we 

characterized the relationship between cell cycle and H3K9me3-HDM gene expression in CMs 

through cardiac development (Figure 1).  Developmental changes in CM-specific and cell cycle 

gene expression included switching of myosin isoforms and dramatic downregulation of G2/M 

and cytokinesis genes in ACMs (Figure 1, A and B), consistent with prior studies 9, 53, 54.  Cell 

cycle transcription factor E2F1 was downregulated 167-fold in ACMs (P<0.0001, vs. E15.5 

CMs), while expression of repressive E2F4 remained high (Figure 1C).  Consistent with prior 

studies in skeletal muscle 35 and CMs 9, we found p107 was the Rb-family-member that was 

expressed specifically in proliferative myocytes, in contrast to Rb and p130 (Figure 1C).  

Expression of KDM4 family members followed a similar, though less dramatic, pattern of 

expression as fetal CM, G2/M, and cytokinesis genes, and was moderately downregulated after 

P7 (Figure 1D), coinciding with loss of CM regenerative potential 2, 3.  Downregulation of 

H3K9me3-HDMs in ACMs is consistent with the increase of global H3K9me3 levels in ACMs 

compared to embryonic CMs 9.  The low basal level of KDM4D in ACMs is consistent with other 

reports of KDM4D expression in tissues with limited proliferative potential 55, 56.  

To screen for HDMs that might be involved in CM proliferation, we looked for HDMs that 

were upregulated during CM dedifferentiation, as dedifferentiation appears to be a requisite for 

CM proliferation in the zebrafish and neonatal mouse heart regeneration models 1-3.  

Dedifferentiation of mammalian ACMs can be achieved in vitro by long-term culture with growth 

factors, resulting in disassembly of sarcomeres and restoration of proliferative potential 57. From 

a panel of diverse HDMs, KDM4D was the most highly upregulated (401-fold) during 

dedifferentiation (Figure 1E; P<0.03).  Because KDM4A expression is elevated in human 
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hypertrophic cardiomyopathy samples and CM-specific KDM4A overexpression exacerbated 

hypertrophic growth in mice 49, we wondered if KDM4D was upregulated in human ischemic 

myocardium. KDM4D expression was unchanged in hearts of subjects with ischemic 

cardiomyopathy (Figure 1F), consistent with the exceedingly low CM hyperplasia in this setting 

58.  

 

Generation of a transgenic mouse model to deplete H3K9me3 specifically in CM 

To explore the role of H3K9me3 in ACM cell cycle gene silencing in vivo, we chose to 

overexpress KDM family member 4D because: 1) KDM4D is the most specific H3K9me3 

demethylase 50-52 (Supplemental Figure 1), 2) it is expressed in proliferative CMs and elevated 

in  dedifferentiated ACMs (Figure 1, D and E), 3) it is not expressed in cardiomyopathy samples 

where hypertrophic growth would predominate (Figure 1F), 4) it promotes proliferation and 

survival in non-CMs 46-48, and 5) gain of function experiments are less subject to compensation 

by redundant factors 59.  We used a previously characterized tetracycline inducible (tet-off) 

overexpression model where the tetracycline transactivator (tTA) is expressed specifically in 

CMs. 60.  We generated a CM-specific transgenic mouse line containing a MYC- and FLAG-

tagged KDM4D cDNA downstream of a tetracycline responsive promoter, which contains tTA-

binding sequence in the context of an attenuated-αMHC promoter 60.  Breeding heterozygous 

tTA mice with heterozygous tet-responsive KDM4D (tet) mice yields bi-transgenic (BiTg) mice 

that constitutively express KDM4D specifically in CMs (Figure 2A) as well as single-transgenic 

(tet or tTA) and non-transgenic (NonTg) controls.  In BiTg CMs, the tTA protein is expressed 

and binds to the tet-responsive element upstream of KDM4D, inducing KDM4D transgene 

expression (Figure 2A).  We confirmed that KDM4D expression was robustly induced in BiTg 

hearts at P14 and 9 weeks (Figure 2B).  KDM4D transgene expression was not detectable in 

other organs in BiTg mice or non-CM cardiac cells (Supplemental Figure 2, A and B), with the 
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exception that low levels could be detected in BiTg lungs, consistent with previous reports using 

the αMHC promoter 60.  Immunofluorescence imaging in heart sections showed exogenous 

KDM4D protein was specifically expressed and localized in the nuclei of BiTg CMs (Figure 2C).  

Western blot analysis confirmed KDM4D protein expression and showed global H3K9me3 

levels were depleted in BiTg ACMs (Figure 2D).  We also confirmed that in contrast to other 

KDM4 family members (Supplemental Figure 1), KDM4D demethylase activity is specific to 

H3K9me3 50-52 and did not demethylate H3K9me2 or H3K36me3 in ACMs (Figure 2D).  

H4K20me3, which has been implicated as a repressive mark that is downstream of H3K9me3 

and HP1 61-63 was unchanged (Figure 2D); although this does not rule out changes in 

methylation levels at specific gene loci.  

 

H3K9me3 is required for ACM cell cycle gene silencing in vivo. 

To assess the impact of depleting H3K9me3 on global gene expression in vivo we 

performed RNA-sequencing on 9-week ACMs.  Control ACM samples were grouped since 

NonTg and single transgenic mice showed no differences in gene expression, with the 

unconstrained slope correlation test showing R2=0.9764 when comparing the whole-genome 

transcriptome.  RNA-seq analysis revealed that BiTg ACMs had increased expression of genes 

involved in 16 of 138 cellular processes and 16 of 142 cell cycle processes (Figure 3, A and B).  

Strikingly, cell processes involved in cell cycling were preferentially increased (Figure 3A).  

Within cell cycle processes, categories involved in the later phases of cell cycle, particularly 

mitosis showed increased gene expression (Figure 3B).  We confirmed increases in G2/M and 

cytokinesis genes by qRT-PCR (5.8- to 21.4-fold, P<0.01) and fetal CM genes were also 

increased (Figure 3C).  Although the expression of fetal CM genes is frequently associated with 

a pathologic state, it should be noted that expression of less mature CM-specific genes could 

also be consistent with proliferation-competent CMs in fetal and neonatal hearts 9, 64 (Figure 1, 



69 
 

A and B).  We also examined cell cycle-gene transcriptional regulators (Supplemental Figure 

3, A and B) and found that positive regulators of cell cycle progression, E2F1 and E2F2, were 

highly expressed in BiTg ACMs compared to control ACMs (>12-fold, P<0.03).  The repressive 

E2F members, E2F4-6, were unchanged.  Interestingly, p107 was also increased in BiTg ACMs 

(Supplemental Figure 3B), consistent with the E2F/Rb-family expression in proliferative 

myocytes (Figure 1, B and C).   

 

CM-specific H3K9me3 depletion promotes CM hyperplasia without altering cardiac function. 

BiTg mice had visibly larger hearts (Figure 4A) with a 20.8% increase in heart weight to 

body weight ratio (HW/BW) at 9 weeks (Figure 4B; P<0.0001).  This increase in HW/BW first 

became apparent in BiTg mice at P14 (Figure 4C; 12.9% increase, P<0.001); suggesting 

KDM4D overexpression specifically promoted postnatal cardiac growth.  This cardiac 

enlargement was not associated with sarcomere disarray, fibrosis or alteration of vasculature 

(Figure 4, D and E) and there was no increase in extracellular matrix 65 (Figure 4E).  

Quantification of ACM transverse area or direct measurements of isolated ACM longitudinal 

area and length did not reveal differences in dimensions or calculated volumes in BiTg ACMs 

compared to controls (Figure 5, A-D).  Calculated myocyte number suggested BiTg hearts had 

22% more ACMs compared to controls (Figure 5E; P<0.03).  To determine the longterm effect 

of H3K9me3-depletion on heart function, we performed echocardiography on 7 month old BiTg 

and control mice: ejection fractions, fractional shortening, cardiac output, and left ventricle 

chamber size were similar in all groups (Table 1).  No significant differences in cardiac function 

or morphology were seen. 

To assess cell cycle activity, we immunostained P14 and 9 week myocardial sections for 

phosphorylated histone H3 serine-10 (pH3), a marker of mitosis.  We observed pH3+ CMs only 

in BiTg mice at both time points (Figure 6, A and B).  Similar trends were seen for the general 
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cell cycle activity marker Ki67 in 9 week hearts (Figure 6C).  Quantification of the number of 

nuclei per ACM at seven months revealed there was an increase of mononucleated and a 

decrease in binucleated ACMs in BiTg hearts (Figure 6D). These findings are consistent with a 

model where the increased heart mass in BiTg mice was secondary to CM hyperplasia.  

 Cardiac mass increased up to 9-weeks of age in BiTg mice (Figure 4C).  Cell cycle 

activity in 9-week BiTg ACMs, though elevated compared to controls (Figure 6, B and C), was 

rare (<2 pH3+ CM/ 200x field).  To determine if the increased mass was related to the normal 

post-natal hypertrophic growth of an increased number of CMs in BiTg hearts or whether there 

was ongoing CM hyperplasia we utilized doxycycline (Dox) to shut-off KDM4D expression 

(Figure 7A).  We examine heart mass in BiTg mice where KDM4D expression was never 

induced or was induced in utero but suppressed at P14 (Figure 7B).  Dox treatment reduced 

KDM4D expression in BiTg ventricles to control levels within one week (Figure 7C).  Adult BiTg 

mice that had KDM4D expression suppressed since conception displayed HW/BWs that were 

indistinguishable from controls (Figure 7D).  BiTg hearts with constitutive KDM4D expression 

were larger at P14 (Figure 4C; 12.9% increase vs. control; P<0.001).  However, when KDM4D 

expression was turned off at 2 weeks, heart size at 9 weeks was less compared to mice with 

constitutive KDM4D expression (Figure 7D; 7.9% vs 20.8%; P<0.05).  These findings suggest 

that KDM4D overexpression continues to promote additional CM hyperplasia between weeks 2 

through 9.  

 

Hypertrophic signals stimulate proliferation of H3K9me3-depleted ACMs. 

Although highly upregulated compared to controls, late cell cycle gene expression in 

BiTg ACMs is much less than in wildtype embryonic and postnatal CMs (compare Figure 1B 

with Figure 3C). Also the absolute number of cycling CMs, while increased in BiTg hearts, was 

low and normalized cardiac mass did not increase further between 9 weeks and 7 months 
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(Figure 4C) suggesting CM proliferation is very limited at baseline in adult BiTg hearts.  Since 

there is robust activation of numerous growth factor signaling pathways post TAC that typically 

result in hypertrophic growth 9, 66, we thought this might be an excellent model to test KDM4D’s 

ability to promote ACM proliferation in vivo.  This allowed us to determine whether a 

hypertrophic growth signal such as TAC would induce hyperplasia in H3K9me3-depleted ACMs 

or whether they would undergo hypertrophy similar to control hearts.  BiTg and control 

littermates underwent sham or TAC surgeries at 11 weeks of age and were examined 10-days 

after surgery.  Similar to un-operated mice sham-operated BiTg hearts were visibly larger than 

controls (Figure 8A).  TAC induced a 48.2% increase in HW/BW in BiTg mice compared to a 

20.9% in control mice (Figure 8B; P<0.0001).  To determine if the TAC-induced heart growth 

occurred through ACM hypertrophy or hyperplasia, we measured ACM transverse area.  Sham 

BiTg ACMs were similar to sham controls (Figure 5A); however, with TAC BiTg ACM 

transverse area was 12.5% smaller compared to TAC control ACMs (Figure 9, A and C; 

P<0.05).  Since ACM transverse area, but not length, is increased after TAC 67, we estimated 

CM number and found a 56.6% increase in ACMs in BiTg hearts compared to controls (Figure 

9D, P<0.001).  To confirm that BiTg ACMs were cycling after TAC we assayed for phospho-H3 

and observed a 41-fold increase in pH3+ ACMs in BiTg mice compared to control mice (0.77% 

vs 0.019%; P<0.0001)  (Figure 9, A and B, and Supplemental Video 1 and 2). This cell cycle 

activity was not associated with fibrosis (Figure 8C and Figure 9A) or increased apoptosis 

(Supplemental Figure 4).  To determine if reinduction of CM cell cycling negatively impacted 

cardiac function, 2-D echoes were performed 9 days post-surgery (Table 2).  Ejection fraction 

was decreased in BiTg mice after TAC along with and an increase in LVEDD.  However, the 

calculated cardiac output was unchanged, presumably due to the chamber size in BiTg hearts 

(Supplemental Figure 5).  
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Discussion 

Since the discovery that neonatal mammalian hearts can regenerate by CM proliferation 

2, 3 and that ACMs retain some, though very limited, capacity to divide 7, interest in the regulation 

of ACM cell cycle has been reignited 4, 68-70.  Many strategies that can promote proliferation in 

mammalian neonatal CMs have been ineffective in ACMs 71, 72 highlighting the fact that strong 

barriers to proliferation exist in ACMs.  Recently, epicardial paracrine factor FSTL1 69, miR-15 

inhibition 3, and the NRG1 co-receptor Erbb2 73 were suggested to promote ACM proliferation, 

though the molecular mechanisms and relevant targets in ACMs remain elusive.  We previously 

found that the heterochromatin marker H3K9me3 was enriched on G2/M and cytokinesis genes 

in ACMs compared to fetal CMs implicating this mark as a barrier to ACM proliferation 9.  In this 

study we characterized the expression of H3K9me3-demethylases in development, 

dedifferentiation, and disease and found that KDM4D was expressed in fetal CMs and was the 

primary H3K9me3-specific demethylase upregulated in dedifferentiating ACMs. CM-specific 

KDM4D overexpression depleted H3K9me3 specifically and led to increases in ACM expression 

of G2/M and cytokinesis genes, cardiac mass, ACM number, and ACM mitotic activity. 

The renewed interest in CM proliferation has also called attention to the need of 

improved methodologies for detecting ACM proliferation 74. The standard indicator of ACM 

proliferation has been indirect in situ histology of phase-specific or general cell cycle markers. 

However, it has been suggested these results are often equivocal because it can be difficult to 

determine if the marker is present in a CM or non-CM 74, 75.  Most studies are performed in 

cardiac sections less than 10µm thick, which is significantly thinner than even the shortest axis 

of mammalian ACMs, and are further confounded by the dense myocardial vasculature and 

non-CMs that are the majority of cardiac cells 76.  We addressed this limitation by developing a 

novel sample preparation and imaging technique that yields high-resolution 3D image 

reconstructions of cleared thick sections with several layers of whole ACMs, allowing 
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unambiguous identification of mitotic ACMs in KDM4D overexpressing mice (Figure 9 and 

Supplemental Video 1 and 2).  Our methods corroborate findings from in vivo cumulative-

proliferation-labeling in CM lineage-tracing models (multi-isotope-mass-spectrometry 7, mosaic 

analysis with double markers 77, and multi-color clonal assays75) and supports the emerging 

consensus that ACM proliferation is rare and difficult to stimulate 74.  Despite the fact that late 

cell cycle gene expression was markedly increased at 9 weeks in H3K9me3-depleted CMs 

(Figure 3C) their expression levels were much lower when compared to neonatal CMs (Figure 

1B).  As well, the vast majority of BiTg ACMs appeared to exit the cell cycle by P14 (Figure 6A) 

and the difference in HW/BW compared to controls did not appear to increase further after 9 

weeks (Figure 4C). This suggests mechanisms, in addition to H3K9me3, prevent proliferation in 

ACMs.  

Our data confirms that H3K9me3 is required for ACM cell cycle gene silencing in vivo 

but that H3K9me3 is not sufficient by itself to explain the stable silencing of cell cycle genes in 

ACMs since it was maintained on G2/M and cytokinesis genes even after they were 

derepressed by Rb/p130 double knockout 9.  In that study, HP1γ, whose chromodomain 

specifically binds H3K9me3, was displaced from late cell cycle gene promoters.  This study 

suggested that stable silencing of cell cycle genes in ACMs required recruitment of HP1γ and 

that H3K9me3, though required, was not sufficient to silence genes 9.  Since Rb and H3K9me3 

are both required for HP1 binding in many systems it is possible that KDM4D overexpression 

derepressed late cell cycle genes in ACMs by removing HP1γ’s binding-substrate from 

chromatin.  Regardless, since Rb and H3K9me3 are present on numerous genes it remains 

unclear why late cell cycle genes are preferentially derepressed.  It may perhaps be related to 

particular combinations of E2F- and Rb- family members forming distinct complexes and 

targeting specific subsets of genes 33, 34.  In BiTg ACMs, we found that the E2F/Rb-family 

members most increased by H3K9me3-depletion were E2F1 and p107 (Supplemental Figure 
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3), which are the same E2F/Rb-family members that are specifically expressed in proliferative 

embryonic and neonatal CMs (Figure 1C) 9.  Consistent with HP1 losing the ability to target 

E2F-dependent genes in BiTg ACMs, p107, in contrast to Rb, has not been shown to bind HP1 

39.  In agreement, Rb has additional protein-binding and phospho-regulated domains not found 

in p107, and deletion of p107 has not shown the hyperplasia phenotype seen with Rb loss of 

function 78, 79. Thus, selective increases in E2F/Rb-family expression levels and differential 

recruitment of HP1 may explain the preferential increase of late cell cycle genes in BiTg ACMs. 

We demonstrated that ACMs can tolerate moderate levels of G2/M and cytokinesis gene 

expression without deleterious effects on heart function (Figure 3 and Table 1).  This is similar 

to other models of limited ACM cycling 75, but contrasts with our previous findings where 

disrupting heterochromatin formation and inducing cell cycle reentry in ACMs was associated 

with decreased heart function 9.  A fundamental difference between the KDM4D mice and that 

model is that KDM4D overexpression specifically targets one methylation pathway, whereas 

Rb/p130 KO likely disrupted multiple epigenetic modifications (H3K9me3, H3K27me3, and 

H4K20me3) 9, 32, 33.  This may explain why genes involved in promoting all phases of cell cycle 

were upregulated in Rb/p130 KO, while H3K9me3- or HP1γ- specific disruption leads to 

preferential increase of G2/M and cytokinesis gene expression9 (Figure 3).  Consistent with this 

notion, H3K9me3-depleted chromatin in KDM4D mice maintained its global structure including 

heterochromatin unlike the Rb/p130 model with the exception of cycling pH3+ ACMs 

(Supplemental Figure 6).  Thus, repressive methylations have overlapping roles in maintaining 

global chromatin structure in ACMs consistent with reports of H3K9me3-depletion in other cell 

types 27, 80, 81. 

 We have suggested that there is a transition in heterochromatin structure during 

postnatal differentiation in ACMs 9 from limited heterochromatin organized into many small foci 

within the nucleus of embryonic CM, to few, large foci with additional heterochromatin at the 
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nuclear lamina in postnatal CM nuclei (Supplemental Figure 6A).  We found that the pH3+ 

ACMs in BiTg mice had a gross chromatin structure similar to that of proliferative embryonic 

CMs (Supplemental Figure 6B). The relationship between higher-order chromatin structure 

and gene-specific regulation is not clear, though studies suggest they act independently 27, 81. 

Interestingly, H3K9me3 and H3K9me3-associated proteins also regulate cell cycle via 

transcription-independent mechanisms involving changes in global chromatin structure required 

for DNA synthesis and mitosis 42, 82. Not surprisingly, pH3, the hallmark of mitotic activity, is 

inhibited by trimethylation of the adjacent amino acid residue H3K9 and double knockout of 

H3K9me3 methyltransferases Suv39h1/2 resulted in increased pH3+ mouse embryonic 

fibroblasts 83, 84, suggesting that global H3K9me3-depletion facilitates mitotic activity.  Though 

several mechanisms may contribute to KDM4D-mediated ACM cell cycle activity, we have 

provided evidence that supports a model where cell cycle gene silencing is prevented by 

depleting H3K9me3, but additional repressors appear to prevent robust cell cycle activation in 

the absence of growth stimulation.  

Our results are similar to findings in studies of another major cell proliferation regulation 

signaling pathway, the organ-size-controlling Hippo/Yap pathway. This pathway has been 

intensely studied with several CM-specific loss of function and gain of function mouse models 

through CM development and adulthood 70, 85. Though Yap1 gain of function in adults increased 

ACM proliferation, the levels were 20-fold less than NonTg neonatal CMs 75.  The authors 

postulated Yap activation alone is insufficient to overcome the multiple barriers blocking ACM 

proliferation.  In several other systems Yap signaling fails to drive proliferation in the absence of 

E2F signaling 86-88. Interestingly, informatics and chromatin immunoprecipitation sequencing 

approaches found E2F- and Yap- binding sites neighbor each other on many cell cycle gene 

promoters 87-89, which suggests E2F and Yap might be parallel pathways.  Indeed, in liver 

regeneration models enhanced E2F activation by triple knockout of the Rb-family members 
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resulted in cell proliferation; however the increased proliferation declined over time due to 

dampening of Yap signaling 89.  Forced Yap1 activation or reducing liver size by partial 

hepatectomy allowed the E2F-mediated increases in proliferation to persist. This suggests that 

the intrinsic Hippo/Yap pathway has a remarkable ability to sense and regulate normal organ 

size and that E2F-mediated increases in proliferation can be augmented by growth stimulation 

or Yap signaling.  This is consistent with our finding that hemodynamic load, which increases 

active Yap levels 90 stimulated dramatic proliferation even in quiescent adult KDM4D hearts.  

Interestingly, endogenous Yap1 protein is expressed highly in postnatal CMs and is maintained 

at 8-weeks but lost by 20-weeks 91, which may account for the increases in HW/BW leveling out 

by 9-weeks in our model.  The synergism of E2F and Yap activation is also consistent with a 

model of multiple blocks to ACM proliferation.  Future studies are needed to interrogate the 

connectivity of the E2F/Rb-family and Hippo/Yap signaling pathways in CM cell cycle and clarify 

if H3K9me3 regulation of cell cycle genes is strictly E2F dependent.  The relative importance of 

these pathways is speculative but growth signals that typically induce ACM hypertrophy caused 

re-induction of ACM proliferation in both H3K9me3-depleted ACMs and previously reported 

Yap1 mice 75.  Although NonTg ACMs in our study and these YAP-activated models had similar, 

very limited mitotic activity after  growth stimulus (~0.02% 75 vs 0.019% Figure 9B) we found 

substantially more mitotic BiTg ACMs after TAC than seen in Yap1-activated ACMs after MI 

(0.77% Figure 9B vs 0.07% 75).  Whether all BiTg ACMs retained proliferative potential or there 

is a subset of highly proliferative ACMs is unclear but if pH3 signal is present for 3 hours of a 22 

hour cell cycle 92 it would suggest that 5.7% of BiTg ACMs were actively cycling 10 days after 

TAC.  

In conclusion, CM-specific KDM4D induction and the subsequent H3K9me3-depletion is 

sufficient to maintain proliferation competence in ACMs.  These results further our 

understanding of how cardiac growth is regulated and identify a new role for H3K9me3 and 
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common effector pathway for regulation of CM cell cycling.  The fact that KDM4D 

overexpression did not affect normal heart function but allowed hyperplasia in response to 

hypertrophic signals encourages us to test KDM4D’s ability to improve the regenerative 

response in clinically relevant models.  This strategy would be very amenable to gene therapies 

with localized and temporally controlled KDM4D expression and may bring us closer to 

regenerative cardiac therapies. 
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Methods 

Mouse Studies. The αMHC-tTA mice used to control transgene expression was generated by 

the Robbins lab 60.  We used the previously published responder construct, which possesses a 

tetracycline responsive element upstream of an attenuated αMHC promoter to drive KDM4D 

expression 60.  Plasmid containing FLAG- and MYC-tagged human KDM4D cDNA (origene 

RC212600) had a NotI restriction site present in the cDNA sequence, which we destroyed by 

inducing a silent mutation (Agilent 200521).  The resulting cDNA was subcloned into the 

responder construct, then freed of vector backbone, purified, and injected into mouse pronuclei 

(University of Washington transgenic core facility).  The resulting tet transgenic was bred to the 

αMHC-tTA line to generate the CM-specific KDM4D induction model.  Littermate controls were 

used for all experiments involving transgenic mice. TAC and sham operations were performed 

on 10 to 12 week old littermates from breeders backcrossed ≥8 generations to the C57/B6 

strain. Mice were anesthetized using ketamine (130 mg/kg i.p.) and xylazine (8.8 mg/kg i.p.) and 

subjected to transverse aortic constriction using a 26-gauge needle as described 93.   

 

CM cell isolation and culture. Heparinized mice were euthanized with isoflurane and hearts were 

extracted and arrested in KB buffer (mmol/L:  KCl 20, KH2PO4 10, K+-glutamate 70, MgCl2 1, 

glucose 25, taurine 20, EGTA 0.5, HEPES 10, 0.1% albumin, pH 7.4 with KOH). For purified 

ACM preparations, the aorta was cannulated and the heart was washed with Tyrodes solution 

(pH 7.4, supplemented with 25uM Blebbistatin -/-) and digested for 7 minutes with collagenase II 

(Worthington 4176) and Protease Streptomyces griseus XIV (Sigma P5147) using Langendorf 

perfusion. Ventricles were dissociated and the resulting cell suspension was filtered through a 

100µm mesh. Three rounds of low speed centrifugation, where ACMs are loosely pelleted and 

non-CMs in suspension are aspirated, density purify the ACM population, resulting in >90% rod-

shaped ACMs. For embryonic and postnatal CM preparations, hearts were washed in Ads 
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buffer (mmol/L:  NaCl 116, HEPES 20, NAH2PO4 10.8, glucose 5.5, KCl 5.4, MgSO4 0.83) and 

incubated with enzyme solution (Collagenase II, Pancreatin (Sigma P3292)) with rotation. Freed 

cells were collected into serum (stopping digestion) every 20 minutes, resulting in dissociation of 

the entire heart within 2 hours.  The resulting cell suspension was fractionated using a percoll 

(Sigma P4937) gradient, and the CM layer and non-CM layer were each collected. Quality and 

purity of CM preparations were verified by immunostaining, flow cytometry, and RNA expression 

of cell-type-specific markers. 

Control ACM and dedifferentiated ACM cDNA was generated as described 57. In brief, 

ACMs were plated on laminin-coated dishes and cultured with growth factors for 10-14 days, 

resulting in a loss of sarcomere organization and increased CC activity. 

 

RNA isolation and analysis. RNA was isolated from cells and tissue using TRISOL (Sigma 

T9424) phenol/chloroform purification, followed by column purification with DNase treatment 

(Qiagen 74004).  For human gene expression studies, normal human heart sample was 

obtained from commercial vendors (Clontech 636532, lot 1206518A; and Agilent 540011, lot 

6151000). Ischemic heart disease samples came from consenting male subjects in their 60’s 

that underwent placement of a left ventricular assist device. 

cDNA was synthesized as described in the manufacturers guidelines (Roche 

04896866001). qPCR was performed using SYBR green (Life Technologies 4472908) on a real-

time PCR machine (ABI 7900HT). Primers were validated by standard PCR with electrophoresis 

to confirm specific target band and lack of primer dimers. qPCR dissociation curves were 

consistent with a single specific product. Ct values were assigned using ABI’s SDS 2.4 software 

with automated thresholding and baselines.  The standard curve method or dCt method was 

used to quantify expression, and expression of each gene was normalized by GAPDH. 

However, in Figure 1 A-D, we present –log(Ct) values. Finding a suitable control gene that is 
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stably expressed at different stages in CM development is not trivial 94. Gapdh was the most 

stably expressed control across all samples compared to S26 and Rplp0 (data not shown), but 

compared to normalization by input RNA, Gapdh normalization resulted in E15.5 CM gene 

expression being underestimated by ~2.5 fold, as Gapdh expression decreases in P3 CMs, then 

remains stable (data not shown); consistent with the high glycolytic activity in fetal hearts 95. 

Standard Curves were generated using tissue or cells that highly express the indicated gene, 

resulting in qPCR efficiencies ranging from 88-97%. The sequences of primers used are: 

Mouse: Gapdh F-CCAATGTGTCCGTCGTGGATCT, R-GTTGAAGTCGCAGGAGACAACC; 

ANP F-AGGATTGGAGCCCAGAGTGGA, R-TGATAGATGAAGGCAGGAAGC; bMHC F-

GCGACTCAAAAAGAAGGACTTTG R-GGCTTGCTCATCCTCAATCC; aMHC F-

AGAAGCCCAGCGCTCCCTCA, R-GGGCGTTCTTGGCCTTGCCT; cTNI F-

GCAGCCCAGAGGAAACCCAACC R-AGCCGCATCGCTGCTCTCATC; Ccnd1 F-

TGCTGCAAATGGAACTGCTTCTGG, R-TACCATGGAGGGTGGGTTGGAAAT; Ccne1 F-

GCTTCGGGTCTGAGTTCCAA, R-GGATGAAGAGCAGGGGTCC; Cdk4 F-

GGGACCTGAAGCCAGAGAAC, R-CCACAGAAGAGAGGCTTCCG; Ccnb1 F-

GCCTCACAAAGCACATGACTG, R-TCGACAACTTCCGTTAGCCT; Cdk1 F-

GGCGAGTTCTTCACAGAGACTTG, R-CCCTATACTCCAGATGTCAACCGG; AurkB F-

GCACCTGAAACATCCCAACAT, R-GGTCCGACTCTTCTGCAGTT; Plk1 F- 

GTATTCCCAAGCACATCAA, R-GTAGCCAGAAGTGAAGAAC; E2F1 F-

TGCCAAGAAGTCCAAGAATCA, R-CTGCTGCTCACTCTCCTG;   E2F4   F-

TGTCCTTGGCAGCACTCA, R-TTCACCACTGTCCTTGTTCTCA; Rb F-

CCTGATAACCTTGAACCTGCTTGT, R-GCTGAGGCTGCTTGTGTCT; p130 F-

CACCGAACTTATGATGGACAG, R-ATGGCTTCTGCTCTCACT; p107 F- 

GCAGAGGAGGAGATTGGAACA, R-GCTACAGGCGTGGTGACT; p21 F-

GCAGACCAGCCTGACAGATTT, R-CTGACCCACAGCAGAAGAGG; p53 F-
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CAGTGGGAACCTTCTGGGAC, R-CGCGGATCTTGAGGGTGAAA KDM4A F-

CTGCTAGGGCTTTAGGCTCC, R-TTTGGGAGGAACGACCTTGG; KDM4B F-

CAGAGAGCATCACGAGCAGA R-CTCTTGGGCAGCTCCTCTTC; KDM4C F-

GCGGGTTCATGCAAGTTGTT, R-GTTTCAGAGCACCTCCCCTC; KDM4D (endogenous) F- 

TCTGAGTCTGCCTTCTTCTG, R- GCCAGGGTTCACAAGTCCTGAG; KDM4D (transgene) F-

TTGATGGACAAGCCTGTACC, R-TCATTTGCTGCCAGATCCTC. 

Mouse: TaqMan (Life Technologies) reagents were used for the following genes: KDM2B 

(Mm01194587_m1), KDM4A (Mm00805000_m1), KDM6B (Mm01332680_m1), KDM8 

(Mm00513079_m1), GAPDH (Mm99999915_g1). 

Human: GAPDH F-CCTCAACGACCACTTTGTCA, R-TTACTCCTTGGAGGCCATGT; KDM4D 

F- AAGCCCAGCTCAACTCCATC, R-TGTCCATCAAAGCCCCATCC. 

RNAseq library construction (Illumina Tru-Seq) and paired-end RNA-sequencing 

(ABI3730XL) was performed by the Stam Lab’s University of Washington core facility. Read 

alignment was performed using Bowtie/Cufflinks package. Partek Genomic Suites was used for 

mRNA quantification, differential expression analysis, and gene ontology. 

 

2-D Echocardiography.  Under 0.5% isoflurane, mice EKG and heart function was assessed 

using Visual Sonics Vevo 2100. Parasternal short axis images at the plane of the papillary 

muscle were collected in B- and M-Modes. Images were collected with heart rates ranging from 

400-500 BPMs.  Imaging and analysis was performed by a single operator who was blinded to 

the genotypes.  Quantification of images was performed using Vevo Labs 1.7.0, according to 

the manufacturer’s guidelines. 

 

Protein extraction and Western Blotting. Isolated ACMs were pelleted and resuspended in lysis 

buffer (0.5% NP-40, 25mM KCl, 5mM MgCl2, 10mM Tris-HCl, pH 8.0) and homogenized 
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(Wheaton 358103), releasing soluble cytoplasmic proteins. Nuclear-enriched pellets were 

processed to release chromatin-associated proteins from DNA; including sonication, MNase 

treatment, and addition of 1% SDS, 600mM NaCl, and 20mM βME. The nuclear proteins were 

quantified using a BCA assay (Thermo Scientific 23252) and were loaded on polyacrylamide 

gels for electrophoresis, subsequently transferred onto PVDF membrane, and probed with the 

indicated antibodies: KDM4D (Abcam ab93694), H3K9me3 (Abcam ab8898), pan H3 (Millipore 

05-928), H3K36me3 (Active Motif 61101), H3K9me2 (Millipore 07-441), and H4K20me3 (Abcam 

ab9053). HRP-conjugated secondary antibodies (Santa Cruz) and ECL-detection (Thermo 

Scientific 34095) were used. 

Histological studies and quantification CM dimensions and CM number. For histological 

analysis, arrested P14 or 9 week hearts were fixed with 4% PFA. Paraffin sections were stained 

with H&E, Masson Trichrome, or immunostained using standard protocol with FLAG (Sigma 

F7425) α-actinin (Sigma A7811), cardiac Troponin T (Thermo Scientific MS-295-P), Ki67 

(Abcam ab15580) and phospho-H3 (Abcam ab5176) antibodies, and Hoechst (Life 

Technologies H3570) to visualize nuclei. Images were acquired with confocal microscopy 

(Nikon A1R). To assess ACM transverse area, sections were stained with Wheat Germ 

Agglutinin (WGA, Life Technologies W6748), a marker for plasma membrane. Stitched-images 

of the whole left ventricle were acquired on a Nikon Ti-E scope. We chose several regions in 

each section at random, though we excluded large vessels, epicardium and endocardium, and 

>1000 cells per animal were analyzed using Image J’s “analyze particle” function (negative 

image of WGA stain), resulting in direct measurement of transverse area.  For ACM longitudinal 

area and length measurements, isolated ACMs were fixed with 4% PFA and imaged.  The area 

and long-axis of hundreds of ACMs for each animal were manually traced and quantified using 

Image J’s “measure” function. We calculated CM volume using the formula: (mean ACM length 

x mean ACM transverse area). CM number was estimated from the following formula: [mean 
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Heart Volume (Heart mass/1.06, the density of muscle tissue96) / mean ACM volume x 0.75 (the 

proportion of adult murine heart volume occupied by CMs96)] The number of nuclei per ACM 

was counted manually for >100 cells per animal. 

 

 

Imaging of thick sections. For unambiguous determination of cell type in our phospho-H3 

staining assays in operated mice, we developed a method for generating, staining, and imaging 

100µm-thick heart sections, which will be described in detail in a methodologies article. Briefly, 

hearts were arrested in KB buffer, perfused with KB, then perfusion fixed with methanol cooled 

to -20⁰C. The hearts were rehydrated in Methanol:PBS gradients (100:0, 80:20, 60:40), then 

washed with PBS and mounted in 5% low-melt agarose. 100µm-thick sections were cut from a 

Leica 1200s vibratome and were stained in suspension, with reagents listed above as well as 

with Phalloidin (ThermoFisher Scientific A22287). The stained sections were mounted to glass 

coverslips coated with 0.01% poly-L-lysine. To increase the transparency of the sections, which 

is needed to view the interior of the thick sections, they were cleared: sections were incubated 

in an isopropanol series (70%, 85%, 95%, 100%) followed by incubations in a 1:2 solution of 

benzyl alcohol and benzyl benzoate. The samples were prepared, imaged with confocal 

microscopy, and analyzed by a single operator blinded to the genotypes. We calculated the 

number of pH3+ ACMs using the formula: [(pH3+ ACM nuclei/mm3)/(nuclei#/ACM)/(ACM/mm3)] 

We note that transverse area measurements in the sham-operated hearts were 19.2% less than 

at baseline, which we attribute to differences in fixation procedure, consistent with other reports 

comparing cell shrinkage after formaldehyde or alcohol fixation 97. Because of this, transverse 

area in all groups was corrected by multiplying by a constant factor of 1.192, when calculating 

ACM number in the post-operation methanol-fixed samples: [mean Heart Volume (Heart 

mass/1.06, the density of muscle tissue96) / mean ACM volume (mean ACM baseline length x 
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mean ACM post-operation transverse area) x 0.75 (the proportion of adult murine heart volume 

occupied by CMs 96)]. 

 

Statistics. All results are displayed as mean ± standard error of means. Graphpad Prism was 

used for one-way-ANOVAs and Tukey’s post hoc tests performed on studies comparing more 

than two groups. Graphpad Prism was used for two-way-ANOVAs and Tukey’s post hoc tests 

performed on studies with two independent variables. Microsoft Excel F-test and two-tailed T-

test functions were used to analyze studies comparing two groups. For outcomes where 

different basic measurements were combined for calculations (Figure 5, D and E, and Figure 

9D) we used the bootstrap method (10,000 bootstrap samples) to compute standard error and 

the Permutation test (100,000 Monte-Carlo samples) was used to compute p-value; with the 

assumption that ACM transverse area, ACM length, and heart volume are independent 

variables. For RNA-seq analysis, Partek Genomic Suites was used to perform statistics. 

 

Study approval. All animal studies were performed in accordance with an approved Institutional 

Animal Care and Use Committee (IACUC protocol #4290-01), the University of Washington 

institutional guidelines, and the National Institute of Health Guide for the Care and Use of 

Laboratory Animals. Human ischemic heart disease samples came from participants that gave 

written and informed consent; the use of human samples was approved by the University of 

Washington’s Institutional Review Board (IRB# 35358).  
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Figure 1. Characterization of histone demethylases in development and disease. (A-D) E15.5, P3, P7, 
and 10 week (adult) CM expression levels of (A) cardiac myocyte genes, (B) cell cycle progression genes, 
(C) cell cycle regulators, and (D) KDM4 H3K9me3-demethylase family members through development.  
(E) Gene expression of HDMs in dedifferentiated mouse ACMs. (F) KDM4D expression in human ischemic 
cardiomyopathy sample (IHD), expression normalized to GAPDH. Sample Number: (A-D) P0=3, P3=2, 
P7=4, 10 week=3. (E) ACM=3, Dedif. ACM=3. (F) Normal=2, IHD=3. Statistics: (A-D) One-way 
ANOVA/Tukey’s test, * P<0.05 vs E15.5, † P<0.05 vs P3, ‡ P<0.05 vs P7. (E-F) Two-tailed T-test, * P<0.05.  
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Figure 2. Generation of cardiac myocyte-specific KDM4D model. (A) Schematic showing breeding 
strategy resulting in BiTg mice, and KDM4D induction in BiTg CMs. (B) KDM4D transgene expression is 
robustly induced in BiTg ACMs and P14 hearts, fold induction vs. tet control. (C) BiTg mice display 
nuclear KDM4D (FLAG-tag) localization specifically in CMs. (D) KDM4D protein induction and global 
levels of specific histone methylations in 9-week ACMs. Sample Number:  (B-D) Each assay had ≥3 
animals per group. Statistics: One-way ANOVA/Tukey’s test, * P<0.05 vs NonTg, † P<0.05 vs tet, ‡ P<0.05 
vs tTA. 
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Figure 3. Gene expression in KDM4D-overexpressing ACMs. (A) Gene Ontology Enrichment scores for 
“Cellular Process”, and (B) “Cell Cycle Process”. GO enrichment scores were generated from lists 
containing all genes with >3 fold increase in BiTg ACMs at 9 weeks compared controls. (C) Expression of 
CM and cell cycle genes in 9-week ACMs, fold induction vs. NonTg.  Sample Number:  (A-B) Control=2, 
BiTg=2. (C) NonTg=3, tet=6, tTA=3, BiTg=5. Statistics: (A-B) One-way ANOVA was used to identify genes 
with significantly altered expression (P<0.05), Fisher’s exact test was used to identify GO terms with 
significant enrichment scores (P<0.05). (C) One-way ANOVA/Tukey’s test, * P<0.05 vs NonTg, † P<0.05 vs 
tet, ‡ P<0.05 vs tTA. 
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Figure 4. Heart mass is increased in KDM4D induced mice. (A) Representative image showing PFA-fixed 
BiTg and control hearts at 9 weeks, tick marks=1mm. (B) Quantification of HW/BW at 9 weeks showing 
cardiac growth phenotype is specific to BiTg mice. (C) Quantification of HW/BW in different ages of 
mice, normalized to controls for each time point. (D) H&E staining in 9-week NonTg and BiTg hearts. (E) 
WGA staining in 9-week NonTg and BiTg hearts, and 4 weeks post-TAC surgery in NonTg mice resulting 
in visible fibrosis. Sample Number: (A-B) NonTg=6, tet=11, tTA=9, BiTg=10. (C) P0, Control=22, BiTg=9; 
P14, Control=14, BiTg=6; 9wk Control=26, BiTg=10; 7mo Control=19, BiTg=10. (D-E) Representative 
images from N≥3 for each group. Statistics: (B) One-way ANOVA/Tukey’s test, * P<0.05 vs NonTg, † 
P<0.05 vs tet, ‡ P<0.05 vs tTA. (C) Two-tailed T-test, control vs. BiTg, * P<0.05. 
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Figure 5. Cardiac myocyte number is increased in BiTg mice. (A) Left, WGA staining in 9-week NonTg 
and BiTg PFA-fix hearts, bar=20µm. Right, quantification of ACM transverse area. (B) Quantification of 
longitudinal area and (C) length measured in dispersed, isolated 9-wk CMs, with representative images 
below. (D) Calculated ACM volume and (E) ACM number at 9-wks of age. Sample Number: (A-E) Each 
assay had ≥3 animals per group. Statistics: (A) One-way ANOVA/Tukey’s test, * P<0.05 vs NonTg, † 
P<0.05 vs tet, ‡ P<0.05 vs tTA. (B,C) Two-tailed T-test, control vs. BiTg, * P<0.05. (D-E) The Bootstrap 
method was used to compute standard error and Permutation test was used to compute p-value, * 
P<0.05. 
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Figure 6. Persistent low level cardiac myocyte cell cycle activity in adult BiTg hearts. Mitotic marker 
phospho-H3 (pH3) staining in NonTg and BiTg heart sections (A) at P14 and (B) 9 weeks, bar=40µm. (A) 
White arrows point to pH3+ non-CM nuclei, yellow arrowheads point to pH3+ CM nuclei. (B) Right, high 
magnification of boxed region, bar=10µm. (C) Cell cycling marker Ki67 in 9-week BiTg hearts, bar=10µm. 
(D) Quantification of nuclei number in 7 month old ACMs. Sample Number: (A-D) Each assay had ≥3 
animals per group. Statistics: (D) Two-tailed T-test, control vs. BiTg, * P<0.05.  
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Figure 7. KDM4D expression induces hyperplastic growth in adult BiTg hearts. (A) Schematic showing 
usage of doxycycline for temporal control of CM-specific KDM4D expression in BiTg mice. (B) Timeline 
showing protocol for development-restricted KDM4D expression. (C) KDM4D expression in 9 week or 3 
week ventricles of doxycycline (dox) treated mice, fold induction compared to tet control. (D) HW/BW at 
9-weeks in mouse models where CM-specific KDM4D expression is un-induced (Dox E0-9w), turned off 
at P14 (Dox 2w-9w), and constitutively expressed (no dox). Sample Number: DoxE0-9w, Control=17, 
BiTg=4; Dox2w-9w, Control=11, BiTg=8; No dox, Control=26, BiTg=10. Statistics: Two-way 
ANOVA/Tukey’s test, * P<0.05 vs DoxE0-9w control and BiTg, Dox2w-9w control and BiTg, and no dox 
control.  
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Figure 8. Hemodynamic load stimulates hyperplastic growth in BiTg hearts. (A) Representative images 
of methanol-fixed hearts and (B) HW/BW quantification of control and BiTg hearts at 10 days post-
operation, bar=2mm. (C) Representative Masson Trichrome staining of operated mice. Sample Number: 
Sham, Control=4, BiTg=4 ; TAC, Control=9, BiTg=8. Statistics: (B) Two-way ANOVA/Tukey’s test, * P<0.05 
vs Sham-Control, † P<0.05 vs Sham-BiTg, ‡ P<0.05 vs TAC-Control. 
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Figure 9. Pressure overload stimulates ACM mitotic activity in BiTg mice. (A) Low and high 
magnification images of TAC hearts. Bar=40µm (top) or 20µm (bottom), white arrows point to pH3+ 
non-CM nuclei, yellow arrowheads point to pH3+ ACM nuclei. (B) Quantification of ACM mitotic activity 
in control and BiTg hearts, 10 days post-operation. (C) Quantification of ACM transverse area in 
methanol-fixed hearts, 10 days post-operation. (D) Estimated myocyte cell number. Sample Number:  (A-
D) Sham, Control=3, BiTg=3; TAC, Control=8, BiTg=7. Statistics: (B,C) Two-way ANOVA/Tukey’s test, * 
P<0.05 vs Sham-Control, † P<0.05 vs Sham-BiTg, ‡ P<0.05 vs TAC-Control. (D) The Bootstrap method was 
used to compute standard error and Permutation test was used to compute p-value, * P<0.05 vs control. 
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Supplemental Figure 1. KDM4A demethylates H3K9me3 and H3K36me3 in ACMs. (A) Timeline showing 
adenovirus-mediated KDM4A overexpression protocol in cultured WT ACMs. (B) β-galactosidase staining 
in (top) uninfected and (bottom) lacZ-infected ACMs, showing >80% infection efficiency. (C) Immunoblot 
showing KDM4A-expressing ACMs have global reductions in H3K9me3 and H3K36me3, but not in 
H3K27me3 (Millipore 07449). Lamin A/C (Cell Signaling 47775) and H3 were used as loading controls. 
Sample Number: N≥3 for each group. 
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Supplemental Figure 2. CM-specific KDM4D transgene expression.  (A) KDM4D transgene expression in 
various BiTg tissue samples at 9 weeks of age, normalized to expression levels in BiTg hearts. (B) 
Exogenous KDM4D (FLAG-tag) immunostaining showing lack of expression in non-CM cardiac cells.  
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Supplemental Figure 3. Cell Cycle Regulators in BiTg ACM. (A) Gene expression (RNA-seq, RPKM, fold 
induction vs. control) of E2F family members in 9 week ACMs. (B) qRT-PCR of cell cycle regulators in 9 
week ACMs, fold induction vs. NonTg. Sample Number:  (A) N=2 per group, (B) NonTg=3, tet=6, tTA=3, 
BiTg=5. Statistics: (A) Two-tailed T-test, * P<0.05. (B) One-way ANOVA/Tukey’s test, * P<0.05 vs NonTg, † 
P<0.05 vs tet, ‡ P<0.05 vs tTA. 
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Supplemental Figure 4. Apoptotic cells are not detected 10 days post-operation. (A) Representative 
images of TUNEL staining in vibratome sections. (B) DNAseI-treated heart sections of adult non-operated 
mice give robust nuclear-specific signal, showing our assay is able to detect TUNEL staining. Sample 
Number: N=2 for each group. 
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Supplemental Figure 5. BiTg hearts have increased myocardium and dilated LV chambers. (A) 
Representative images of mid-papillary vibratome sections, bar=2mm. Quantification of (B) myocardium 
area and (C) LV chamber area. Sample Number: N=3 per group. Statistics: Two-way ANOVA/Tukey’s test, 
* P<0.05 vs Sham-Control, † P<0.05 vs Sham-BiTg, ‡ P<0.05 vs TAC-Control. 
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Supplemental Figure 6. Unique chromatin structure in proliferative CMs. (A) Immunostaining in 
embryonic and postnatal wildtype heart sections showing anti-localization of heterochromatin marker 
H3K9me3 (Active Motif, 39161) with euchromatin marker H3K36me3 (Diagenode, C15200183); the 
change in chromatin organization during postnatal development is also seen, bar=5μm. (B) In BiTg heart 
sections, pH3+ ACM nuclei (arrowheads) display heterochromatin organization that resembles 
embryonic CMs, in contrast to the typical ACM chromatin organization (arrows). 
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Table 1. Normal cardiac function and morphology in BiTg mice at 7 months. Echocardiography results 
in 7 month old mice. HR: Heart Rate, EF: Ejection Fraction, CO: Cardiac Output, LVEDD: Left Ventricular 
End-Diastolic Dimension, LV Mass: Left Ventricular Mass. Mean and SEM values are shown. Sample 
Number: N=3 for each genotype. Statistics: One-way ANOVA/Tukey’s test, * P<0.05 vs NonTg, † P<0.05 
vs tet, ‡ P<0.05 vs tTA.  
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Table 2. Cardiac function and morphology in TAC-operated mice. Echocardiography results in 12 week 
old mice, 10 days post-operation. HR: Heart Rate, EF: Ejection Fraction, CO: Cardiac Output, LVEDD: Left 
Ventricular End-Diastolic Dimension, LV Mass: Left Ventricular Mass. Mean and SEM values are shown. 
Sample Number: Sham, Control=4, BiTg=4 ; TAC, Control=9, BiTg=8. Statistics: Two-tailed T-test, control 
vs. BiTg, * P<0.05. 
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Chapter 4: 

Epigenetic regulation of cell cycle genes in proliferation-competent and 

senescent cardiac myocytes. 

 

Abstract 

The permanent cell cycle exit in mammalian adult cardiac myocytes (ACMs) has been 

hypothesized to be mediated through epigenetic mechanisms, though little is known about the 

specific mechanisms of stable cell cycle gene silencing in this system. Tri-methylation of Lysine-

9 of histone H3 (H3K9me3) has been suggested to be responsible for targeting cell cycle genes 

to repressive heterochromatin, and we recently demonstrated that removing H3K9me3 

specifically in cardiac myocytes (CMs) leads to upregulation of these genes and enables ACMs 

to re-enter the cell cycle. To gain mechanistic understanding of the observed proliferation-

competence, we examined loci-specific chromatin accessibility genome-wide in H3K9me3-

depleted and control ACMs. Combined with DNA methylation bisulfite sequencing (DNAme-

Seq) and chromatin-immunoprecipitation (ChIP) studies, these data suggest a model where cell 

cycle genes have a unique chromatin signature, where the gene bodies are 

heterochromatinized and the gene promoters are regulated by canonical cell cycle transcription 

factor pathways that are modulated by H3K9me3. 
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Introduction 

Since the discovery that neonatal mammalian hearts can regenerate by CM proliferation 

1, 2 and that ACMs retain some, though very limited, capacity to divide 3, the mechanisms that 

prevent ACM proliferation have re-emerged as promising therapeutic targets 4-7. Recent studies 

have postulated that repressive epigenetic mechanisms, such as micro-RNAs and 

heterochromatin, cause mitosis and cytokinesis progression genes to be stably silenced, 

preventing CM proliferation and heart regeneration in adults; however, the specific mechanisms 

and targets in ACMs remain elusive8. We previously found that a heterochromatin markers 

Heterochromatin-Protein 1 (HP1) and trimethylation of Lysine-9 on histone H3 (H3K9me3) were 

enriched on G2/M and cytokinesis genes in ACMs compared to fetal CMs implicating this mark 

as a barrier to ACM proliferation 9.  In a recent study (CHAPTER 3) we characterized the 

expression of H3K9me3-demethylases in development, dedifferentiation, and disease and 

found that Lysine-Demethylase-4D (KDM4D) was expressed in fetal CMs and was the primary 

H3K9me3-specific demethylase upregulated in dedifferentiating ACMs, which is thought to 

precede proliferation. CM-specific KDM4D overexpression depleted H3K9me3 specifically and 

led to increases in ACM expression of G2/M and cytokinesis genes and proliferation. However, 

it was unclear how cell cycle gene heterochromatin was affected. 

Advancements in sequencing technologies and recent large-scale efforts to make 

genome-wide studies accessible have provided abundant data and tools to study gene 

expression and epigenetic regulation of genes. DNaseI-hypersensitivity (DHS) assays are direct 

methods of identifying open, accessible chromatin, which contrasts with the densely packaged, 

inaccessible heterochromatin. The nuclease-sensitive loci are believed to represent exposed 

regulatory elements such as promoters, enhancers, suppresors, as well as nucleosome-

depleted loci that are actively being transcribed10. The ENCODE project has generated DHS-

Seq datasets for many tissues and organs, including the heart11.  Though data from purified CM 
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samples is limited, groups have published heart and CM genome-wide DNA methylation-

sequencing (DNAme-Seq) datasets, which in contrast to DHS, generally map repressed, 

inaccessible heterochromatin12-14. However, current reports of the existing data have not 

elucidated the mechanisms that stably silence G2/M and cytokinesis genes in ACMs, and the 

epigenetic signature of cell cycle genes remains majorly unaddressed even in whole heart 

samples. 

To address these gaps in the field, we generated DHS datasets that map genome-wide 

chromatin accessibility with base-pair resolution in control and H3K9me3-depleted ACMs. 

Surprisingly, we found that unlike other permanently silenced loci, mitosis and cytokinesis genes 

had accessible promoters in ACMs. We combined these DHS-Seq data with DNAme-Seq and 

ChIP-Seq analysis and identify a unique epigenetic signature of stably silenced G2/M and 

cytokinesis genes in ACMs and we put forward a comprehensive model of epigenetic and 

transcription factor regulation of cell cycle genes in ACMs. 
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Methods 

Mouse studies 

All animal studies were performed in accordance with an approved Institutional Animal Care and 

Use Committee (IACUC protocol #4290-01), the University of Washington institutional 

guidelines, and the National Institute of Health Guide for the Care and Use of Laboratory 

Animals. The mice used in this study were all backcrossed to the C57/B6 strain for at least 8 

generations. 

Bioinformatics analysis 

ENCODE DHS-Seq and ChIP-Seq data sets were visualized using the UCSC genome 

browser15. Previously generated RNA-Seq data (CHAPTER 3) in control and H3K9me3-

depleted ACMs and additional publicly available data obtained via the SRA toolkit (accession 

numbers SRP033288 (DNAme-Seq), SRP033385 (ChIP-Seq) and SRP033386 (RNA-Seq) 

were analyzed with the Galaxy bioinformatics platform16 . For DHS- and ChIP-Seq data, reads 

were aligned to the mm9 reference with Bowtie2, and peaks were called using MACS. For RNA-

Seq data, reads were aligned with Tophat and differential gene expression analysis was 

performed using the Cufflinks package. Partek Genomics Suite was used to generate Venn 

Diagrams of gene lists and to perform Gene Ontology enrichment score analysis (-log( 

enrichment p-value), where p<0.05 is equivalent to an enrichment score of >3). DNA 

methylation bisulfite sequencing data was generated by Ralf Gilsbach and the Hein lab and was 

visualized using the UCSC genome browser. 

Tissue and cell isolation 

Heparinized mice were euthanized with isoflurane and hearts were extracted and arrested in KB 

buffer (mmol/L:  KCl 20, KH2PO4 10, K+-glutamate 70, MgCl2 1, glucose 25, taurine 20, EGTA 
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0.5, HEPES 10, 0.1% albumin, pH 7.4 with KOH). For purified ACM preparations, the aorta was 

cannulated and the heart was washed with Tyrodes solution (pH 7.4, supplemented with 25uM 

Blebbistatin -/-) and digested for 7 minutes with collagenase II (Worthington 4176) and Protease 

Streptomyces griseus XIV (Sigma P5147) using Langendorf perfusion. Ventricles were 

dissociated and the resulting cell suspension was filtered through a 100µm mesh. Three rounds 

of low speed centrifugation, where ACMs are loosely pelleted and non-CMs in suspension are 

aspirated, density purify the ACM population, resulting in >90% rod-shaped ACMs. Mouse 

embryonic stem cells were provided by the University of Washington’s Institute for Stem Cell 

and Regenerative Medicine core and spleen was dissected, washed in PBS and processed as 

described below. 

DnaseI-hypersensitivity sequencing assays. 

Freshly obtained ACMs were permeabilized with 0.5% NP-40, and a series of DNaseI digests 

with varying units were performed and separated by electrophoresis. The released 

hypersensitive loci were size selected (80-250bp). Library construction and sequencing was 

performed by the Stam lab at the University of Washington’s high throughput sequencing core. 

Nuclease resistance assay  

ACM, spleen, or ESC samples were permeabilized with 0.1% triton and a DNaseI digestion 

timecourse was performed. DNA from digested and non-digested controls was column purified 

and subjected to SYBR green (Life Technologies 4472908) detection on a real-time PCR 

machine (ABI 7900HT). We increased extension time to 1 minute per cycle to accommodate the 

longer amplicons generated in the DNAseI-resistance assays. Primers were validated by 

standard PCR with electrophoresis to confirm specific target band and lack of primer dimers. 

qPCR dissociation curves were consistent with a single specific product, which was confirmed 
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by electrophoresis after 40 cycles. Ct values were assigned using ABI’s SDS 2.4 software with 

automated thresholding and baselines. The following primers were used: 

CD79A: F- TAGTGAGCGCAGAAGCCAAA, R- GGCTTTCCCTGATTCCCTCC;               

CD19: F- GACAGTGGATGGGGAGCAAG R- GGAGAGCGGCGTCATTAACT; 

 Oct4: F- CAGGCCCCTTTGAACCTGAA, R- TCACCGGACACCTCACAAAC;  

Nanog: F- TTGCGTTAAAAAGCCGCACT, R- CAACGGCTCAAGGCGATAGA;  

Tnnt2: F- ACTTCTGCCCTCAACTCTGC, R- ATGCAAGCACTCTCCACTCC;  

Tnni3: F- TGAGATAAGGGGCGAGGACA, R- TCGAAGGCTGAAGGGACAAC;  

B2M: F- CCTGGCTGGCTCTCATTTCA, R- GGGACCCAAGCCCATTTTCT;  

Cdk1: F- CCTTCCATAAGGGACCGCTG, R- AACGTCTACGTGCAATCGGA,  

Plk1: F- GAGGCTGATCTCGGCTAACTTG, R- CCTCCCCGAATTCAAACGC. 
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Results 

Cell cycle gene promoters are accessible in adult hearts and ACMs. 

 To understand whether cell cycle genes promoters are packed into heterochromatin, or 

whether they are accessible, we first examined DHS-Seq ENCODE datasets from mouse heart, 

B-cell, embryonic stem cell (ESC), fibroblast, and cerebellum samples (Figures 1-5). We 

visualized the promoter regions (up to 1.5kb upstream of transcriptional start site (TSS)) of 

housekeeping genes known to be highly expressed in all of the tissues, and as expected, we 

found the presence of DHS peaks in all samples (Figure 1).  As expected for the regulatory 

regions of CM-specific genes, DHS peaks were only observed in the heart sample (Figure 2). 

We found the same trends in other cell types: only B-cells displayed DHS peaks for B-cell 

specific gene promoters (Figure 3) and only ESCs had peaks in ESC-specific promoters 

(Figure 4). We examined mitosis and cytokinesis progression gene promoters and found they 

were similar to house-keeping genes, in that DHS peaks could be found for all cell/tissue types, 

including the heart (Figure 5). This was initially unexpected, considering the heart is generally 

considered to be a post-mitotic organ. However, we reasoned that the heterogeneous whole 

heart samples included cells that are known to have robust proliferative capacity, such as 

fibroblasts, and they may contribute DHS peaks at cell cycle gene promoters that might 

otherwise be packed tightly in heterochromatin and inaccessible in a pure ACM population. 

 To test whether cell cycle genes are accessible in a pure ACM population, we generated 

a targeted DNaseI-resistance-qPCR assay (Figure 6). This allowed us to determine whether 

particular gene promoters were sensitive or resistant to DNaseI, and thus accessible or 

inaccessible. In undigested DNA samples, all loci remain intact and can serve as templates for 

PCR. After digestion, the promoters that were accessible to DNaseI will have been cleaved, and 

thus no longer can be PCR templates. In contrast, inaccessible, DNaseI-resistant promoters are 
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spared and can be amplified. We performed DNaseI-digestion timecourses for ACMs, spleen 

(B-cell source), and ESCs and confirmed a graded transition from undigested to near complete 

fragmentation (Supplemental Figure 1A). PCR primers were designed to capture DHS regions 

within gene promoters that we previously identified from the ENCODE data: the browser views 

represent the exact PCR products (Figures 1-5). The PCR amplicon length allowed distinction 

between sensitive, cleaved loci (<~700bp) and inaccessible, resistant loci (>~700bp) 

(Supplemental Figure 1B). We found that for all timepoints after DNaseI addition (5, 10, or 20 

minutes), inappropriate lineage-specific genes were the most resistant to DNaseI, confirming 

the DHS-Seq results (Figure 7). In ESCs, expressed ESC-, housekeeping-, and cell cycle-gene 

promoters were sensitive to DNaseI and gave weak signal, while in contrast, unexpressed B-

cell- and CM-specific genes were most resistant (Figure 7A). Similarly, in spleen (a rich source 

of B-cells) B-cell, housekeeping and cell cycle genes were sensitive, while ESC- and CM-

specific genes were most resistant (Figure 7B), consistent with a positive relationship between 

promoter accessibility and gene expression. This partially held true in ACMs, with B-cell and 

ESC-genes being the most resistant to DNaseI at all timepoints (Figure 7C). However, G2/M 

and cytokinesis genes were sensitive to DnaseI in ACMs, with the signal from Cdk1 and Plk1 

being reduced to similar levels as highly expressed CM-specific and housekeeping genes 

(Figure 7C). This surprisingly suggested that these cell cycle gene promoters were open and 

accessible in ACMs, despite being stably silenced.  

 We confirmed this unexpected result by sequencing the DHS fraction of the genome in 

ACM samples (Supplemental Figure 2). We observed prominent DHS peaks within G2/M and 

cytokinesis gene promoters, with the signal in ACMs closely matching that of the whole heart 

samples (Figure 8A). To determine if there were any differences between the non-CM cardiac 

cells and ACMs, as we would expect, we generated a list of all the genes with accessible DHS+ 

promoters for ACM and whole heart samples. We identified the specific non-CM component of 
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the whole heart data by examining a list of genes that were DHS+ in whole heart samples but 

DHS- in ACM samples. These genes were not involved in cell cycle regulation, with no 

significant enrichment of “cell cycle”, “cell cycle processes”, or “cell division” Gene Ontology 

(GO) “cellular processes” entries (Figure 8B). This confirmed that the accessible conformation 

of cell cycle gene promoters is common to ACMs and non-CM cells in the heart. Other cellular 

processes were significantly enriched in the non-CM component, namely “extracellular structure 

organization” (35.64 enrichment score). Within the broadest categories of “biological processes” 

and “cellular component” (Figure 8, C and D) enrichment of genes most was consistent with 

fibroblasts and blood cells. A genome browser view of the collagen 1A promoter exemplifies 

these results (Figure 8E). 

CM cell cycle gene expression levels are independent of promoter accessibility 

 Our lab previously suggested H3K9me3, H3K9me3-binding Heterochromatin-Protein 1 

(HP1), and Retinoblastoma Protein (Rb) cooperate to heterochromatinize cell cycle genes in 

ACMs. The surprise finding that stably silenced G2/M and cytokinesis genes have accessible 

promoters in wild-type (WT) ACMs made us question how CM-specifc depletion of H3K9me3 

led to increases in the expression of these genes in our BiTg mouse model (CHAPTER 3). 

Therefore we performed DHS-Seq to assess chromatin accessibility in ACMs from the 

H3K9me3-depleted BiTg mouse model. Genome-wide we found 96% of the 12,091 genes with 

DHS+ promoters in the BiTg ACMs were shared with WT ACMs. GO enrichment was 

unchanged between the genotypes, though “cellular developmental process” was modestly, but 

significantly enriched in BiTg ACMs (3.8 enrichment score). Despite the fact that H3K9me3-

depletion-mediated increases in mRNA expression were mostly related to cell cycle genes (with 

several cell cycle-related GO categories with >40 enrichment scores) (CHAPTER 3), the 4% of 

promoters that were uniquely sensitive in BiTg ACMs did not show significant enrichment for cell 
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cycle GO terms. For example the DHS signal at the G2/M cyclin-dependant kinase CDK1 gene 

was not altered in BiTg ACMs, though increases in mRNA are seen (Figure 9A); additional 

mitosis and cytokinesis genes are shown (Figure 9B). Although the accessibility was 

unchanged, we found “cell cycle processes” and related GO terms were significantly enriched 

(>16 enrichment scores) when examining a list of all the genes that have DHS+ promoter peaks 

and no mRNA expression (<1 RPKM) in WT ACMs, but gain expression with H3K9me3-

depletion. This confirmed that cell cycle gene promoter accessibility is independent of 

transcriptional activity in ACMs.  

DNA methylation is established on G2/M and cytokinesis gene bodies early in CM development 

and is not sufficient to silence these genes. 

Because chromatin accessibility did not appear to explain the stable silencing of G2/M 

and cytokinesis genes in ACMs or explain why the expression of these genes was increased in 

H3K9me3-depleted ACMs, we wondered whether repressive epigenetic signatures could reveal 

the potential mechanisms.  To this end we examined DNAme-Seq data in purified neonatal CMs 

(NCMs) and ACMs. We found cell cycle genes had promoters with CpG islands that lacked the 

repressive DNAme, even in ACMs (Figure 10). Similar to how DHS peaks in cell cycle gene 

promoters were unaffected in the H3K9me3-depletion model of increased cell cycle gene 

expression, DNAme at cell cycle genes did not starkly change during postnatal development 

(Figure 10), when dramatic changes in cell cycle gene expression are observed (CHAPTER 3). 

Viewing the DHS-sites and DNAme data together revealed a striking inverse relationship 

(Figure 11). Both methods strongly suggested mitosis and cytokinesis gene promoters are 

accessible and not heterochromatinized in ACMs, further challenging our initial model of cell 

cycle gene silencing. However, these studies did identify a unique epigenetic signature for G2/M 
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and cytokinesis genes in ACMs when examining both the gene promoters and the gene bodies 

(Figure 11). 

 Unlike the DHS+/DNAme- promoter regions of G2/M and cytokinesis genes, the gene 

bodies were heavily methylated throughout and were not accessible to DNaseI in ACMs 

(Figures 12-15). The epigenetic signature of silenced cell cycle genes was distinct to that of 

other stably silenced genes, such as B-cell (Figure 16-17), and ESC (Figure 18) genes, which 

displayed a DHS-/DNAme+ signature in both the promoter and gene body regions. Epithelial 

cell, neuron, and other non-cardiac lineage genes displayed the same pattern (data not shown). 

This repressed DHS-/DNAme+ signature was also observed for intergenic regions including 

Megabase-sized gene deserts on chromosome 6 (Figure 19). In contrast, highly expressed CM-

genes (including αMHC/βMHC (Figure 20), Troponin T (Figure 21), Troponin I, Desmin) and 

housekeeping genes (β-Actin (Figure 22), Gapdh) also differed from mitosis and cell cycle 

genes, showing a lack of DNAme that extended from the promoter region to well into the gene 

body, though the 3’ end of all genes examined appear to be DNA methylated. The promoters of 

active genes showed strong DHS peaks and DHS was also observed throughout the gene 

bodies (Figures 20-22). Interestingly, in contrast to G2/M and cytokinesis genes, G1/S genes 

and cell cycle genes known to be upregulated in ACM hypertrophic growth, such as Myc 

(Figure 23) and Cyclin D1/2, showed an active epigenetic signature in ACMs, consistent with 

their ability to be expressed in ACMs. Thus, mitosis and cytokinesis progression genes have a 

unique epigenetic signature in CMs, though this signature is not sufficient to silence cell cycle 

genes, as it is found in neonatal CMs and H3K9me3-depleted ACMs that express G2/M and 

cytokinesis genes. 

Counteracting epigenetic and transcription factor pathways determine cell cycle gene activity: a 

balance of activators and repressors. 
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 In our BiTg model we discovered that trans-aortic constriction (TAC), which induces 

mitogenic pathways and cell cycle transcription factors such as Myc17, 18, greatly increased the 

mitotic activity of H3K9me3-depleted ACMs (CHAPTER 3). In neonatal hearts, CMs rarely 

divide without experimental stimulation of growth such as amputation or MI1, 2. Together, these 

results suggest that chromatin accessibility and heterochromatic DNAme do not outright prevent 

CM cell cycle gene expression, but rather recruitment of transcriptional activators is also 

required.  

Because acetylated histone proteins are thought to recruit transcriptional activators19, we 

examined histone H3 Lysine 27 acetylation (H3K27Ac) genomic distribution through cardiac 

development (Figures 12-23). We found a decrease of this activating mark at mitosis and 

cytokinesis gene promoters that coincided developmentally with the loss of expression of these 

genes (Figures 12-15). Since Myc is a cell cycle transcription factor thought to recruit 

H3K27Ac20, we also examined Myc occupancy in ENCODE ChIP-seq datasets: the two 

available datasets came from highly proliferative cancer cell lines, CH12 B-cell lymphoma cells 

and MEL erythrocyte precursor leukemia. Myc was enriched on all the cell cycle gene promoters 

examined (Figures 12-15, 23), as well as other highly expressed genes (Figures 16, 17, 22), 

but was absent at the promoters of non-expressed genes in these cell lines (Figures 18-20). 

Interestingly, at mitosis and cytokinesis gene promoters, the Myc ChIP-seq peaks co-localized 

with the H3K27Ac peaks from E14.5 hearts and neonatal CMs, both displaying broader peaks 

(>300 bp) that surrounded the narrower DHS peaks (Figures 12-15).  

The observation that DHS peaks spanned the same narrow region within cell cycle gene 

promoters of both WT and BiTg ACMs (Figure 9) also suggests that activating- and repressive- 

transcription factors bind the same regulatory elements in cell cycle gene promoters, resulting in 

differences of gene expression despite having the same accessible regulatory elements. E2F 
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family cell cycle gene transcription factors are logical candidates to study as E2Fs 1-3 activate, 

while E2Fs 4-6 repress cell cycle genes by binding to common consensus sequences found in 

many cell cycle gene promoters21.  We examined published E2F4 ChIP-seq data in 

differentiated C2C12 myocytes. As expected, the repressive E2F4 was bound to cell cycle gene 

promoters in these terminally differentiated skeletal myocytes that do not proliferate (Figures 

12-15, 23). To determine if the E2F-bound loci overlapped with the regulatory regions identified 

by DHS-seq in ACMs, we plotted the datasets and found the E2F-bound regions were 

positioned within the narrow DHS peaks in G2/M and cytokinesis gene promoters in ACMs 

(Figures 12-15). 

Model of G2/M and cytokinesis gene regulation in CMs. 

 We synthesized the current study with our previous works (CHAPTER 3 and 9) and 

generated an updated model of mitosis and cytokinesis gene regulation in CMs (Figure 24). 

Our model suggests three major modes regulate G2/M and cytokinesis genes and these 

correspond with the proliferative, quiescent, or senescent states of CMs. We summarize the 

state of CMs in development and after growth stimulation in WT and H3K9me3-depleted CMs 

(Figure 24A). In proliferative CMs, the promoters of highly expressed G2/M and cytokinesis 

gene are marked with activating H3K27Ac (Figure 24B), likely the result of Myc targeting the 

H3K27 histone acetyltransferase Gcn520.  The activating E2F1 and the proliferation-

competence-associated Rb-family member, p107, are expressed in proliferative and quiescent 

CMs (CHAPTER 3). With mitogenic stimulation, such as normal developmental growth 

pathways, MI, or pressure-overload, Rb-family members become phosphorylated, allowing 

E2F1 to activate these genes and induce proliferation. In the absence of mitogens, E2F1 is 

sequestered by Rb-family members, resulting in a quiescent state (Figure 24C). In senescent 

WT ACMs, repressive E2F4 and Rb are highly expressed, in contrast to the downregulated 
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E2F1 and p107 (CHAPTER 3). In addition to E2Fs, Rb interacts with HDACs, DNMT, and HP19, 

22-24, and this complex is stably docked onto H3K9me3 at G2/M and cytokinesis gene promoters 

(Figure 24D), causing the genes to be unresponsive in ACMs, even after growth stimulation 

such as pressure overload9. In contrast, ACMs that lack Rb or H3K9me3 are able to re-enter the 

cell cycle (CHAPTER 3 and 9). 

Discussion 

In order to rationally approach a new paradigm in cardiac regeneration, namely renewing 

lost ACMs by forcing the remaining ACMs to proliferate, we must first understand the 

mechanisms that prevent and promote CM proliferation in adults. The recent discoveries that 

specific gene expression profiles are orchestrated by dynamic epigenetic mechanisms gives 

renewed optimism that ACM cell cycle silencing can be understood and countered8. However, 

our knowledge of the specific mechanisms in CMs is quite limited. In this study we examined the 

accessibility and heterochromatinization of genes in CMs with different proliferative capacities. 

Surprisingly, in terminally differentiated ACMs we found that silenced mitosis and cytokinesis 

genes have accessible promoters that are not marked by DNAme. Furthermore, the DHS and 

DNAme observed at G2/M and cytokinesis genes could not explain the differences in mRNA 

expression seen in postnatal CM development nor in our BiTg model of CM-specific H3K9me3-

depletion. We therefore also examined epigenetic and transcriptional activators. Taken together, 

our analysis suggests G2/M and cytokinesis genes have a unique epigenetic signature in CMs, 

and are regulated by a balance of canonical cell cycle transcription factor pathways that 

integrate with histone acetylation pathways in proliferative CMs, and with H3K9me3/HP1 in 

senescent ACMs. 

Because the same cell cycle gene regulatory elements were accessible in senescent 

ACMs and proliferation-competent CMs and non-CMs (Figures 8-9), and because these 
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elements overlapped with E2F-bound loci (Figures 12-15), we propose that E2F4/Rb binding to 

mitosis and cytokinesis gene promoters, though repressive, counter-intuitively results in the 

accessibility of these loci in ACMs. A corollary to this is particular combinations of E2F/Rb 

members partly determine the expression levels of cell cycle genes in CMs. This notion is 

supported by the findings that E2F1 and p107 are highly expressed in proliferative fetal CMs, 

while repressive E2F4 and heterochromatin-targeting Rb are expressed in senescent ACMs 

(CHAPTER 3).  Unlike the Rb protein that has unique regulatory domains and clear roles in 

tumor suppression23, 25, 26, p107 is not known to interact with the H3K9me3-pathway. In the Rb-

knockout and H3K9me3-depleted ACM models we found that the increases in G2/M and 

cytokinesis gene mRNA levels were associated with increases in E2F1 and p107 expression. 

Together with examination of H3K27Ac and Myc activators, our findings suggest that 

transcription factors and epigenetic mechanisms coordinate to determine the activity of mitosis 

and cell cycle genes, for both repressive and activating mechanisms.  

In contrast to the complete heterochromatnization of inappropriate lineage-specific 

genes and intergenic loci in ACMs (Figures 16-19), we suggest G2/M and cytokinesis genes 

are actively repressed by stable deposition of E2F/Rb/HDAC/DNMT/ HP1 complexes onto 

H3K9me3, and that when this complex is lost by deletion of Rb or H3K9me3-depletion, the 

repression of these genes is no longer maintained. Yet, this is not sufficient to robustly activate 

cell cycle genes (CHAPTER 3 and 9). However, we suggest that perturbing this repressive 

complex permits mitogen-stimulation to activate expression of G2/M and cytokinesis genes by 

inducing cell cycle transcription factors and histone acetylations that promote an active 

chromatin state at these genes that are usually unresponsive to mitogens in ACMs. This is 

supported by genome-wide studies during cellular reprogramming that showed E2F1, Myc, and 

the H3K27Ac acetyltransferase Gcn5 are co-enriched at many cell cycle genes20. Interestingly, 

expression of E2F targets was shown to be dependent on the Gcn5 H3K27Ac 



124 
 

acetyltransferase27, and Gcn5 is thought to be directed by Myc20, which is induced by mitogenic 

stimulation in ACMs18. Why G2/M and mitosis genes have evolved a unique DHS/DNAme 

signature in ACMs in contrast to other completely heterochromatinzed silenced genes remains 

unclear, but it may perhaps be related to cell cycle genes being generally expressed in a non-

lineage specific manner, and therefore must be silenced by alternative epigenetic and 

transcription factor mechanisms to prevent their expression in terminally differentiated ACMs. 

By identifying these mechanisms, we have put together a framework for the transcriptional 

regulation of ACM proliferation (Figure 24).  

Still, more direct evidence is needed in proliferative CMs, as much of our analysis has 

been restricted to senescent ACMs and proliferation-competent, quiescent CMs (NCMs and 

H3K9me3-depleted ACMs). DHS and DNAme studies in proliferative embryonic CMs or 

H3K9me3-depleted ACMs after TAC are needed to corroborate our model.  Additionally, while 

H3K9me3 is thought to correlate with DNAme28, determining the genome-wide distribution of 

H3K9me3 and HP1 in these models will clarify their specificity and distribution across gene 

promoters and bodies. We have performed initial validation for these ChIP assays 

(Supplemental Figure 3). While we have addressed the combination of removing cell cycle 

gene repressors (H3K9me3-depeletion) and inducing activators (TAC) in ACMs (CHAPTER 3), 

we have not induced a specific mitogenic pathway, as pressure overload results in various 

pathological changes in addition to mitogenic stimulation. By breeding mice from our BiTg 

model (CHAPTER 3) to MycER mice18, 29, we have generated a combined-CM-specific 

H3K9me3-depeletion and Myc activation mouse model, where either manipulation can be 

controlled temporally using doxycycline or tamoxifen chow. ChIP-Seq studies in this model will 

be used to clarify the cooperation between E2F/Rb-family members, Myc, and H3K27Ac in 

CMs. Given the recently appreciated role of Yap1 in CM cell cycle regulation30, it is likely 

additional pathways also network with the mechanisms suggested in our model.  
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How these epigenetic and transcription factor mechanisms  in CMs regulate heart failure 

is largely unknown, but studies in failing human and mouse whole heart samples have 

suggested the changes in gene expression are related to epigenetic alterations14, 31, 32. 

Interestingly, an article that was published during the preparation of this manuscript reported 

that DNAme in the promoter regions was not correlated with gene expression14, similar to our 

finding that active genes and non-expressed G2/M and cytokinesis genes both have DNAme-

depleted promoters. Upon closer examination, however, the group observed that the extent of 

DNAme-depleted regions extended further into the gene bodies of highly expressed genes 

compared to lowly expressed genes14. This agrees with our findings that expressed genes had 

DNAme-depleted regions that extended into the second exon and beyond, while G2/M and 

cytokinesis genes displayed DNAme-depleted regions more exclusively in the promoters.  Their 

results encouraged us to re-examine the NCM and ACM datasets with higher bp-resolution, as 

the expression of G2/M and cytokinesis genes is dramatically reduced in ACMs. Nuanced, 

slightly extended DNAme-valleys were observed in NCMs, though they did not extend beyond 

the first intron (Supplemental Figure 4). Intriguingly, this same group reported E2F-response 

elements were shown to be enriched when examining differentially methylated DNA regions 

between mice strains with different susceptibility to heart failure14.  However, our examination of 

purified ACMs in a distinct mouse strain, 129S, did not show changes in DNAme at cell cycle 

genes after TAC (Supplemental Figure 4), which might be attributed to strain differences, the 

use of different stressors, or non-mitosis/cytokinesis-gene E2F4 targets. Regardless, in the case 

of G2/M and cytokinesis genes we found most DNAme is established prior to the silencing of 

these genes (Figures 12-15).  

Despite the silencing of G2/M and cytokinesis genes in ACMs, cell cycle activity assays 

indicate that mitogenic pathways are stimulated by myocardial infarction (MI) 3. Therefore 

removing H3K9me3 in ACMs may be sufficient to induce robust proliferation in this setting. 
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Indeed, we have found that H3K9me3-depletion extends the postnatal regeneration window 

(Supplemental Figure 5). In studies where the H3K9me3 demethylase KDM4D is specifically 

activated in ACMs we have found increases in G2/M genes (Supplemental Figure 6 A-C) 

suggesting that the repressive complexes on these genes can be dismantled after they have 

formed. Investigation of regeneration after MI in this model is underway and not yet conclusive, 

but preliminary studies suggest a potential physiologic benefit (Supplemental Figure 6 D-E). 

Future studies will determine the potential therapeutic applications of KDM4D AAV viruses we 

have generated (Supplemental Figure 6F). The era of molecular medicine is reaching a key 

turning point and the investments in fundamentally understanding molecular processes are 

beginning to come to fruition. We believe our model of CM gene regulation may provide 

rationale targets to enhance heart regeneration after injury. 
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Figure Legends 

Figure 1.  DHS at housekeeping gene promoters. UCSC genome browser view of DHS-Seq 

results in mouse whole heart (red), B-Cell (light blue), ESC (dark blue), fibroblast (black), and 

cerebellum (grey) samples are shown for the promoter regions of housekeeping genes β-Actin 

and β2-microglobulin. 

Figure 2.  DHS at CM gene promoters. UCSC genome browser view of DHS-Seq results in 

mouse whole heart (red), B-Cell (light blue), ESC (dark blue), fibroblast (black), and cerebellum 

(grey) samples are shown for the promoter regions of CM genes cardiac Troponin T and 

Troponin I. 

Figure 3.  DHS at B-cell gene promoters. UCSC genome browser view of DHS-Seq results in 

mouse whole heart (red), B-Cell (light blue), ESC (dark blue), fibroblast (black), and cerebellum 

(grey) samples are shown for the promoter regions of B-cell genes CD79a and CD19. 

Figure 4.  DHS at ESC gene promoters. UCSC genome browser view of DHS-Seq results in 

mouse whole heart (red), B-Cell (light blue), ESC (dark blue), fibroblast (black), and cerebellum 

(grey) samples are shown for the promoter regions of ESC genes Oct4 and Nanog. 

Figure 5.  DHS at cell cycle gene promoters. UCSC genome browser view of DHS-Seq 

results in mouse whole heart (red), B-Cell (light blue), ESC (dark blue), fibroblast (black), and 

cerebellum (grey) samples are shown for the promoter regions of cell cycle genes E2F1, Cyclin 

B1, and Aurora Kinase B. 

Figure 6.  DNaseI-resistance assay.  Schematic showing strategy for the DNaseI-resistance 

assay. (Left) A gradient of DNaseI digestions distinguishes cleaved, sensitive loci apart from 

undigested, resistant loci.  (Right) PCR primers are designed to amplify gene promoters and 
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also generate amplicon lengths that lie in between the separated sensitive and resistant 

fractions, allowing PCR products only from inaccessible, undigested loci.  

Figure 7.  DNaseI-resistant gene promoters. Chromatin from (A) ESCs, (B) Spleen, and (C) 

ACMs was lightly (5 minutes), intermediately (10 minutes), or heavily (20 minutes) digested by 

DNaseI, and the resulting samples were used as templates to detect gene promoters. The 

qPCR signals were normalized to undigested chromatin samples. 

Figure 8.  DHS-seq in whole heart and ACMs samples. (A) Genome browser view of DHS 

peaks at mitosis (Cdk1) and cytokinesis (Plk1) gene promoters in whole heart and purified ACM 

samples. (B-D)  A list of all the genes with DHS peaks at promoter regions (1kb upstream to 

100bp downstream of TSS) was generated from heart and ACM datasets. DHS peaks that 

specifically come from the non-CM fraction were determined by subtracting the list of DHS+ 

gene promoters found in pure ACMs from those in whole heart samples, and this non-CM 

specific DHS+ gene list was used for GO. (B) Top, no significant enrichment of cell cycle related 

terms was observed. Enrichment scores for significantly enriched terms within (B) Cellular 

processes, (C) Biological processes, and (D) Cellular component are shown. (E) Genome 

browser view of DHS signal at the Collagen 1a1 promoter in heart and ACM. 

Figure 9.  DHS at cell cycle genes is not affected in BiTg ACMs. (A) Top, schematic of the 

Cdk1 genomic locus. The eight exons are shown as blue boxes (thin boxes represent 

untranslated 5’ and 3’ ends of mRNA) and introns are shown as dashes. The gray arrow shows 

the direction of transcription, and yellow tail shows the proximal promoter region immediately 5’ 

to the TSS. Bottom, genome browser view of the Cdk1 locus with tracks showing WT and BiTg 

signal from DHS-Seq and RNA-Seq experiments. Clear DHS peaks, boxed in yellow, are found 

in the proximal promoter region of both WT and BiTg ACMs. RNA-seq shows no signal in WT 

ACMs, but clear signals are seen in BiTg ACMs, which align to the Cdk1 exons. 
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Figure 10.  DNAme at cell cycle genes is not changed postnatally. Genome browser view 

showing genetic loci (blue), CpG islands (green) and DNAme-Seq tracks (black) for neonatal 

and adult cardiac myocytes at mitosis (Cdk1, Ccnb1) and cytokinesis (Aurkb, Plk1) gene loci. 

Gray arrows indicate the direction of transcription and the yellow boxes indicate the proximal 

promoter region, with the TSS being at the junction of the arrow and box. 

Figure 11. DHS and DNAme signatures in ACMs.  Summary of DNAme and DHS patterns at 

promoters and gene bodies in ACMs. (A) Mitosis and cytokinesis genes have DHS+/DNAme- 

promoters and DHS-/DNAme+ gene bodies. (B) Actively expressed genes display DHS+ peaks 

in the promoter regions as well as DHS+ signal through the gene body, while DNAme is 

depleted at promoters and the 5’-end of gene bodies. (C) Stably silenced genes and intergenic 

loci display a DHS-/DNAme+ signature throughout.  

FIGURES 12-23. Epigenetic and transcriptional regulation of genetic loci. Genome browser 

views showing DHS-Seq in ACMs, DNAme-Seq in ACMs, CpG islands, H3K27Ac ChIP-Seq 

relative to input (E14 heart, NCM, and ACM samples), RNA-Seq in NCM and ACM, E2F4 ChIP-

Seq in C2C12 myocytes, and Myc ChIP-Seq in cancer cell lines. Top, Gray arrow indicates the 

direction of transcription and the yellow box indicates the proximal promoter region, with the 

TSS being at the junction of the arrow and box. Scale bars are defined in each figure. 

Figure 12. Epigenetic and transcriptional regulation of Cdk1.  

Figure 13. Epigenetic and transcriptional regulation of Ccnb1.  

Figure 14. Epigenetic and transcriptional regulation of AurkB.  

Figure 15. Epigenetic and transcriptional regulation of Plk1.  

Figure 16. Epigenetic and transcriptional regulation of CD19.  
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Figure 17. Epigenetic and transcriptional regulation of CD79a.  

Figure 18. Epigenetic and transcriptional regulation of Nanog.  

Figure 19. Epigenetic and transcriptional regulation: megabase-sized gene deserts 

and clusters.  

Figure 20. Epigenetic and transcriptional regulation of MHC.  

Figure 21. Epigenetic and transcriptional regulation of Tnnt2.  

Figure 22. Epigenetic and transcriptional regulation of ActB.  

Figure 23. Epigenetic and transcriptional regulation of Myc.  

Figure 24. G2/M and cytokinesis gene regulation in CMs. (A) The proliferative, quiescent, or 

senescent state is identified for embryonic, neonatal, and adult CMs in mitogen-stimulating 

surgical models and the H3K9me3-depletion BiTg models. (B-D) Schematic showing the 

proposed epigenetic and transcription factor regulation of G2/M and cytokinesis gene regulation 

in (B) proliferative, (C) Quiescent, or (D) Senescent CMs. 

Supplemental Figure 1. Validation of DNaseI-resistance assay. (A) Electrophoretic 

separation of DNaseI-digestion timecourses show graded increases in fragmentation over time 

in ACM, ESC, and spleen samples. (B) qPCR reaction products were run on a gel after 40 

cycles of real-time analysis, confirming the expected 600-800bp amplicons. 

Supplemental Figure 2. Isolation of ACM DHS loci for sequencing.  DNaseI-digestion series 

with increasing Units of DnaseI in NonTg and BiTg ACMs shows the release of small 

hypersensitive loci. The highlighted in yellow boxes show the area if the gel containing the DHS 

loci, which was excised and purified for sequencing. 



131 
 

Supplemental Figure 3. Validation of ChIP assay in ACMs.  (A) Gel image of Mnase-

digested chromatin used for ChIP input. (B) Input and tag-immunoprecipitated chromatin 

samples from WT and BiTg hearts were subjected to Western Blot for KDM4D and pan H3 in, 

showing specific pulldown of KDM4D and chromatin in the KDM4D overexpression/H3K9me3-

depletion model. (C) Input, IgG controls, and HP1γ and H3K9me3 ChIP’ed ACM samples were 

immunoblotted for HP1γ and H3K9me3, confirming pulldown and -association of these factors. 

Supplemental Figure 4. G2/M and cytokinesis gene promoter DNAme in development and 

TAC.  High bp-resolution views of DHS-Seq in ACMs and DNAme-Seq in NCM, ACM, and 

TAC’ed ACMs for G2/M and cytokinesis genes. Gold bars represent DNAme-depleted regions. 

Supplemental Figure 5. KDM4D extends neonatal regeneration model.  (A) Confirmation of 

neonatal regeneration model, showing robust regeneration 21 days after MI when surgeries are 

performed on P1 neonates, but scar formation when surgery is performed at P7. Serial sections 

were analyzed for fibrosis with Sirius Red and Fast Green staining, quantification is shown. (B) 

MI was performed on P7 control and BiTg mice and fibrosis was assessed as above, revealing 

KDM4D reduces scar after MI.  

Supplemental Figure 6. ACM-specific KDM4D MI model. (A) Timeline for adult-restricted CM-

specific KDM4D overexpression and MI strategy. (B) qRT-PCR of KDM4D expression in BiTg 

ACMs with or without Dox treatment, showing KDM4D expression can be recovered after 

removing dox. (C) qRT-PCR showing baseline expression of CM-specific and cell cycle genes 

in ACMs of control  and adult-specific KDM4D expressing mice. (D) Mid-papillary sections, (E) 

survival curves, and ECHO (not shown) suggest a potential benefit of KDM4D in the MI setting. 

(F) AAV6 construct design: cardiac Troponin T-driven expression of KDM4D-E2A-GFP 

construct that results in non-fusion protein expression of KDM4D and GFP. 
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