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Abstract

Mammalian cardiac myocytes (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 that mediate CM cell cycle exit are poorly understood. To determine the
epigenetic mechanisms limiting CM cycling in adult CMs (ACMs) and whether trimethylation of
lysine 9 of histone H3 (H3K9me3), a histone modification associated with repressed chromatin, is
required for the silencing of cell cycle genes, we developed a transgenic mouse model where
H3K9me3 is specifically removed in CMs by overexpression of histone demethylase, KDM4D.
Although H3K9me3 is found across the genome, its loss in CMs preferentially disrupts cell cycle
gene silencing. KDM4D binds directly to cell cycle genes and reduces H3K9me3 levels at these
promotors. Loss of H3K9me3 preferentially leads to increased cell cycle gene expression resulting
in enhanced CM cycling. Heart mass was increased in KDM4D overexpressing mice by postnatal
day 14 (P14) and continued to increase until 9-weeks of age. ACM number, but not size, was
significantly increased in KDM4D expressing hearts, suggesting CM hyperplasia accounts for the
increased heart mass. Inducing KDM4D after normal development specifically in ACMs resulted
in increased cell cycle gene expression and cycling. We demonstrated that H3K9me3 is required
for CM cell cycle exit and terminal differentiation in ACMs. Depletion of H3K9me3 in adult
hearts prevents and reverses permanent cell cycle exit and allows hyperplastic growth in adult
hearts /n vivo.
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Introduction

Cardiac myocyte cell cycle activity displays distinct developmentally dependent patterns.
Fetal and neonatal CMs proliferate robustly and neonatal mice can replace lost myocytes
even after their hearts have been amputated [1]. However, this regenerative capacity is soon
lost and mature CMs lose the capacity to proliferate, a process often called terminal
differentiation [2, 3]. Although there is limited DNA-synthesis in adult CM (ACMs) after
injury, it primarily results in polyploidization and multi-nucleation, rather than CM division
[4]. In fact, ACM division /n vivois an extremely rare event [1, 2, 5]. The basis for the
essentially irreversible cell cycle exit is poorly understood but cell cycle genes are
dramatically downregulated in ACMs compared with embryonic CMs [6]. Further, this
downregulation appears to be associated with permanent silencing of these genes. Although,
subjecting adult hearts to a growth stimulus leads to upregulation of early G1/S-phase genes,
genes that promote later cell cycle phases, mitosis and cytokinesis, remain silenced [6]. As
G1/S-phase genes are required for CM hypertrophy [7, 8] their reexpression is consistent
with the hypertrophy-restricted growth and the increased DNA-content displayed in ACMs
after trans-aortic-constriction (TAC) or myocardial infarction (MI) [4, 9]. Interestingly, the
switch to hypertrophic growth in CMs coincides developmentally with the postnatal loss of
regeneration capacity [1, 2, 9]. Thus, ACMs have cell size growth that is uncoupled from
cell division [10], which can be attributed to selective silencing of mitosis- and cytokinesis-
progression genes [6].

The stable silencing of G2/M and cytokinesis genes is a major component of the
transcriptome change that occurs when CMs undergo terminal differentiation [9]. 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 but little is known about their role in
mediating terminal differentiation [2, 11-13]. Simplistically, there are two types of
epigenetically-defined chromatin structure and function: actively transcribed euchromatin
and transcriptionally silenced heterochromatin [14, 15]. Each chromatin type is associated
with distinct sets of histone modifications and chromatin-associated proteins [15-17].
Histone madifications are thought to establish different states of chromatin by physically
altering its structure [18-20], as well as recruiting other adapter and effector proteins which
possess modification-specific-binding domains [14, 15]. In general, euchromatin is enriched
with histone acetylations, H3K4me3, and H3K36me3, which recruit transcriptional
activators [15]. In contrast, heterochromatin is enriched with H3K9me3, H3K27me3, and
DNA methylation: repressive methylations that recruit heterochromatin-protein-1 (HP1)
family members, polycomb proteins, and other repressive factors [14, 15]. However, it is
unclear how these epigenetic mechanisms regulate chromatin accessibility and cell cycle
gene expression in ACMs.

The stable cell cycle exit of terminally differentiated cells is shared with senescent cells,
which do not proliferate in response to mitogenic stimuli [21, 22]. This permanent cell cycle
exit in senescent cells has been proposed to be mediated by Retinoblastoma (Rb)-dependent
recruitment of DNA methyltransferases, histone deacetylase HDAC1, and H3K9me3- and
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H3K27me3-associated proteins to E2F-dependent gene promoters [6, 23-25], as well as
through recruitment of repressive DREAM (Rb-E2F-MuvB) complex members that prevent
MuvB-Myb-FoxM1 activation of cell cycle genes [26]. ACM-specific knockout of Rb
combined with deletion of related Rb-family member p130 resulted in disruption of
heterochromatin and cell cycle re-entry [6]. However, how each component of
heterochromatin was affected and which were critical for cell cycle activation was unclear.
Surprisingly, CM-specific knockout of H3K27me3 methyltransferase Ezh2 resulted in
reduced CM proliferation due to increases in expression of cell cycle repressors [27], and
CM-specific combined knockout of DNA methyltransferases Dnmt3A/B did not alter cell
cycle gene expression in transgenic mouse studies [28] suggesting other epigenetics marks
were the critical mediators in ACMs. Interestingly the role of the third heterochromatin
marker, H3K9me3, has not been studied /n vivo.

To test the significance of H3K9me3 in regulating ACM cell cycle gene silencing we
generated a transgenic mouse model where H3K9me3-demethylase KDM4D was
overexpressed specifically in CMs. This depleted H3K9me3 and resulted in increased
cardiac myocyte proliferation and cell cycle gene expression into adulthood.

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 aMHC-tTA mice used to control transgene expression was
generated by the Robbins lab [29]. We used the previously published responder construct,
which possesses a tetracycline responsive element upstream of an attenuated a MHC
promoter to drive KDM4D expression [29]. Plasmid containing FLAG- and MY C-tagged
human KDM4D cDNA (Origene RC212600) had a Notl 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 a MHC-tTA line to generate the CM-specific
KDM4D induction model (n=48). Littermate controls were used for all experiments
involving transgenic mice (n=93) from breeders backcrossed 8 generations to the C57/B6
strain.

RNA and DHS sequencing

Libraries were constructed for control and BiTg ACMs (Illumina Tru-Seq) and paired-end
sequencing (ABI3730XL) was performed by the University of Washington core facility.
Read alignment was performed using Bowtie/Cufflinks package. DHS peaks were called
using MACS. Partek Genomic Suites was used for mRNA quantification, PCA, differential
expression analysis (0.1FDR adjusted p<0.05), and gene ontology using Fisher’s Exact Test
and only considering GO categories with at least 3 genes. Sequencing data is available
through the NIH’s SRA repository (Bioproject Accession number PRINA309702). Detailed
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analysis of all gene expression in control and BiTg ACMs, all significantly upregulated
genes, and all GO term enrichment scores are provided (Supplemental Tables 1 through 3).

Imaging of thick sections

For unambiguous determination of cell type in our phospho-H3 staining assays we
developed a method for generating, staining, and imaging 100um-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 —20°C. 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. 100um-thick sections were cut from a Leica 1200s
vibratome and were stained in suspension with the following reagents: phospho-H3 (Abcam
ab5176), Hoechst (Life Technologies H3570), Phalloidin (ThermoFisher Scientific A22287),
and Wheat Germ Agglutinin (WGA, Life Technologies W6748). 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.

2-D Echocardiography

Results

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.

Epigenetic regulation of cell cycle genes in CMs

We hypothesized that cell cycle genes are silenced in ACMSs through incorporation into
heterochromatin or at least tightly packed chromatin that is inaccessible to transcriptional
machinery. To investigate this we analyzed the mouse ENCODE Dnasel-hypersensitive
(DHS) sequencing datasets[30]. Accessibility of genes to transcription factors and other
proteins can be measured by mapping areas of the chromatin sensitive to Dnasel cleavage.
As expected DHS signal was observed at the promoters of active genes, with ubiquitously
expressed promoters having DHS peaks in all tissues and tissue specific promoters having
DHS peaks only in their respective tissues (Supplemental Figure 1). Surprisingly, in adult
heart samples, cell cycle gene promoters, including silenced mitosis and cytokinesis genes,
had prominent DHS peaks suggesting the promoters were accessible (Supplemental Figure
1). Since these assays were performed on whole heart tissue, which includes non-CM cells
that can proliferate in response to stimuli, we reasoned they might be the contrib utor of this
DHS signal in the whole heart samples. Therefore, we generated DHS sequencing data sets
from isolated ACMs and found the same peaks were present at all cell cycle genes examined
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(Supplemental Figure 1). Genome-wide analysis confirmed the whole heart samples had
additional DHS gene promoters not present in the ACMs consistent with fibroblast and
blood cell genes, such as Col1A1, and that the whole heart samples displayed no enrichment
for DHS cell cycle gene promoters compared to ACM samples (Figure 1A). These results
suggested stably silenced cell cycle genes have accessible promoters in ACMs (Figure 1B
and 1C).

To determine whether other epigenetic factors implicated in heterochromatin formation were
controlling the silencing, we analyzed DNA methylation patterns using whole-genome
bisulfide sequencing datasets [31] from purified ACMs (Figure 1D). Intergenic regions and
the promoters and gene bodies of silenced, non-CM-lineage genes were hypermethylated. In
contrast, housekeeping- and CM-gene promoters were hypomethylated. Cell cycle gene
promoters were hypomethylated (Figure 1D). Moreover, this pattern does not appear to
change during postnatal development when these genes are dramatically downregulated as
neonatal CMs displayed a similar profile (Figure 1D). Whole-genome analysis of CpG
Islands, several hundred base-pair regions in the genome with a high density of CpG
dinucleotides that are known to be hypomethylated, showed cell cycle genes were
particularly enriched with CpG island-containing promoters, with about 90% of cell cycle-
related genes having CpG Islands in their promoters (Figure 1E). We also examined
H3K27me3 in ACMs[31], which has been implicated in facultative heterochromatin but did
not find enrichment at cell cycle gene promoters (Figure 1F).

Generation of a transgenic mouse model to deplete H3K9me3 specifically in CM

Since DNA methylation and H3K27me3 did not appear to silence cell cycle genes in ACMs,
we wished to determine the role of H3K9me3, the classic histone modification associated
with heterochromatin, since it is found on cell cycle gene promoters in ACMs (Figure 4C)
and is enriched compared to fetal CMs [6]. To deplete H3K9me3 we examined members of
the KDM4 family of H3K9 demethylases. The KDM4 family have divergent demethylase
activity but KDM4D is specific to H3K9me3 [32-34]. KDM4D is expressed in proliferative
fetal CMs that highly express cell cycle genes, downregulated in ACMs and is elevated in
ACMs dedifferentiated /n vitro that regain cell cycle activity (Supplemental Figure 2 and
Figure 2A). It is not re-expressed in either mouse or human cardiomyopathy samples where
hypertrophic growth predominates (Figure 2B and 2C).

We generated a CM-specific H3K9me3-depletion transgenic mouse model containing a
MYC- and FLAG-tagged KDM4D cDNA downstream of a tetracycline responsive promoter
[29]. Breeding tTA mice with tet-responsive KDM4D (tet) mice yields bi-transgenic (BiTg)
mice that constitutively express KDM4D specifically in CMs (Figure 2D) as well as single-
transgenic (tet or tTA) and non-transgenic (NonTg) controls. We confirmed that KDM4D
expression was robustly induced in BiTg hearts at PO, P14, and 9 weeks (Figure 2E). The
KDMA4D transgene expression was not detectable in other organs in BiTg mice or non-CM
cardiac cells (Supplemental Figure 3), with the exception that low levels could be detected in
BiTg lungs, consistent with previous reports using the a MHC promoter[29]. Western blot
analysis confirmed KDM4D protein expression and showed global H3K9me3 levels were
depleted 84.5% in BiTg ACMs compared to controls (P<0.001, Figure 2F and 2G).
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Immunofluorescence imaging in heart sections confirmed exogenous KDM4D protein was
specifically expressed and localized in the nuclei of BiTg CMs (Figure 2H). In contrast to
other KDM4 family members (Supplemental Figure 4), KDM4D demethylase activity is
specific to H3K9me3 [32-34] and did not demethylate H3K9me2 or H3K36me3 in ACMs
(Figure 2F and 2G).

required for CM cell cycle gene silencing

To assess the role of H3K9me3 depletion on cardiac gene expression /n vivo we performed
RNA-sequencing on ACMs isolated from control and transgenic 9-week-old hearts. Control
ACM samples were grouped since NonTg and single transgenic mice showed no differences
in gene expression, with the unconstrained slope correlation test showing R?=0.9764 when
comparing the whole-genome transcriptome, and principle component analysis (PCA)
revealed biological replicates within each group clustered (Supplemental Figure 5). BiTg
ACMs had increased expression of genes involved in 16 of 138 cellular processes (Figure
3A). Of these identified cell processes, those involved in later phases of cell cycle were
increased preferentially, particularly mitosis (Figure 3B). Of the 7082 GO functional groups,
genes in the cell cycle processes were the most overrepresented among genes with increased
expression in BiTg ACMs. We confirmed increases in G2/M and cytokinesis genes in BiTg
ACMSs compared to controls by gPCR (ranging from 5.8- to 21.4-fold, A<0.01; Figure 3C
and Supplemental Figure 6). Fetal CM-specific 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 [6, 35] (Supplemental Figure
2).

To assess the mechanism by which KDM4D increases cell cycle gene expression in ACMs
we performed DHS sequencing in control and BiTg ACMs. KDM4D expression did not
alter chromatin conformation of stem cell or housekeeping gene promoters, nor cell cycle
gene promoters (Figure 4A), which were already accessible in control ACMs (Figure 1 and
Supplemental Figure 1). To understand whether KDM4D-mediated cell cycle gene
activation was a direct or indirect mechanism we performed chromatin immunoprecipitation
for MY C-tagged-KDM4D and H3K9me3 in control or BiTg ACMs. KDM4D binding was
enriched on G2/M and cytokinesis gene promoters (Figure 4B) and this was accompanied
with reduced H3K9me3 (Figure 4C). However, this pattern was also observed at gene
deserts, active gene promoters, and non-lineage gene promoters that did not have increased
MRNA expression in BiTg ACMs (Figure 4B and 4C).

H3K9me3 depletion delays CM cell cycle exit

BiTg mice had visibly larger hearts (Figure 5A) with a 20.8% increase in heart weight to
body weight ratio (HW/BW) at 9 weeks (/<0.0001; Figure 5B) with no change in body
weight (Supplemental Figure 7). This increase in HW/BW first became apparent at P14
(12.9% increase, £<0.001; Figure 5C); suggesting KDM4D overexpression specifically
promoted postnatal cardiac growth. This cardiac enlargement was not associated with
sarcomere disarray, fibrosis or alteration of vasculature (Figure 2H and Supplemental Figure
8) and there was no increase in extracellular matrix[36] or apoptosis (Supplemental Figure
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8B and 8C). To differentiate between cardiac hypertrophy or hyperplasia as the cause of the
increased heart mass, we quantified ACM size. Cross sectional area (Figure 5D) and direct
measurements of longitudinal area and length did not differ between ACMs isolated from
BiTg or controls (Figure 5E and 5F). ACM volume was also unchanged (Figure 5G).
Calculated myocyte number suggested BiTg hearts had 22% more ACMs compared to
controls (A<0.03; Figure 5H). Consistent with this finding, CM cell cycle activity was
increased in BiTg hearts. 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 hearts at both time points (Figure 6A and 6B). Similar trends were seen for the
general cell cycle activity marker Ki67 in 9-week hearts (Figure 6C). We confirmed mitotic
activity in BiTg ACMs in thick myocardial sections that allow 3D examination of pH3+
nuclei (Figure 6D). Quantification of the number of nuclei per ACM revealed there was an
increase of mononucleated and a decrease in binucleated ACMs in BiTg hearts (Figure 6E).
These findings are consistent with a model where the increased heart mass in BiTg mice is
secondary to CM hyperplasia. Long-term H3K9me3-depletion had no significant effect on
cardiac function or morphology (Table 1).

H3K9me3 is required for establishment and maintenance of the ACM terminally
differentiated state

To confirm that the phenotype we observed in BiTg animals was dependent on KDM4D
expression in ACMs, we utilized doxycycline to temporally control CM-specific KDM4D
expression (Supplemental Figure 9A and 9B). At 2 weeks of age mice were given
doxycycline, and by 3 weeks of age no detectable transgene expression was observed
(Supplemental Figure 9C). We maintained control and BiTg mice on doxycycline through
the endpoint at 9 weeks and did not see significant differences in HW/BW (Supplemental
Figure 9D) or expression of cell cycle genes (Supplemental Figure 9E) indicating continued
KDM4D expression in ACMs was required to prevent terminal differentiation and allow the
hyperplasia phenotype.

To address whether H3K9me3-depletion could reverse terminal differentiation, we
suppressed KDM4D expression from conception through 3 weeks of age (Figure 7A).
Transgene expression was not detected 3 weeks after removing doxycycline (data not
shown); however, 9 weeks after doxycycline withdrawal, we saw induced KDM4D mRNA
(Figure 7B), though at lower levels compared to the constitutive model. In this model, cell
cycle genes were upregulated (Figure 7C). We examine KDM4D and H3K9me3 levels 6
months post doxycycline withdrawal and confirmed induction of exogenous KDM4D
protein and reduced H3K9me3 levels (Figure 7D and 7E). While these mice did not display
significantly increased heart mass (Figure 7F), we observed a 2.5-fold increase in cycling
PCM1+ ACMs (A<0.03) with ACM-specific KDM4D induction (Figure 7G).

Discussion

The discovery that neonatal mammalian hearts can regenerate by CM proliferation [1, 2] and
that ACMs retain some, though very limited, capacity to divide [4], has reignited interest in
the regulation of CM cell cycle [3, 37-39]. Recently, epicardial paracrine factor FSTL1 [38],
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miR-15 inhibition [2], and the NRG1 co-receptor Erbb2 [40] were suggested to promote
ACM proliferation, though the molecular mechanisms and relevant targets in ACMs are
unknown. 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 [6]. In this study we screened HDM expression levels in CM
development, ACM dedifferentiation cell cycle re-entry, and human and mouse
cardiomyopathies and found KDM4D expression levels correlated with CM hyperplasia but
not hypertrophy models. We overexpressed KDM4D in CMs to explore the role of
H3K9me3 in regulating cardiac cell cycling and documented a critical role in silencing cell
cycle genes and establishing and maintaining terminal differentiation. Although recent
studies have also suggested that non-histone proteins may be substrates of KDM4
demethylases; this has not been shown for KDM4D, which lacks the PHD and Tudor
protein-binding domains found in KDM4A-C [41]. Unlike KDM4A (Supplemental Figure
4), we observed KDM4D does not demethylate H3K36me3 in ACMs (Figure 2F and 2G)
and our data suggest that only H3K9me3 levels were affected. Thus, we believe the effects
of KDM4D are primarily related to a reduction in H3K9me3 levels in CMs.

Surprisingly, our analysis revealed that the mitosis and cytokinesis genes that are silenced in
ACMs have Dnasel-sensitive promoters suggesting they are not incorporated into
inaccessible heterochromatin, unlike silenced non-lineage genes (Figure 1B and
Supplemental Figure 1). Interestingly, the promoters of these genes are spared from
repressive DNA methylation in both neonatal CMs that highly express cell cycle genes as
well as in ACMs (Figure 1D and Supplemental Figure 2B). Cell cycle genes appear to be
intrinsically protected from DNA methylation-mediated silencing as 90% of cell cycle gene
promoters contain CpG Island sequences that evade DNA methylation (Figure 1E).
Likewise, H3K27me3 was not enriched on cell cycle genes in ACMs and does not appear to
mediate their silencing (Figure 1F). These findings are consistent with the absence of cell
cycle activation in CM-specific knockout of H3K27me3- or DNA-methyltransferases and
suggest other mechanisms are responsible for the silencing of cell cycle genes in ACMs [27,
28]. Our results suggest H3K9me3 depletion preferentially increases the expression of late
cell cycle genes (Figure 3) which are enriched with H3K9me3 in terminally differentiated
NonTg ACMs [6].

The finding that KDM4D binds to and depletes H3K9me3 at cell cycle gene promoters
(Figure 4B and 4C) suggests a direct mechanism for the increases in cell cycle gene
expression seen in BiTg ACMs. However, how cell cycle gene expression was preferentially
increased is still unclear as we found KDM4D bound to diverse genomic loci, consistent
with the observed global reduction of H3K9me3 (Figure 2F and 2G). Non-lineage genes are
enriched with both DNA methylation and H3K27me3 (Figure 1D and 1F) which may
explain why this class of genes was not expressed in H3K9me3-depleted ACMs. Our
analysis suggests that cell cycle gene Dnase-I sensitivity is not altered by H3K9me3-
depletion (Figure 4A), as these promoters are accessible even in NonTg control ACMs
(Figure 1B and Supplemental Figure 1). One limitation of DHS-seq analysis is that it does
not distinguish which regulatory complexes are binding to the accessible promoter. This is
particularly important in cell cycle gene regulation as E2F family members with conserved
DNA binding motifs have the capacity to bind cell cycle genes, but E2Fs 1-3 lead to gene
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activation while E2Fs 4-6 recruit repressive Rb/p130-contaning DREAM complexes that
inhibit cell cycle gene expression [26, 42, 43]. Interestingly, Rb co-immunoprecipitates with
H3K9me3-binding HP1 adapter proteins [25, 44]. Thus, we speculate that depleting
H3K9me3 inhibits the recruitment of repressive cell cycle transcriptional complexes.
Consistent with this notion, we previously found that ACM-specific Rb deletion combined
with p130 knockout led to increased cell cycle gene expression, but H3K9me3 was
maintained [6]. That study suggested that Rb recruitment to cell cycle genes was required
for their stable repression, and that Rb targeting was mediated by H3K9me3-binding adapter
proteins. Therefore, it is possible that H3K9me3-depletion relieves cell cycle gene silencing
by inhibiting DREAM complex recruitment to these genes and the observed specificity of
cell gene expression increases in the BiTg ACMs is endowed through cell cycle transcription
factors with specific DNA binding motifs. In agreement, in BiTg ACMs we found that the
E2F/Rb-family members most increased by H3K9me3-depletion were E2F1 and p107
(Supplemental Figure 6), which are the same E2F/Rb-family members that are expressed in
proliferative embryonic and neonatal CMs (Supplemental Figure 2C) [6]. We found the
inhibitory E2Fs, Rb/p130, and DREAM complex members had normal expression after
H3K9me3-depletion, but the activating Myb and FoxM1 were increased (Supplemental
Figure 6). The idea that activating and repressive transcription factors can compete for
occupancy of cell cycle gene promoters is supported by the finding that these promoters
have similar accessibility and DNA methylation in proliferation-competent cells and
senescent CMs (Supplemental Figure 1 and Figure 1D) despite the large differences in
MRNA expression. These DHS accessible regions in ACMs are bound by repressive E2F4
and activating Myc transcription factors in differentiated myotubes and cancer cell lines,
respectively (ENCODE data). Studies in human samples show these cell cycle transcription
factors are also present within the highly-conserved cell cycle gene promotors suggesting
these mechanisms may be shared in mice and humans (ENCODE data). Therefore, even if
KDMA4D-binding and H3K9me3 itself is not specific to cell cycle genes, H3K9me3
depletion could specifically increase cell cycle gene expression due to their unique
configuration of being transcriptionally silenced but accessible in ACMs (Figure 1C),
selective increases in E2F/Rb-family and Myb/FoxM1 expression levels (Supplemental
Figure 6), and disruption of cell cycle inhibition complexes that bind H3K9me3 and
H3K9me3-adapter proteins.

We demonstrated that ACMs can tolerate increased levels of G2/M and cytokinesis gene
expression (Figure 3 and Supplemental Figure 6) and moderate cycling (Figure 6) without
deleterious effects on heart function (Table 1). This is similar to other models of limited
ACM cycling [45], but contrasts with our previous findings where disrupting
heterochromatin formation and inducing cell cycle reentry in ACMs was associated with
decreased heart function at baseline [6]. 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) [6, 42, 46]. 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 10). Thus, repressive methylations have overlapping roles in
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maintaining global chromatin structure in ACMs consistent with reports of H3K9me3-
depletion in other cell types [47-49].

The vast majority of BiTg ACMs appeared to exit the cell cycle (Figure 6) and HW/BW did
not increase after 9 weeks (Figure 5C) even though cell cycle gene expression remained
elevated in H3K9me3-depleted CMs (Figure 3). 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 3C with Supplemental Figure 2B). It is
possible that additional stimulation of mitogenic pathways, in addition to removal of
repressive H3K9me3, is required for more robust ACM proliferation. 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 [39, 50]. Though Yapl gain of function in adults increased
ACM proliferation, the levels were 20-fold less than NonTg neonatal CMs [45]. 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 [51-53]. Interestingly, informatics and chromatin
immunoprecipitation sequencing approaches found E2F- and Yap- binding sites neighbor
each other on many cell cycle gene promoters [52-54], 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 resulted in cell proliferation; however, the increased
proliferation declined over time due to dampening of Yap signaling [54]. Forced Yapl
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. The fact that the
E2F pathway, but not the Yap pathway (Supplemental Figure 6C), is activated in BiTg
ACMs suggests that additional mitogenic stimulation (ie Yap activation, injury) may
promote more robust ACM proliferation in H3K9me3-depleted CMs.

In conclusion, CM-specific KDM4D induction and the subsequent H3K9me3-depletion is
sufficient to maintain proliferation competence in ACMs. Depleting H3K9me3 in ACMs
after terminal differentiation led to re-expression of cell cycle genes, and CM cell cycle
reentry. This suggests H3K9me3 is required for both establishment and maintenance of the
terminally differentiated phenotype in ACMs. These results further our understanding of
how cardiac growth is regulated and identify a new role for H3K9me3 and common effector
pathway for regulation of CM terminal differentiation. KDM4D overexpression did not
affect normal heart function at baseline but allowed CM hyperplasia. Additional studies will
be required to determine if KDM4D expression can extend the regenerative window in
neonates and reverse the permanent CM cell cycle exit after injury and promote a
regenerative response in adults. If true, this strategy would be very amenable to gene
therapies with localized and temporally controlled KDM4D expression, which may bring us
closer to a clinically relevant cardiac therapy.
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Highlights

. Cell cycle genes are accessible but silenced in adult cardiac myocytes
(ACMs).

. Depleting H3K9me3 prevents cell cycle gene silencing in ACMs in vivo.

. H3K9me3-depleted ACMs have increased cell cycling with normal heart
function.

. Depleting H3K9me3 in ACMs after differentiation reverses cell cycle
silencing.
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Figure 1. Cell cycle gene promoters are accessible and spared from heterochromatin markers in
ACMs

(A) DHS at Collal promoter and GO analysis of DHS+ gene promoters derived from non-
CM (1936 genes) in whole heart preparation showing the most enriched term within PCA-
level-1 Biological process (BP), Cellular Component (CC), and the most enriched term and
cell cycle related terms within Cellular Processes (CP). (B) DHS at expressed and silenced
(RPKM<1) gene promoters (TSS +/- 500bp) in ACMs. (C) GO was performed on a list of
genes that are not expressed in ACMs (RPKM<1) but display a DHS peak in their promoter.
The 3 most enriched terms and enrichment scores (-log(enrichment p-value)) within the
cellular processes GO categories are listed. (D) Average % methylation of all CpG
dinucleotides within promoter regions of indicated genes in neonatal CMs and ACMs. (E) A
list of all genes containing CpG Islands in the promoter region was analyzed by GO, the %
of genes with a CpGl-containing promoter compared to all genes within the categories are
shown for PCA level 1 and cell cycle related terms. (F) H3K27me3 ChIP normalized to
input at promoter regions in ACMs. Sample Number: (A-E) N=1 (ENCODE/publicly
available), ACM RNA-seq (expressed vs not expressed) N=2.
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Figure 2. Generation of cardiac myocyte-specific KDM4D model
(A) Gene expression of HDMs in dedifferentiated mouse ACMs relative to ACMs. (B)

KDMA4D expression in human ischemic cardiomyopathy samples (IHD) and in (C) ACMs 4-
weeks post sham or TAC surgery, expression normalized to GAPDH. (D) Schematic of BiTg
model for CM-specific KDM4D induction. (E) KDM4D transgene RNA expression is
robustly induced in BiTg PO and P14 hearts and ACMs, fold induction vs. tet control. (F)
KDMA4D protein induction and global levels of specific histone methylations in 9-week
ACMs. (G) Densitometry quantification of Western Blot. (H) BiTg mice display nuclear
KDM4D (FLAG-tag) localization specifically in CMs, bar=20um. Sample Number: (A)
ACM=3, Dedif. ACM=3. (B) Normal=2, IHD=3. (C) Sham=3, TAC=3. (E-G) 3 animals per
group. Statistics: (A—C) Two-tailed T-test, * £<0.05. (E) One-way ANOVA/Tukey’s test, *
£<0.05 vs NonTg, T A<0.05 vs tet,  A<0.05 vs tTA. (G) Two-tailed T-test, control vs. BiTg,
* £<0.05.
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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, the log(Enrichment p-values), were generated from lists containing
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 measured by gRT-PCR, 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 (FDR corrected £<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, * £<0.05 vs
NonTg, T A<0.05 vs tet, £ £<0.05 vs tTA.
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Figure 4. KDM4D binding and H3K9me3 status, but not accessibility, are altered in gene

promoters in BiTg ACMs

(A) Genome browser views of Dnasel-hypersensitivity sequencing at promoter regions (+/
- 500bp from transcription start site) of stem cell (silenced), housekeeping (active), and cell
cycle genes. (B) KDM4D (Myc-tag) ChIP-PCR in adult ventricle samples analysis of
indicated gene promoters. (C) H3K9me3 ChIP-PCR in isolated ACMSs. Sample Number:
(B-C) Control=3, BiTg=3. Statistics: (B-C) Two-tailed T-test, control vs. BiTg, * £<0.05.
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Figure 5. Heart mass and ACM number are 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) Left, quantification of ACM cross sectional
area. Right, WGA staining in 9-week NonTg and BiTg PFA-fix hearts, bar=20um. (E)
Quantification of longitudinal area and (F) length measured in dispersed, isolated 9-wk
CMs, with representative images below. (G) Calculated ACM volume and (H) ACM number
at 9-wks of age. Sample Number: (A—B) NonTg=6, tet=11, tTA=9, BiTg=10. (C) PO,
Control=22, BiTg=9; P14, Control=14, BiTg=6; 9wk Control=26, BiTg=10; 7mo
Control=19, BiTg=10. (D-H) Each assay had 3 animals per group. Statistics. (B,D) One-
way ANOVA/Tukey’s test, * £<0.05 vs NonTg, T £<0.05 vs tet, + A<0.05 vs tTA. (C, E, F)
Two-tailed T-test, control vs. BiTg, * £<0.05. (G-H) The Bootstrap method was used to
compute standard error and Permutation test was used to compute p-value, * £<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=40um. (A) White arrows point to pH3+ non-CM nuclei, yellow
arrowheads point to pH3+ CM nuclei. (B) Right, high magnification of boxed region,
bar=10um. (C) Cell cycling marker Ki67 in 9-week BiTg hearts, bar=10um. (D) Thick
section imaging of adult BiTg heart showing XY plane and reconstructed 75um depth of XZ
and YZ orthogonal planes. Yellow crosshairs indicate position within all 3 planes,
bar=20um. (E) Quantification of nuclei number in 7 month old ACMs. Sample Number: (A—
E) Each assay had 3 animals per group. Statistics: (E) Two-tailed T-test, control vs. BiTg, *
£<0.05.
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Figure 7. ACM-specific KDM4D overexpression induces ACM cell cycling
(A) Timeline showing protocol for ACM-specific KDM4D expression and endpoints. (B)

gRT-PCR of KDM4D expression in BiTg ACMs with or without Dox treatment, showing
KDMA4D expression can be partially recovered after 9 weeks after removing dox from chow.
(C) gRT-PCR analysis of control and BiTg in 12 week CMs, 9 weeks post dox withdrawal.
(D) H3K9me3 and KDM4D-FLAG co-staining in cardiac sections of adult BiTg mice that
did not receive dox treatment (top) or were treated with dox (bottom), 6 months post dox
withdrawal. Yellow arrows point to KDM4D_FLAG+ ACM nuclei, white arrows point to
KDM4D_FLAG- ACM nuclei. (E) Immunoblots of heart lysates from 7 month mice that
received dox from EO-3weeks. (F) HW/BW in 7 month mice that received dox from E0-3
weeks. (G) BrdU staining, bar=20um, and quantitation in cardiac sections in the inducible
model. Sample Number: No dox, 9 wk endpoint; tet=6, BiTg=5. DoxE0-P21, 12wk
endpoint: control=9 BiTg=3. DoxE0-P21, 7 month endpoint: control= 8, BiTg=7. Statistics:
(B, C, E, F) Two-tailed T-test, * £<0.05.
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Table 1
Normal cardiac function and morphology in BiTg mice at 7 months

NonTg tet tTA BiTg
HR (BPM) 450+ 9 452 £ 11 441+ 11 422 £10
EF (%) 74123 T4+4.4 79.2+31 | 73.8%£43
FS (%) 42123 43+38 476+3.2 43+38
CO (mL/min) 151+2 198+1 164+11 | 188%16
LVEDD(mm) | 3.33+£0.13 | 3.73+£0.02 | 3.38+£0.09 | 3.74+0.1

Echocardiography results in 7 month old mice. HR: Heart Rate, EF: Ejection Fraction, CO: Cardiac Output, LVEDD: Left Ventricular End-
Diastolic Dimension. Mean and SEM values are shown. Sample Number: N 5 for each genotype. Statistics: One-way ANOVA/Tukey’s test,

*

F<0.05 vs NonTg,
#

P<0.05 vs tet,

’tFk0.0S Vs tTA.
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