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BACKGROUND: The inability of the adult mammalian heart to regenerate 
following injury represents a major barrier in cardiovascular medicine. 
In contrast, the neonatal mammalian heart retains a transient capacity 
for regeneration, which is lost shortly after birth. Defining the molecular 
mechanisms that govern regenerative capacity in the neonatal period 
remains a central goal in cardiac biology. Here, we assemble a transcriptomic 
framework of multiple cardiac cell populations during postnatal development 
and following injury, which enables comparative analyses of the regenerative 
(neonatal) versus nonregenerative (adult) state for the first time.

METHODS: Cardiomyocytes, fibroblasts, leukocytes, and endothelial cells 
from infarcted and noninfarcted neonatal (P1) and adult (P56) mouse 
hearts were isolated by enzymatic dissociation and fluorescence-activated 
cell sorting at day 3 following surgery. RNA sequencing was performed on 
these cell populations to generate the transcriptome of the major cardiac 
cell populations during cardiac development, repair, and regeneration. 
To complement our transcriptomic data, we also surveyed the epigenetic 
landscape of cardiomyocytes during postnatal maturation by performing 
deep sequencing of accessible chromatin regions by using the Assay for 
Transposase-Accessible Chromatin from purified mouse cardiomyocyte 
nuclei (P1, P14, and P56).

RESULTS: Profiling of cardiomyocyte and nonmyocyte transcriptional 
programs uncovered several injury-responsive genes across regenerative 
and nonregenerative time points. However, the majority of transcriptional 
changes in all cardiac cell types resulted from developmental maturation 
from neonatal stages to adulthood rather than activation of a distinct 
regeneration-specific gene program. Furthermore, adult leukocytes and 
fibroblasts were characterized by the expression of a proliferative gene 
expression network following infarction, which mirrored the neonatal state. 
In contrast, cardiomyocytes failed to reactivate the neonatal proliferative 
network following infarction, which was associated with loss of chromatin 
accessibility around cell cycle genes during postnatal maturation.

CONCLUSIONS: This work provides a comprehensive framework and 
transcriptional resource of multiple cardiac cell populations during cardiac 
development, repair, and regeneration. Our findings define a regulatory 
program underpinning the neonatal regenerative state and identify 
alterations in the chromatin landscape that could limit reinduction of the 
regenerative program in adult cardiomyocytes.
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Ischemic heart disease is the leading cause of death 
worldwide. Because of the adult heart’s extremely 
limited capacity for regeneration, myocardial infarc-

tion (MI) causes irreparable damage to the heart, which 
often leads to heart failure.1 Recent evidence suggests 
that there is a developmental basis for this lack of re-
generative capacity in mammals. In contrast with adult 
mice, neonates can efficiently regenerate the heart fol-
lowing injury, but the capacity to regenerate rapidly di-
minishes during the first week of life.2,3 As such, there 
is substantial interest in defining the hallmarks of the 
cardiac injury response in neonates and identifying un-
derlying mechanisms that distinguish the neonatal re-
generative response from pathological repair processes 
in adulthood.

A central feature of the cardiac regenerative re-
sponse in neonatal mice is the activation of cardiomyo-
cyte proliferation following injury.2–4 Genetic studies in 

the mouse have identified cardiomyocyte proliferation 
as the primary source of regenerated cardiomyocytes,2 
which is similar to findings in adult zebrafish.5,6 The 
developmental timing of regenerative arrest in rodents 
coincides with the postnatal window when most car-
diomyocytes withdraw from the cell cycle and become 
terminally differentiated.7 Accordingly, genetic mu-
tants with defective cardiomyocyte proliferation fail to 
mount a full regenerative response following injury in 
the neonatal period.3,8–10 Reigniting proliferation in the 
adult heart is being pursued as a promising regenera-
tive strategy,11 with recent studies augmenting adult 
cardiomyocyte proliferation rates through manipulation 
of growth factor receptors,12 transcription factors,13 
microRNAs,14 and the cell cycle machinery.15 However, 
even with the most potent cardiac mitogens in these 
studies, cardiomyocyte proliferation rates fail to reach 
neonatal levels in the adult heart and are generally not 
sufficient to drive a full regenerative response.16 As 
such, there is a fundamental need to define the core 
biological processes and mechanisms that govern car-
diomyocyte proliferative capacity.

It is currently unclear whether these dichotomous 
responses of neonatal and adult cardiomyocytes to 
injury are attributable to intrinsic barriers within the 
myocyte, an absence of extracellular cues for regenera-
tion, or a combination of both. Moreover, it remains 
unknown whether the neonatal regenerative response 
is attributable to activation of a specific injury-induced 
transcriptional program or whether it is a consequence 
of a developmentally permissive transcriptional state. 
Although a previous study by Haubner et al4 identified 
transcriptional changes in cell cycle genes at day 10 fol-
lowing neonatal MI, their analysis was limited to whole-
heart tissue and therefore lacked cellular resolution. The 
neonatal regenerative response following MI is complex 
and involves the engagement of multiple cell types fol-
lowing injury.17 For example, inflammatory cytokines 
such as interleukin-6 and interleukin-13 signal to drive 
cardiomyocyte proliferation following neonatal cardiac 
injury.18,19 Similarly, macrophages are required for re-
generation in the neonate through paracrine effects 
that drive angiogenesis and cardiomyocyte proliferation 
following injury.20,21 More recently, the importance of 
neural innervation of the heart has also become appar-
ent, with emerging roles for growth factors that signal 
between parasympathetic nerves and cardiomyocytes 
during cardiac regeneration in adult zebrafish and neo-
natal mice.22 Together, these findings suggest that heart 
regeneration is regulated by multiple cell types. How 
these complex relationships between different cellular 
compartments are established during mammalian de-
velopment remains an important unanswered question 
in cardiac biology.

Given the multitude of different regulators of cardiac 
regeneration, we decided to globally examine the tran-

Clinical Perspective

What Is New?
• A transcriptional resource of multiple cardiac cell 

populations including cardiomyocytes, fibroblasts, 
endothelial cells, and leukocytes in the neona-
tal and adult heart with and without myocardial 
infarction.

• Identification of several developmentally regulated 
and injury-responsive transcriptional networks 
associated with neonatal regenerative and adult 
fibrotic responses to injury.

• Adult cardiomyocytes and endothelial cells do not 
reactivate a neonatal proliferative program follow-
ing myocardial infarction.

• Detection of epigenetic modifications associated 
with loss of regenerative capacity including chro-
matin compaction around cell cycle genes during 
postnatal cardiomyocyte maturation.

What Are the Clinical Implications?
• The mechanisms that mediate cardiac regenera-

tion in the neonatal period and that govern loss 
of regenerative capacity during postnatal devel-
opment are highly relevant to the clinical man-
agement of heart failure and are currently under 
intensive investigation.

• The present study provides a unique resource for 
the cardiovascular field by enabling comparative 
analyses of the regenerative (neonatal) versus non-
regenerative (adult) state, thus enabling identifi-
cation of potential therapeutic avenues for heart 
regeneration.

• Chromatin modifications in adult myocytes could 
restrict cardiac regenerative potential after birth 
and may need to be overcome to facilitate cell cycle 
reentry in adults.
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scriptional networks driving cardiac injury responses in 
multiple cell types at different stages of development. 
Here, we provide a comprehensive transcriptional frame-
work of the major cell populations within the regenera-
tive (P1) and nonregenerative (P56) mouse heart with 
and without injury. Our analyses identify unique develop-
mentally regulated and injury-induced transcriptional re-
sponses in cardiomyocytes, fibroblasts, endothelial cells, 
and leukocytes that govern distinct cellular behaviors fol-
lowing cardiac injury. Comparative analysis of the cellular 
transcriptomes showed that adult leukocytes and fibro-
blasts were characterized by a proliferative neonatal-like 
transcriptional state following MI, whereas adult myo-
cytes and endothelial cells did not revert to a neonatal-
like state. The myocyte and endothelial genes that failed 
to revert to a neonatal state were chiefly involved in cell 
cycle regulation. Through extensive epigenetic profiling 
of cardiomyocytes during postnatal development, we re-
veal a novel relationship between chromatin accessibility 
and transcriptional repression of cell cycle genes, which 
could limit reinduction of the neonatal regenerative pro-
gram in the adult heart.

METHODS
Please refer to the online-only Data Supplement Methods for 
a full description of experimental procedures.

Reagents were purchased from Life Technologies unless oth-
erwise indicated. For antibody manufacturer details please see 
online-only Data Supplement Table I. For polymerase chain reac-
tion primers, please see online-only Data Supplement Table II.

Neonatal and Adult MI Surgeries
Neonatal and adult surgeries were performed as previously 
described23 and are detailed in the online-only Data Supplement 
Methods. Ethical approval for neonatal and adult mouse pro-
cedures was obtained from The University of Queensland’s 
Animal Ethics Committee (SBMS/101/13/NHMRC).

Neonatal Heart Cell Isolation
Neonatal CD-1 (ICR) mice were euthanized by decapitation 3 
days after surgery. Hearts were then digested at 37°C under 
constant agitation with a cell stirrer for 30 to 40 minutes with 
200 µg/mL Liberase DH (Roche) in neonatal cardiomyocyte 
digestion buffer (116.3 mmol/L NaCl, 20 mmol/L HEPES, 19 
mmol/L NaH2PO4, 5.5 mmol/L glucose, 5.36 mmol/L KCl, 0.83 
mmol/L MgSO4). Six ventricles were pooled per sample for cell 
purification and RNA sequencing (RNA-seq). See online-only 
Data Supplement Methods for a full description.

Adult Mouse Heart Cell Isolation
Adult CD-1 (ICR) mice were anesthetized with an intraperi-
toneal injection of ketamine (100 mg/kg) and xylazil (12.5 
mg/kg) at day 3 postsurgery. Cardiac cells were dissociated 
by Langendorff reverse coronary perfusion with 200 µg/
mL Liberase DH (Roche). See online-only Data Supplement 
Methods for a full description.

FACS for Purification of Nonmyocyte 
Fraction
Following cell extraction, the nonmyocyte fraction was 
resuspended in 100 μL of 5% bovine serum albumin/
phosphate-buffered saline solution (137 mmol/L NaCl, 2.7 
mmol/L KCl, 1.8 mmol/L KH2PO4, 10 mmol/L Na2HPO4, and 
75 μmol/L bovine serum albumin). Cell isolates were then 
incubated at 4°C for 20 minutes with CD90-APC (1:33, 
A14727, ThermoFisher), CD45-FITC (1:10, 130-102-778, 
Miltenyi Biotec), CD31-BV421 (1:33, 102423, BioLegend), 
and Podoplanin-PE/Cy7 (1:66, 127411, BioLegned) in 100 
μL of 5% bovine serum albumin/phosphate-buffered saline. 
The stained cells were washed in 5% bovine serum albumin/
phosphate-buffered saline solution and sorted using a BD flu-
orescence-activated cell sorting (FACS) ARIA cell sorter. Each 
purified cell population was centrifuged at 1000g for 5 min-
utes, cell media were aspirated, and 1 mL Trizol was added to 
isolate RNA.

RNA-seq of Enzymatically Isolated 
Cardiac Cell Populations
For enzymatically isolated cells, ribosomal RNA was depleted 
with Ribo Zero Gold (Illumina), RNA quality ascertained using 
a MultiNA bioanalyzer (Shimadzu), and cDNA generated with 
SuperScript II Reverse Transcriptase (ThermoFisher). Libraries 
were created with TruSeq Stranded Total RNA kits (Illumina) 
and read with HiSeq SR Cluster v4 kit (Illumina) on a HiSeq 
2500 sequencer. Each sample contained ≈45 million 50-bp 
single-end reads.

Bioinformatics, Statistics, and Data 
Availability
See online-only Data Supplement Methods for a full descrip-
tion of bioinformatics and statistical analysis methods. 
Statistical analyses were performed using GraphPAD Prism 6 
(Graphpad Software Inc) using 2-tailed unpaired t tests, with a 
P value of <0.05 considered significant. All data are displayed 
as mean±SEM unless otherwise indicated. For RNA-seq, dif-
ferential expression analysis was performed with EdgeR, and 
the false discovery rate was controlled at 5% by using the 
Benjamini-Hochberg method. All data have been deposited at 
the Gene Expression Omnibus24 under the accession numbers 
GSE95755 and GSE95764.

RESULTS
Isolation of Purified Cardiac Cell 
Populations From Infarcted and 
Noninfarcted Neonatal and Adult Mouse 
Hearts
Recent analyses of the cellular composition of the mu-
rine heart have revealed that fibroblasts, leukocytes, 
and vascular endothelial cells comprise the majority 
of nonmyocyte cell populations in the heart.25 Of rel-
evance to this study, each of these cell populations 
has been implicated in neonatal cardiac proliferative 
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or regenerative processes.20,26 To perform transcrip-
tional profiling of the different cardiac cell populations 
under regenerative versus nonregenerative conditions, 
we devised a strategy to isolate cardiomyocytes, fibro-
blasts, leukocytes, and vascular endothelial cells from 
regenerative neonatal (postnatal day 1; P1, online-on-
ly Data Supplement Figure I) or nonregenerative adult 
(postnatal day 56; P56) mice following MI or sham 
surgery (Figure 1A). Cardiomyocytes were immediately 
isolated for RNA extraction following differential den-
sity fractionation on a Percoll gradient for neonatal 
cardiomyocytes or low-speed centrifugation for adult 
cardiomyocytes (see Figure  1A and Methods). FACS 
was performed on the nonmyocyte fraction to iso-
late leukocytes (CD45+/CD31–/CD90+/–), CD90+ fibro-
blasts (CD90+/CD45–/CD31–), and vascular endothelial 
cells (CD31+/CD45–/Podo–) (Figure 1A). All cell types 
were viable (>90%) before RNA isolation (online-
only Data Supplement Figure II). Consistent with re-
cent findings,25 the largest population of nonmyocyte 
cells from noninfarcted adult hearts were endothe-
lial cells (51.8±4.7%) followed by CD90+ fibroblasts 
(26.5±4.3%) and leukocytes (19.9±0.7%) (Figure 1B). 
Furthermore, 96.7±0.5% of all CD31+/CD45– cells 
were vascular endothelial cells (CD31+/Podo–), whereas 
the remaining 3.3±0.5% were lymphatic endothelial 
cells (CD31+/Podo+) (Figure 1B), which is also in accor-
dance with a recent report.24 Vascular and lymphatic 
endothelial cells were separated because they exhibit 
differential physiological and transcriptional behav-
iors.27 However, we did not sequence the lymphatic 
endothelial cells (CD31+/Podo+) or the negative pop-
ulation (CD45–/CD90–/CD31–) because they yielded 
too little RNA for analysis using conventional RNA-seq 
pipelines. Therefore, we focused our RNA-seq analysis 
on the major cell types within the neonatal and adult 
heart (ie, cardiomyocytes, vascular endothelial cells, 
CD90+ fibroblasts, and leukocytes).

As would be expected, infarcted neonatal and adult 
hearts had a proportional increase in leukocytes in 
comparison with noninfarcted controls (Figure 1B). As 
development progressed from neonatal to adult stag-
es, steady-state (noninfarcted) leukocyte populations 
within the heart also increased as a proportion of the 
total number of nonmyocytes in the heart (Figure 1B). 
Conversely, the percentage of CD90+ fibroblasts rela-
tive to other nonmyocyte populations in the heart 
decreased during development and was markedly re-
duced after adult infarction (Figure 1B). The percentage 
of CD90+ fibroblasts in noninfarcted adult mice in this 
study (26.5±4.3%) is similar to the previously reported 
percentage of CD90+/CD45–/CD31– fibroblasts (≈30%) 
published by Ali et al.28 Therefore, our findings are 
highly congruent with other recent reports and suggest 
that endothelial cells are the most numerous nonmyo-
cyte population in the heart and that CD90+ fibroblasts 

comprise ≈30% of nonmyocytes in the adult mouse 
heart.

Multicellular RNA-seq Reveals Distinct 
Transcriptional Programs in Different Cell 
Types During Cardiac Regeneration or 
Repair
To determine cell type–specific transcriptional programs 
deployed during cardiac development, repair, and re-
generation, we performed RNA-seq on cardiomyocytes, 
CD90+ fibroblasts, leukocytes, and vascular endothelial 
cells isolated from the neonatal and adult heart before 
or after MI. RNA-seq libraries were prepared from each 
cell type and provided exceptionally high-quality reads 
with a mean phred quality score of >35 and an average 
number of 46 million reads per sample. Analysis of cell 
type–specific transcripts confirmed that our purified cell 
populations were highly enriched for cell-specific gene 
markers (Figure  1C). For example, myosin light chain 
7 (Myl7) and myosin light chain 2 (Myl2) were specifi-
cally expressed in the cardiomyocyte fraction and were 
highly enriched at neonatal and adult stages, respec-
tively (Figure  1C). The nonmyocyte populations were 
also highly pure. CD90+ fibroblasts, leukocytes, and en-
dothelial cells were enriched for the marker genes Dis-
coidin domain–containing receptor 2 (Ddr2), epidermal 
growth factor–like module-containing mucin-like hor-
mone receptor-like 1 (Adgre1) and Von Willebrand fac-
tor (Vwf), respectively (Figure 1C). Other marker genes 
also exhibited cell type–specific enrichment (online-only 
Data Supplement Figure III). In total, >9964 differen-
tially expressed genes were identified in at least 1 com-
parison within a cell type during development (ShP1.
d3 versus ShP56.d3) or following MI (MIP1.d3 versus 
MIP56.d3; log2(fold-change) ≥1 or ≤ –1, false discovery 
rate ≤0.05). Hundreds of differentially regulated genes 
were identified within each cell population in neonatal 
versus adult hearts, with the clear majority of differenc-
es accounted for by the cardiomyocyte compartment 
(Figure 1D).

To visualize the transcriptional relatedness and repro-
ducibility of each RNA-seq sample, we used principal 
coordinate analysis (Figure  2A). Each cell type within 
the RNA-seq data set grouped into a defined cluster 
within the principal coordinate analysis plot, and RNA-
seq samples within each experimental group were also 
tightly clustered together (Figure 2A). Major transcrip-
tional differences were apparent between neonatal and 
adult samples for all cell populations (in the absence of 
injury) (Figure  2A). Pearson correlations and unsuper-
vised hierarchical clustering of RNA-seq samples further 
confirmed the high reproducibility of transcriptional 
signatures within groups (Figure 2B and 2C). It is strik-
ing that clustering of each sample also revealed that 
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Figure 1. Isolation, sorting, and RNA-sequencing analysis of multiple cardiac cell populations during development 
and regeneration. 
A, Schematic of cardiac cell–sorting strategy and RNA-sequencing pipeline. Myo (purple) indicates cardiomyocytes; Fibro 
(green), CD90+ fibroblasts; Leuko (red), leukocytes; Endo (blue) , endothelial cells; ShP1.d3, sham surgery at P1 and collected 
at day 3 postsurgery; MIP1.d3, MI at P1 and collected at day 3 postsurgery; ShP56.d3, sham surgery at P56 and (Continued )
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neonatal myocytes were more transcriptionally related 
to endothelial cells and leukocytes than they were to 
adult myocytes (Figure  2B and 2C). In fact, neonatal 
and adult myocytes were so transcriptionally distinct 
(6276 differentially expressed transcripts) that they 
could be considered as 2 distinct cell types.

As a further validation of our cell-sorting strategy, we 
performed unsupervised hierarchical clustering of RNA-
seq samples followed by gene ontology (GO) analysis for 
each cluster. As would be expected, upregulated genes 
within each specific cluster were highly enriched for GO 
terms associated with that specific cell type (Figure 2C). 
For example, cluster 11 contained genes that were highly 
expressed in leukocytes, and this cluster was enriched 
for GO terms such as inflammatory response and T-cell 
activation (Figure 2C). Similarly, genes highly expressed 
in adult cardiomyocytes were contained within cluster 
2, which was highly enriched for terms associated with 
heart development, regulation of heart contraction, and 
mitochondrial organization (Figure 2C). Clusters 8 and 
9 contained genes that were highly enriched in CD90+ 
fibroblasts and endothelial cells, respectively (Figure 2C).

Defining the Transcriptional Programs 
Governing Cellular Identity
Cellular identity is governed by a core transcriptional 
program, which is epigenetically cemented during devel-
opment. We postulated that core cell identity programs 
similarly exist at both neonatal and adult stages. To test 
this, we isolated genes enriched for a particular cell 
type relative to other cell types in all conditions includ-
ing infarcted and sham-operated neonates and adults. 
In these cellular identity data sets many transcription 
factors, signaling pathways, and gene ontologies classi-
cally associated with each cell type were highly enriched 
(Figure 3). For example, both neonatal and adult myo-
cytes were highly enriched for transcriptional networks 
controlled by cardiogenic transcription factors, including 
Nkx2-5, Gata4, Mef2c, and Mef2a, and genes associat-
ed with cellular metabolic processes, as well (Figure 3A). 
Similarly, CD90+ fibroblasts were enriched for extracel-
lular matrix proteins (Figure 3A). Our data set revealed 3 
overconnected transcription factors within the fibroblast 
identity network: Nr2f1, Prdm5, and Zfp384, which are 
all associated with extracellular matrix deposition and 
tumor suppression.29–31 However, the relationship be-
tween these transcription factors and the cardiogenic fi-
broblast transcription factor network identified by Furta-

do et al32 is currently unclear. The leukocyte-enriched 
transcription factors all play important roles in immune 
cells including B cells,33 T cells,34 dendritic cells,35 mono-
cytes,35 and macrophages35 (Figure 3A). We also identi-
fied immune cell subtypes that were present within the 
leukocyte fraction. Genes that were specifically enriched 
within leukocytes from each treatment group (ShP1.
d3, ShP56.d3, MIP1.d3, and MIP56.d3) were isolated 
and compared with the leukocyte cell expression pro-
files available from the ImmGen compendium36 (https://
www.immgen.org/). This analysis indicated that the leu-
kocyte fraction comprised predominantly dendritic cells, 
macrophages, monocytes, neutrophils, and eosinophils 
(online-only Data Supplement Figure IV). Endothelial 
cells were enriched for Notch and Vascular endothelial 
growth factors (Vegf), which are important regulators of 
angiogenesis.37 Therefore, this data set provides a rich 
and highly predictive resource for interrogation of tran-
scriptional circuits controlling cardiac cell identity, which 
could be leveraged for cell-reprogramming studies.

Adult Cardiomyocytes, Endothelial Cells, 
and Fibroblasts Deploy an Injury-Induced 
Transcriptional Program That Is Distinct 
From the Neonatal Injury Response
We next attempted to dissociate developmentally regu-
lated transcripts from injury-induced gene expression 
changes within each cardiac cell population. Many 
differentially expressed genes between neonatal and 
adult MI (MIP1.d3 versus MIP56.d3) were also regulat-
ed during development in the absence of injury (ShP1.
d3 versus ShP56.d3) (Figure 1D). This finding was also 
apparent in the GO analysis of these gene sets, with 
the majority of GO terms shared between both MI (P1 
versus P56) and Sham (P1 versus P56) data sets (online-
only Data Supplement Figure VA and VB). Strikingly, 
although all neonatal cell types were highly transcrip-
tionally active (online-only Data Supplement Figure VA), 
when specifically isolating neonatal and adult cellular 
responses to MI (MIP1.d3 versus ShP1.d3 and MIP56.
d3 versus ShP56.d3), we noted that neonatal cardio-
myocytes, CD90+ fibroblasts, and vascular endothelial 
cells failed to mount a robust transcriptional response 
to injury (Figure 4A). In contrast, adult cardiomyocytes, 
CD90+ fibroblasts, and vascular endothelial cells acti-
vated a distinct injury-induced transcriptional program 
in response to MI (Figure 4B), while leukocytes displayed 
injury-induced transcriptional shifts following MI at both 

Figure 1 Continued. collected at day 3 postsurgery; and MIP56.d3, MI at P56 and collected at day 3 postsurgery. B, Purity 
of isolated cardiac cell populations based on expression of known cardiac cell type–specific markers. n=4 per group. CPM 
indicates counts per million. C, Proportion of nonmyocyte populations in each group measured by fluorescence-activated cell 
sorting. D, Differentially expressed genes for each cell type between sham-operated and infarcted mice at neonatal or adult 
stages (ShP1.d3 versus ShP56.d3 and MIP1.d3 versus MIP56.d3).
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neonatal and adult stages (Figure 4). An important im-
plication of this result is that neonatal cardiomyocytes, 
CD90+ fibroblasts, and endothelial cells following MI are 
almost transcriptionally identical to their sham-operated 
controls (Figure 4A). In comparison, our analyses reveal 
enormous transcriptional differences between neonatal 
and adult cell types, with the vast majority of differences 
occurring during postnatal maturation (Figure  1, Fig-
ure 2B and 2C, online-only Data Supplement Figure V).

Defining Transcriptional Networks 
Governing Neonatal and Adult Cell 
States in the Heart
We next aimed to understand the cellular processes, 
signaling pathways, and transcriptional networks that 
distinguish adult from neonatal cellular states (ShP56.
d3 versus ShP1.d3 or MIP56.d3 versus MIP1.d3). Con-
sistent with enhanced cardiomyocyte proliferation in the 

Figure 2. RNA-sequencing analysis reveals that cardiac cell types have distinct transcriptional behaviors during 
development and myocardial infarction. 
A, Principal coordinate analysis for each cell population. The arrows emphasize the developmental transition from neonatal to 
adult stages in the absence of injury (ie, ShP1.d3 versus ShP56.d3) followed by their transition following myocardial infarction 
at P56. B, Pearson correlations between RNA-sequencing samples for each cell type. Blue indicates ShP1.d3; purple, MIP1.d3; 
green, ShP56.d3; and red, MIP56.d3. C, Hierarchical clustering of significantly regulated genes. Gene ontology analysis of cell-
specific clusters reveals enrichment of cell-specific gene ontology terms. Headings in each box denote cell type–specific enrich-
ment of each cluster. Statistical significance is represented by P value adjusted for multiple comparisons with a false discovery 
rate <0.05. Myo indicates cardiomyocytes; Leuko, leukocytes; Fibro, CD90+ fibroblasts; and Endo, endothelial cells.
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A B

Figure 3. Identification of transcription factors and signaling pathways governing cardiac cell identity. 
A, Representative subset of overconnected genes for each cell type. Each data set was collated by identifying genes specifi-
cally enriched in each cell type at all time points. MetaCore was used to identify core genes in each cellular data set. * denotes 
genes that were not only overconnected but also differentially expressed in the data set. B, Enriched pathways and (Continued )



Transcriptional Analysis of Cardiac Regeneration 

Circulation. 2017;136:1123–1139. DOI: 10.1161/CIRCULATIONAHA.117.028252 September 19, 2017 1131

ORIGINAL RESEARCH 
ARTICLE

neonatal heart, neonatal cardiomyocytes were highly 
enriched for transcription factors and GO terms asso-
ciated with cell cycle in both the sham-operated and 
infarcted states (online-only Data Supplement Figure 
V, Figure 5A). In addition, we constructed matrices of 
genes for well-known signaling pathways implicated 
in cardiac regeneration and development (online-only 
Data Supplement Figure VI). It is interesting to note 
that neonatal cardiomyocytes, endothelial cells, and 
CD90+ fibroblasts were all highly enriched for a gene 
network associated with Wnt signaling following MI 
at P1 versus P56 (Figure 5B). The highest ranked tran-
scriptional networks in neonatal cardiomyocytes were 
related to core cell cycle transcription factors (E2f1 
and Foxm1), and the Wnt signaling pathway, as well 
(Figure  5B). Many pathways and transcription factors 
related to metabolism and mitochondrial organization 
were highly enriched in adult myocytes in the infarcted 
and noninfarcted state, with autophagic (Tfeb, Amfr, 
Gabarap, Gabarapl1) and oxidative stress response 
(Sod1) genes specifically enriched in the adult infarcted 
state (Figure 5A). Similar to neonatal myocytes, neona-
tal vascular endothelial cells were also enriched for GO 
terms and transcription factors associated with cell cy-
cle (online-only Data Supplement Figure VA, Figure 5A). 
In contrast, adult endothelial cells were highly enriched 
for transcriptional networks induced by the C3 com-
plement signaling pathway (Figure 5A and 5B). Adult 
leukocytes and CD90+ fibroblasts from the infarcted 
heart were also enriched for genes related to the im-
mune response and inflammatory signaling pathways 
(Figure  5A and 5B), with infarcted adult leukocytes 
specifically characterized by expression of H2-Aa and 
H2-Ab1 (Figure 5A). It is interesting to note that H2-
Aa and H2-Ab1 are both highly expressed in B cells, 
dendritic cells, and monocytes,36 which display unique 
cell recruitment profiles following neonatal MI.20 Thus, 
neonatal and adult cardiomyocytes and nonmyocytes 
are characterized by unique transcriptional networks 
and signaling pathways, most of which arise during the 
normal course of development and some of which are 
deployed specifically in response to MI.

Adult Cardiomyocytes Fail to Reactivate 
Neonatal Transcriptional Networks 
Following MI
Adult cardiac pathologies are commonly associated 
with reversion to a fetal/neonatal gene program.38 
However, few studies have directly assessed this phe-

nomenon using genome-wide methods with multicel-
lular resolution. Hence, in the majority of whole-heart 
transcriptomic studies, reversion to a neonatal-like 
gene program under pathological conditions could 
be attributable to contaminating nonmyocyte popu-
lations. We sought to understand global transcrip-
tional responses to MI at neonatal and adult stages. 
Following MI, adult CD90+ fibroblasts and leukocytes 
underwent a transcriptional reversion to a “neonatal-
like” state, with their transcriptomes clustering more 
closely with infarcted and noninfarcted neonatal cells 
than noninfarcted adult cells (Figure  2A). A similar 
reversion phenomenon did not occur in adult cardio-
myocytes and vascular endothelial cells following MI. 
The postinfarction reversion of adult leukocytes and 
adult CD90+ fibroblasts to a neonatal-like state was 
largely associated with the reinduction of cell cycle 
genes (Figure 6B and 6C). In contrast, cardiomyocytes 
(and to a lesser extent endothelial cells) failed to re-
activate the same set of cell cycle genes following MI 
(Figure 6A). Further analysis of this cell cycle network 
revealed that all cardiac cell populations downregu-
lated a common set of 644 genes during develop-
ment from neonatal to adult stages but only CD90+ 
fibroblasts and leukocytes could reactivate this gene 
set in adulthood following MI (Figure 6A). Conversely, 
we identified a common set of 217 genes involved in 
cellular metabolic processes that were upregulated in 
all cardiac cell populations during development from 
neonatal to adult stages and specifically repressed in 
adult fibroblasts and leukocytes following MI.

Developmental Remodeling of the 
Cardiomyocyte Epigenetic Landscape Is 
Correlated With Postnatal Silencing of 
the Neonatal Proliferative Network
To identify whether chromatin remodeling is associated 
with the inability of adult cardiomyocytes to reengage 
the neonatal proliferative program, we analyzed the 
genome-wide chromatin accessibility landscape of mu-
rine cardiomyocytes. For these studies, cardiomyocyte 
nuclei were isolated from heart tissue specimens and 
FACS sorted using the cardiomyocyte nuclear antigen, 
Pcm1, according to recently published methods (Figure 
7A).39 We then subjected purified cardiomyocyte nuclei 
from P1, P14, and P56 mouse hearts to next-genera-
tion sequencing to assess the transcriptome (RNA-seq) 
and chromatin accessibility landscape (Assay for Trans-

Figure 3 Continued. gene ontologies in each cell type. Pathways and ontologies are ranked based on –log(P value) from left 
to right. Representative gene ontologies and pathways are highlighted with colored circles. Endo indicates endothelial cells; 
Fibro, CD90+ fibroblasts; IL-8, interleukin 8; Leuko, leukocytes; Myo, cardiomyocytes; PIP3, phosphatidylinositol 3,4,5-trisphos-
phate; TGFβ, transforming growth factor β; and VEGF, vascular endothelial growth factor.
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posase-Accessible Chromatin [ATAC-seq])40 (Figure  7, 
online-only Data Supplement Figures VII through XIII).

Consistent with our transcriptional profiling of en-
zymatically isolated cardiomyocytes, RNA-seq of car-
diomyocyte nuclei revealed a repression of cell cycle–
associated genes and activation of metabolic and 
sarcomeric genes during postnatal development (Fig-
ure 7B, online-only Data Supplement Figures IX through 
XI). In addition, ATAC-seq analysis of cardiomyocyte nu-
clei uncovered successive waves of chromatin remodel-
ing during postnatal development (Figure 7C, online-
only Data Supplement Figures VIII, XII, and XIII). At P1, 
genomic regions associated with genes involved in cell 

cycle, inflammation, and extracellular matrix deposition 
were in a euchromatic state, but these regions became 
progressively condensed by P14 and P56 (Figure  7C; 
cluster 1). Conversely, gene promoters associated with 
metabolism, muscle development, and contraction 
transitioned from a closed to an open state between 
P1 and P56 (Figure 7C; cluster 2). These alterations in 
chromatin accessibility appear to largely mirror devel-
opmental changes in the transcriptional landscape of 
cardiomyocytes, which is evident by the strong positive 
correlation between open chromatin regions at pro-
moters (+/–1 kb transcription start site) and transcrip-
tionally active genes (Figure 7D).

Figure 4. Injury-induced transcriptional responses in multiple cardiac cell populations following neonatal or adult 
myocardial infarction. 
A, Volcano plots portray differentially expressed genes in different cell types in the neonate (P1) following myocardial infarc-
tion or sham surgery. Red dots denote significantly regulated genes (false discovery rate ≤ 0.05, log2(fold change) ≥ 1 or ≤ 
–1). N signifies the number of differentially expressed genes. Gene ontology analysis was performed for each comparison. B, 
Volcano plots portray differentially expressed genes in different cell types in the adult (P56) following myocardial infarction 
or sham surgery. Gene ontology analysis was performed for each comparison. Endo indicates endothelial cells; Fibro, CD90+ 
fibroblasts; Leuko, leukocytes; Myo, cardiomyocytes; and N/A, not available. 
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A B

Figure 5. Different cardiac cell types exhibit unique transcription factor and gene network usage during cardiac 
development and following MI. 
A, Overconnected transcription factors and signaling molecules are shown for each cellular data set. Overconnected genes 
following MI in neonatal cell types are shown in red boxes, whereas overconnected adult genes are shown in blue boxes. # de-
notes genes that are specifically regulated following MI (MIP1.d3 versus MIP56.d3), whereas genes without # are (Continued )
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We next intersected our RNA-seq and ATAC-seq 
data sets from purified Pcm1+ nuclei to identify tran-
scriptional networks that were epigenetically silenced 
in cardiomyocytes during postnatal development. We 
first isolated genes whose expression levels were posi-
tively correlated with an open chromatin state (+/–1 
kb transcription start site) in either P1 or P56 myocytes 
and then determined which transcription factor targets 
were enriched at these promoters by using Gene Set 
Enrichment Analysis. It is striking that the open chro-
matin state for actively transcribed genes in P1 cardio-
myocytes displayed strong signatures for the core cell 
cycle–related transcription factors, including E2f4 and 
Foxm1 (Figure 7E). Moreover, these were the same tran-
scription factors underlying the set of cell cycle genes in 
cardiomyocytes that failed to revert to a neonatal state 
following MI (Figure 6B and Figure 7G). These results 
suggest that chromatin compaction occurs around cell 
cycle genes during cardiomyocyte maturation, indica-
tive of a possible epigenetic mechanism for silencing of 
the neonatal cardiomyocyte proliferative gene network.

DISCUSSION
Despite decades of concerted effort, complete regen-
eration of the adult heart following injury remains an 
elusive goal of cardiovascular medicine. Recent studies 
have suggested that dedifferentiation and proliferation 
of resident cardiomyocytes is the primary mechanism 
contributing to cardiac regeneration in multiple verte-
brate species.41 Consequently, there has been intensive 
interest in uncovering the molecular programs that 
control myocyte proliferative capacity, with the ultimate 
goal of augmenting adult cardiomyocyte proliferation 
rates to facilitate endogenous cardiac regeneration. 
However, the heart is not solely composed of cardio-
myocytes but also consists of numerous nonmyocyte 
populations, which have been poorly studied and often 
overlooked with respect to their role in cardiac regen-
eration. In this study, we addressed this issue by seeking 
to understand the transcriptional changes and contri-
butions of the major cell types present in the heart in-
cluding cardiomyocytes, CD90+ fibroblasts, leukocytes, 
and endothelial cells during cardiac maturation, regen-
eration, and repair. Our comprehensive transcriptional 
framework of multiple cardiac cell populations in the 
neonate and adult with and without myocardial infarc-
tion provides a unique resource for interrogation of 
transcriptional networks controlling cellular identity, 
maturation, and the response to ischemic injury. We 

used this rich resource to unveil previously unappreci-
ated cellular behaviors, to define a transcriptional sig-
nature for neonatal heart regeneration, and to identify 
key drivers and barriers to mammalian heart regenera-
tion.

A major finding of the present study is that all cell 
types within the heart undergo drastic transcriptional 
alterations during postnatal development. These results 
highlight the potential relevance of all cell types in the 
heart, not only myocytes, in postnatal maturation and 
loss of regenerative capacity. Our analysis of the leu-
kocyte RNA-seq data sets suggests the involvement of 
dendritic cells, macrophages, monocytes, neutrophils, 
T cells, B cells, and eosinophils in the cardiac response 
to MI at neonatal and adult stages. Moreover, tran-
scriptional analysis of the CD45+ leukocyte population 
revealed key differences in the inflammatory response 
of the infarcted neonatal and adult heart, which po-
tentially trigger regenerative or fibrotic repair processes 
in the heart. Although it is possible that differences in 
leukocyte kinetics following injury in the adult versus 
neonatal heart may have contributed to these transcrip-
tional differences, a previous study showed no differ-
ences in the proportions of monocytes, macrophages, 
dendritic cells, or neutrophils at day 4 post-MI in re-
generative versus nonregenerative hearts.20 In addition, 
our own FACS analysis (Figure 1B) shows that the pro-
portional increase in CD45+ cells at day 3 post-MI is 
similar between P1 and P56 hearts (16.6% increase in 
CD45+ cells following MI at P1 versus 18.1% increase 
in CD45+ cells following MI at P56). Moreover, analysis 
of the CD45+ RNA-seq data sets using ImmGen dem-
onstrated that many of the same leukocyte populations 
were present in the neonatal and adult heart at day 3 
post-MI (online-only Data Supplement Figure IV). It is 
therefore unlikely that differences in the kinetics of leu-
kocyte recruitment alone account for the observed dif-
ferences between leukocyte transcriptomes. However, 
the precise contributions of nonmyocyte populations 
and the interplay between different cell types in the 
heart during regeneration and postnatal heart matu-
ration require further investigation. Our vast transcrip-
tional data set is an unparalleled resource that could be 
harnessed to better understand these complex interac-
tions.

A key finding of the present study is that some adult 
cardiac cell types retain greater transcriptional plasticity 
than others. Of note, we found that adult CD90+ fi-
broblasts and leukocytes underwent a large-scale tran-
scriptional reversion to a neonatal-like state following 
MI. Transcriptional reversion of adult CD90+ fibroblasts 

Figure 5 Continued. also regulated during development (ShP1.d3 versus ShP56.d3). B, Gene networks and associated signal-
ing pathways were assembled and ranked for each cell type after sham (ShP1.d3 versus ShP56.d3) or MI (MIP1.d3 versus 
MIP56.d3). Endo indicates endothelial cells; Fibro, CD90+ fibroblasts; Leuko, leukocytes; MI, myocardial infarction; and Myo, 
cardiomyocytes. 
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and leukocytes was accompanied by induction of a 
large network of cell cycle genes, which failed to revert 
to a neonatal-like state in adult cardiomyocytes and en-
dothelial cells following MI. This finding is consistent 
with the proliferative state of adult CD90+ fibroblasts 
and leukocytes during the early inflammatory phase 
post-MI and contrasts with the nonproliferative state 
of endothelial cells and cardiomyocytes in the adult 
heart. Whether this transcriptional reversion was attrib-
utable to the influx of cell cycle–competent leukocytes 
or CD90+ fibroblasts into the heart or the expression 
of cell cycle genes by resident CD90+ fibroblasts and 
leukocytes, or a combination of both, is unclear. Never-
theless, the failure of adult cardiomyocytes to reactivate 
neonatal transcriptional networks, in particular, those 
embedded within the cell cycle regulatory network, 
contrasts with established dogma regarding the tran-
scriptional reversion to a fetal/neonatal gene program 
during cardiac hypertrophy and heart failure in adult 
mammals.38 Numerous studies have established that a 
subset of genes, such as the classically studied sarco-
meric isoforms and some metabolic genes, are clearly 
capable of being reinduced in adult cardiomyocytes fol-
lowing injury or disease.38 However, the vast majority of 

neonatal transcripts, including those governing the cell 
cycle, appear to be largely refractory to transcriptional 
reinduction in adulthood. On the basis of our data at 
3 days postinjury, we would argue that reversion to a 
fetal/neonatal gene program in adult myocytes is an 
exception rather than a rule. This point is further re-
inforced by the fact that cardiomyocytes undergo, by 
far, the most extensive transcriptional alterations of any 
cardiac cell type during postnatal maturation.

Although it is difficult to place the loss of regen-
erative capacity on a single factor or pathway, gene 
network analysis revealed a significant enrichment for 
components of the Wnt signaling pathway in neona-
tal cardiomyocytes, endothelial cells, and CD90+ fibro-
blasts following MI at P1 versus P56. It is interesting to 
note that we recently reported that components of the 
Wnt/β-catenin signaling pathway are methylated and 
transcriptionally silenced during postnatal heart matu-
ration,43 which could contribute to the developmental 
loss of neonatal regenerative capacity. Although the 
mechanisms mediating epigenetic shutdown of Wnt 
signaling during postnatal cardiomyocyte maturation 
are currently unclear, it is noteworthy that the majority 
of differentially expressed genes during cardiomyocyte 

Figure 6. Adult cardiomyocytes and endothelial cells fail to reactivate the neonatal proliferative network following 
myocardial infarction. 
A, Heat map showing a subset of transcripts that are commonly downregulated (n=644) or upregulated (n=217) during 
postnatal development (ShP1 versus ShP56) in all cardiac cell types. This cell cycle network includes genes that reverted to a 
neonatal-like signature following myocardial infarction (MIP56 versus MIP1) in adult leukocytes and CD90+ fibroblasts, but not 
myocytes and endothelial cells. Genes that exhibited the inverse expression profile are also shown. B, Overconnected transcrip-
tion factors and key signaling molecules within the network were predominantly associated with cell cycle. The inverse expres-
sion profile was predominantly associated with metabolism. * indicates genes that were both overconnected and differentially 
expressed within the cell cycle network. C, Gene ontology analysis indicated that the genes that reverted to a neonatal signa-
ture in adult leukocytes and CD90+ fibroblasts were associated with cell cycle processes, whereas the inversely regulated genes 
were associated with autophagy and metabolism. Endo indicates endothelial cells; Fibro, CD90+ fibroblasts; Leuko, leukocytes; 
and Myo, cardiomyocytes.
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Figure 7. Epigenetic and transcriptional profiling of cardiomyocytes during postnatal development reveals a loss  
of chromatin accessibility at cell cycle genes after P1. 
A, Schematic of Pcm1+ nuclei sorting for RNA-seq and ATAC-seq experiments. B, Heatmap of differentially expressed genes 
(RNA-seq) from P1 to P14 and P56. C, Heatmap of differentially accessible chromatin regions (ATAC-seq) from P1 to P14 and 
P56. D, Top, Venn diagram of all differentially regulated genes (no P value threshold) from RNA-seq and ATAC-seq data sets  
(1 kb ± transcription start site). A total of 11 308 genes were detected in both data sets. Bottom, Heatmap contour (Continued )
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development are associated with cell cycle shutdown 
and induction of metabolic pathways related to oxida-
tive phosphorylation and mitochondrial organization. 
The inverse relationship between cell cycle and me-
tabolism during cardiomyocyte maturation has been 
previously observed42 and a direct role for cardiomyo-
cyte oxidative metabolism in repression of the cardiac 
cell cycle has been recently proposed.43 The inability of 
adult cardiomyocytes to reengage neonatal transcrip-
tional networks and revert to a regenerative state may 
be, in part, mediated by metabolic processes that re-
press developmental signaling pathways during post-
natal development.

There are many parallels between the cardiac regen-
erative response of neonatal mice and adult zebraf-
ish.41 However, our study suggests that there may be 
a key difference in the regenerative response to injury. 
Although zebrafish cardiomyocytes reengage develop-
mental programs in adulthood following injury to fa-
cilitate regeneration, our data indicate that neonatal 
cardiomyocytes are already in a permissive regenerative 
state. Moreover, neonatal cardiomyocytes, endothe-
lial cells, and CD90+ fibroblasts do not deploy a ma-
jor transcriptional response to MI. The lack of robust 
transcriptional induction of neonatal myocytes, CD90+ 
fibroblasts, and endothelial cells is in stark contrast 
with adult cell types, which engage cell type–specific 
transcriptional responses following MI. This surprising 
finding suggests that neonatal heart regeneration is as-
sociated with a developmentally permissive transcrip-
tional state in cardiomyocytes, CD90+ fibroblasts, and 
endothelial cells rather than activation of a regenerative 
transcriptional program following injury. However, we 
detected major transcriptional shifts in the leukocyte 
population following neonatal MI, suggesting that lo-
cal inflammatory responses also play a key role in driv-
ing the regenerative process. Given the distinct inflam-
matory responses and lack of transcriptional reversion 
of adult cardiomyocytes and endothelial cells following 
MI, it seems likely that efficient endogenous regenera-
tion of the adult mammalian heart will require forced 
transcriptional reversion of multiple cell types into a 
neonatal-like state.

To uncover the molecular drivers of the regenerative 
network, we focused on identifying key regulators of a 
subset of genes that failed to revert to a neonatal-like 

state in adult cardiomyocytes and endothelial cells, but 
reverted in both CD90+ fibroblasts and leukocytes fol-
lowing adult MI. In myocytes, predicted drivers of the 
cell cycle network showed strong overlap with genes 
that were epigenetically repressed during cardiomyo-
cyte maturation. The chronology of myocyte cell cycle 
shutdown, the concomitant loss of chromatin accessi-
bility around cell cycle genes, and the inability to rein-
duce the neonatal proliferative network following MI 
in adulthood are consistent with an epigenetic mecha-
nism for silencing of the neonatal regenerative program 
during postnatal life.16,44

To date, even the most potent mitogens have stimu-
lated significant but only modest reinduction of adult 
cardiomyocyte proliferation.45 Our findings suggest that 
the heterochromatic state around cell cycle gene loci, 
which is acquired during preadolescence, could consti-
tute an epigenetic roadblock that prohibits adult myo-
cyte cell cycle reentry and adult heart regeneration. Al-
though a very small subset of cardiomyocytes may evade 
this developmentally regulated checkpoint and retain 
the ability to proliferate throughout life,46 further analy-
sis of cardiomyocyte heterogeneity in the adult heart 
would require transcriptional and epigenomic analyses 
at single-cell resolution. A recent single-cell sequenc-
ing study identified 2 subpopulations of cardiomyocytes 
during heart development,47 highlighting the potential 
use of this new technology for assessing heterogeneous 
cellular responses during regeneration. However, there 
are limitations to single-cell sequencing, such as the in-
ability to interrogate lowly expressed genes. Also, the 
Fluidigm single-cell RNA-seq methodologies used by 
the Seidman and Wu groups were designed to only 
sequence mRNAs.47,48 Therefore, unlike the data sets 
presented here, single-cell analysis does not capture 
any noncoding RNA information. In the future, spatial 
transcriptomic approaches (such as Tomo-seq49) could 
be combined with single cell sequencing technologies 
to further resolve transcriptional changes in the infarct 
and border zone following neonatal or adult MI. Nev-
ertheless, even though transcriptomic heterogeneity 
exists within the cardiomyocyte population, the devel-
opmental shift in gene transcription from neonatal to 
adult stages was so dramatic that neonatal and adult 
cardiomyocytes could (and perhaps should) be viewed 
as 2 transcriptionally distinct cell types. Hence, efforts to 

Figure 7 Continued. of integration of RNA-seq and ATAC-seq data sets showing a positive correlation between active tran-
scription and open chromatin structure. E, Gene Set Enrichment Analysis for transcription factor targets in open chromatin 
regions associated with transcriptional activation at P1. Significance is represented as –log10 of P value. F, Gene Set Enrich-
ment Analysis for transcription factor targets in open chromatin regions associated with transcriptional activation at P56. 
Significance is represented as –log10 of P value. G, Overlay of transcription factors that control the cell cycle network and 
transcription factors associated with genes highly expressed at P1 from euchromatic promoters. The P values of the transcrip-
tion factors in the inset table were calculated from either the cell cycle network (cellular RNA-seq reversion signature) or from 
highly expressed genes at P1 euchromatic promoters (nuclear intersection of RNA-seq and ATAC-seq). ATAC-seq indicates 
Assay for Transposase-Accessible Chromatin; and RNA-seq, RNA sequencing. 
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stimulate adult cardiomyocyte proliferation may require 
resetting or reprograming of the adult epigenetic land-
scape into a neonatal-like regenerative state.

The present study provides a comprehensive tran-
scriptional resource of multiple cardiac cell populations 
during cardiac development, repair, and regeneration. 
Our findings define a transcriptional program underpin-
ning the neonatal regenerative state and shed light on a 
potential epigenetic barrier to adult heart regeneration.

ACKNOWLEDGMENTS
The authors thank V. Nink and G. Osbourne for their assistance 
with FACS at the Flow Cytometry facility at the Queensland 
Brain Institute. We also thank QFAB bioinformatics for access to 
MetaCore, and the GVL project and the Research Computing 
Center for access to the Galaxy-qld server (galaxy-qld.genome.
edu.au), as well. We thank and acknowledge the Australian 
Genome Research Facility for high throughput sequencing, and 
the support it receives from the Commonwealth. We acknowl-
edge Z. Ma for assistance with mouse cardiac surgeries. Mr 
Quaife-Ryan designed and performed experiments including 
mouse surgeries, echocardiography, cell isolation and purifi-
cation, RNA extraction and purification, and cellular RNA-seq 
analysis. Dr Sim assisted with Langendorff experiments, per-
formed Pcm1 sorting, and RNA-seq/ATAC-seq analysis of puri-
fied cardiomyocyte nuclei. Drs Ziemann, Kaspi, and Rafehi con-
tributed to bioinformatic analysis of RNA-seq/ATAC-seq data 
sets from purified cardiomyocyte nuclei. Dr Ramialison assisted 
with the design and analysis of cellular RNA-seq experiments. 
Dr El-Osta assisted with the design, analysis, and interpretation 
of nuclear RNA-seq and ATAC-seq experiments. Mr Quaife-
Ryan, and Drs Hudson and Porrello conceptualized the project, 
interpreted data, and wrote the manuscript. Drs Porrello and 
Hudson obtained funding for the project. All authors contrib-
uted to the writing and editing of the manuscript.

SOURCES OF FUNDING 
Drs Porrello and Hudson are supported by fellowships and 
project grants from the National Health and Medical Research 
Council, the Heart Foundation, Stem Cells Australia, the Uni-
versity of Queensland, and the Victorian Government’s Oper-
ational Infrastructure Support Program. Dr Ramialison is sup-
ported by a National Health and Medical Research Council/
Heart Foundation Career Development Fellowship (1049980) 
and an Australian Research Council Discovery Project grant 
(DP1049980). Dr El-Osta is supported by National Health and 
Medical Research Council project grants.

DISCLOSURES
None.

AFFILIATIONS
From School of Biomedical Sciences, University of Queensland, 
Brisbane, Australia (G.A.Q.-R., C.B.S., J.E.H., E.R.P.); Baker Heart 

and Diabetes Institute, Melbourne, Victoria, Australia (M.Z., 
A.K., H.R., A.E.-O.); Central Clinical School, Monash Univer-
sity, Melbourne, Victoria, Australia (M.Z., A.K., H.R., A.E.-O.); 
Australian Regenerative Medicine Institute, EMBL–Australia 
Collaborating Group, Systems Biology Institute Australia, 
Monash University, Melbourne, Victoria (M.R.); Hong Kong 
Institute of Diabetes and Obesity, Prince of Wales Hospital, 
Chinese University of Hong Kong (A.E.-O.); Murdoch Child-
rens Research Institute, Royal Children’s Hospital, Melbourne, 
Victoria, Australia (E.R.P.); and Department of Physiology, 
School of Biomedical Sciences, University of Melbourne, Vic-
toria, Australia (E.R.P.).

FOOTNOTES
Received March 7, 2017; accepted June 27, 2017.

The online-only Data Supplement is available with this  
article at http://circ.ahajournals.org/lookup/suppl/doi:10.1161/
CIRCULATIONAHA.117.028252/-/DC1.

Circulation is available at http://circ.ahajournals.org.

REFERENCES
 1. Senyo SE, Steinhauser ML, Pizzimenti CL, Yang VK, Cai L, Wang M, Wu 

TD, Guerquin-Kern JL, Lechene CP, Lee RT. Mammalian heart renewal by 
pre-existing cardiomyocytes. Nature. 2013;493:433–436. doi: 10.1038/
nature11682.

 2. Porrello ER, Mahmoud AI, Simpson E, Hill JA, Richardson JA, Olson EN, 
Sadek HA. Transient regenerative potential of the neonatal mouse heart. 
Science. 2011;331:1078–1080. doi: 10.1126/science.1200708.

 3. Porrello ER, Mahmoud AI, Simpson E, Johnson BA, Grinsfelder D, Canseco 
D, Mammen PP, Rothermel BA, Olson EN, Sadek HA. Regulation of neo-
natal and adult mammalian heart regeneration by the miR-15 family. Proc 
Natl Acad Sci U S A. 2013;110:187–192. doi: 10.1073/pnas.1208863110.

 4. Haubner BJ, Adamowicz-Brice M, Khadayate S, Tiefenthaler V, Metzler 
B, Aitman T, Penninger JM. Complete cardiac regeneration in a mouse 
model of myocardial infarction. Aging (Albany NY). 2012;4:966–977. doi: 
10.18632/aging.100526.

 5. Kikuchi K, Holdway JE, Werdich AA, Anderson RM, Fang Y, Egnac-
zyk GF, Evans T, Macrae CA, Stainier DY, Poss KD. Primary contribution 
to zebrafish heart regeneration by gata4(+) cardiomyocytes. Nature. 
2010;464:601–605. doi: 10.1038/nature08804.

 6. Jopling C, Sleep E, Raya M, Martí M, Raya A, Izpisúa Belmonte JC. Ze-
brafish heart regeneration occurs by cardiomyocyte dedifferentiation and 
proliferation. Nature. 2010;464:606–609. doi: 10.1038/nature08899.

 7. Soonpaa MH, Kim KK, Pajak L, Franklin M, Field LJ. Cardiomyocyte DNA 
synthesis and binucleation during murine development. Am J Physiol. 
1996;271(5 pt 2):H2183–H2189.

 8. Mahmoud AI, Kocabas F, Muralidhar SA, Kimura W, Koura AS, Thet S, 
Porrello ER, Sadek HA. Meis1 regulates postnatal cardiomyocyte cell cycle 
arrest. Nature. 2013;497:249–253. doi: 10.1038/nature12054.

 9. Xin M, Kim Y, Sutherland LB, Murakami M, Qi X, McAnally J, Porrello 
ER, Mahmoud AI, Tan W, Shelton JM, Richardson JA, Sadek HA, Bassel-
Duby R, Olson EN. Hippo pathway effector Yap promotes cardiac regen-
eration. Proc Natl Acad Sci U S A. 2013;110:13839–13844. doi: 10.1073/
pnas.1313192110.

 10. Tao G, Kahr PC, Morikawa Y, Zhang M, Rahmani M, Heallen TR, Li L, Sun 
Z, Olson EN, Amendt BA, Martin JF. Pitx2 promotes heart repair by activat-
ing the antioxidant response after cardiac injury. Nature. 2016;534:119–
123. doi: 10.1038/nature17959.

 11. Pasumarthi KB, Field LJ. Cardiomyocyte cell cycle regulation. Circ Res. 
2002;90:1044–1054.

 12. D’Uva G, Aharonov A, Lauriola M, Kain D, Yahalom-Ronen Y, Carvalho S, 
Weisinger K, Bassat E, Rajchman D, Yifa O, Lysenko M, Konfino T, Hegesh 
J, Brenner O, Neeman M, Yarden Y, Leor J, Sarig R, Harvey RP, Tzahor E. 
ERBB2 triggers mammalian heart regeneration by promoting cardiomyo-
cyte dedifferentiation and proliferation. Nat Cell Biol. 2015;17:627–638. 
doi: 10.1038/ncb3149.



Transcriptional Analysis of Cardiac Regeneration 

Circulation. 2017;136:1123–1139. DOI: 10.1161/CIRCULATIONAHA.117.028252 September 19, 2017 1139

ORIGINAL RESEARCH 
ARTICLE

 13. von Gise A, Lin Z, Zhou P, Gu F, Ma Q, Jiang J, Yau AL, Buck JN, Gouin 
KA, van Gorp PR, Zhou B, Chen J, Seidman JG, Wang DZ, Pu WT. Cardiac-
specific YAP activation improves cardiac function and survival in an experi-
mental murine MI model. Circ Res. 2014;115:354–363.

 14. Eulalio A, Mano M, Dal Ferro M, Zentilin L, Sinagra G, Zacchigna S, Giacca 
M. Functional screening identifies miRNAs inducing cardiac regeneration. 
Nature. 2012;492:376–381. doi: 10.1038/nature11739.

 15. Shapiro SD, Ranjan AK, Kawase Y, Cheng RK, Kara RJ, Bhattacharya R, Guzman-
Martinez G, Sanz J, Garcia MJ, Chaudhry HW. Cyclin A2 induces cardiac re-
generation after myocardial infarction through cytokinesis of adult cardiomyo-
cytes. Sci Transl Med. 2014;6:224ra27. doi: 10.1126/scitranslmed.3007668.

 16. Quaife-Ryan GA, Sim CB, Porrello ER, Hudson JE. Resetting the epig-
enome for heart regeneration. Semin Cell Dev Biol. 2016;58:2–13. doi: 
10.1016/j.semcdb.2015.12.021.

 17. Porrello ER, Olson EN. A neonatal blueprint for cardiac regeneration. Stem 
Cell Res. 2014;13(3 pt B):556–570. doi: 10.1016/j.scr.2014.06.003.

 18. O’Meara CC, Wamstad JA, Gladstone RA, Fomovsky GM, Butty VL, 
Shrikumar A, Gannon JB, Boyer LA, Lee RT. Transcriptional reversion of 
cardiac myocyte fate during mammalian cardiac regeneration. Circ Res. 
2015;116:804–815. doi: 10.1161/CIRCRESAHA.116.304269.

 19. Han C, Nie Y, Lian H, Liu R, He F, Huang H, Hu S. Acute inflammation 
stimulates a regenerative response in the neonatal mouse heart. Cell Res. 
2015;25:1137–1151. doi: 10.1038/cr.2015.110.

 20. Aurora AB, Porrello ER, Tan W, Mahmoud AI, Hill JA, Bassel-Duby R, Sadek 
HA, Olson EN. Macrophages are required for neonatal heart regeneration. 
J Clin Invest. 2014;124:1382–1392. doi: 10.1172/JCI72181.

 21. Lavine KJ, Epelman S, Uchida K, Weber KJ, Nichols CG, Schilling JD, Or-
nitz DM, Randolph GJ, Mann DL. Distinct macrophage lineages contribute 
to disparate patterns of cardiac recovery and remodeling in the neonatal 
and adult heart. Proc Natl Acad Sci U S A. 2014;111:16029–16034. doi: 
10.1073/pnas.1406508111.

 22. Mahmoud AI, O’Meara CC, Gemberling M, Zhao L, Bryant DM, Zheng 
R, Gannon JB, Cai L, Choi WY, Egnaczyk GF, Burns CE, Burns CG, Mac-
Rae CA, Poss KD, Lee RT. Nerves regulate cardiomyocyte proliferation 
and heart regeneration. Dev Cell. 2015;34:387–399. doi: 10.1016/j.dev-
cel.2015.06.017.

 23. Mahmoud AI, Porrello ER, Kimura W, Olson EN, Sadek HA. Surgical mod-
els for cardiac regeneration in neonatal mice. Nat Protoc. 2014;9:305–
311. doi: 10.1038/nprot.2014.021.

 24. Gene Expression Omnibus. Bethesda, MD: National Center for Biotechnol-
ogy Information. https://www.ncbi.nlm.nih.gov/geo. Accessed August 4, 
2017.

 25. Pinto AR, Ilinykh A, Ivey MJ, Kuwabara JT, D’Antoni ML, Debuque R, 
Chandran A, Wang L, Arora K, Rosenthal NA, Tallquist MD. Revisiting 
cardiac cellular composition. Circ Res. 2016;118:400–409. doi: 10.1161/
CIRCRESAHA.115.307778.

 26. Ieda M, Tsuchihashi T, Ivey KN, Ross RS, Hong TT, Shaw RM, Srivastava D. 
Cardiac fibroblasts regulate myocardial proliferation through beta1 integrin 
signaling. Dev Cell. 2009;16:233–244. doi: 10.1016/j.devcel.2008.12.007.

 27. Marcelo KL, Goldie LC, Hirschi KK. Regulation of endothelial cell differen-
tiation and specification. Circ Res. 2013;112:1272–1287. doi: 10.1161/
CIRCRESAHA.113.300506.

 28. Ali SR, Ranjbarvaziri S, Talkhabi M, Zhao P, Subat A, Hojjat A, Kamran P, Müller 
AM, Volz KS, Tang Z, Red-Horse K, Ardehali R. Developmental heterogeneity 
of cardiac fibroblasts does not predict pathological proliferation and activa-
tion. Circ Res. 2014;115:625–635. doi: 10.1161/CIRCRESAHA.115.303794.

 29. Sosa MS, Parikh F, Maia AG, Estrada Y, Bosch A, Bragado P, Ekpin E, 
George A, Zheng Y, Lam HM, Morrissey C, Chung CY, Farias EF, Bernstein 
E, Aguirre-Ghiso JA. NR2F1 controls tumour cell dormancy via SOX9- and 
RARβ-driven quiescence programmes. Nat Commun. 2015;6:6170. doi: 
10.1038/ncomms7170.

 30. Burkitt Wright EMM, Spencer HL, Daly SB, Manson FDC, Zeef LAH, Urqu-
hart J, Zoppi N, Bonshek R, Tosounidis I, Mohan M, Madden C, Dodds 
A, Chandler KE, Banka S, Au L, Clayton-Smith J, Khan N, Biesecker LG, 
Wilson M, Rohrbach M, Colombi M, Giunta C, Black GCM. Mutations 
in PRDM5 in brittle cornea syndrome identify a pathway regulating ex-
tracellular matrix development and maintenance. Am J Hum Genet. 
2011;88:767–777. doi: 10.1016/j.ajhg.2011.05.007.

 31. Furuya K, Nakamoto T, Shen ZJ, Tsuji K, Nifuji A, Hirai H, Noda M. Overex-
pression of Cas-interacting zinc finger protein (CIZ) suppresses proliferation 
and enhances expression of type I collagen gene in osteoblast-like MC3T3E1 
cells. Exp Cell Res. 2000;261:329–335. doi: 10.1006/excr.2000.5051.

 32. Furtado MB, Costa MW, Pranoto EA, Salimova E, Pinto AR, Lam NT, Park 
A, Snider P, Chandran A, Harvey RP, Boyd R, Conway SJ, Pearson J, Kaye 

DM, Rosenthal NA. Cardiogenic genes expressed in cardiac fibroblasts 
contribute to heart development and repair. Circ Res. 2014;114:1422–
1434. doi: 10.1161/CIRCRESAHA.114.302530.

 33. Xu H, Chaudhri VK, Wu Z, Biliouris K, Dienger-Stambaugh K, Roch-
man Y, Singh H. Regulation of bifurcating B cell trajectories by mutual 
antagonism between transcription factors IRF4 and IRF8. Nat Immunol. 
2015;16:1274–1281. doi: 10.1038/ni.3287.

 34. Woolf E, Xiao C, Fainaru O, Lotem J, Rosen D, Negreanu V, Bernstein 
Y, Goldenberg D, Brenner O, Berke G, Levanon D, Groner Y. Runx3 
and Runx1 are required for CD8 T cell development during thymopoi-
esis. Proc Natl Acad Sci U S A. 2003;100:7731–7736. doi: 10.1073/
pnas.1232420100.

 35. Geissmann F, Manz MG, Jung S, Sieweke MH, Merad M, Ley K. De-
velopment of monocytes, macrophages, and dendritic cells. Science. 
2010;327:656–661. doi: 10.1126/science.1178331.

 36. Heng TSP, Painter MW, Elpek K, Lukacs-Kornek V, Mauermann N, Turley SJ, 
Koller D, Kim FS, Wagers AJ, Asinovski N, Davis S, Fassett M, Feuerer M, 
Gray DHD, Haxhinasto S, Hill JA, Hyatt G, Laplace C, Leatherbee K, Mathis 
D, Benoist C, Jianu R, Laidlaw DH, Best JA, Knell J, Goldrath AW, Jarjoura 
J, Sun JC, Zhu Y, Lanier LL, Ergun A, Li Z, Collins JJ, Shinton SA, Hardy RR, 
Friedline R, Sylvia K, Kang J. The Immunological Genome Project: networks 
of gene expression in immune cells. Nat Immunol. 2008;9:1091–1094.

 37. Simons M, Gordon E, Claesson-Welsh L. Mechanisms and regulation of 
endothelial VEGF receptor signalling. Nat Rev Mol Cell Biol. 2016;17: 
611–625. doi: 10.1038/nrm.2016.87.

 38. Greco CM, Kunderfranco P, Rubino M, Larcher V, Carullo P, Anselmo A, 
Kurz K, Carell T, Angius A, Latronico MV, Papait R, Condorelli G. DNA 
hydroxymethylation controls cardiomyocyte gene expression in develop-
ment and hypertrophy. Nat Commun. 2016;7:12418. doi: 10.1038/ncom-
ms12418.

 39. Preissl S, Schwaderer M, Raulf A, Hesse M, Grüning BA, Köbele C, Back-
ofen R, Fleischmann BK, Hein L, Gilsbach R. Deciphering the epigenetic 
code of cardiac myocyte transcription. Circ Res. 2015;117:413–423. doi: 
10.1161/CIRCRESAHA.115.306337.

 40. Buenrostro JD, Giresi PG, Zaba LC, Chang HY, Greenleaf WJ. Transposition 
of native chromatin for fast and sensitive epigenomic profiling of open 
chromatin, DNA-binding proteins and nucleosome position. Nat Methods. 
2013;10:1213–1218. doi: 10.1038/nmeth.2688.

 41. Vivien CJ, Hudson JE and Porrello ER. Evolution, comparative biol-
ogy and ontogeny of vertebrate heart regeneration. NPJ Regen Med. 
2016;1:16012.

 42. Sim CB, Ziemann M, Kaspi A, Harikrishnan KN, Ooi J, Khurana I, Chang L, 
Hudson JE, El-Osta A, Porrello ER. Dynamic changes in the cardiac methy-
lome during postnatal development. FASEB J. 2015;29:1329–1343. doi: 
10.1096/fj.14-264093.

 43. Puente BN, Kimura W, Muralidhar SA, Moon J, Amatruda JF, Phelps KL, 
Grinsfelder D, Rothermel BA, Chen R, Garcia JA, Santos CX, Thet S, Mori 
E, Kinter MT, Rindler PM, Zacchigna S, Mukherjee S, Chen DJ, Mahmoud 
AI, Giacca M, Rabinovitch PS, Aroumougame A, Shah AM, Szweda LI, 
Sadek HA. The oxygen-rich postnatal environment induces cardiomyocyte 
cell-cycle arrest through DNA damage response. Cell. 2014;157:565–579. 
doi: 10.1016/j.cell.2014.03.032.

 44. Ai S, Yu X, Li Y, Peng Y, Li C, Yue Y, Tao G, Li C, Pu WT, He A. Divergent 
Requirements for EZH1 in heart development versus regeneration. Circ 
Res. 2017;121:106–112. doi: 10.1161/CIRCRESAHA.117.311212.

 45. Foglia MJ, Poss KD. Building and re-building the heart by cardiomyo-
cyte proliferation. Development. 2016;143:729–740. doi: 10.1242/
dev.132910.

 46. Kocabas F, Mahmoud AI, Sosic D, Porrello ER, Chen R, Garcia JA, DeBe-
rardinis RJ, Sadek HA. The hypoxic epicardial and subepicardial microenvi-
ronment. J Cardiovasc Transl Res. 2012;5:654–665. doi: 10.1007/s12265-
012-9366-7.

 47. DeLaughter DM, Bick AG, Wakimoto H, McKean D, Gorham JM, Kathiriya 
IS, Hinson JT, Homsy J, Gray J, Pu W, Bruneau BG, Seidman JG, Seidman 
CE. Single-cell resolution of temporal gene expression during heart devel-
opment. Dev Cell. 2016;39:480–490. doi: 10.1016/j.devcel.2016.10.001.

 48. Li G, Xu A, Sim S, Priest JR, Tian X, Khan T, Quertermous T, Zhou B, Tsao 
PS, Quake SR, Wu SM. Transcriptomic profiling maps anatomically pat-
terned subpopulations among single embryonic cardiac cells. Dev Cell. 
2016;39:491–507. doi: 10.1016/j.devcel.2016.10.014.

 49. Junker Jan P, Noël Emily S, Guryev V, Peterson Kevin A, Shah G, Huis-
ken J, McMahon Andrew P, Berezikov E, Bakkers J, van Oudenaarden 
A. Genome-wide RNA Tomography in the Zebrafish Embryo. Cell. 
2014;159:662–675.




